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The Prediction of Strength of Hybrid Beams by Equivalent
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Abstract:It is known that the application of higher strength steels to structures often results in
significant material-cost savings, this research is concentrated on a study of the structural
strength of hybrid flexural members using different sheet steels. A total of 72 cold-formed steel
hybrid beams were investigated in this study. Since the yield strengths and stress-strain relation-
ships of the two materials used to fabricate the beam specimens are different, the yield strength
of hybrid beam can not be easily calculated. Therefore, by using the available test data, the al-
ternative computing procedure with equivalent section concept was developed and utilized in the
calculation of load-carrying capacity for cold-formed steel hybrid beam. In the determination of
the strength of hybrid sections, the effective cross-sectional area calculated on the basis of the
dynamic yield stresses can also be employed.

Keywords: cold-formed steel; hybrid beam; yield moment; strain rate; equivalent section; effec-

tive width.
1. Introduction

Because the member strength is influenced
by impact loading, a large number of research
projects were conducted for a variety of
structural members under specified loading
conditions during past three decades. It was
found that theoretical analysis agrees well
with the experimental results when taking the
steel strain rate sensitivity into account for
beams (Bonder and Symonds [1]; Rawlings
[2]; Aspden and Cambell [3]; and Forrestal
and Wesenberg [4]).

Ronald Frost and Charles Schilling [5]
studied the behavior of hybrid beams consist-
ing of higher-strength steel flanges connected
with lower-strength steel webs, under pure
bending and combined shear and bending.

They suggested that the maximum bending
strength of a hybrid beam may be considered
to be (1) the moment causing the cross section
to become fully plastic or (2) the moment
causing initial yielding in the flange, because
it has been demonstrated that the yielding
which occurs in the webs of hybrid beams has
little effect on the behavior of such beams.

In cold-formed steel design, local buckling
is one of the major design features because of
the use of large width-to-thickness ratios for
compression element. For the purpose of de-
termining the load-carrying capacity of struc-
tural components, the effective width ap-
proach has been used. The design criteria for
effective design width included in the current
AISI Specification [6] are primarily based on
the results of static tests of cold-formed steel
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members corresponding to a strain rate ap-
proximately 1.7x10° mm/mm/sec. Pan and
Yu [7,8] studied the validity of these effective
design width formulas for the design of
cold-formed steel members subjected to dy-
namic loads. It was found that the effective
cross-sectional area determined according to
the AISI Specification [6] can also be em-
ployed in the calculation of structural strength
of cold-formed steel columns and beams un-
der impact loads. And better predictions for
load-carrying capacity can be achieved by
using dynamic yield stresses or a dynamic
stress-strain relationship for the specimens.

Pan and Yu [7,8] conclude that the avail-
able effective design formulas using dynamic
material properties can be adequately used for
the design of hybrid structural members fab-
ricated from two different materials subjected
to dynamic loads. In additions, the calculating
procedure was developed in the determination
of structural strength of hybrid beams and can
provide a reasonable approach for calculating
the critical local buckling moment, the yield
moment, and the ultimate moment. However,
due to the complexity for the calculation of
ultimate moment using inelastic reserve ca-
pacity and the possible excessive deflection, it
is suggested that for the practical design, the
yield moment can be wused for the
load-carrying capacity of hybrid beams. In
this paper, an alternative computing proce-
dure with equivalent section concept was de-
veloped and utilized in the calculation of
load-carrying capacity of cold-formed steel
hybrid beams.

2. Beam specimens

The materials used in this investigation
were 25AK and 50SK sheet steels with
nominal yield strengths equal to approxi-
mately 172 and 345 MPa (25 and 50 ksi), re-
spectively. These two materials have been
tested for establishing the mechanical proper-
ties in tension and compression in the longi-

102 Int. J. Appl. Sci. Eng., 2003. 1, 2

tudinal and transverse directions under dif-
ferent strain rates of 10'4, 10'2, 10'1, and 1.0
mm/mm/sec. Table 1 summarizes the average
values of mechanical properties tested under
different strain rates for 25AK and 50SK
sheet steels. For details of material tests, refer
to Pan, Wu, and Yu [9].

