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ABSTRACT

Open web steel joists are prefabricated truss assemblies designed in accordance with specifications set forth by the Steel Joist Institute
(SJI). Currently, the SJI design requirement is based on capacity, with no consideration for the governing-member strength limit state. The
purpose of this research is to investigate a ductile design methodology for steel joists where the primary strength limit state is characterized
by tension-member yielding and large inelastic deformation, followed by a secondary strength limit state of compression-member buckling.
To achieve ductile behavior, a series of experimental joists were designed and manufactured using controlled over-strength ratios of rela-
tive member strengths so that tension-member yielding precluded compression-member buckling. The consequence of adjusting member
strengths to induce ductile failure is a slight increase in joist weight. The experimental matrix consisted of 18 joist samples: six identical 33-ft-
long K-series joists, six identical 33-ft-long LH-series joists and six identical 32-ft-long rod web joists. All joists were tested to collapse under
simply supported uniform load conditions. Experimental results show that a ductile design is achievable because all 18 joists demonstrated
tension-member yielding with significant deformation prior to a secondary limit state of compression-member buckling.

Keywords: steel joists, strength design, yielding, ductile limit state.

INTRODUCTION Presently, the SJI acknowledges four main joist types:
K-series joists, longspan joists (LH-series), deep longspan
joists (DLH-series) and joist girders. This paper explores the
LRFD design methodology as related to design and behavior
of K-series and LH-series joists.

In accordance with the current SJI design specifications,
individual joist members are designed to meet strength
requirements for a given design load combination. Using
the LRFD design methodology, the member-strength design

requirement may be expressed as follows:

pen web steel joists are prefabricated truss assemblies

typically used in supporting roof and floor systems.
The current specification for steel joist design is published
by the Steel Joist Institute (SJI) and titled Standard Specifi-
cations, Load Tables and Weight Tables for Steel Joists and
Joist Girders, 43rd edition (SJI, 2010). This specification is
based on the 2005 AISC Specification for Structural Steel
Buildings, ANSI/AISC 360-05, and has a dual format allow-
ing either allowable stress design (ASD) or load and resis-
tance factor design (LRFD). The strength limit state for steel
joist members occurs by tension yield, compression buck- {
ling or interaction between axial force and bending moment.
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In Equation 1, SR is member specific and defined as the stress
ratio, f;, is the required strength or member stress resulting
from external factored loads and ¢F), is the design strength
at the ultimate limit state. Both f, and ¢F,, are defined for
K-series joists and LH-series joists in Sections 4.2 and 103.2
of the SJI design specification, respectively (SJI, 2010). In
effect, the SR is a measure of member efficiency, where SR =
1.0 indicates a member at its design capacity and SR < 1.0
indicates reserve strength.
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Typically, joists are designed for economy so that individ-
ual design stress ratios of multiple tension and compression
members are all simultaneously at or near 1.0. Therefore,
no consideration is given by the SJI standard (2010) to con-
trolling the member-strength capacity limit state, and duc-
tile tensile yielding (of the bottom chord or tension web)
is given no specified preference over sudden compressive
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Table 1. Design Conditions and Ductile Design Limits

Design Condition Relative Strength Factor pmay Slenderness Limit
Member K-Series LH-Series Existing Ductile Design Existing Ductile Design
S:;tsvrgb"h”d and Axial tension 1.00 240 300
Top-chord interior panel Axial .
less than 24 in. compression Interaction
Top-chord interior panel None 0.90 90
greater than 24 in. Interaction No change
Top-chord end panel 120
Interior tension web Axial tension 0.95 240
Compression web Axial compression 0.80 200

