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ABSTRACT

Current design standards dealing with shear lag problem for tension members
mostly are based on research conducted on bolted tension members. Relatively few
researches are available to study the behavior of welded hot-rolled steel sections in
tension. In particular, questions need to be answered about the strength of welded
tension members with small L/W (weld length to distance between welds) ratios,
which will lead to more severe shear lag effect. Thus, extensive investigation was
conducted here in order to better understand the behavior of welded members in
tension. A total of ten full-scale tests were conducted on hot-rolled steel channel
sections, with different combinations of parameters that may affect the efficiency of
the section. Following the tests, non-linear numerical models were developed to study
the behavior of welded channel members in tension, and to compare with the test
results. Furthermore, a parametric study was performed using these models to expand
experimental database to cover all available hot-rolled channel sections. It was found
that all the tested channel specimens failed either in net section fracture away from the
connection or in weld fracture. Non-uniform stress distribution at connection was
observed due to the shear lag effect. However, it has no effect on the final carrying
capacity of the specimens. Based on the findings from this research and others, a
reduction factor of 0.95 is recommended in designing the resistance of welded

channel members in tension.
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LIST OF SYMBOLS

A - gross cross sectional area

Ap - initial cross-section area

Ap - effective net area

An - net sectional area

E - modulus of elasticity

Fy - yield strength of material

F, - ultimate strength of material

L - longitudinal welding length

Pen - specimen tension strength assuming uniform stress distribution

over channel cross section

Puean - specimen tension strength based on measured welding size
Py - ultimate strength of specimen

t - thickness of the member

T, - factored tensile resistance of the member

U - net area efficiency, shear lag coefficient

Uaisc - net area efficiency based on AISC specification

Upara - net area efficiency of parametric study result

Usi6.01 - net area efficiency based on CSA-S16-01-2001 standard
w - channel width

connection eccentricity, distance from the face of the

“
'

connection to the center of gravity of the member
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¢ - resistance factor

Ciye - true stress

Guom - engineering stress
€iom - engineering strain
St - total true strain
e - plastic true strain
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1. INTRODUCTION

1.1 General

Hot-rolled steel sections, such as channels and angles, are widely used in steel
structures as axially loaded tension or compression members. For example, they are
frequently used as bracing members in a steel tower or as chord and web members in a
truss. For axially loaded compression channel members, their failure modes are often
governed by local or overall buckling, in which case the material properties cannot be
fully utilized; while for axially loaded tension channel members, their capacity is mainly
based on the material properties and the way in which members are connected at the ends.
Physical tests of tension members have shown that the actual fracture load is usually less
than the theoretical strength of the cross-section (product of the net area of the section
and the material tensile strength). There are several possible reasons for this fact:

(a) the method of making holes (punched or drilled);

(b) the ratio of the gauge of the holes to the fastener diameter;
(c) the ductility of the material;

(d) the amount of elements being connected.

Of all the above potential factors, it is the fourth one that is the most significant
and thus is the focus of the investigation reported herein. In practice, a member may be
connected by all its elements or just some of its elements. For practical and economical
reason, most open sections, such as I sections, channel sections, and angle sections, are
not connected by all the elements of the section. Therefore, the elements that are not

connected may not be fully effective in the region of the connection and at the vicinity of
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the connection a non-uniform stress distribution occurs. This non-uniform stress
distribution could lead to a reduced ultimate strength of the member. For plate or slotted
tubular tension member, although the full section is available to carry the load, the stress
near the connection (bolt or weld) is much higher than those away from the connection,
thus a non-uniform stress distribution still exists. In addition, the length of the connected
element also plays a significant role on the carrying capacity of the section. If the length
of the connection is long enough, it allows tensile stresses transfer to connected member
gradually. This will reduce the degree of non-uniform stress distribution at the critical
section; hence lessen the effect on the carrying capacity. Since the internal transfer of
stresses from one part to the other part is by shear, this phenomenon is commonly
referred to as shear lag effect and is shown schematically in Fig. 1.1 for a welded plate in

tension.

1.2 Statement of the Problem

The current design standard CAN/CSA S16-01 (2001) for shear-lag problems (for
both bolted and welded connections) is mostly based on Chesson and Munse’s research
results of bolted and riveted tension members (1963a, 1963b). Although there is some
similarity between the failure mechanism of a welded connection and that of a bolted
connection, there is a significant difference between these two cases. Recently shear-lag
effect on welded tension members has started to receive attention. It is found that in some
cases the shear-lag effect is not as severe as that for bolted members, which have the
presence of holes at the connection producing more severe non-uniform stress at the

connection. Some studies have demonstrated that the shear-lag reduction factor “U” for
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welded connections would be much higher than that stipulated in our present design code
(Cheng et al. 1998).

Previous research on welded tension members, such as Esterling and Giroux’s
study for hot-roll channel section (1993), was focused on L/W ratio (ratio of the weld
length to the distance between welds) between 1.5 and 2.0; in this case shear lag effect is
not as severe as for the case which L/W is close to or less than 1.0. Hence our research
will focus on the cases in which L/W is close to 1.0, which is not well defined in the
current design standard. As we can expect, a more severe non-uniform stress distribution
will occur over the cross-section of the member when L/W is smaller, which will lead to
more severe shear-lag effect. Furthermore, with a decrease in weld length, imperfections
in the weld in the form of gouge or notch may trigger premature weld failure, which will
be discussed hereafter.

A limited number of tests have been completed on hot-roll channel sections in this
investigation, with different weld details on either single or double channel sections. For
the single channel specimens, a single channel is welded at both ends to gusset plates, in
which case there will be significant bending at the vicinity of connection, since at initial
loading stage the axial force is eccentric with respect to the centroid of the cross-section.
A pair of channels welded symmetrically back to back onto gusset plates at the ends in
the double channel specimens, and there will be no eccentricity for the specimens. The
welding layout includes longitudinal welds and combination of transverse and
longitudinal welds. The length of weld, the size of weld, and the L/W ratio are the

important variables in design of the specimens.
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1.3 Objectives and Scope
The objective of this research work is to investigate the behavior of welded
tension members. Hot-rolled channel sections with different combinations of welding
details are studied in this project. Existing design standards are to be evaluated to assess
the level of safety currently being provided. The research includes laboratory tests, non-
linear finite element analyses, along with a comparison to other research programs.
Finally, recommendations are made to improve the existing design provisions and to
address the future research needs for the problem.
The specific objectives of this investigation are summarized as follows:
(a) Conduct a limited number of full-scale tension tests of welded single and double
channel specimens to examine the shear-lag effect for a series of welding parameters;
(b) Develop finite element models using ABAQUS/Standard program (2002), and carry
out a parametric study to further study the behavior of welded channel sections in
tension and to enlarge experimental database;
(c) Compare the capacity and behavior difference between single channel and double
channel specimens, and check the effect of eccentricity;
(d) Compare the test results with previous studies and current design equations, and
propose more rational design criteria, if possible;

(e) Recommend future study on this topic.

1.4 Organization of the Thesis
The thesis consists of seven chapters. Chapter One gives a general statement

about the shear-lag problem, objectives, and scope of this investigation. Chapter Two
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reviews the previous work done on the net section efficiency for both welded and bolted
tension members along with current design standards in North America. Details of
laboratory research program, including the geometry of specimens, test setup, and test
procedure, are discussed in Chapter Three. Chapter Four provides the test results and
discussion of the results. Chapter Five presents the finite element models used to simulate
the test results. The parametric study of welded channel sections in tension using the
numerical models is included in Chapter Six. Comparison between the findings from this
study with other research results is also covered in Chapter Six. Chapter Seven contains
summaries and recommendations of the research, future research needs on this topic are

also included.
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Fig. 1.1 Shear Lag Phenomenon
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2. LITERATURE REVIEW

2.1 Bolted Connections

The first recorded research on the shear lag problem was conducted by Mckibben
(1906), in which the shear lag effect in hot-rolled steel angle tension member was studied.
The end connections were made using either bolts or rivets. Detailed literature reviews of
shear lag effect on bolted hot-rolled and cold-formed steel member connections can be
found in the papers done by Wu and Kulak (1993), Laboube and Yu (1995), and Yip and
Cheng (2000), and will not be repeated here. However, research work done by Chesson
and Munse (1963a, 1963b), which formed the basis of current design standard such as
CSA Standard S16-01 (2001) and AISC-LRFD Specification (1999), will be described
here briefly.

Chesson and Munse conducted experimental tests on bolted and riveted
connections to investigate the behavior of various cross sections of truss-type members
(1963a). They evaluated the test results by calculating the ratio of ultimate experimental
load to the product of the material tensile stress and the gross area of specimens. Several
factors were found to have influence on the net section efficiency, namely, the net section
area, a geometrical character of cross section, ductility of material, bearing strength, and
shear lag effect. After a study of about 200 valid test results, Chesson and Munse seldom
found the ratio exceeding 0.9, therefore they suggested an upper limit efficiency of 0.85.
Chesson and Munse (1963b) reported on two other studies that recommended the
maximum efficiency factors of 0.75 and 0.85. Combining these studies with their own

results, Chesson and Munse developed an empirical equation to incorporate various
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factors that influence the net section efficiency (1963b). The two most important factors
were the calculation of net section area (A,) and shear lag effect (U). The shear lag

reduction factor was given by:

X
2.1 U=1-—
[2.1] ;

where

x = distance from the face of the connection to center of gravity of the member;

L = connection length.

2.2 Welded Connections

In 1931, the American Bureau of Welding released the results of a broad study in
which safe working stresses for welds were established. Both single and double plate
tension specimens were tested, welded either longitudinally or both longitudinally and
transversely, with the ratio of weld length L to the distance between two parallel welds W
(L/W) ranging from 0.27 to 1.6. Most of the tests failed at the weld, while a few
specimens fractured at the plate section. Although the test results were scattered, they
were considered by AISC Specification in the development of the earlier version of
design provisions dealing with shear lag problem in the welded members. The provisions
with minor modifications are still being used in current design standards (CSA S16-01
and AISC-LRFD-1999).

Easterling and Giroux (1993) at Virginia Tech. conducted a series of experimental
and analytical tests to study the shear lag effect on welded tension members. There were
27 specimens tested in the research program, including hot-rolled angles, plates, and

channel sections welded back to back onto gusset plates. The gusset plates were then
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gripped in a material testing machine and pulled until failure. Fillet weld was used for all
specimens, weld configurations for angle and channel specimens were longitudinal,
transverse and a combination of longitudinal and transverse weld; for plate specimens,
longitudinal and a combination of longitudinal and transverse weld were used. Strain
gauges were used in one of the tests for each member type to study the stress distribution
at the vicinity of weld connection. Five strain gauges mounted at critical section and three
strain gauges were mounted longitudinally along the weld length direction to measure
strain distribution. L / W ratio for plate specimens ranged from 1.0 to 1.67, for angle
specimens it was between 0.88 and 2.25 and for channel specimens it was 1.67. From the
test results, Easterling et al. concluded that shear lag controlled the strength of angle and
plate specimens only. For the plate specimens connected only by longitudinal welds, they
found the weld length did not affect shear lag effect. The transverse weld in the tension
members would not affect the member strength. Since all the channel specimens either
ruptured at mid length or fractured at welds and none of them failed at critical section
near the weld, they concluded that shear lag effect did not govern the carrying capacity of
channel specimens. To account for eccentricities and fabrication imperfection in welded
specimens, Easterling and Giroux put an upper limit of 0.9 for the shear lag reduction
factor.