Table 1. Average mechanical properties of 25AK,
35XF, 50XF, 50SK and 100XF sheet
steels under different strain rates

Strain
rate | (Fy)e | (Fpr)e | (Fy)t | (Fut
(1/sec) | (MPa) | (MPa) | (MPa) | (MPa)
&) 2) A3) 4) )
(25AK sheet steel)
0.0001 | 149.35 | 109.84 | 169.62 | 294.83
0.01 | 170.79 | 134.80 | 192.09 | 306.41
0.1 |205.47|157.27|218.71 | 326.48
1.0 26298 | --- |242.22353.37
(50SK sheet steel)
0.0001 | 367.85 | 289.45 | 379.02 | 462.45
0.01 |385.50|292.76 | 391.84 | 475.62
0.1 |392.74 | 305.86 | 400.32 | 489.82
1.0 |409.63 | --—- |418.73|527.47

The nominal thickness of sheet steels used
for beams were 2.0 mm (0.078 in.) for 25AK
sheet steel and 1.9 mm (0.074 in.) for S0SK
sheet steel. All specimens were cold formed
by a press-brake operation with a nominal in-
side-bend radius of 4.0 mm (5/32 in.). A total
of 72 hat-shaped beams were tested to study
the effect of strain rate on the local buckling
and post-buckling strengths of compression
elements. Three selected strain rates (1074,
10-3, and 10-2 mm/mm/sec) were used in the
beam tests.

As shown in Figure 1, a hat section and a
plate were assembled by attaching the plate to
the unstiffened flanges of the hat section to
form a hat-shaped beam. Spot welds of one-
inch spacing were used on each ustiffened
flange of hat sections for all beams regardless
the lengths of specimens. Four groups of test
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specimens were used in this investigation as
shown in Figure 2.

e Group W - hat-shaped beams which were
assembled by using a hat section fabri-
cated from 25AK sheet steel and a plate of
50SK sheet steel. The stiffened flange of
the hat section was in compression.

e Group Z - hat-shaped beams which were
assembled by using a hat section fabri-
cated from 25AK sheet steel and a plate of
50SK sheet steel. The stiffened flange of
the hat section was in tension.

e Group S - hat-shaped beams which were
assembled by using a hat section fabri-
cated from 50SK sheet steel and a plate of
25AK sheet steel. The stiffened flange of
the hat section was in compression.

e Group K - hat-shaped beams which were
assembled by using a hat section fabri-
cated from 50SK sheet steel and a plate of
25AK sheet steel. The stiffened flange of
the hat section was in tension.

BF BL
R +
t BW
|

[}
\

BP

Figure 1. Cross sections of beams fabricated from
25AK and 50SK sheet steels

Three different cross sections (cases) were
tested in each group. Cases A, B, and C rep-
resent the specimens with small, medium, and
relatively large w/t ratio of compression ele-
ment, respectively. For the specimens with the
stiffened flange of hat sections on the com-
pression side, the w/t ratios of stiffened
flanges ranged from 9.26 to 63.33 and from
24.78 to 69.69 for Group W and Group S, re-
spectively. For the specimens with the plate

on the compression side, the w/t ratios of
plates ranged from 25.61 to 82.49 and from
37.09 to 79.46 for Group Z and Group K, re-
spectively. he nominal dimensions and lengths
for beam specimens are listed in Table 2. De-
tails of the dimensions and lengths for each
beam specimens are presented in Pan and Yu
[10].

508
25 AK.

A\
Group S

w254

50 SK

Group Z

Group K

Figure 2. Configuration of beam specimens
3. Yield strength

All beam specimens were subjected to pure
moments between two loading points located
at one-fourth of span length from end sup-
ports. The weight of test beam specimen and
the cross beam placed on the top of the
specimen are light enough (approximate 80
Ibs.) to be neglected in the evaluation of test
results. In some lever, it is necessary to con-
sider the effect of the weight of test specimen
and cross beam in the evaluation due to the
initial loading and deflection. The dynamic
tensile and compressive yield stresses ob-
tained from material tests were used for cal-
culating the yield moment (My).