buckling (of the top chord or compression web). As well,
in truss design for non-seismic-load cases, the 2005 AISC
Specification does not make specific reference to a preferred
member-strength limit state. Importantly, the discussion
here neglects connection-related limit states and is restricted
to the member-level joist design, where the strength limit
state will occur by tension-member yield or compression-
member buckling. At the member level, research has shown
that buckling of a steel joist compression member results
in an instantaneous and significant loss in load bearing
capacity (Yost et al., 2004, 2006). The authors suggest that,
given this behavior, a joist designed for a ductile tensile-
member yield limit state is desired over one with a sudden
compression-member buckling limit state. In the event of
severe overloads, the gradual yielding and deformation of
a ductile element provides visual warning, load sharing to
neighboring members and time for evacuation. Additionally,
there is inherently less strength variance in components that
are controlled by tensile yield limit state than those con-
trolled by compression limit states, where force eccentric-
ity, variability in end fixity and other variables contribute to
less predictable buckling strengths. This characteristic was
noted by Engelhardt et al. (2000) as related to strength and
failure mode of experimental open web steel joists and by
Rao et al. (2011) as related to strength and failure of lattice-
type transmission towers.

The objective of this research study is experimental inves-
tigation of a steel joist design methodology where ductile
tensile yielding is the intended primary-strength limit state.
As the controlling tension member(s) yield, the load-bearing
capacity of the joist remains intact. Ultimately, with suf-
ficient inelastic deformation and in the absence of tensile
fracture, the yield limit state is followed by a secondary
strength limit state of compression-member buckling. At
compression-member buckling, the joist strength is drasti-
cally reduced and ultimate collapse occurs. This paper out-
lines a design philosophy investigated with experimental
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testing of K-series and LH-series joists that have been
designed for a ductile tensile yielding limit state. The focus
of the study is exploratory, where experimental results are
compared to predicted behavior in terms of load capacity
and strength limit state mechanisms. From this comparison,
conclusions are established regarding further pursuit of the
proposed ductile methodology as related to steel joist design.

EXISTING SJI DESIGN REQUIREMENTS
AND METHODOLOGY

Open-web steel joists are designed in accordance with SJI
(2010), which has both LRFD and ASD methodologies.
Design considerations not explicitly covered by SJI fol-
low the AISC Specification for Structural Steel Buildings
(AISC, 2005) or the AISI (American Iron and Steel Insti-
tute) North American Specification for the Design of Cold-
Formed Steel Structural Members (AISI, 2007). LRFD is a
probability-based philosophy that implements both load and
resistance factors to ensure a minimal chance of inadequate
capacity due to overload and/or understrength. This paper
will focus solely on the LRFD methodology.

For K-series and LH-series joists, bottom chord and web
members are designed for axial force only. Also, interior top
chord panels of K-series joists that are less than 24 in. in
length are designed for axial compression only. All other
K-series and LH series top-chord panels must consider axial
compression and bending interaction. Table 1 summarizes
these design conditions for all members. The SJI (2010)
LRFD design requirements for axial tension, axial compres-
sion and interaction are given in Equations 2 through 6 as
follows:

Pu/Ag

<1 2
OF, @

Axial tension:



P /Ag
Axial compression: <1 3)
ctcr
Interaction at panel point: Jau +ﬂ <1 “)
¢6Fy ¢be
Interaction at mid-panel:
for q;fT >0.20 ¢f u +§ ;"'fb” <10 )
cr ctcr 1_ au F
[ 0cF, ]Q% ’
for ¢fF <020 g “_t f’"f’”‘ <10 (©)
cr ctcer 1_ au };*Y
( ocF, )Q‘Db ’

The numerator terms of Equations 2 through 6 are LRFD
required strength terms defined as:

P, =factored axial force

M, =factored bending moment

A, = member cross-sectional area

S = minimum section modulus about axis of bending
fuu = factored axial compression stress = P, /A,

fou = factored bending stress = M,, /S

C,, =moment factor taken as
=1-0.3f,,/0.F, for end panels
=1-0.4f,,/0.F, for interior panels