Cheng et al. (1998) conducted nine tubular HSS (Hollow Structural Section)
tension tests to study the shear lag effect on the slotted tubular tension members. For the
HSS102x6.4 specimens, L/W ratio was 1.06, and for the HSS102x4.8 specimens, L/'W
ratio was 0.94. For the two specimens made by HSS219x8.0, one L/W ratio was 1.0 and

the other was 0.8. Welds across the gusset plate thickness were provided to all specimens
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except the seventh specimen, which finally ruptured at the critical section. Strain gauges
and linear variable displacement transducers (LVDTs) were used to measure the strain
distribution and the overall deformation. Seven of nine specimens failed at the mid-length
of the member, which could be attributed to the stiffening effect provided by the gusset
plates and the weld across the thickness of gusset plates. The other two specimens failed
at the critical section, due to either the absence of the weld across the thickness of gusset
plate or shorter weld length. In all tests, there was extensive deformation before fracture
no matter where the fracture took place. It was concluded that the shear lag did not
significantly affect the ultimate capacity of slotted round tubular section welded to gusset
plates, as long as the weld length was at least 1.3 times the tube diameter and a weld
return was provided at the critical section.

Lemenhe and Cheng (2001) investigated the behavior of welded cold-formed steel
tension members. The experimental program included five single channel specimens and
seven single angle specimens followed by a numerical analysis. The ratio of L/W varied
from 1.04 to 1.49. None of the channel specimens failed at the critical section adjacent to
the gusset plates. They either failed at the gross area away from connection or ruptured at
the welds. There were three angle specimens failed at the net section initiated by tearing
in the connected heel at the end of welds. All other angle specimens fractured in the
middle of the members. Finally they concluded that the connection length and the cross-
section geometry affected the capacity of welded cold-formed angles. Both balanced and
unbalanced welds used for angle specimens lead to the same ultimate strength. Shear lag

effect at the connection will not control the strength of welded cold-formed channel
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specimens under tension. A section efficiency factor of 0.95 was recommended for the

welded cold-formed angle section under tension.

2.3 Current Design Standards
2.3.1 CSA Standard S16-01 (2001)
CSA S16-01 (2001) requires that the factored resistance of a tension member be

taken as the least of:
(a) Yielding in the gross cross-section area
[2.2] T, =¢F A,
(b) Fracture of the net area
[2.3] T, =0.85¢F, A,
(c) Fracture of the effective net area considering shear lag effect
[2.4] T =0.85¢F, A,
where

Fy = yield strength of the material;

F, = ultimate strength of the material;

Ag = gross cross-sectional area;

A, = net sectional area;

A,,= effective net sectional area;

¢ = resistance factor, 0.9 is used for all three limit states.

When a tension load is transmitted by welds, the effective net area shall be

computed as

10
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[2.5] Ape=An+Ap+Ag
Ani, An2, Az are the net areas of connected plate elements subject to one of the following
methods of load transfer:
(a) elements connected by transverse welds,
[2.6] Ap = wt
(b) elements connected by longitudinal welds along two parallel edges,
(i) when2w < L
[2.7] Ay =1.00wt
(ii) whenw < L <2w
[2.8] Ap=0.5wt+0.25Lt
(iii) when L <w
[2.9] Ap=0.75Lt
where
L = average length of welds on the two edges
W = plate width (distance between welds)
(c) elements connected by a single longitudinal weld,

(i) whenw < L

[2.10] A= (1- %)wt

(ii)) whenw>L
[2.11] Ap3=0.50Lt

where

x = eccentricity of the weld with respect to centroid of the connected element

11
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L = weld length in the direction of loading. The outstanding leg of an angle is
considered connected by the single line of weld along the heel.
2.2.2 AISC-LRFD Specification (1999)

In the Load and Resistance Factor Design (LRFD) equations in AISC
Specification (1999) the tensile design strength should be the lower value obtained
according to limit states of yielding in the gross section and fracture in the net section.

(a) for yielding in the gross section
[2.12] T,=gF,A,
(b) for fracture in the net section

[2.13] T.=¢F.A

n [
where
A, = effective net area,

¢ = resistance factor, the resistance factor 0.9 is used for yielding limit state and 0.75

for fracture limit state.
The effective area of tension members shall be determined by follows:
(a) When tension load is transmitted directly to each of cross-sectional elements by
fasteners or welds, the effective area A, is equal to the net area A, or A, respectively.
(b) When tension load is transmitted by fasteners or welds through some but not all of the
cross-sectional elements of the member, the effective area A, shall be computed as
follows:
(i) When the tension load is transmitted only by longitudinal welds to other than a
plate member or by longitudinal welds in combination with transverse welds

[2.14] Ac=UA,

12
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where
U=1-(x/L)<0.9
A, = gross area of the member
(ii) When tension load is transmitted only by transverse welds
[2.15] A.=UA
where
U=1.0
A = area of directly connected elements
(iii) When tension load is transmitted to a plate only by longitudinal welds along both

edges at the end of plate

[2.18] A.=UA,

where
(2.18a] U=1.0 for L22W
[2.18b] U=0.87 for 2W > L2 1.5W
[2.18] U=0.75 for 1.5W > L2>2W

L = length of weld along one side

W = distance between welds

13
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3. EXPERIMENTAL PROGRAM

3.1 General Objectives of the Experimental Program

(a) To study the shear lag effect on the behavior of welded hot-rolled channel sections
with different weld connection length and weld size;

(b) To study the load-deformation behavior and stress/strain distributions at the critical
sections.

Parameters examined in the experimental program included length of welded
connection, presence of a transverse weld, weld size, and single vs. double channel
connections.

A total of ten specimens were fabricated and tested in the I.F. Morrison Structural
Engineering Laboratory at University of Alberta, of which seven specimens were double
channel specimens and the remaining three are single channel specimens. Channels were
welded to gusset plates using shielding metal arc welding (SMAW). The electrode wires
used for the welding were E48018. It is a low hydrogen electrode with a relatively high
percentage of iron power in covering and the manganese content is set at the high end of
the range. Detailed explanation of this classification system for SMAW electrode is given
in Fig. 3.1. The specimens were instrumented with strain gauges to study the strain
distribution at the connection area and mid-length. Also, three linear variable
displacement transducers (LVDTs) were attached to each specimen to investigate the

load-deformation behavior of different parts of each specimen.

14
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3.2 Specimens Description

The specimens were made up of channels and gussets, as shown in Fig. 3.2. A
channel section of C75 x 6 was used for all the specimens. The nominal dimensions of
the section are listed below:

d=76 mm, b=35mm, w=4.3 mm, t=6.9 mm, and area A = 763 mm?

CSA G40.21-M Grade 300W steel was used for both channels and gusset plates.

It will be seen in the later chapters that the actual cross-sectional area of the
channel is very important for calculating the tensile strength of the channels. However, it
is very difficult to measure the area directly because of the tapered flange of a channel
cross section. Hence a special method was utilized to obtain the actual cross section area.
In doing so, a piece of channel was cut and its length (1320 mm) and mass (7908 g) were
measured. Since the mass equals steel density times cross section area and the length, and
the density of the steel was constant (7850 kg/m®), therefore the cross-sectional area of a
single channel should be 763.2 mm?.

The sizes of the gusset plates were 300 mm x 480 mm x 12.7 mm (8 pieces) and
300 mm x 370 mm x 12.7mm (16 pieces), as shown in Fig. 3.3 and Fig. 3.4. The holes on
the gusset plates and splice plates were drilled in the structural lab and channels were cut
into different lengths depending on the weld length of each specimen. All the net edge-to-
edge distance between the gusset plates in specimens were 1200 mm except specimen 2,
in which case the net distance was 1310 mm. Welding configurations and specimen
dimensions are listed in Table 3.1 and Table 3.2, respectively.

The testing program was conducted in two series. In the first series, seven

specimens were tested, which included a specimen with transverse weld. After

15
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completion and evaluation of the first seven test results, three additional specimens were
fabricated to study the different behavior between single and double channel specimens.
A qualified welder performed all the welding, and weld quality was emphasized. E48018
electrodes were used for all specimens. End return of welds was applied for the first
seven specimens. Originally specimens 1 and 2 were designed to fail at the welds based
on the nominal channel area and design weld size and strength. However, they
unexpectedly failed in the middle of the channels. Further investigation showed that
actual weld sizes were larger than the nominal ones and the end return of weld
contributed to the actual weld strength as well. Hence, the weld length was shortened for
the remaining five specimens of the first seven specimens and end return was also
removed. Another reason for doing this is that with the reduced weld lengths, specimens
would experience more severe shear lag effect, which may cause the specimens fail at
critical sections. After the first batch was done, it was decided that different behavior
between single and double channel specimens should be further studied. The weld size
and length of Specimens 8 and 9 were identical except that one was single channel
specimen, and the other was double channel specimen. To make further comparison
between single and double channel specimens, single channel specimen 10 was made

based on its counterpart specimen 4.

3.3 Material Tension Coupons
A series of tension coupon tests were completed in order to establish basic
material properties of the specimens. Five six-meter long channels from the same heat

were used to fabricate the specimens. They were numbered one to five. For each six-
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meter long channel two tension coupons were cut from the web; and a total ten web
tension coupons were made. In addition, two tension coupons were made from the flange
of each of the channels numbered 3 and 5, respectively. The location of the coupons cut
from the channel is shown in Fig. 3.5. The tension coupons have a gauge length of 50
mm and a width of 12.5 mm. The dimensions of the coupons were prepared in
accordance with the requirements of ASTM A370-01 (2001).

In order to examine the weld material properties, one cylindrical shape coupon
and two flat coupons were made according to the requirement of AWS5.1-91 (1991).
Firstly, two 200 x 50 x 12.7 mm base metal plates were cut from the same heat of steel
gusset plates and a 12.7 mm gap was kept between them, and then a welder used plug
welding to weld the two plates together with E48018 electrode to form one piece of plate.
When this was done, the weld material was cut out from the middle of the plate and
milled to the desired cylindrical shape and size, as shown in Fig. 3.6. For flat weld
material coupons, a similar procedure was followed except this time the two flat coupons
were cut perpendicular to the weld axis, so the coupons were made up of two kinds of
material, one was weld and the other was steel plate, and only central part of the coupon
was made of welding material, as shown in Fig. 3.7. Also, tension coupons from the steel
gusset plates were fabricated and tested. They were very similar to those shown in Fig.
3.7 except they were made by one material.

An extensometer with 50 mm gauge length was used to measure the strains in the
coupons during testing. For the first coupon tested, there were two strain gauges mounted
on each face of the coupon to calibrate the extensometer readings. MTS1000 testing

machine was used to complete the coupon tests and load-deformation data were recorded.
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3.4 Test Setup and Instrumentation

A combined bolted-welded connection device was employed to connect the
specimens to the clevis grips of the MTS6000, as shown in the Fig. 3.8 to Fig. 3.10. It can
be seen that they are very stocky design. There are some reasons to choose these kinds of
attachment. Firstly, it can ensure specimens fail prior to connection failure. Secondly, it
has little deformation during test since it is a very stiff design. Thirdly, unlike grip
connection in which slip may happen during test, there is no slip in clevis connection.
Also, to prevent any out-of-plane movement of the gusset plates, shim plates were
inserted between the attachment and the gusset plates.