A total of 72 hat-shaped hybrid beams, fab-
ricated from 25AK and 50SK sheet steels
were tested under different strain rates to
study the behavior of stiffened compression
elements. Pan and Yu [11] concluded that the
predicted critical local buckling moment,
yield moment, and ultimate moment of hybrid
beams can be improved by using dynamic
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yield stresses. Since the yield strength and
stress-strain relationship of the two materials
used to fabricate the beam specimens are dif-
ferent, the yield moment of hybrid beams can
not be easily computed. Therefore, this study
is concentrated on the development of an al-
ternative procedure by using equivalent sec-
tions, which may be utilized in the calculation
of load-carrying capacity of cold-formed steel
hybrid beams.

Table 2. Nominal dimensions of beam specimens

Group|Case| BF | BW | BL | BP
(mm) | (mm) | (mm) | (mm)

Length
(cm)

(1) CRNONRORRONNC)

30.53|27.56|22.83|71.02| 88.9

68.71(39.80(22.99|109.3| 152.4

137.3152.30123.06|177.9| 182.9

30.40(27.66|22.99|71.12| 88.9

68.55140.13(23.06|109.2| 152.4

137.2152.37123.04|177.8| 182.9

58.45|26.54120.19]94.11| 127.0

90.4 139.29120.42|127.1| 165.1

142.4|51.87|20.50(177.9| 182.9

58.37|26.95|20.24]193.98| 127.0

91.21]39.17{20.37{126.9| 165.1

Qlw| > 0w > a|w| > 0w >S

K 142.3151.97|20.50|177.8| 182.9

Note: (1) For definition of symbols, see Figure 1

(2) Nominal inside radius, R=4.0 mm
(3) A total of 72 specimens were conducted in
the test program (6 in each case)

3.1. Conventional method using effective
design width formulas

According to the AISI Specification (1996),
two procedures can be used to calculate the
section strength of beams. One is based on the
initiation of yielding using the effective sec-
tion and the other is based on the inelastic re-
serve capacity. In this paper, it is assumed that
the beam reaches its yield moment when the
maximum edge stress in the extreme fiber
reaches the yield stress of steel. In addition,
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the compression elements of thin-walled
structural members with relatively large w/t
ratios can continue to carry additional loads
after the attainment of elastic buckling. How-
ever, the stresses in the compression elements
will redistribute to develop the postbuckling
strength. Therefore, the concept of the effec-
tive width design can be used to calculate the
effective section properties. According to the
AISI Specification [6], the effective design
width of compression elements can be used
for determining the load-carrying capacity of
the member when the slenderness factor A
computed according to Eq. (1) exceeds a
value of 0.673.

i

—= (1)
t

where f = stress in the element
E = modulus of elasticity of the steel,
203 kN/mm? (29500 ksi)
k =buckling coefficient for the flat
plate
w = flat width of the element
t = thickness of the element

when A = 0.673, the limiting width-to thick-
ness ratio (at which full capacity is achievable)
can be evaluated as for fully stiffened com-
pression elements under a uniform stress, k =
4, which gives a limiting w/t value as follows:

% = 0.64 \/g )
% =§=128 \/% 3)

For w/t exceeding the values of S, the ef-
fective width, b, is less than the actual width
w. For the purpose of calculating sectional
properties, the effective width is divided into
two parts and each half is positioned adjacent
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to each longitudinal support. Thus the width,
w-b, is considered to be removed at the center
of the flat width when evaluating the sectional
properties. The effective width b can be cal-
culated from the 1996 AISI Specification [6]
as given in Eq. (4):

- 022
A
b 4
7 P (4)

Based on the initiation of yielding, the
computed yield moment ((My)comp) 0of a ho-
mogeneous beam can be calculated by using
the following equation:

(My)comp = FySe (5)

where Fy = yield stress of steel
S. = elastic section modulus of effec-
tive section

3.2. Alternative procedure using equiva-
lent section

Eq. (5) may not apply directly to the hybrid
beam fabricated from two different sheet
steels because it is based on the assumption
that the beam is homogeneous. For the case of
hybrid beams fabricated from both sharp-
yielding type of sheet steels, Eq. (5) could be
used to calculate the yield moment if the ele-
ment fabricated from the sheet steel with a
lower yield strength reaches the yield point
first.