F, =Euler buckling stress = an/ (kL/ r)2

F, =yield stress assumed for design as 50 ksi

kL /r = maximum member slenderness
E = elastic modulus = 29,000 ksi

The denominator terms of Equations 2 through 6 are LRFD
design strength terms and, for those not yet defined, are
given as follows:

Fo o =0[0658" |F, for ki/r <471(E/OF,)"
= 0.877F, for kL/r > 4.71(E/QF,)"
0 =reduction factor for slender compression
elements
k = effective length factor
Ljr = member slenderness

Or, O, Op = resistance factors for tension, compression and
bending, respectively
=0.90

The effective length factor (k) is specified by the SJI specifi-
cation (SJI, 2010) based on the joist series and member type.
In addition to the design strength requirement identified in

Equations 2 through 6, SJI also limits the maximum slender-
ness ratio (L /) for the various member types. A summary
of existing SJI design requirements as related to design con-
dition and maximum slenderness is given in Table 1.

DUCTILE DESIGN PARAMETER
AND METHODOLOGY

To design an open-web steel joist for a controlling, ductile
tensile—yielding, strength limit state, the relative strengths
of the individual members must be considered so that ten-
sion yielding precedes compression-member buckling.
Thus, using the ductile design philosophy, the maximum
stress ratio must be controlled by a tension member, and
compression-member stress ratios must be sufficiently less
to ensure yield before bucking. Accordingly, the relative
strength factor (p) has been implemented to require mini-
mum over-strength for all compression members (top chord
and interior webs), as a function of the maximum member
stress ratio. The relative strength relationship is given as:

R,
{p’ SR } @

In Equation 7, p; is the member relative strength factor, (SR);
is the corresponding member stress ratio and (SR),,. is the
maximum stress ratio for all members. Again, for a ductile
design, (SR),,. Will be controlled by a tension member.

The stress ratios (SR) are as defined in Equation 1 and
calculated using the procedures of Equations 2 through 6.
Accordingly, as a structural system, the primary strength
limit state of the joist will depend on the maximum rela-
tive strength factor for the tension and compression member
groups. This relationship is shown in Table 2, where it is
noted that to achieve a ductile limit state, p < 1.00 for all
compression members and p = 1.00 for the maximum tension
member. It is understood that these p limits are theoretical
values, and the maximum p for all compression members
will need to be less than 1.00 by a sufficient amount so that a
tension yielding strength limit state is statistically probable.
For this paper, the p factor is used in member selection and
design of experimental joists so that ductile tensile yielding
of end web or bottom chord is the primary strength limit
state.

With regard to compression member over-strength, the
aforementioned relative strength factor (p defined in Equa-
tion 7) is the primary design variable governing member
selection and achievement of a ductile limit state. A duc-
tile design is theoretically achieved by setting the rela-
tive strength factor for the compression members to some
value less than 1.00, as noted in Table 2. The lower relative
strength factor encourages a ductile limit state by providing
additional strength to compression members. Statistically,
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Table 2. Relative Strength Factor and Limit States
Member Group
Relative Strength Factor Compression Tension Primary Strength Limit State
<1.00 =1.00 Tensile yield
=1.00 <1.00 Compression buckling

the lower p factor on the compression members decreases
their probability of failure. The maximum member relative
strength factors used for design of experimental K-series,
rod-web K-series and LH-series joists tested in this research,
defined as ductile designs, are as follows:

* Bottom chord and end web members p,,,, = 1.00

e Interior tension webs Pmax = 0.95
e Compression web members Prmax = 0.80
e Top chord Pmax = 0.90

The use of these values results in the prediction of bottom-
chord or end-web tension yielding as the primary strength
limit state, followed by top-chord buckling as the second-
ary strength limit state. Again, the relative strength factors
are determined using Equation 7, with the stress ratios as
given in Equation 1, and the selected members satisfy the
proposed maximum relative strength limits. As part of the
ductile design methodology, the maximum slenderness limit
on end-web and bottom-chord tension members is increased
from 240 to 300. The slenderness limit of 300 is consistent
with the recommended maximum slenderness ratio for ten-
sion members in Section D1 of the 2005 AISC Specifica-
tion. The ductile design parameter limits are summarized
in Table 1.