Measurements of loads, deformations, and strains were made as the specimen was
loaded. The instrumentation is detailed in Fig. 3.11 and pictorially shown in Fig. 3.12.
LVDTs are used to measure the macro deformation of the specimen while strain gauges
are utilized to measure the strain distribution at both the vicinity of welding and the mid-
length. The layout and number of each strain gauge are listed in Fig. 3.13 to Fig. 3.15. It
can be seen that most strain gauges were placed near to the connection between gusset
plate and channel. They would help us get a better understanding about the strain and
stress distribution in this area. LVDT] is designed to measure the deformation of each
specimen between the gusset plates, LVDT2 can monitor the deformation around the
critical section and LVDT3 will record the deformation of the welds. All strain gauges,
LVDTs, stroke, and load readings are routed through a data acquisition system with 22

channels.
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3.5 Test Procedure

After the specimen was hooked to the MTS6000 testing machine, whitewash was
used to highlight the specimen yielding pattern when load reached certain level. Tension
load was applied to the specimen through the connection of the gusset plates to the
attachments, which was accommodated in the clevis grips of the MTS6000 machine. At
the beginning of each test the specimen was subjected to a small load to align itself
within the MTS6000. During the test, the specimen was loaded under stroke control
mode. Readings of load, deformation, and strain were taken at regular intervals. Loading
was paused several times to record static readings. The specimen was loaded to failure by

either fracture in the channels or broken in the welds.
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Table 3.1 Specimen Configuration

No. | Single/Double Welding Detail Weld Size Weld ”

Channel (mm) length L* d
(mm)

1 Double Longitudinal 5 115** 1.51
2 Double Longitudinal 10 60** 0.79
3 Double Longitudinal 8 60 0.79
4 Double Longitudinal 10 55 0.72
5 Double Longitudinal + 5+43 55 0.72

Transverse

6 Single Longitudinal 8 70 0.92
7 Double Longitudinal 10 50 0.66
8 Single Longitudinal 5 100 1.32
9 Double Longitudinal 5 100 1.32
10 Single Longitudinal 10 55 0.72

* See Fig. 3.2 for the definition of L,
** Longitudinal welds with end return

Table 3.2 Dimensions of Gusset Plate and Channel

Specimen Width (mm) Length (mm) | Net Length of Channel* (mm)
1 300 480 1200
2 300 370 1310
3 300 370 1200
4 300 370 1200
5 300 480 1200
6 300 480 1200
7 300 480 1200
8 300 370 1200
9 300 480 1200
10 300 370 1200

*See Fig 3.2 for the definition of channel net length

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

20




The “E” designates an electrode.

A number that indicates the minimum tensile strength of
the weld metal in MPa

Indicates the welding position for which the electrode is
suitable. 1 is for all position. 2 is for flat and horizontal
\ A position. 4 is for vertical welding with downward

Indicates the type of current to be used with the
electrode and type of covering on the electrode

Fig. 3.1 Classification System for Carbon Steel Electrodes for SMAW
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Fig. 3.2 Specimen Configuration
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Fig. 3.8 Detail of Top Connection
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Fig. 3.10 Photograph of Connection and Clevis Device
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Fig. 3.11 Location of Strain Gauges and LVDTs
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Fig. 3.13 Strain Gauges Layout for Specimen 1
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Fig. 3.14 Strain Gauges Layout for Specimens 2, 3,4, 5,6, 8,9, 10
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Fig. 3.15 Strain Gauges Layout for Specimen 7



4. TEST RESULTS

4.1 General

This chapter presents the results obtained from the experimental program. The
results include the recorded strain distribution at the connection and the mid-length, along
with the load-deformation relationships for the full-scale tests. In addition, the material
properties are reported from the tension coupon tests. Finally a brief discussion of the test

results is presented.

4.2 Tension Coupon Tests

Both channel tension coupon test and welding material tension test results are
listed in Tables 4.1 to 4.3. Tension coupon test results of gusset plates are shown in Table
4.4, All results of the mechanical properties of channel material satisfy the required
minimum static yield and ultimate tensile strength of CSA G40.21 300W structural steel
of 300MPa and 450MPa, respectively. A typical strain-stress curve for these tests is
shown in Fig. 4.1. In this figure, both the dynamic and the static curves are drawn
together for comparison. It can be seen that after yielding occurs, the static curve is below
the dynamic curve. The specified CSA minimum static yield and ultimate tensile strength
requirements for weld metal coupon made from E48018 are 400MPa and 480MPa, the
test results of the cylinder coupons are 2% and 1% lower than the specified values,
respectively. However, the results of the other two flat weld metal coupons are higher
than the minimum. Since these two coupons failed in weld metal region, the average

results of three coupons are used here, and they are above the minimum requirements by
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CSA standard, as listed in Table 4.3. Also the properties of base steel plates that flat weld
material coupons made from were tested, results show that they is 300W structural steel
and satisfy the CSA G40.21 requirements with much higher yield and tensile strengths.
This explains why the flat weld coupons failed in weld material region. The stress versus

strain curves of coupon tests are reported in Appendix A.

4.3 Full Scale Tests

The actual weld sizes used in each specimen are measured and listed in Table 4.5.
Since two weld legs normally are not equal, they are listed separately as “a” and “b” in
the table. The ultimate strength for tests, the predicted channel strength based on tension
coupon tests, the predicted weld strength based on measured weld size, failure mode, and
various ratios are listed in Table 4.6.
4.3.1 General Observation

There were ten specimens physically tested in this project. Seven of ten
specimens were double-channel specimens; others were single-channel specimens.
Whitewash was used to highlight the appearance of yielding in channels. Fig. 4.2 shows a
typical specimen under test. None of the specimens initially failed at the critical section
adjacent to the gusset plate. Specimen 1 fractured in the middle of both channels, as
shown in Fig. 4.3. For specimen 2, first it fractured at one channel in the middle with
large dynamic energy released, which led the other channel rupture at critical section.
According to initial weld connection design, specimens 1 and 2 were expected to fail in
the welds, but they failed in the middle of the channels instead. Inspection of the welds

showed the actual weld size exceeded the specified ones. Thus the weld length of the
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remaining specimens was modified and the end return was removed to allow the weld
connection failure could happen in the specimens. Specimens 3 to 7 failed in weld
rupture as expected (Fig. 4.4). Specimens 8 and 9 fractured in the heat affected zone,
which was right at the vicinity of the attachment of LVDT2, as shown in Fig. 4.5. This
kind of failure is also classified as gross section failure. Specimen 10 failed in the welds
as well.

For those failed in the middle of channel, as load was applied to certain level,
yield lines occurred, featured by flaking of whitewashed in the critical section and
extended to mid-length of channel as load increased, as presented in Fig. 4.2. By the time
the load reached its ultimate value, the hot-rolled channels started necking and finally
fractured at the gross section, as pictorially shown in Fig. 4.3. For specimens 8 and 9
fracture initiated at the vicinity of the attachment of LVDT2, the crack started to appear
from the flange welded with small LVDT’s attachment and to extend to the other flange
through web gradually, as shown in Fig. 4.5. For the specimens failed at welds, the welds
fractured suddenly without any obvious necking in channel, as detailed in Fig. 4.4.

Single channel specimens behaved quite differently from double channel
specimens during test. The single channel specimen tests were characterized by the
bending deformation of the gusset plates and the tendency of the channel try to align its
centriod with the applied load. Significant out-of-plane bending was observed, as shown
in Fig. 4.6. This is because the gusset plates were relatively flexible in the out-of-plane
direction and offered little restraint to the rotation compared to the out-of-plane stiffness
of the channel. In double-channel specimen tests, because the centroid of each channel

was eccentric to the surface of gusset plate, moments existed in each channel, but the
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moments in two channels would balance each other. In other words, the gusset plate
passed the centroid of the two channels, there was no bending moment existing in the
gusset plates. The space between the backs of two channels kept constant from one end to
the other until the specimen failed.

4.3.2 Load-Deformation Relationship

Since specimens were connected to the MTS6000 test machine using clevis grips,
there was no slip between specimens and MTS machine. Therefore the stroke recorded by
the MTS is the total elongation of the specimen. LVDT1 recorded the elongation of net
distance of channel between two gusset plates (1200 mm or 1310 mm). Deformation
recorded by LVDT]I is used to plot load-deformation curves. Load-deformation curves
for all specimens are plotted in Fig. 4.7 to Fig. 4.16.

Except for specimen 3, the load-deformation curves of all other specimens are
characterized by a gradual yielding with typical yield plateau, which was followed by
strength hardening. Specimens failed in the gross section of channels have a high level of
elongation, while those fractured in the welds have a relatively low level of elongation.

Load-deformation curves of specimens 1, 2 and 9 are a typical gross section
fracture ones. Specimen 3 failed prematurely in welds with a very low level of
deformation, it failed before it reached yielding. The failure modes of specimens 4 and 7
are very similar, both yielded gross section first and then followed by weld fracture. This
kind of curves can be distinguished from those curves failed in gross section by having a
relatively smaller deformation (less than 100 mm). With the combination of longitudinal
and transverse welding, the deformation of specimen 5 is quite large, though it finally

failed in weld fracture.
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As can be seen in the load-deformation curve of specimen 6, it is obvious that at
the beginning of loading phase, the curve is not linear and the value of deformation is
negative, which means the distance between two gusset plates was shortened. This
phenomenon can be attributed to the initial accommodation of the out-of-plane bending
of gusset plates and channel. However, with the increasing of load this nonlinear
behavior diminished. The similar behavior happened to specimens 8 and 10 as well.

4.3.3 Strain Distribution

There were seven strain gauges, except specimen 7 in which five gauges were
used, mounted at the critical section of each specimen, see Figs. 3.13 to 3.15. Some
typical load vs. strain curves and the comparison of strains at different load levels are
shown in Figs. 4.17 to 4.22. The curves for all other specimens are summarized in
Appendix B. It can be seen that the strains near the corner of the channel cross section
tend to be higher than those at the center of web and the tips of flange, as shown in Figs.
4.19 to 4.22. At the same load level the readings of strain gauges in the web at the critical
section are much higher than those in the web between the critical section and the end of
channel, as illustrated in Figs. 4.17 and 4.18. This is because the channel at the weld
connection region is a transition part where it picks up the applied load. The channel
gradually transferred the load to the gusset plate through welds, and at the critical section
the channel was subjected to the total load. At the low load level, the strain distribution at
critical section was relatively uniform; however, as the load increased, the distribution
became highly non-uniform, especially for the strains around the corner. Strains on the
gusset plate near welding are quite small compared to those on the channel at the same

load level. For single channel specimens the readings from the strain gauges on the gusset
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plate are negative at the initial loading stage because of the bending of gusset plates since
the strain gauge were on the compression side of the bending, and they became positive
as the load increased. As would be expected, the strains were quite uniform at the mid-

length of the channels.

4.4 Brief Discussion of Test Results

It is observed that for the specimens failed in weld fracture, fracture planes

usually did not pass through the 45° theoretical throat area. They are closed either to the
gusset plate surface or the channel flange. Specimen 3 failed unexpectedly with only
about 4 mm deformation and ultimate load of 494 kN. Measurement of weld size after
test showed that average size of one leg was 5.58 mm and the other was 8.90 mm, while
the design nominal weld size was 8 mm for Specimen 3. This unsymmetrical welding
configuration notably decreased the weld capacity, since one longitudinal weld premature
failure triggered the fracture of another parallel longitudinal weld, eventually led to the
failure of the whole specimen. The weld length of this specimen might be a concern. But
there were three specimens with even shorter weld length, no premature weld failure
happened to these specimens. Therefore, the effect of weld length can be excluded from
this kind of premature failure.

For specimen fabrication, only shield metal arc welding (SMAW) was used in this
project. A commonly used welding process in high production welding is fluxed cored
arc welding, which has a different toughness of weld material. However, Ng et al. (2002)
and Deng et al. (2003) found that the welding process itself (SMAW or FCAW) had little

effect on fillet weld strength. Fillet welds made with weld metals with a specified
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toughness did not necessarily have higher strength than weld metals without. Fillet weld
capacity was not linearly proportional to weld size. Another important conclusion they
made was that low temperature did not have a negative effect on fillet strength, though
the ductility of fillet welds at low temperature tends to reduce significantly. Therefore,
we can extend validity of our test results to flux cored arc welding and low temperature
environment.