To deal with the hybrid beam, the alterna-
tive procedure presented herein is to trans-
form the built-up section consisting of differ-
ent steels into an equivalent homogeneous
beam. Because the tested beam specimens
used in this study consisted of four groups
(Groups W, Z, S, and K) which were fabri-
cated from two different sheet steels with dif-
ferent stress-strain curve, the structural

strength of these hybrid beams can be calcu-
lated by using the equivalent section concept.

= L

Aiosky Group W (m)Asosk)

A@sax) / Group S

Apsax)

( 1 / H)A(z 5AK)

Figure 3a. Cross sections of equivalent section
(MAsosk)

Asosk) \

TT

Apsak) Group Z A@sak)
A@sak)
s N
UGrou K
Asosk) P As0sK)

Figure 3b. Cross sections of equivalent section

As can be seen in Figure 3, the cross-sectional
area of the plate fabricated from 50SK sheet
steel (Asosk) can be transformed to the
equivalent area of 25AK sheet steel by using
nAsosk for Groups W and Z specimens. Simi-
larlyy, for S and K specimens, the
cross-sectional area of the plate fabricated
from 25AK sheet steel (Azsak) can be trans-
formed to the equivalent area of 50SK sheet
steel by using (1/n)Azsak. The variable “n” is
denoted as the modified ratio of the secant
moduli given in Eq. (6).

nl+n2
n=

=1.72 (6)
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pr— ~1.05 (7)

— 250K _ 9539 (8)
254K

Gpr = proportional limit of sheet
steel
= yield stress of sheet steel
€pr = strain of proportional limit
gy = strain of yield stress

where

Based on the equivalent section method, the
yield moment of the hybrid beam can be es-
timated by assuming that the strain of the
plane section in the beam varies directly with
the distance from the neutral axis. The vari-
able of n used in this investigation can be
computed by using the constants, n; and ny,
based on the mechanical properties of these
two sheet steels. The values of these two con-
stants are listed in Egs. (7) and (8). Figure 4
show the typical stress-strain relationships for
25AK sheet steel subjected to longitudinal
tension under four strain rates of 107, 10'2,
10", and 1.0 mm/mm/sec. The typical stress-
strain relationships for S0SK sheet steel under
tension are shown in Figure 5.

The proportional limits of 25AK and 50SK
sheet steels were obtained by the offset
method according to the AISI Commentary
[6]. In the offset method, the proportional
limit is the stress corresponding to the inter-
section of the stress-strain curve and a line
parallel to the initial straight-line portion off-
set by a specified strain. The offset is usually
specified as 0.01%. The yield strength of
sharp-yielding sheet steel is determined by the
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stress where the stress-strain curve becomes
horizontal. Therefore, the lower yield point of
stress-strain diagram was used to determine
the yield strength for S0SK sheet steel. For
the gradual-yielding type stress-strain curve
(25AK sheet steel), the yield strength was de-
termined by the intersection of the stress-
strain curve and the straight line drawn paral-
lel to the elastic potion of the stress-strain
curve at an offset of 0.2 percent.

60

E R e— 0.0001 1/sec
A 0.01 1/sec
s — 0.1 1/sec

R 7 B 7 T B )

i "3 1.0 1/sec

I A A 0 0

0 3 10 15 20 2 30 35 40 4 30

Strain, Percent

Figure 4. Stress-strain curves for 25AK sheet steel
in longitudinal tension under different
strain rates
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Figure 5. Stress-strain curves for 50SK sheet
steel in longitudinal tension under dif-
ferent strain rates

According to the test results which were
based on the readings obtained from the strain
gages mounted on the top and bottom sides of
beam specimens, it was found that the ratio of
secant moduli of (n) may be used to locate the
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assumed neutral axis of the transformed cross
section for the hybrid beam specimens fabri-
cated from 25AK and 50SK sheet steels.
Once the neutral axis was located, the com-
puted yield moment of a beam corresponding
to the initiation of yielding can be calculated
by using the subsequent steps.

(a) For the case of initiation of yielding oc-
curring in the top compression flange of
the beam such as cases A, B, and C of
Groups W and S, and case C of Group Z,
the yield moment can be computed by
the following steps:

1. The section is subdivided into a num-
ber of elements (a total of 12 segments
were used in the calculation as shown
in Figure 6).