From the maximum p factors noted, the compression
web has the most reserve strength, with p,,,c = 0.80. The
top chord, in comparison, has a smaller margin of relative
over-strength, with p,,,, = 0.90. In selecting these values,
it was considered that compression-web buckling is more
variable than top-chord buckling, justifying the lower rela-
tive strength factor. The web-strength variability is due to
the unsupported condition of the member length, variation
in end fixity and eccentricity of axial load resulting from
weld location and member alignment. In comparison, the
top chord is typically continuously braced by the support-
ing deck, resulting in more predictable behavior. Also, the
top chord is a continuous double-angle member, and size
selection is generally controlled by the middle-panel stress
ratio. For economy of the joist, top-chord selection is criti-
cal and excess over-strength is to be avoided. As well, the
top-chord compression strength is known to be higher than
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that predicted using SJI procedures from research done by
Taboni et al. (2007) and Cianci et al. (2009). These results
were all considered in setting the compression-web and top-
chord p,,qx at 0.80 and 0.90, respectively, for design of the
experimental joists. Future research may justify different
Pmax Values for the compression members.

In conclusion, the proposed relative strength factors pro-
mote design of a joist with a high probability of tension
member yielding and associated ductile limit state. Intro-
ducing a design parameter that regulates the respective
strengths of compression and tension members resulted in
the joist designs tested in this experimental study. Impor-
tantly, the ductile design procedure is offered as an explor-
atory exercise to investigate feasibility of the ductile design
philosophy.

SAMPLE DETAILS AND
EXPERIMENTAL PROGRAM

Experimental investigation included testing modified ver-
sions of three series of joists: K-series, LH-series and rod-
web K-series, each designed per the ductile joist design
procedure described earlier (and summarized in Table 1).
For statistical validation, six identical samples were tested
for each joist series. Figure 1 provides experimental load and
support information, and Figure 2 provides sample details
related to panel point layout and member sizes. The test-
ing apparatus for all 18 joists was designed to simulate a
uniformly distributed load on a simply supported span.
Referring to Figure 1, the joists are loaded via four hydraulic
cylinders, spaced 8 ft apart. The hydraulic load was manu-
ally pumped into the system and equally distributed to each
of the four cylinders. As shown in detail A of Figure 1, each
cylinder contacts a built-up load distribution unit that further
distributes the load into eight point loads on the top chord at
1-ft spacing. The system applies 32 equal point loads, spaced
at 1 ft on center, along the 32- or 33-ft length of the joist.
Accordingly, the distributed force pattern, w, applied to the
top chord is calculated as w = P, /32 ft. The top chord
was laterally braced at 2-ft intervals to prevent out-of-plane
buckling. This combines with the multiple-point loads to
simulate a uniformly loaded, continuously braced top-chord
condition typical for joists. Additionally, the bottom chord



8 ft. 4 ft.

4.5 ft.
25 Ton hydrauli Axis of ; 25 Ton hydraulic
xis of symme :

CL Support & = li(ilndel?l(trau)lc _AXIS oF Symmetry cylinder

CL Load cell ‘ Y YP: see Detail A i _
[ I | } W10x19
}. IIJ IJI IIJ IJI IIJ IJI IIJ IJI
RN 1 ¥ 1 I 1 ¥

2R N 2V 2 2V 0 VK B GV A 7% AN AVA A RN
— . 1.5" Thick steel
E 12 in. (typ.)

Load Cell /\
[
3in.

<«———> Lateral brace spaced at 24" (typ.) Lateral brace (typ.)
Centerspan LVDT

L12

in.