If a free body diagram is drawn with respect to the gusset plate and channel, we
can find bending moment existing in the channels, even in double-channel specimens,
since there is an eccentricity between the centroid of the channel and the surface of gusset
plate. The presence of bending moment may affect the capacity of specimen. For the
specimens failed in the gross section, say specimens 1, 2, 8 and 9, as shown in Table 4.6,
the ratio of ultimate capacity of specimen to calculated tensile strength of channel is at
least 0.95, which means the bending moment does not affect specimen capacity much. It
is also found that none of specimens with L,/d (or L/W) greater 1.0 failed in welds even
the weld size was as small as 5 mm, which is the minimum weld size in engineering
practice.

Comparison of the load capacity of single and double channel specimens with
same weld size and weld length can also be made. There are two pairs of specimens
having the same weld size and weld length, namely, specimens 4 and 10, specimens 8
and 9. From Fig. 4.19 and Fig. 4.20 it can be seen that at same loading level the strains at
the critical section are higher in single channel specimens than those in double channel
specimens. Specimen 8 is a single channel specimen with an ultimate capacity 370 kN,

while specimen 9 is a double channel specimen with an ultimate capacity 742 kN. Both
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of them were made from the same parent material and failed in gross section. The
capacity of specimen 8 is almost exactly half of the specimen 9. Although specimens 4
and 10 have different channel material properties, both of them failed in welds instead of
gross section, so in this case channel material properties do not affect the capacities of
these two specimens. With the same welder and classification of electrode, the capacity
of specimen 10 is 341 kN, while for specimen 4 is 607 kN. It can be seen that in this case
the capacity of single channel specimen is well above half of the double channel
specimen. Hence we can conclude that although there was significant bending
deformation during testing for single channel specimens, their capacities were not
affected. This conclusion will be further verified by the finite element analysis in Chapter
5.

Specimens 1 and 9 have the same weld size and both of them are double channel
specimens, but specimen 1 has longer weld length than specimen 9 does, so as expected
the strains in specimen 9 at critical section are higher than those in specimen 1. This is
pictorially shown in Fig. 4.21. Double channel specimens 2 and 3 have the same weld
length but different welding size, it can be seen in Fig. 4.22 there is not much strain
difference at critical section between the two specimens, and so we can conclude that
weld size does not notably affect the strain distribution as weld length does.

Specimens 1 and 5 have the same weld size of 5mm in longitudinal welds,
however, transverse weld of 4.3 mm was also used in specimen 5. Based on the load
versus strain curves close to the end of the specimens, as shown in Figs. 4.23 and 4.24, it
can be seen that at ultimate load level ( 765 kN for specimen 1 and 707 kN for specimen

5 ), average strain in specimen 1 is about 1200pe, while for specimen 5 it is nearly
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24000pe. Although the ultimate load for specimen 1 is larger than that of specimen 5, its
final strain is only about 1/20 of that of specimen 5. This indicates that transverse weld
significantly changed the load-transferring pattern of the channel cross-section. The
presence of transverse weld mobilized the channel cross-section and caused it pick up the
load more effectively. From Fig. 24, it is also found that the ductility of the cross-section
was increased remarkably since with the increase of load about 50 kN, the strain was
increased about 23000 pie. If specimen 5 was fabricated without transverse weld, it would
fail in weld failure at very low load since its longitudinal weld length was only 55 mm,
less than half of that specimen 1. However, with the contribution of transverse weld,
specimen 5 reached a capacity that is very close to that of specimen 1. This proves that
transverse weld can improve member capacity. But Easterling et al. (1993) mentioned in
their paper that additional transverse welds would not increase member capacity. After
checking the configuration of their specimens, it was found that the channel specimens
they tested had longer longitudinal weld than that of specimen 5. Since their specimens
had long enough longitudinal welds that can fail the specimens at gross section, of course
the contribution of transverse weld in their tests could be ignored.

It also can be seen that in Table 4.6, specimens failed in weld have the ratio

P,/P

ult weld

, ranging from 1.2 to 1.3, this indicates that the weld has 20 to 30% higher

strength than the design formula predict. For the specimen failed in gross section, the

ratio P,/ P

ult v

. Tanging from 0.95 to 0.98, which are very close to 1.0. This excludes the

idea that channel tensile strength may decrease due to the shear lag effect and load

eccentricity.
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Table 4.1 Material Properties of Channel Web

Coupon | modulus of dynamic yield | static yield | dynamic ultimate | static ultimate

No. elasticity strength strength strength strength
(MPa) (MPa) (MPa) (MPa) (MPa)

Cl-a 191000 389 368 534 502
Cl-b 198000 378 358 515 483
C2-a 191300 383 368 530 501
C2-b 190600 369 348 502 492
C3-a 192800 382 364 532 502
C3-b 194900 365 344 521 491
C4-a 193100 373 364 525 501
C4-b 191900 378 360 528 501
C5-a 193900 372 352 524 494
C5-b 195700 385 363 533 506

Average 193320 377 359 524 497

Table 4.2 Material Properties of Channel Flange

Coupon | modulus of dynamic yield | static yield | dynamic ultimate | static ultimate

No. elasticity strength strength strength strength
(MPa) (MPa) (MPa) (MPa) (MPa)

C3-a 211200 340 321 531 498
C3-b 207100 348 330 536 506
C5-a 201300 347 329 533 500
C5-b 210500 349 330 538 506

Average 207525 346 328 535 503
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Table 4.3 Material Properties of Weld Metal

Coupon | modulus of dynamic yield | static yield | dynamic ultimate | static ultimate

No. elasticity strength strength strength strength

(MPa) (MPa) (MPa) (MPa) (MPa)

Cl1 211200 409 392 495 474
C2-a 207100 426 416 554 526
C2-b 201300 438 423 564 542

Average 206500 424 410 538 514

Cl1 is cylinder coupon, C2-a and C2-b are flat coupon

Table 4.4 Material Properties of Gusset Plate

Coupon | modulus of dynamic yield | static yield | dynamic ultimate | static ultimate
No. elasticity strength strength strength strength
(MPa) (MPa) (MPa) (MPa) (MPa)
BCl-a 208700 398 383 556 522
BCl-b 207100 413 397 570 539
Average 207900 406 390 563 531
Table 4.5 Measured Weld Sizes
Specimen 1 2 3 4 5 6 7 8 9 10
L|R]| L R|L|IR|L|{R|]Lj{R}L|R|JL|RJLJR|JL]JR]|] L R
a(mm) [55(59} 98 {105|89|74(9.0|11.5{5.1(53 [70(86|82[9.168]|75]|68[73[11.9]11.8
b(mm) |[5.6[56]106([11.1]56|69198| 84 {7.1]6.7[69]63{92]|92171]72|647.1[10.2]12.1

Note: a and b are the sizes of two fillet weld. Transverse weld size for specimen 5 is 4.5 mm.
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Table 4.6 Summary of Test Results

len

i P
Spt’f}l:len I‘\E“e’ﬁ: Failure mode % P, &kN) | P '(kN) | P2 (kN) P,I %
1 Couponl gross section 1.51 750 763 618 0.98 1.21
2 Coupon? gross section 0.79 730 765 595 0.95 1.23
3 Coupon3 weld 0.79 494 765 390 0.65 1.27
4 Couponl weld 0.72 607 763 502 0.80 1.21
5 Coupon4 weld 0.72 707 766 563 : 0.92 1.26
6 Coupon4 weld 0.92 281 383 235 0.73 1.20
7 Coupon2 weld 0.66 538 765 422 0.70 1.27
8 Coupon5 gross section 1.32 369 383 338 0.96 1.09
9 Coupon5 gross section 1.32 742 767 645 0.97 1.15
10 Coupond weld 0.72 341 383 293 0.89 1.31
“P,=Fl*4,+F'*4,,, 4, is the area of flat part of web, and A, is the remaining part of channel cross section,

u

2P .=067*A4 *X, *(1+0.5*sin'’ §), 4, is based on measured weld size at throat area and equals to throat area times
weld length times 4 for double channel specimens or 2 for single channel specimens, X, is the average value of weld

coupons from Table 4.3, @ is the angle of axis of weld with the line of action of force, for longitudinal weld it is 0° and

for transverse weld it is 90°.

I

F*® is the average value of each coupon in Table 4.1, and F is the average value of four flange coupons in Table 4.2.
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Fig. 4.4 Failure of Specimen 4 in the Welds
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Fig. 4.6 Out-of-Plane Bending of Single Channel Specimen 6
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S. FINITE ELEMENT ANALYSIS

5.1 Introduction

The specific parameter combinations used in the ten physical tests did not cover
all the scenarios that might be expected in practical applications. It is desirable to develop
a means by which the ultimate strength of welded tension members of other parameter
combinations can be predicted, so as to avoid the expense of additional tests. In light of
this thought, finite element models were developed after full-scale physical tests. First,
these models were validated by comparing the numerical analysis results with the
physical test results. It was found that the analysis results of these models agreed well
with physical test results in load-deformation behavior, strain distribution at critical
section, and deformed shape of specimens. Second, these proven models were used to
predict the ultimate failure load of different specimen configurations so that shear lag
effect could be assessed for welded tension members. With the expanded database of test
results, we can acquire better understanding about shear lag effect of welded hot-rolled

channel sections in tension.

5.2 Finite Element Model

A powerful general-purpose  non-linear  finite  element  program,
ABAQUS/Standard (6.3) was used to conduct the analysis. The quadrilateral shell
element S4R with reduced integration was used to form the models. The S4R element is a
four-node doubly curved general-purpose shell element that accounts for finite membrane

strains. Finite membrane strain allows the thickness of a shell element in the
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configuration at time 7+ At to be different from its value at time t. There are six degrees
of freedom at each node, i.e., three translational (ul, u2, u3) and three rotational (g1, ¢2,
¢3) components. In the through thickness direction the shell element is integrated at five
points. Considering the symmetry of the specimen, only half-length of the specimen was
used in the model. For double channel specimens, based on symmetry again, only one-
fourth of the specimen was simulated. The boundary conditions can also be derived from
the symmetry. At the mid-length of the double channel specimen, translation in ul

direction was allowed to simulate the stroke control process, while rotations of the ¢2
and the ¢ 3 were constrained. For the gusset plate of double channel specimens,
translation in the u3 direction and rotations in the ¢ 1 and the ¢2 were forbidden, total

degrees of freedom at the top edge were constrained. For single channel specimen, all
degrees of freedom were constraint at the top edge of gusset plate except rotation about

the ¢ 2 direction, constrain to rotations of the ¢2 and the ¢ 3 was applied at mid-length of

specimen.

For the specimens failed in gross section, the observed deformation of LVDT3 is
very small and welding connection can be treated as rigid connection, so rigid beam MPC
element was used to connect channel and gusset plate together. For the specimens failed
in welding connection, three dimensional non-linear spring elements were applied to
model the non-linear behavior of weld connection. Three spring elements are provided in
ABAQUS spring element library and spring2 element was chosen to simulate weld
connection. Spring2 element is between two nodes, acting in a fixed direction. Pairs of
force-relative displacement values were given on the data lines of input file to define

nonlinear spring behavior. These values were derived from the reading of LVDT3 during
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experimental test and are listed in Table 5.1. LVDT3 was designed to measure the
deformation of weld during the loading process. The typical experimental load-
deformation curves of LVDT3 of different weld sizes are shown in Fig. 5.1. There are
three directions (x, y, and z) in the spring stiffness, only the spring stiffness in the
direction that coincides with the external load is dominant (x direction). Hence to
simplified the procedure, the stiffness used in x direction was also used in y and z
directions. For double channel specimens, there were four longitudinal welds at each end
of a specimen, each individual spring stiffness can be obtained by dividing the load value
by four and then by the number of springs defined in each line of weld. This was based
on the assumption that the load was shared equally by the four weld lines. For single
channel specimens, the load was supposed to be equally shared by two weld lines. Since
the resistance of spring is proportional to the number of springs that simulate the weld
connection, then spring stiffness derived from experimental tests for the different welds
size can be used in the parametric study.