2. A position of the neutral axis is as-
sumed and the strain in the top fiber of
the compression flange is assumed to
be the yield strain of the steel. Based
on these two values, the average
strains in various elements are calcu-
lated.

3. From the tested stress-strain relation-
ships obtained from material tests or
the simulated stress-strain relation-
ships discussed in the next section, the
average stresses O in various ele-
ments corresponding to such com-
puted strains are found.

4. Calculate the effective width of the
compression flange according to the
yield stress of the steel in the com-
pression flange.

5. Compute the area A A, including the
effective section of compression
flange, for each element.

6. Locate the neutral axis of transformed
section by iteration until X AA =0
is satisfied.

7. The computed yield moment of a hy-
brid beam can be calculated by multi-
plying the force (AA o) and the dis-
tance for each element and summing

up these values (X AA0y), in which
y is the distance measured from the
neutral axis to the centroid of each
element.

(b) For the case of initiation of yielding oc-
curring in the bottom tension flange of
the beam such as cases A, B, and C of
Group K and cases A and B of Group Z,
the computed yield moment can be ob-
tained by using the same steps discussed
previously for the initiation of yielding
occurred in the top compression flange
except that steps (2) and (4) are changed
as follows:

2. A position of the neutral axis is
assumed and the strain in the bot-
tom fiber of the tension flange is
assumed to be the yield strain of
the steel. Based on these two val-
ues, the average strains in various
elements are calculated.

4. Calculate the effective width of the
stiffened compression flange for
the compression stress obtained
from the yield strain of the steel in
the tension flange and the assumed
neutral axis.

2 1 3
= :
ya— . O
Neutral Axis
10 6—1 8 - 71
I! - | :
N

Figure 6. Location of elements for determination
of the neutral axis of a beam specimen

It should be noted that for Groups Z and K
specimens having compression stiffened plate,
the effective width of the compression flange
was calculated based on the actual thickness
and width. The equivalent section can be
computed on the basis of the effective sec-
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tional area of the stiffened plate and cross-
sectional area of the hat section.

3.3. Stress-strain relationship

The types of stress-strain relationship for
25AK and 50SK sheet steels are different.
As can be seen in Figures 4 and 5, the
stress-strain relationship for 25AK sheet steel
is the gradual-yielding type, and it is the
sharp-yielding type for 50SK sheet steel. To
obtain the stresses for each element from the
calculated strains, the following empirical
equations were derived from material tests
and used to compute the stresses and strains
for 25AK and 50SK sheet steels under differ-
ent strain rates:

For 25AK sheet steel

c=A+B/e + Cl¢? 9)
For 50SK sheet steel

o =D + Eg + F¢? (10)
where o = compressive stress (ksi)

€ = compressive strain expressed in
percent (%)

when strain rate = 10™ 1/sec:
A=23.64 B=-0.525 (C=-0.008
E=334.7 F=-454.7

D=1.403

when strain rate = 10~ 1/sec:
A=24.17 B=-0.137 (C=-0.044 D=1.378
E=331.7 F=-431.2

when strain rate =107 1/sec:
A=24.71 B=0.251 C=-0.080 D=1.350
E=328.6 F=-407.6

The strains used for determining the above
equations were selected from the proportional
limit to the yield point of steel. For the
stresses below the proportional limit of the
material, the following two empirical equa-
tions derived from material tests give the
stress-strain relationships for 25AK and 50SK
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sheet steels:

For 25AK sheet steel

o =(A/B)e (11)
For 50SK sheet steel

o =(C/D)e (12)
when strain rate = 10™ 1/sec:

A=1594 B =0.065 C=41.97
D=0.153

when strain rate = 10 1/sec:

A=17.73 B=0.078 C=4223
D=0.154

when strain rate = 107 1/sec:

A=19.51 B =0.086 C=42.49
D=0.155

From practical point of view, by applying
Egs. (9) to (12) in the calculation of yield
moment seems too complicate. Since the
types of stress-strain relationships for these
two sheet steels (25AK and 50SK) are differ-
ent, the approximate stress-strain relationships
were adopted to calculate the computed yield
moments as shown in Figure 7. By comparing
the tested yield moments with the computed
values calculated on the basis of the approxi-
mate stress-strain relationships for Group W
specimens, it was observed that the computed
yield moment can not provide a good predic-
tion. The use of approximate stress-strain re-
lationships as given in Figure 7 would result
in conservative predicted yield moments par-
ticularly for the beams with small w/t ratios.
For details, refer to Pan and Yu [12].