6 in. J

16 Concentrated load points spaced at 12"

Fig. 1. Experimental load and support detail.
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Fig. 2. Sample details: (a) typical K-series details (samples J1-1 through J1-6); (b) typical LH-series details
(samples J2-1 through J2-6); (c) typical rod-web K-series details (samples J3-1 through J3-6).
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Table 3. Sample Design Parameters and Failure Sequence
K-Series LH-Series Rod Web
Predicted Predicted
Strength Strength Strength
Pmax SRandp | Limit State | SRandp Limit SR and p | Limit State
Member ) =) Sequence ) Sequence ~) Sequence
End Panel 0.54 0.59 0.45
Top Chord - 0.90
Interior Panel 0.87 Secondary 0.88 Secondary 0.87 Secondary
Bottom Chord 1.00 0.99 Primary 0.95 1.00 Primary
End Web P1 ' 1.00 1.00 Primary 0.92
P2 0.80 0.63 0.70 0.72
P3 0.95 0.63 0.81 0.43
P4 0.80 0.64 0.68 0.57
Interior P5 0.95 0.40 0.54 0.36
Primary
Web P6 0.80 0.53 0.77 0.75
P7 0.95 0.24 0.66 0.28
P8 0.80 0.44 0.59
P12 0.80 0.77

was braced at the third points to replicate transverse cross-
bridging applied to joist systems. The bottom-chord center
panels and both end webs were painted with lime wash to
identify yielding during testing. During testing, load was
applied at an approximate rate of 1,000 Ib/min. Fifty-kip
capacity load cells were placed at each support (Figure 1) to
capture the total load applied to the system. A linear vari-
able differential transducer (LVDT) recorded the deflection
of the bottom chord at mid-span (Figure 1). Load and dis-
placement were recorded at a sampling rate of 10 Hz using a
16-bit data acquisition system.

Sample details are shown in Figure 2. The K-series sam-
ples (Figure 2a) featured continuously crimped (CC), single-
angle web members, which are characterized by bending
the outermost region of each leg to fit and align the angle
centroid in the same plane as the centroid of the chords. The
larger LH-series samples (Figure 2b) featured a combination
of continuously crimped, single-angle and double-angle web
members. The rod-web K-series samples (Figure 2c) con-
sisted of a continuous round bar bent at the panel points to
form the web members. Also, the P2 and P4 compression
webs were fabricated as rods reinforced with single angles,
and the corresponding design strength for these reinforced
members was used in determining the relative strength fac-
tors of Table 3.

All experimental joist samples were designed for a duc-
tile limit state using an assumed yield strength (F,) of
50 ksi and by the limiting relative strength factors described
earlier (i.e., compression-web p,,, = 0.80, top-chord P, =
0.90, interior-tension web p,,,. = 0.95, bottom-chord and
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end-web P, = 1.00). Table 3 presents maximum relative
strength factors (p,,4y), member stress ratios (SR) and mem-
ber relative strength factors (p) for the three joist series fab-
ricated and tested in this study. For K-series samples, tensile
yielding of both the bottom chord and end web is predicted
as the relative strength factor for each at 1.00. This will be
followed by top-chord buckling (p = 0.87). The controlling
compression-web relative strength factor is 0.64 for member
P4, so that web buckling is unlikely. For LH-series, ductile
yielding of the end web is predicted (p = 1.00). Bottom-chord
yielding (p =0.95) could occur before achieving a secondary
limit state of top-chord buckling (p = 0.88). Compression-
web buckling is controlled by member P6 with p = 0.77
and is unlikely to occur before top-chord buckling. For the
rod-web K-series joists, bottom-chord yielding is predicted
(p = 1.00), followed by top-chord buckling (p = 0.87).
Compression-web strength is controlled by P12 with p =
0.77. The over-strength on the compression web predicts
top-chord buckling as the secondary limit state for the rod
web joists.