A mesh study was performed in order to find the optimal mesh size for the model.
Three kinds of mesh were considered, namely coarse mesh, intermediate mesh and fine
mesh. The meshes are shown in Fig. 5.2 and the number of element, element size and
predicted ultimate loads are listed in Table 5.2. For three different meshes the predicted
loads were almost same. Considering the size of strain gauge mounted on the specimens
and computational time, intermediate mesh was chosen as the optimal mesh size. Even in
the intermediate mesh, a relatively fine mesh was chosen around the connection region
and a relatively coarse mesh was applied to the rest. This strategy was proved to be good

enough to satisfy the research purpose while saving computational time. Compatibility

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



between fine mesh portions and the coarse mesh portion of the model was insured by

using constrained equations.

5.3 Material Model

Both geometry and material non-linearities need to be taken into account in the
models. An isotropic elastic-plastic-hardening material model was selected for the
numerical analysis to reflect the actual behavior of structural steel. Cross section material
properties were acquired by testing coupons from both web and flange because it was
believed that the strength from flange is different from that of web due to mechanical
rolling processing. Engineering stress and engineering strain are converted to true stress
and true strain based on coupon test data, which is the syntax required by ABAQUS. The

equations for the conversion are as follows:

[5 1] Ctrue= Gnom(l + 6‘num )
[5.2] &ll, =In(l + g,,,) - (Zme)
E
A
5.3 Ee = IN(Z
[ ] true n( A )
where

Giue = true stress
Onom = engineering stress
E = modulus of elasticity

e

true

= log plastic strain

£,,, = engineering strain

hom
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g, = total strain

rue
Ay = initial cross-section area
A = instantaneous cross-section area
From equation [5.3], the localized rupture strain can be calculated by measuring
the initial cross-section area and rupture cross-section area of the coupon. Calculation
shows that the rupture strain varies from 86% to 102% with an average of 94% in the
tested coupons. An investigation of the ductile fracture of steel by Khoo et al. (2000)
showed that localized rupture strain was about 80% to120% for structural grade steel,
which is approximately the same as the values found here. So the true stress-strain curve
is extrapolated to a true plastic strain of 100%, and within this range strain-hardening

behavior can be fully simulated by ABAQUS.

5.4 Comparison of Numerical and Physical Test Results

It is found that the finite element analysis results agree well with the test results in
three aspects:
(a) load-deformation curve;
(b) strain distribution at the critical section; and
(c) mode of failure and deformed shape.
5.4.1 Load-Deformation Relationship

The deformation for the physical tests can be obtained by the readings of LVDTI,
which is the deformation of net span of the specimens. The deformation from the
numerical analysis model includes the elongation of gusset plate and channel, but it was

found that elongation of gusset plate was very small (much less than 1 mm) in the
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numerical model, which can be ignored. Hence the load-deformation curves from
LVDT!I results of each test and finite element analysis can be put together for comparison.
These comparisons were plotted in Fig. 5.3 to Fig. 5.12. Table 5.3 gives the summary of
the ultimate capacities from the numerical analysis and experimental results. The ratios of
experimental test ultimate load to analytical ultimate capacity range from 95% to 102%
with a mean value of 0.98 and a standard deviation of 0.027.

For the properties used in input file of each model, the most critical data for the
model are the material properties and the spring stiffness. Since each material coupon test
result was used in the corresponding models, and spring stiffness was obtained from the
physical test of each specimen, the fact that numerical results match the physical test
results well is not a coincidence.

5.4.2 Strain and Stress Distribution

Although by default ABAQUS calculates five section points through the thickness
of a homogeneous shell at the location of a mid surface integration point, it only provides
two point values located at the top and bottom surface, so caution should be exercised to
figure out the positive and negative direction of the shell element. For the flanges, strain
gauges were mounted outside, we should use the strain value at point “5”; while for the

“1”

web, strain gauges were mounted inside, so strain values at point should be chosen.

A typical comparison of strain distribution at the critical section is shown in Fig
5.13 and all others can be referred to in Appendix C. It can be seen that at different levels
of loading, the strain distribution at the web for finite element analysis results is close to

those from physical tests and is relatively uniform. This can be explained by the fact that

there were two longitudinal welding lines along each side of the web, there is no

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



outstanding leg, and the load was transferred evenly from both sides. Flanges at the
critical section behave like outstanding legs of an angle subjected to tension plus out-of-
plane bending. As the load increased, the strain distribution became more non-uniform,
this can be seen in Fig. 5.16. The strains of numerical results near a weld line are quite
different from those from physical tests. The reason of this discrepancy is that the spring
used to simulate the weld in numerical models cannot reflect completely the true
behavior of weld during the physical tests. In the physical test, the welds first picks up the
load and transfer it to both the flanges and web. The reading of strain gauges near the
weld would be affected by the size of the weld and other factors such as variation of weld
size along the weld length. As can be expected, a large weld size can improve stress
distribution over the channel cross-section; also material properties at the location of a
weld may change because they were affected by heating from the welding process. In the
numerical models spring stiffness is derived from the stiffness of weld obtained from the
experimental tests and does not reflect other physical features of the weld such as weld
size and material properties change due to welding process. Therefore, the extent of stress
concentration at the vicinity of weld could not be totally reflected by the numerical
models. Though there are some differences between the two results, the strain distribution
at the critical section from the numerical results follows a pattern similar to those from
experimental tests.

Unlike other specimens, due to the presence of transverse welding, strains of
numerical results at the web of critical section in specimen 5 are quite different from
those of physical test, as can be seen in Fig. 5.14. The transverse weld was not simulated

in the model, because the reading in LVDT3 is an overall behavior from both
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longitudinal and transverse weld and there was no way to distinguish one contribution
from the other. In the experimental test, the transverse weld would affect the reading of
strain gauges since it picked up the load right at the location of weld, not like longitudinal
welds, which take over the load gradually along the weld length.

For single channel specimens, below a certain load level the tips of flange are
under compression during test because of bending. Finite element analysis for single
channel specimens showed the same behavior as the single channel specimens did during
experimental tests, as shown in Fig. 5.15.

Comparison between experimental and numerical analysis for specimen 3 can
also be made. The strain of the experimental test at mid-length of specimen 3 at ultimate
load is 1545pue, while its corresponding numerical result is 1521pe. As can be seen, the
latter is close to the result from experimental test. As for other specimens, since the
maximum value of strain the strain gauges can measure is around 23000, and actual
strains that other specimens experienced at ultimate load exceeded this value, no
comparison can be made between these two strain values at ultimate load. But within the
limit that strain gauge can measure, it is found the two strain values from test and
analysis are very close to each other, as shown in Fig. 5.17.

Typical stress distribution at loading level of P = 0.96P, was plotted at the critical
section and the mid-length for specimen 4 in Fig. 5.18. We can see that stresses at the
critical section are quite non-uniform while at mid-length, the stress is completely

uniform.
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5.4.3 Failure Mode and Deformed Shape

Fig. 5.19 shows the numerical failure mode for specimens 1 and 2, they both
failed at mid-length with obvious necking, which is exactly the same as the physical tests.
As for the weld failure mode of numerical model, it was found that the springs that
simulate the welds were elongated excessively, which indicated the failure of weld, as
shown in Fig. 5.20. Lastly, Fig. 5.21 presents the bending deformed shape of single

channel specimen at connection, which was also observed during the experimental test.

5.4.4 Evaluation of Numerical Model

From the results discussed above, it can be seen that all the test to predicted ratios
of ultimate strength were well within experimental error for a testing program of this
complexity. Within certain range, the strains of numerical results are very close to the
measured ones. Furthermore, analytical failure modes and deformed shapes are the same
as those observed in the experimental tests. Thus it was felt that the models built herein

were successful models and could be utilized in a parametric study.
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Table 5.1 LVDT3 Readings from Experimental Tests

Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7 Specimen 10
Force | Deform.| Force | Deform.| Force | Deform.| Force | Deform.| Force | Deform.| Force | Deform.
N) (mm) ™) (mm) (N) (mm) M) (mm) (N) (mm) (N) (mm)
0 0 0 0 0 0 0 0 0 0 0 0
6336 0.082 8486 0.157 9994 0.014 3438 0.21 9733 0.233 5180 0.265
7411 0.145 9967 0.212 | 15004 | 0.368 4096 0.418 | 11977 | 0.601 6476 0.616
8371 0.305 | 11042 [ 0306 | 15751 | 0.626 4396 0.43 12895 | 1.132 6996 1.08
9335 0.568 | 11631 | 0.378 | 16257 | 0.781 4844 1.116 | 13363 | 1.499 7339 1.501
10060 1.05 12588 | 0.491 16591 | 0.896 5138 1.758 | 13690 | 1.678 7615 2
10188 | 1.455 | 13391 | 0.706 | 16759 | 0.974 5235 2412 | 14277 2 7883 3.107
13943 | 0.935 | 17206 1
14100 1 34413 2
16512 2

* The values listed above are used as the spring stiffness in the numerical models




Table 5.2 Mesh Study

Mesh No. of Element Element Size (mm) | Ultimate Load (kN)
Coarse 800 17.5x 20 748.2
Intermediate 6174 5x5 748.0
Fine 9540 3.5x5 748.0
Table 5.3 Ratios of Experimental and Numerical Test Results
Specimen No. Ultimate Load (kN) Test/Analysis
Test Analysis
1 750 770 0.97
2 718 755 0.95
3 494 518 0.95
4 607 594 1.02
5 707 746 0.95
6 281 277 1.01
7 538 538 1.00
8 369 365 1.01
9 742 748 0.99
10 341 344 0.99
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Fig. 5.2 Different Finite Element Mesh Options

74

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



load(kN)

900
800
700

600 -
500 -
400 -
300 -
200 -
100 -

50

T

100 150 200

Deformation(mm)

250

Fig. 5.3 Comparison of Load-deformation Curves of Specimen 1

load(kN)

800
700
600

500 -
400 -

300
200

100 -

50

100 150 200

Deformation(mm)

250

Fig. 5.4 Comparison of Load-deformation Curves of Specimen 2
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Fig. 5.19 Model Fracture at Mid-Length of Specimens 1 and 2
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Fig. 5.20 Weld Failure Mode of Numerical Model
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Fig. 5.21 Side View of Deformed Shape of Single Channel Specimen 6
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6. PARAMETRIC STUDY

6.1 General

The purpose of this research is to develop simplified equations that account for
the shear lag effect for hot-rolled steel channel sections. From the comparison of the
experimental and numerical results presented in Chapter 5, it is very clear that the
numerical models built in previous chapter can provide excellent predictions of load
response, failure mode and strain distribution at the critical section and the mid-length.
These proven models can be used to examine a variety of different kinds of
combination of parameters that were not tested so that the new suggested equations
can be validated in more general case. Since coarse mesh, intermediate mesh, and fine
mesh all give the same ultimate carrying capacity as discussed in Chapter 5 and main
focus of the parametric study will be on the global behavior of the model, therefore,

the coarse mesh will be used here in order to save computational time.