In order to simplify the calculation proce-
dure, the simulated stress-strain relationships
were constructed as shown in Figure 8. For
the stresses below the proportional limit of the
material, Eq. (13) can be used to represent the
stress-strain relationships of sheet steels. Eq.
(14) expresses the stress-strain relationships
for the stress level between the proportional
limit and the yield point of steel.
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G=Zpr><g (13)
pr
E—¢€
O'_(O'y—O'pr)ﬁ‘f‘O'pr (14)

3.4. Discussion and summary

The computed yield moments are calcu-
lated based on the dynamic tensile and com-
pressive yield stresses corresponding to the
strain rate used in the test. The tested yield
moments of beam specimens were determined
from the product of bending arm (L/4) and
one half of the yield load (P,/2) as follows:

(My )test = ; (15)
Stress
(fy)s0sk
(fy)25aK

Stress

0|

(for)

(sy). (epr) Strain

Figure 8. Simulated stress-strain relationship

Table 3. Ratios of tested-to-computed yield mo-
ments

Based on dynamic Based on dynamic

} compressive
tensile stresses
stresses
Group| Mean | Standard | Mean | Standard
value | deviation | value | deviation

M | @ €) (4) )

W | 1.007 | 0.092 1.140 | 0.119
Z | 0.993 0.108 1.133 0.127
S 10950 | 0.040 | 0972 | 0.038
K | 0878 | 0.022 | 0.894 | 0.025

(E)asa (ey)sos Strain
Figure 7. Approximate stress-strain relation-ships
for 25AK and 50SK sheet steels

The summary of ratios of tested-to-com-
puted yield moments calculated by different
procedures for hat-shaped hybrid beams are
listed in Tables 3 and 4. In Table 3, the com-
puted yield moments are calculated by apply-
ing the alternative procedure with equivalent
sections and simulated stress-strain curves. In
Table 4, the computed yield moments are
calculated by applying AISI Formulas — Eq.
(5) and using equivalent sections.

It is noted that the tested yield moment in-
creases with increasing strain rate for speci-
mens having similar w/t ratios. By adopting
the equivalent section method in the calcula-
tion of yield moments, it was observed that
the values of (My)est/(My)comp ratios are quite
close for the same case of Groups W and Z
specimens having similar dimensions but
tested under different strain rates. But for the
Groups S and K specimens, the values of
(My)ies/(My)comp ratios slightly increase with
increasing strain rates for the same case of
beam specimens. This is because the strain
rate sensitivity for 25AK and 50SK sheet
steels are different. As can be seen in Figure 3,
the cross-sectional area of stiffened plate fab-
ricated from 25AK sheet steel is reduced and
transformed to 50SK material for Groups S
and K specimens. In fact, the strain rate sensi-
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tivity of 25AK sheet steel is higher than the
strain rate sensitivity of S0SK sheet steel. The
ratios of tested-to-computed yield moments
for case A of Groups W and Z are larger than
the values for cases B and C. This is possibly
due to the cold work of forming and the
gradual yielding type of stress-strain curve for
25AK sheet steel. It is also noted that the ra-
tios of tested-to-computed yield moments for
all cases of Group K specimens are slightly
less than the values for all cases of Group S, it
is possibly due to the initial deformation of
beam specimens which were caused by weld-
ing during the fabrication. The direction of
initial deformation of entire beams is upward
for Group S specimens and is down-ward for
Group K specimens as mentioned in Pan and
Yu [12].

Table 4. Ratios of tested-to-computed yield mo-
ments

Based on dynamic
compressive
stresses

Based on dynamic
tensile stresses

Mean |Standard| Mean | Standard
value |deviation| value | deviation

M | @ €) (4) ©)

Group

S 0978 | 0.041 | 0.996 | 0.039

K 0.916 | 0.034 | 0.930 | 0.030

According to Eq. (5), the computed yield
moment was determined on the basis of the
effective design width formula Eq. (4) with
the extreme compression or tension stress at
yield point for homogeneous beams. Table 4
shows the comparisons between the tested
and computed yield moments for Groups S
and K specimens, for which the computed
values were calculated by applying the trans-
formed section in Eq. (5). However, Eq. (5)
could not be used in the calculation of yield
moments for the specimens which the sheet
steel used for analyzing equivalent sections is
25AK material. Since the stress-strain rela-
tionship for 25AK sheet steel is grad-
ual-yielding type, the use of Eq. (5) would
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result in conservative yield moments particu-
larly for the beams with small w/t ratios for
Groups W and Z specimens.