The SJI-factored LRFD design loads determined by
Equations 2 through 6 for the ductile joists detailed in Fig-
ure 2 are 418 Ib/ft for the 20-in.-deep ductile K-series, 1303
Ib/ft for the 28-in.-deep ductile LH-series and 420 Ib/ft for
the 16-in.-deep ductile rod-web K-series. In comparison to
standard joists of equal span that are designed for the same
factored loads but with no preference for controlling the
strength limit state, the ductile joists weigh about 8% more.
A significant amount of this weight increase is related to
the top-chord size, where over-strength related to the design



limit of p <0.90 requires a larger section. It should be under-
stood, however, that the 8% weight increase noted is spe-
cific to the joists tested in this study and that, in general, the
weight increase associated with the ductile design methodol-
ogy will vary with many factors, such as span length, joist
type, material availability and manufacturer.

The actual yield strength of the bottom-chord mate-
rial was experimentally measured using the procedures of
ASTM ES8-04b, Standard Test Methods for Tension Testing
of Metallic Materials (ASTM, 2004). For each of the 18 joists
tested, a coupon was removed from the bottom-chord end
panel. This location (bottom-chord end panel) was selected
because of the low stress in this length. From test results,
the average yield strength for the J1, J2 and J3 samples was
found to be 60.3, 60.6 and 61.5 ksi, respectively. Thus, the
measured yield strength is about 20% higher than was used
for design. Significantly, unusually high yield strength may
defeat the onset of tensile yield and ductile behavior. How-
ever, in the event of yield strength high enough to preclude
the desired tensile yielding limit state, the use of relative
over-strength factor, p, on the compression members would
ensure strength in excess of a joist designed in accordance
with SJI (2010).

700

Yield in BC

600 - or End Web/ -7
4

500 -

400 -

300

Load (Ib/ft)

200

100

TEST RESULTS

In preparation for testing to collapse, all joists were first pre-
loaded to a nominal displacement of 1 in., or about 40% of
the LRFD factored design load. This was done to ensure
that all data acquisition was functioning properly and to seat
the test sample in the loading frame, thereby removing any
gap deformation among the loading apparatus, joist sample
and supports. Upon release of the preload, the data acquisi-
tion system was zeroed and testing to failure commenced.
Results for the K-series, LH-series and rod-web K-series
are shown in Figure 3, where it is noted that the horizon-
tal axis is center-span deflection and the vertical axis is the
equivalent uniformly distributed load (w) determined as the
total hydraulic force (P4 divided by 32 ft (W = Py, /32 ft)
Also, the load axis in Figure 3 includes the dead weight of
the testing apparatus and self-weight of the joist, which are
simply added to the force applied by the hydraulic cylinders.
The total dead load was determined by weighing all compo-
nents of the system in the absence of hydraulic force.

As can be seen from Figure 3, initial response for all joists
is elastic with a linear load-deflection response, indicating
all member stresses below yield. For each of the three joist

®&———> Strain Hardening

Design Capacity = 418 Ib/ft

J1-1

J1-2
~~, Unloaded to adjust
- - J1-3
test apparatus.
J1-4
J1-5
J1-6

0 - ; ; ; ;
0 1 2 3 4

5

6 7 8 9 10 11 12

Midspan Displacement (in.)
(a) K-Series

Fig. 3. Load-displacement results: (a) K-series (continued next page).
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Fig. 3 continued. Load-displacement results: (b) LH-series; (c) rod-web K-series.
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series, a high degree of repeatability is evident among the six
identical samples. As the extreme fiber stress of the critical
tension member reaches yield, the behavior transitions from
elastic to inelastic, as is evident in the accelerated deflec-
tion rate and curvature of the load-deflection response. For
all joist specimens, first yield occurred at the bottom-chord
mid-span location and was visually identified by flaking of
lime wash at that location. Typical bottom-chord yielding
and lime-wash flaking can be seen in Figure 4a. Eventu-
ally, the critical tension member fully yields, and a plastic
load plateau is achieved on the load-deflection response. For
K-series and rod-web K-series, yielding of the end web was
also detected, as shown in Figure 4b. No end-web yield was
detected in the LH-series samples.