6.2 Determination of Parameters to be Investigated

Through the previous study it is found that a number of variables may or may
not have influence on the shear lag behavior of a member. The parameters that need to
be considered include the length of specimen, the thickness of gusset plate, single or
double channel, the weld size, the ratio of L/'W (W is the depth of a channel section),
the ratio of flange width H to W, and the ratio of W to web thickness t. Since Ng et al.
(2002) concluded that weld capacity was not proportional to the weld size, so only the
weld sizes used in the experimental tests will be used for parametric study, namely
5mm, 8mm, and 10mm. As for the combination of longitudinal and transverse weld

cases, since LVDT3 measured the integrated effect of both welds, so the LVDT3 data
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can only be used in this specific configuration and cannot be applied to other welds
size and length. As there are a lot of parameters involved in the parametric study, a
good strategy to simplify it is to normalize the parameters to try to cover all cases.
6.2.1 Effect of Specimen Length

Within the practical range of specimen length, it is found that the capacity of
specimen will not be affected by changing specimen length. In Fig. 6.1, the capacity
of specimen 9 with net channel length 0.6 m, 1.2 m, and 2.4 m were plotted, it can be
seen that the capacities of these three specimens are almost identical. Also in Fig. 6.1,
the capacities of single channel specimen 8 with different specimen length were
checked as well, as can be seen, there is a negligible difference among these three
cases. For the extreme cases, in which specimens are too short or too long, are beyond
the scope of this research.
6.2.2 Effect of the Thickness of Gusset Plate

For a single channel specimen, the thickness of the gusset plate offers out-of-
plane stiffness. As can be expected, the thicker the gusset plate, the more constraint it
will offer for out-of-plane bending stiffness. The extent of this constraint may affect
the net section efficiency because severe bending may cause stress concentration at
the connection. A double channel specimen can be considered as the extreme case of
single channel specimen since the out-of-plane stiffness of the gusset plate is
irrelevant. Therefore, it is not necessary to examine the thickness effect of gusset plate
for double channel specimens. For single channel specimens, both failed in welds and
failed in gross section, i.e., specimen 8 and specimen 10 were examined. The
thickness of gusset plate used in numerical models is 12.7 mm, 25.4 mm, and 50.8
mm, respectively. It is found that with the same configuration except the thickness of

gusset plate, load capacity of a single channel specimen remains constant, as

86

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



presented in Fig. 6.2. Therefore, it is confirmed that the thickness of gusset plate has
no effect on the net section efficiency.
6.2.3 Effect of Single or Double Channel

During the experimental tests, it was observed that single channel specimens
behaved quite differently from double channel specimens. Single channel specimens
could align their centroid with the loads so that the eccentricity was reduced. This
behavior might result in higher carrying capacity. However, it also caused the bending
at the gusset plates, as discussed in previous section. To investigate these effects, ten
counterpart numerical models of the experimental tests were built. The ratios of single
channel specimens capacity to double channel specimens capacity were plotted in Fig.
6.3, as can be seen, there is negligible different between these two configurations. The
average of single to double channel specimen strength ratio is 0.995 with a standard
deviation 0.00465. Hence, it can be concluded that the capacity of a single channel

specimen is half that of a double channel one.
6.2.4 Effect of Eccentricity x

The eccentricity x is one of the factors that have influence to the net section
efficiency. As mentioned in the literature review in Chapter 2, the efficiency of a

section would decrease as the eccentricity increases. In CISC Handbook of Steel

Construction (2004), for standard channel sections, the eccentricity x ranges from
10.8 mm to 20.3 mm. The cross-sections chosen for this parametric study (see Section
6.2.6) will cover this range of eccentricity.
6.2.5 Effect of L/W Ratio

According to the current design standards, of all parameters considered for the
shear lag effect of a welded tension member, the ratio of L/W is the most important

one. The stresses can spread more evenly over channel cross section with large L/W
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ratio. Three L/W ratios for each numerical model studied herein are used here. They
are designed based on the weld capacity less, equal, and larger than the capacity of
channel section(s), respectively.
6.2.6 Effect of Ratio W/H and Ratio W/t

There are ten groups of standard channel listed in CISC Handbook of Steel
Construction (2004). Each group contains two to four types of channel section mainly
varying in web thickness. W/H is the ratio of the web width to the flange width. As
can be expected, this ratio reflects the relative stiffness of web and flange. W/t is the
ratio of the web width to the web thickness, which also indicates the extent of the web
stiffness. In the Handbook the range of W/H is 1.9 to 4.4 and the range of W/t is 8.4
to 42.4. Three types of channel section are selected, which are C75x9, C250x23 and
C380x50. The range of W/H is 1.9 to 4.43 and the range of W/t is 8.4 to 41.6, in

which most cases are covered for standard channel sections in the Handbook. In the

meantime, the eccentricity x ranges from 11.4 to 20, which includes almost all cases.

6.3 Design of Parametric Study Matrix

Three types of channel cross-section and three ratios of L/W are used for the
parametric study, along with three kinds of weld size, a total of 27 numerical models
need to be built for the parametric study and they are listed in Table 6.1. For the
model name, the first part designates the size of channel section, the second part
represents the welding size and the third one signifies the ratio of L/W. The ratios of

L/W were chosen to let the models fail either in connection (weld) or in gross section.
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6.4 Failure Criterion of Numerical Model

The criterion should be established in order to judge when a numerical model
fails. If it fails at gross section, study shows that the average strain in central element
in mid-length of channel is 0.199, or simply by studying the deformed shape of
numerical model using ABAQUS VIEWER, if there is an onset of unstable behavior
in the model, it means the model fails in gross section. If a model fails in weld, it can
be seen from ABAQUS VIEWER that the channel slips from its original position and
the springs are elongated extensively, as shown in Fig. 5‘.20, and load-deformation
curve for this type of failure mode becomes a horizontal line when it reaches the

ultimate load.

6.5 Discussion of the Parametric Study Results

The parametric study results are presented in Table 6.2, along with the section
efficiency factor calculated by using equations in CSA-S16-G1 (2001) and AISC
(1999). Only the specimens and models failed in gross section away from welded
connection are included, those failed in welds will not be discussed here. It can be
seen that when L/W ratio is equal or greater than 1.7, equations in both CSA16-01
(2001) and AISC (1999) give good prediction of the shear lag coefficient, the
difference between them are within 10%. However, when L/W ratio becomes smaller,
the difference between numerical test results and those obtained from the equations of
S16 and AISC becomes larger. For example, for the model ¢250-10-0.9, the
difference between the numerical result and the section efficiency factor calculated
from the equations in AISC is more than 100%. This means that for the small L/W
ratio cases, current codes cannot give good prediction of the net section efficiency

factor.
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6.6 Comparison and Discussion of the Results from Other Research

The results of a similar welded tension member shear lag study done by
Easterling and Girous (1993) are listed in Table 6.3. The steel members they studied
include plates, angles and channels. The reason why these results are listed here is that
by analyzing other steel members, we can better understand about the different
behavior of channel sections and other sections under tension. As can be seen, the
critical section failure only occurred in plates and angles specimens. Considering out-
of-plane stiffness, steel plates are very flexible members and the eccentricity (with
regard to the surface of gusset plate) is relatively small, yet most of them still failed at
the critical section. Since the critical section is the location where stress concentration
happens, plate members have free edges at each side, which allow tearing to happen
easily due to stress concentration. The same as plate members, angle members have a
free edge at one side, and the experimental test showed that most of angle specimens
exhibited a tearing failure initiating at the angle toe.

Unlike plate and angle members, hot-rolled channel section has two
symmetric flanges and they are greatly thickened at the intersection of web and flange.
When channel members are in tension, there is a possibility that necking may happen
at the critical section due to the shear lag effect. However, with the help from the
thickened flanges on both sides and the bi-axial stresses in channel web, which
increases the channel strength at the critical section, all the channel sections tested by
Easterling and Girous (1993) and in this program failed in gross section fracture away
from the connection or failed in the welds, none of them failed in the critical section.
Experimental tests for tubular section specimens done by Cheng et al. (1998) also

indicate that for the cross-section without free edge (tubular sections), the member

90

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



strength is not affected by shear lag effect and always failed at mid-length away from
the critical section.

Transverse weld in specimen 5 in the experimental test significantly increased
load carrying capacity, which in turn could increase the net section efficiency.
Easterling and Girous (1993) found the net section efficiency was not increased by
additional transverse weld, simply because the specimens they tested had long enough
longitudinal welds which could let the specimens fail in gross section. However for
specimen 5 in this study, the longitudinal weld is only 55 mm long, as can be seen, the
presence of transverse weld contributed a lot to the ultimate load of specimen 5.

It is noticed that the average net section efficiency for the channel sections
tested by Easterling and Girous (1993) is 0.90, which is lower than that those values
in this study. The reason for this is not clear. Generally speaking, specimen length
will not affect the specimen strength, but if the specimens are too short, eventually the
strength of the specimens will be affected since the stress concentration zone may
overlap. In addition, the material properties in the flange of a channel section are
normally lower than the ones from the web. If only material properties from the web
were used to calculate the net section efficiency, a lower net section efficiency factor
would be expected. Since the information about the specimen length and details of
material properties are not available in Easterling and Girous’ paper, no conclusion
can be made on this issue. It is interesting to note that the net section efficiency of
welded cold-formed steel channel sections reported by Lemenhe and Cheng (2001) is
also equal or greater than 0.95. None of the cold-formed channel sections tested failed

at the critical section.
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Table 6.1 Details of Models in the Parametric Study

Model W H t L W/H | Wit | Gross X
Name (mm) | (mm) | (mm) | (mm) Area (mm)
(mmz)

C75-5-1.5 76 40 115 1.9 4.4 1120 11.4

C75-5-2.2 76 40 170 1.9 4.4 1120 11.4

C75-5-3.0 76 40 230 1.9 4.4 1120 11.4

C75-8-1.5 76 40 115 1.9 4.4 1120 11.4

C75-8-2.0 76 40 150 1.9 4.4 1120 1.4

C75-8-3.0 76 40 230 1.9 4.4 1120 11.4

C75-10-1.0 76 40 80 i.9 4.4 1120 1.4

C75-10-1.3 76 40 100 1.9 4.4 1120 11.4

C75-10-2.0 76 40 150 1.9 4.4 1120 11.4

C250-5-1.4 254 65 360 39 | 41.6 | 2880 15.9

C250-5-1.7 254 65 440 39 | 41.6 | 2880 15.9

C250-5-2.0 254 65 500 39 | 41.6 | 2880 15.9

C250-8-1.3 254 65 340 39 | 41.6 | 2880 15.9

C250-8-1.7 254 65 440 39 | 41.6 | 2880 15.9

C250-8-2.0 254 65 500 3.9 41.6 | 2880 15.9

C250-10-0.9 | 254 65 220 39 | 41.6 | 2880 15.9

C250-10-1.3 | 254 65 340 39 | 41.6 | 2880 15.9

o o Fad il o ] Yl Y [P £ 0 [ 1 [ Y

C250-10-1.7 |} 254 65 440 39 | 41.6 ) 2880 15.9

C380-5-2.2 381 86 10.2 840 44 | 374 | 6430 20
C380-5-2.6 381 86 10.2 1000 44 | 374 | 6430 20
C380-5-3.0 381 86 10.2 1140 44 | 374 | 6430 20

C380-8-2.0 381 86 10.2 800 4.4 374 | 6430 20

C380-8-2.6 381 86 10.2 1000 44 | 374 | 6430 20

C380-8-3.0 381 86 10.2 1140 4.4 374 | 6430 20

C380-10-1.3 381 86 10.2 500 4.4 374 | 6430 20

C380-10-1.7 | 381 86 10.2 660 4.4 374 | 6430 20

C380-10-2.0 | 381 86 10.2 800 4.4 374 | 6430 20
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Table 6.2 Results of Parametric Study