4. Conclusions

A total of 72 hat-shaped beams were stud-
ied in this phase of study. The materials used
in the fabrication of hybrid beams were 25AK
and 50SK sheet steels. Four groups of
hat-shaped beams were tested under different
strain rates. The equivalent section concept
and simulated stress-strain relationship were
adopted in the calculation of yield moments
for design purpose. Comparisons between the
tested and computed values for yield mo-
ments were made in this paper. The following
conclusions can be drawn for the hybrid
beams fabricated from 25AK and 50SK sheet
steels:

e The differences between the tested and
computed values for yield moments
are within 10 percent for most speci-
mens. It seems that the equivalent sec-
tion method can be used for the calcu-
lation of yield moment of hybrid
beams.

e The alterative procedures presented in
this paper give reasonable results for
yield moment of hybrid beams.

e Both dynamic compressive and tensile
stresses can be used for calculating the
yield moment of hybrid beams.

e It was found that the computed yield
moments based on tensile stresses are
less conservative than the computed
values based on compressive stresses.

e The effective cross-sectional area de-
termined according to AISI Specifica-
tion [6] can also be employed in the
calculation of yield moment for hybrid
sections.

e The simulated stress-strain relation-
ships can be used in the calculation of
yield moment of hybrid beams for both
25AK and 50SK sheet steels.
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e [f the sheet steel used for analyzing
equivalent sections is a sharp -yielding
type of stress-strain relationship, Eq. (5)
can be adopted for calculating yield
moment of hybrid beams.

In summary, the effective design width
formulas and the dynamic material properties
can be used for the calculation of load- carry-
ing capacity of hybrid beams. Using an
equivalent section method and applying the
simulated stress-strain relationship, the alter-
native procedure discussed in paper can pro-
vide a reasonable approach for computing the
yield moment of hybrid beams. For sheet
steels used in practical design without the
tested stress-strain relationships, the AISI
formula Eq. (5) can be applied for calculating
the yield moment of hybrid beams, when the
sheet steel used for analyzing the transformed
section has a sharp- yielding type of
stress-strain relationship. Eq. (5) may also be
used for computing the yield moment of hy-
brid beams with large w/t ratios, when the
sheet steel used for analyzing the transformed
section has a gradual-yielding type of
stress-strain curve. However, the use of Eq. (5)
could result in a conservative yield moment
particularly for the compact beams with small
w/t ratios.

For the case of hybrid beams fabricated
from both sharp-yielding type of sheet steels,
Eq. (5) could be used to calculate the yield
moment if the element fabricated from the
sheet steel with a lower yield strength reaches
the yield point first. For other cases such as
the hybrid beam fabricated from two different
sheet steels with different stress- strain curve
types, it seems that the procedure for calcu-
lating the yield moment of hybrid beam can
be simplify by using equivalent- section con-
cept, the suggested flow chart of calculating
such hybrid hat-shaped beams is shown in the
Appendix. For the case of hybrid beams fab-
ricated from both gradual-yielding type of
sheet steels, the yield moment may be com-
puted by the alternative procedure with

equivalent section method discussed in this
paper.

The measured deflections under yield mo-
ments are between length/50 and length/100
for all tested specimens. It was observed from
the tests that the deflection of the beam
specimen under the ultimate load is quite
large comparing with the deflection under
yield load particularly for Groups Z and K
specimens. Because of the complexity of the
calculation of ultimate moment and excessive
deflection, it is suggested that for practical
design, the yield moment be used for the
load-carrying capacity of hybrid beams.
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Notations

b=eftective width of a compression element

E=modulus of elasticity of steel, 203 kN/mm”
(29,500 ksi)

f=stress in the element

F=yield stress of steel

k=buckling coefficient

(M,) comp-computed yield moment

P,=tested yield load

Se=elastic section modulus of effective section
t=thickness of element

w=flat width of a compression element
A=slenderness factor

op=proportional limit of sheet steel

o,=yield stress of sheet steel

&y=strain of proportional limit

g=strain of yield stress

References
[ 17 Bonder, S. R. and Symonds, P. S. 1962.