Following the fully plastic condition, all joists were
loaded to approximately 6 in. of deflection and subsequently
unloaded. The residual deflection is noted in Figure 3 and
ranges from about 2.5 to 3.5 in. Unloading at 6 in. of defor-
mation was necessary to reset the LVDT to a lower position
and capture the full deformation of the joist, which would
otherwise exceed the LVDT stroke capacity. The joists were
then reloaded, resuming the load plateau and continued
plastic deformation. Stiffness of the reloading branch was
nearly identical to stiffness of the initial elastic response.
All joists were loaded to collapse, which occurred by
compression-member buckling of either the top chord or a
web member. Table 4 summarizes test results in terms of
load and displacement at yield (Y), plastic (P) and ultimate
(U), as well as the secondary strength limit state and vari-
ous ratios. In Table 4, yield (Y) is taken at initial departure
from linear-elastic behavior; plastic (P) is defined as the
load plateau, which is taken at 4 in. of joist displacement;
and ultimate (U) is the secondary strength limit state of
compression-member buckling. Figure 5 presents results
graphically in terms of ultimate-displacement-to-yield-
displacement or ductility ratio (Figure 5a) and average load
ratios at yield, plastic and ultimate relative to the ductile
design capacity (Figure 5b). Individual series results are dis-
cussed in the following sections.

K-Series Discussion (Samples J1-1 through J1-6)

The predicted failure mode for these joists is given in
Table 3 and expected to be simultaneous yielding of the
end web and bottom chord (p = 0.99 and 1.00), followed
by top-chord buckling (p = 0.87). The failure behavior
observed during testing is consistent with this prediction.
As mentioned, flaking of lime wash, indicating yielding,
was observed on the bottom-chord and end-web members.
Bottom-chord yielding was observed to initiate adjacent
to the panel points of the bottom-chord mid-span segment
(B4). As inelastic displacement increased, the bottom chord
yielded region spread down the length of panel B4 (Figure
4d). At ultimate load capacity, the complete cross-section

of the bottom-chord B4 panel for the entire member length
showed evidence of yielding; however, no yield was detected
in the neighboring bottom-chord panels (B3 and BS5). End-
web yielding generally occurred after significant bottom-
chord yielding and was evident over approximately the
middle half of both end-web members.

After significant plastic deformation, each sample expe-
rienced top chord buckling. In general, top-chord buckling
occurred between brace points and about the y-axis, or out
of the plane of the joist, characterized by an unrecoverable
drop in load-carrying capacity. A typical top-chord buck-
ling condition is shown in Figure 4c. For sample J1-2, the
load distribution unit was rotated out-of-plane, inducing an
eccentric load on the top chord and promoting premature
buckling. Thus, strength and deformation at ultimate of this
sample are not considered in Table 4. For samples J1-1, J1-4
and J1-6, there appears to be a region of strain hardening
after approximately 7 in. of deflection (Figure 3a). This is
evident in the slight increase in load after the plastic load
plateau.

Excluding sample J1-2, deformation at ultimate ranged
from 7.37 in. (sample J1-1) to 10.8 in. (sample J1-4). In terms
of span length, this represents L /54 to L/37, a tremendous
amount of deformation. Ductility results in Table 4 and Fig-
ure 5a show a range from 2.47 (sample J1-5) to 3.55 (sample
J1-4) with a series average of 2.83, demonstrating a signifi-
cant amount of energy dissipation in the form of inelastic
deformation. Average strength ratios in Figure 5b show pro-
gressively increasing capacity at yield, plastic and ultimate
relative to design, and strength ratio standard deviations are
all very low (Table 4). Specifically, the yield-strength-to-
design-strength ratio (Y/D in Table 4 and Figure 5b) ranges
from 1.23 to 1.34, with a series average of 1.29, and ultimate-
strength-to-design-strength ratio (U/D in Table 4 and Figure
5b) ranges from 1.45 to 1.52, with a series average of 1.49.
The strength ratios and associated standard deviations indi-
cate predictable behavior with low variability, conservative
design relative to the primary strength limit state of tensile
yield and substantial reserve strength relative to the second-
ary strength limit state of compression buckling.