Model Pt Ppan | Failure Upara Usi6.01 Uaisc Upam Upara
Name (kN) | (kN) | Mode / /
Usis.01 Uaisc
C75-5-1.5 559 421 | WELD - - - - -
C75-5-2.2 559 574 G.S* 1.03 0.97 0.96 1.06 1.07
C75-5-3.0 559 574 G.S 1.03 0.98 0.96 1.05 1.07
C75-8-1.5 559 515 | WELD - - - - -
C75-8-2.0 559 574 G.S 1.03 0.97 0.96 1.06 1.07
C75-8-3.0 559 574 G.S 1.03 0.98 0.96 1.05 1.07
C75-10-1.0 559 544 | WELD - - - - -
C75-10-1.3 559 573 G.S 1.03 0.85 0.80 1.21 1.29
C75-10-2.0 559 574 G.S 1.03 0.97 0.96 1.06 1.07
C250-5-1.4 1435 1394 G.S 0.97 0.90 0.82 1.07 1.18
C250-5-1.7 1435 1394 G.S 0.97 0.95 0.88 1.02 1.10
C250-5-2.0 1435 1392 G.S 0.97 0.99 0.95 0.98 1.02
C250-8-1.3 1435 1389 G.S 0.97 0.89 0.82 1.09 1.18
C250-8-1.7 1435 1393 G.S 0.97 0.95 0.88 1.02 1.10
C250-8-2.0 1435 1393 G.S 0.97 0.99 0.95 0.98 1.02
C250-10-0.9 1435 1394 G.S 0.97 0.78 045 1.24 2.16
C250-10-1.3 1435 1390 G.S 0.97 0.89 0.82 1.09 1.18
C250-10-1.7 1435 1388 G.S 0.97 0.95 0.88 1.02 1.10
C380-5-2.2 3208 | 3145 G.S 0.98 0.99 0.96 0.99 1.02
C380-5-2.6 3208 | 3144 G.S 0.98 0.99 0.96 0.99 1.02
C380-5-3.0 3208 | 3144 G.S 0.98 0.99 0.96 0.99 1.02
C380-8-2.0 3208 | 3145 G.S 0.98 0.99 0.96 0.99 1.02
C380-8-2.6 3208 1340 G.S 0.98 0.99 0.96 0.99 1.02
C380-8-3.0 3208 | 3143 G.S 0.98 0.99 0.96 0.99 [.02
C380-10-1.3 3208 | 3147 G.S 0.98 0.88 0.81 111 1.21
C380-10-1.7 3208 | 3144 G.S 0.98 0.95 0.88 1.03 1.11
C380-10-2.0 3208 | 3147 G.S 0.98 0.99 0.96 0.99 1.02
*G.S means gross section failure
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Table 6.3 Summary of Test Results from Easterling and Girous (1993)

Test . Specimer.l Member L, Failure Usp. | Usiecor| Usuisc U,, U
Designation { Configuration Size(mm) d Mode Usieor | Uy
P-L1-1a Double Plate 102x9.5 1.38 €)) 092 | 0.85 0.75 1.08 1.23
P-L1-1b Double Plate 76x6.4 1.42 | Critical Section | 094 | 0.86 | 0.75 1.09 1.25
P-L1-2 Double Plate 76x6.4 1.42 | Critical Section | 0.98 | 0.86 0.75 1.14 1.31
P-L1-3 Double Plate 76x6.4 1.42 | Critical Section | 1.00 | 0.86 | 0.75 1.16 1.33
P-L2-1 Double Plate 76x6.4 1.67 | Critical Section | 098 | 0.92 | 0.87 1.07 1.13
P-L2-2 Double Plate 76x6.4 1.67 | Critical Section | 0.98 | 0.92 0.87 1.07 1.13
P-L2-3 Double Plate 76x6.4 1.67 | Critical Section | 0.96 | 0.92 0.87 1.04 1.1
P-B-1 Double Plate 76x6.4 1.67 | Critical Section | 0.90 | 0.92 1.00 0.98 0.9
P-B-2 Double Plate 76x6.4 1.67 | Critical Section | 0.99 | 0.92 1.00 1.08 0.99
P-B-3 Double Plate 76x6.4 1.67 | Critical Section | 0.97 | 0.92 1.00 1.05 0.97
L-L-1 Double Angle | 51x51x4.8 | 2.24 | Critical Section | 0.81 0.88 0.87 0.92 0.93
L-L-2 Double Angle | 51x51x4.8 | 2.24 | Critical Section | 0.82 | 0.88 0.87 0.93 0.94
L-L-3 Double Angle | 51x51x4.8 | 2.24 | Critical Section | 0.82 { 0.88 0.87 0.93 0.94
L-B-1a Double Angle | 102x76x6.4 | 0.88 | Critical Section | 0.82 | 0.86 0.80 0.93 1.03
L-B-1b Double Angle | 51x51x4.8 | 1.5 Weld Failure - 0.88 0.81 - -
L-B-1c Double Angle | 51x51x4.8 1.5 | Critical Section | 0.80 | 0.88 0.81 0.91 0.99
L-B-2 Double Angle | 51x51x4.8 | 1.5 | Critical Section | 0.75 | 0.88 | 0.81 0.85 0.93
L-B-3 Double Angle | 51x51x4.8 | 1.5 | Critical Section | 0.80 | 0.88 0.81 0.91 0.99
L-T-1 Double Angle | 102x76x6.4 - Weld Failure - 0.60 0.59 - -

(1) Testing machine capacity exceeded
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Table 6.3 (cont’d)

Test Specimen Member L, Failure Uso. | Usiscor| Uusc U, .
Designation | Configuration Size(mm) d Mode U U
S16-0] AISC
C-L-1 Double Channel C75x6 1.67 | Gross Section | 0.89 | 0.86 | 0.91 1.03 0.98
C-L-2 Double Channel C75x6 1.67 | Gross Section | 0.90 | 0.86 0.91 1.05 0.99
C-L-3 Double Channel C75x6 1.67 | Gross Section | 0.91 0.86 0.91 1.06 1.00
C-B-1 | Double Channel | C75x6 1.67 | Gross Section | 0.90” | 0.90 [ 0.91 | 1.05 | 0.99
C-B-2 Double Channel C75x6 1.67 | Gross Section 0.92 0.90 0.91 1.02 1.01
C-B-3 Double Channel C75x6 1.67 | Gross Section | 0.88 | 0.90 | 0.91 0.98 0.97
C-T-1 Double Channel C100x8 - Weld Failure - 043 0.44 - -
C-T-2 Double Channel C75x6 - Weld Failure - 0.43 0.49 - -

(2) There is a typo in original paper and is corrected here
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7. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

7.1 Summary

This project is to evaluate the influence of shear lag effect to the net section
efficiency of welded hot-rolled steel channel sections in tension. Firstly, ten specimens
with different design variables were fabricated and tested, which included different weld
length, weld size, longitudinal and transverse welds, single or double channels. The
connections were designed to fail either in the member or in the welds. Secondly,
numerical models were established based on the corresponding test specimens and the
test results. The third step was to expand the test results by a parametric study using the
numerical models. The parametric study was designed to cover the whole spectrum of
hot-rolled steel channel sections in the CISC steel handbook. Typical channel sections

were chosen in the parametric study to investigate the influence of different parameters,

such as the specimen length, the thickness of gusset plates, the eccentricity;, the L/W
ratios, the ratios of W/H and W/t.

All ten test specimens failed either in gross section fracture at the mid-length or in
weld fracture. From the readings of strain gauges at the critical section, it is confirmed
that shear lag effect does exist in the welded tension channel members. However, the
final strength of these members was not affected by the shear lag effect since none of
them failed at the critical section. This was also confirmed by Esterling et al (1993). This
can be attributed to the shape of the channel cross-section and the bi-axial stresses in the

channel web caused by the welds.
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The results of the parametric study showed that the net section efficiency of

welded hot-rolled steel channels was not affected by the cross section eccentricity x and
ratios of W/H and W/t. The study also showed that the weld size had no effect on the net
section efficiency as long as failure does not occur in weld. This conclusion could also
apply to the weld length since it was found that if gross section failure occurred prior to
weld failure, specimens with same weld size but different weld length have the same net
section efficiency.

The average net section efficiency factor based on both experimental and
numerical test results, excluding the specimens failed in the welds, was found to be 0.98
with a standard deviation 0.0247. Theoretically, the net section efficiency of hot-rolled
steel channel in tension should be 1.0 since none of the specimens failed in the critical
sections. The fact that it is lower than 1.0 can be attributed to the imperfection of the steel
members, the load eccentricity, the variable material properties, the fluctuation of
workmanship, the limited number of test results, etc. The lower than 1.0 net section
efficiency factor was also reported by Easterling and Giroux (1993).

From the specimen failed in combination of longitudinal and transverse welds, i.e.,
specimen 5, it was found that the transverse weld participated fully in resisting the
applied load. The transverse weld also improved the connection ductility when compared
to the connection with longitudinal welds only. The transverse weld changed the load
transfer mechanism in the connection and allowed more uniform stress distribution in the

channel section.
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It was also observed that the actually weld strength was about 20% to 30% higher

than those predicted by the design equations in CSA S16-01 (2001). This means that the

equations used in S16-01 are conservative.

7.2 Conclusions

Based on the study reported herein and previous research results obtained by

others, it can be concluded that:

1.

All the test specimens failed either in gross section fracture away from the
connection or in weld fracture.

Non-uniform stress distribution at connection was observed due to shear lag effect.
However, it has no effect on the final carrying capacity of the specimens.

The load eccentricity has limited influence on the capacity of both single channel
and double channel specimens.

For the weld failure, the test to predicted ratios were between 1.2 to 1.3, which
indicates the equations in current codes are conservative.

Weld length affects stress distributions notably than weld size does.

Numerical models yielded good agreement with the test results. Based on the
parametric study, member length, thickness of gusset plate, eccentricity, and
channel size have little effect on the net section efficiency.

The results from this study indicate the deficiency of the current design standards,

more specifically for welded channel sections.
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8. It is recommended a reduction factor of 0.95 to be used for welded channel
section in tension to account for the effects of possible eccentricity and out-of-
plane deformation.

9. From this study and other researches, it is concluded that for sections with no free
edge weld, such as channel sections and HSS sections, the shear lag phenomenon
has little effect on the carrying capacity of the section. However, it is believed that
the shear lag behavior will have significant effect on the sections with free edge
welds, such as angle sections and plate sections, especially when the L/W ratio is

low.

7.3 Recommendations for Future Research

1. Additional experimental tests are required for the specimens with combined
longitudinal and transverse welds, and transverse weld only. This will allow better
understanding of the behavior of transverse weld and provide experimental data
for developing numerical models with transverse weld.

2. More experimental data are needed for welded channel sections in order to further
refine the net section efficiency factor.

3. Research is needed for the welded angle sections and plate sections in order to
develop design criteria of the section efficiency factors for these sections.