Experimental and Theoretical investiga-
tion of the plastic deformation of canti-

Int. J. Appl. Sci. Eng., 2003. 1, 2 111



Chi-Ling Pan

[2]

[3]

[4]

[3]

[ 6]

[7]

112

lever beams subjected to impulsive
loading. Journal of Applied Mechanics,
29: 719-728.

Rawlings, B. 1963. The dynamic behav-
ior of steel in pure flexure. Proceeding of
royal Society of London, Royal Society of
London, Series A, 275: 528-543.

Aspden, R. J. and Campbell, J. D. 1966.
The effect of loading rate on the
elasto-plastic flexure of Steel Beams.
Proceeding of Royal Society of London,
Royal Society of London, A290: 266-285.
Forrestal, M. J. and Wesenberg, D. L.
1977. Elastic plastic response of simply
supported 1018 Steel Beams to impulse
loads. Journal of Applied Mechanics, 44:
779-780.

Frost, R. W. and Schilling, C. G. 1964.
Behavior of hybrid beams subjected to
static loads. Journal of Structural Divi-
sion, Proceeding of the American Society
of Civil Engineers, 90, ST3.

American Iron and Steel Institute 1999.
Specification for the design of cold-
formed steel structural ~members.
Cold-Formed Steel Design Manual,
Washington, D.C.

Pan, C. L. and Yu, W. W. 1998. The
Structural Behavior of Homogeneous
and hybrid columns under dynamic
loading  conditions.  Journal  on
Thin-walled Structures, Elsevier Science

Limited, 31: 289-303.

Int. J. Appl. Sci. Eng., 2003. 1, 2

[ 8]

[9]

[10]

[11]

[12]

Pan, C. L. and Yu, W. W. 2001. Yield
Moment of cold-formed steel beams un-
der different strain rates. Journal of
Structural Engineering, ASCE, 127, 3:
264-270.

Pan, C. L., Wu, S., and Yu, W. W. 2001.
Strain rate and aging effect on the me-
chanical properties of sheet steels. Jour-
nal on Thin-walled Structures, Elsevier
Science Limited, 39: 429-444.

Pan, C. L. and Yu, W. W. 1998. Design
of automotive structural components us-
ing high strength sheet steels: Trans-
formed section method for the calcula-
tion of yield moment of cold-formed
steel hybrid beams. Twenty-second Pro-
gress Report, Civil Engineering Study
98-1, University of Missouri-Rolla,
Rolla, Missouri.

Pan, C. L. and Yu, W. W. 2002. Bending
strength of hybrid cold-formed steel
beams. Journal on Thin-walled Struc-
tures, Elsevier Science Limited, 40:
399-414.

Pan, C. L. and Yu, W. W. 1995. Design
of automotive structural components us-
ing high strength sheet steels: Effect of
strain rate on the structural strength of
cold-formed steel hybrid beams. Eight-
eenth Progress Report, Civil Engineering
Study 95-1, University of Missouri-Rolla,
Rolla, Missouri.



The Prediction of Strength of Hybrid Beams by Equivalent Section Concept

APPENDIX

Design Flow Chart for Calculating the Yield Moment of Hybrid Hat-Shaped Beam

Glybrid hat-shaped beanD

v

detail of material properties for both steels
(stresses and strains for proportional limit and yield points)

A
use n to compute the equivalent section

v

calculate the effective width for the stiffened compression
flange or plate based on the actual thickness and width

'

the sheet steel used for
analyzing the equivalent
section has a

sharp-yielding type of gradual-yielding type of
stress-strain relationship stress-strain relationship
. '
use the simulated stress- use the simulated stress-
strain relationship and strain relationship and
alternative procedure alternative procedure
(or) use Eq. (5) (or) use Eq. (5)
for noncompact section

| |
v
Calculate the yield moment
(based on the equivalent section)
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