4. Minimum weld length and minimum weld size shoul.d be investigated for welded

connection to avoid premature weld failure.
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APPENDIX A

Stress vs. Strain Curves of Coupon Tests

This Appendix includes stress-stain curves of coupon tests.
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Fig. A2 Stress vs. Strain Curves of Channel Web Coupons - C2
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Fig. A3 Stress vs. Strain Curves of Channel Web Coupons - C3
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Fig. A4 Stress vs. Strain Curves of Channel Web Coupons - C4
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Fig. A6 Stress vs. Strain Curves of Channel Flange Coupons - C3
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Cylinder welding material coupon
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Fig. A8 Stress vs. Strain Curve of Cylindrical Weld Metal Coupon
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Fig. A9 Stress vs. Strain Curves of Flat Filler Weld Metal Coupons
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Fig. A10 Stress vs. Strain Curves of Gusset Plate Coupons
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APPENDIX B

Load vs. Strain Curves and Comparison of Strains at Different Load Levels

This appendix includes load vs. strain curves for all specimens and comparison of
strains at different load levels. In each figure title, Fig. Bxx-yy, the first number “xx”
refers to the specimen number, and the second number “yy” refers to the numbering for

each specimen. Strain gauge numbering is listed in Fig. B1 and Fig. B2.
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Fig. B2 Strain Gauge Numbering for Specimen 7
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Comparison of Strain 1,2
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Fig. B1-2 Load vs. Strain 3, 4 of Specimen 1
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Comparison of Strain 5,6,7
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Fig. B1-4 Load vs. Strain 8, 9, 10 of Specimen 1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

114




Comparison of Strain 11,12,13
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Fig. B1-6 Load vs. Strain 15, 16, 17 at Mid-length of Specimen 1
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Fig. B1-7 Comparison of Strain 1, 3, 5 at Different Load Levels of Specimen 1
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Fig. B1-8 Comparison of Strain 2, 4, 7 at Different Load Levels of Specimen 1
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Fig. B1-10 Comparison of Strain at Mid-length at Different Load Levels of

Specimen 1
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Commparison of Strain 10,11,12
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Fig. B2-1 Load vs. Strain 1, 2 of Specimen 2
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Commparison of Strain 3,4
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Fig. B2-3 Load vs. Strain 5,6,7 of Specimen 2
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Comparison of Strain 8,9,10
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Fig. B2-5 Load vs. Strain 11,12 of Specimen 2
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Fig. B2-7 Load vs. Strain 15,16,17 at mid-length of Specimen 2
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Fig. B2-9 Comparison of Strain 1,3,5 at Different Load Level of Specimen 2
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Comparison of Strain 2,4,7
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Fig. B2-10 Comparison of Strain 2,4,7 at Different Load Level of Specimen 2
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Fig. B2-11 Comparison of Strain 15,16,17 at Different Load Level of Specimen 2
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Comparison of Strain 7,8,9
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Fig. B3-1 Load vs. Strain 1,2 of Specimen 3
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Commparison of Strain 3,4
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Comparison of Strain 8,9,10
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Fig. B3-5 Load vs. Strain 11,12 of Specimen 3
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Comparison of Strain 13,14
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Fig. B3-6 Load vs. Strain 13,14 of Specimen 3
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Fig. B3-7 Load vs. Strain 15,16,17 at mid-length of Specimen 3
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Fig. B3-9 Comparison of Strain 2,4,7 at Different Load Level of Specimen 3

128

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




Comparison of Strain at Critical

------- P=0.4Pu Sqetion

(en)

-100 -50 0 50 100
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Fig. B3-11 Comparison of Strain 15,16,17 at Different Load Level of Specimen 3
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Fig. B4-1 Load vs. Strain 1,2 of Specimen 4
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Comparison of Strain 3,4
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Fig. B4-3 Load vs. Strain 5, 6, 7 of Specimen 4
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Comparison of Strain 8,9,10
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Fig. B4-4 Load vs. Strain 8, 9, 10 of Specimen 4
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Fig. B4-5 Load vs. Strain 11,12 of Specimen 4
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Comparison of Strain 13,14
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Fig. B4-7 Load vs. Strain 15,16,17 at mid-length of Specimen 4
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Comparison of Strain 1,3,5
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Fig. B4-9 Comparison of Strain 2,4,7 at Different Load Level of Specimen 4
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Fig. B4-11 Comparison of Strain 15,16,17 at Different Load Level of Specimen 4
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Fig. B5-1 Load vs. Strain 1,2 of Specimen 5
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Comparison of Stain 3,4
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Fig. B5-2 Load vs. Strain 3,4 of Specimen 5
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Fig. B5-3 Load vs. Strain 5,6,7 of Specimen 5
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Fig. B5-5 Load vs. Strain 11, 12, 13 of Specimen 5
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Comparison of Stain 15,16,17
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Fig. B5-6 Load vs. Strain 15,16,17 at mid-length of Specimen 5
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Fig. B5-7 Comparison of Strain 1,3,5 at Different Load Level of Specimen 5
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Commparison of Strain 2,4,7
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Specimen 5
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Fig. B5-10 Comparison of Strain 15,16,17 at Different Load Level of Specimen 5
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Fig. B6-1 Load vs. Strain 1,2 of Specimen 6
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Comparison of Strain 3,4
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Fig. B6-2 Load vs. Strain 3,4 of Specimen 6
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Fig. B6-3 Load vs. Strain 5,6,7 of Specimen 6
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Comparison of Strain 8,9,10
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Fig. B6-4 Load vs. Strain 8,9,10 of Specimen 6
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Fig. B6-5 Load vs. Strain 11,12 of Specimen 6
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Comparison of Strain 13,14
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Fig. B6-6 Load vs. Strain 13,14 of Specimen 6

Comparison of Strain 15,16,17
350
300 =
o e - ’W
250 ’{
200 i E—T
150 T . . . s16
100 ” ....... S17
50 V
0 I ] i | T
0 5000 10000 15000 20000 25000

Fig. B6-7 Load vs. Strain 15,16,17 at mid-length of Specimen 6
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Comparison of Strain 1,3,5
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Fig. B6-8 Comparison of Strain 1,3,5 at Different Load Level of Specimen 6
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Fig. B6-10 Comparison of Strain at Critical Section at Different Load Level of Specimen 6
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Fig. B6-11 Comparison of Strain 15,16,17 at Different Load Level of Specimen 6
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Comparison of Strain 8,9,10
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Fig. B6-12 Comparison of Strain 8,9,10 at Different Load Level of Specimen 6
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Fig. B7-1 Load vs. Strain 1,2 of Specimen 7
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Comparison of Strain 3,4,5
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Fig. B7-2 Load vs. Strain 3,4,5 of Specimen 7
Comparison of Strain 6,7
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Fig. B7-3 Load vs. Strain 6,7 of Specimen 7
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Comparison of Strain 8,9
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Fig. B7-5 Load vs. Strain 10,11 of Specimen 7
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Comparison of Strain 12,13,14
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Fig. B7-6 Load vs. Strain 12,13,14 at mid-length of Specimen 7
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Fig. B7-7 Comparison of Strain 1,3,5 at Different Load Level of Specimen 7
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Comparison of Strain at Critical

Section
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Fig. B7-8 Comparison of Strain 12,13,14 at Different Load Level of Specimen 7
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Fig. B8-1 Load vs. Strain 1,2 of Specimen 8
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Comparison of Strain 3,4
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Fig. B8-2 Load vs. Strain 3,4 of Specimen 8
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Fig. B8-3 Load vs. Strain 5,6,7 of Specimen 8
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Comparison of Strain 8,9,10
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Fig. B8-4 Load vs. Strain 8,9,10 of Specimen 8

Comparison of Strain 12,13,14

QO g O hh O
O O O D O

N N QO A

-l

ch c:%
"h\-\
wu
B W

O O D

-5000 O 5000 10000 15000 20000 25000 30000

Fig. B8-5 Load vs. Strain 12,13,14 of Specimen 8
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Comparison of Strain 15,16,17
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Fig. B8-6 Load vs. Strain 15,16,17 at mid-length of Specimen 8
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Fig. B8-7 Comparison of Strain 1,3,5 at Different Load Level of Specimen 8
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Commparison of Strain 2,4,7
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Fig. B8-8 Comparison of Strain 2,4,7 at Different Load Level of Specimen 8
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Fig. B8-9 Comparison of Strain at Critical Section at Different Load Level of Specimen
8
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Comparison of Strain at Mid-length
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Fig. B8-10 Comparison of Strain 15,16,17 at Different Load Level of Specimen 8
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Fig. B8-11 Comparison of Strain 8,9,10 at Different Load Level of Specimen 8
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Comparison of Strain 1,2
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Fig. B9-1 Load vs. Strain 1,2 of Specimen 9
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Fig. B9-2 Load vs. Strain 3,4 of Specimen 9
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Comparison of Strain 5,6,7
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Fig. B9-3 Load vs. Strain 5,6,7 of Specimen 9
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Fig. B9-4 Load vs. Strain 8,9,10 of Specimen 9
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Comparison of Strain 11,12
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Fig. B9-5 Load vs. Strain 11,12 of Specimen 9

Comparison of Strain 13,14
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Fig. B9-6 Load vs. Strain 13,14 of Specimen 9
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Comparison of Strain 15,16,17
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Fig. B9-7 Load vs. Strain 15,16,17 at mid-length of Specimen 9
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Fig. B9-8 Comparison of Strain 1,3,5 at Different Load Level of Specimen 9
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Comparison of Strain 2,4,7
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Fig. B9-10 Comparison of Strain at Critical Section at Different Load Level of
Specimen 9
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Comparison of Strain at Mid-length
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Fig. B9-11 Comparison of Strain 15,16,17 at Different Load Level of Specimen 9
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Fig. B9-12 Comparison of Strain 8,9,10 at Different Load Level of Specimen 9
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Comparison of Strain 1,2
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Fig. B10-1 Load vs. Strain 1,2 of Specimen 10

Comparison of Strain 3,4
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Fig. B10-2 Load vs. Strain 3,4 of Specimen 10
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Comparison of Strain 5,6,7
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Fig. B10-3 Load vs. Strain 5,6,7 of Specimen 10
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Fig. B10-4 Load vs. Strain 8,9,10 of Specimen 10
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Comparison of Strain 11,12
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Fig. B10-5 Load vs. Strain 11,12 of Specimen 10
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Fig. B10-6 Load vs. Strain 13,14 of Specimen 10
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Comparison of Strain 15,16,17
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Fig. B10-7 Load vs. Strain 15,16,17 of Specimen 10
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Fig. B10-8 Comparison of Strain 1,3,5 at Different Load Level of Specimen 10
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Comparison of Strain 2,4,7
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Fig. B10-9 Comparison of Strain 2,4,7 at Different Load Level of Specimen 10
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Comparison of Strain at Critical
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Fig. B10-11 Comparison of Strain 15,16,17 at Different Load Level of Specimen 11
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Fig. B10-12 Comparison of Strain 8,9,10 at Different Load Level of Specimen 10
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APPENDIX C

Comparison of Stress and Strain at the Critical Section of Experimental Tests and

Numerical Analyses

This part includes the comparison of strains of experimental test and finite
element analysis at the critical section, comparison of stresses at the critical section and

mid-length for specimen 4 is also presented.
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Fig. C1 Comparison of Strains at the Critical Section of Specimen 1
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Fig. C2 Comparison of Strains at the Critical Section of Specimen 2
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Comparison of strain(3)
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Fig. C4 Comparison of Strains at the Critical Section of Specimen 4
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Comparison gf,strain(d)
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Fig. C5 Comparison of Strain at the Critical Section of Specimen 5

Comparison of strain(6) | "= TEaT0 dom

1-40E-03
f FEEaTal udllate)

\AI.LUL_‘U\J A
1 HOE-03————

-4-00E-04

Fig. C6 Comparison of Strain at the Critical Section of Specimen 6
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Fig. C7 Comparison of Strain at the Critical Section of Specimen 7
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Fig. C8 Comparison of Strain at the Critical Section of Specimen 8
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Fig. C9 Comparison of Strain at the Critical Section of Specimen 9
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Fig. C10 Comparison of Strain at the Critical Section of Specimen 10
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Comparison of stress at
critical and middle section
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Fig. C11 Comparison of Stress at Critical Section and Mid-length of Specimen 4
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