LH-Series Discussion (Samples J2-1 through J2-6)

The predicted strength limit state for these joists is given
in Table 3 and expected to be end-web yielding (p = 1.00)
followed by secondary buckling of the top chord (p = 0.88).
The bottom chord has a p of 0.95 and may yield prior to a
compression-member buckling. The observed behavior was
not consistent with this prediction. Rather, in all six cases,
yielding occurred on the bottom chord only, initiating on
either side of the mid-span panel point, as shown in Fig-
ure 4e. Bottom chord yielding was observed simultaneously
in both members adjacent to the mid-span panel point (B3
and B4). As deformation increased, bottom-chord yielding
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spread down the length of the B3 and B4 panels. However,
no end-web yielding occurred in any of the samples. The
LH-series end webs are double-angle members with battens
welded to the third points. The end webs did not yield as pre-
dicted, possibly due to a higher yield strength than the bot-
tom chord. At approximately 7.0 in. of deformation, a region
of strain hardening occurred (Figure 3b) where the load
capacity gradually increased until ultimate collapse under
the secondary strength limit state of compression-member
buckling.

The secondary strength limit state for samples J2-2 and
J2-5 was a combination of buckling of the S4 web mem-
ber followed by buckling of the top chord at center span.
The S4 web buckling was not a sudden condition, rather a
deformed bent shape of the member was evident as the joist
approached failure by top-chord buckling, as is shown in
Figure 6a. The deformed shape of the S4 web only occurred
at very high deflection, in excess of approximately 7 in. At
ultimate collapse, top-chord buckling was out of the plane of

Sample
ARE

Sample
J1-5

the joist for sample J2-2. For sample J2-5, top-chord buck-
ling occurred in the plane of the joist between the two panel
points located 28 in. on either side of center span. Simul-
taneous buckling of the S4 member was also observed,
which resulted in the loss of in-plane bracing by the S4 web
at center span on the top chord. This behavior is shown in
Figure 6b. For the remaining four LH-series samples, some
evidence of S4 buckling or bending was observed; however,
ultimate collapse occurred by top-chord buckling out of the
plane of the joist at an interior panel.

The S4 member is a secondary vertical web member and
is not predicted by elastic analysis to be highly stressed by
direct application of externally applied loads. The elastic
analysis is based on relatively small deformations where the
S4 member force is largely based on tributary loading, as
is shown in Figure 7a. Secondary web members are gener-
ally not important force-resisting members, but rather pri-
marily provide in-plane bracing for the top chord. However,
considering its location at the highly stressed top-chord

I Yield

B3 B4 ! Propagation B5
o : S
)4«.1/ J ~
First Joist Bottom
Yield (typ.) Centerline Chord (B4)
(d)

Yield

Yield

B3 Propagation B4

— i J

Bottom
Chord (B3)

Bottom

Firs Chord (B4)

Yield (typ.)

(e

Yield

Propagation B7 Propagation
i ; = - End Web
B6 \74/-/ : \\-x./-/ BS Yield (typ.)
Yiefdu(St ) Joist Bottom (P1/P28)
P Centerline Chord (B7)

Fig. 4. Member yielding and buckling: (a) bottom-chord yielding; (b) end-web yielding; (c) top-chord buckling; (d) bottom-chord yielding
in K-series samples; (e) bottom-chord yielding in LH-series samples; (f) bottom-chord and end-web yielding in rod-web K-series samples.
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mid-panels, test results show that the S4 member appears
to become highly stressed under extreme inelastic joist dis-
placement. This condition likely results from the very large
vertical deformation and corresponding development of a
vertical force component in the top-chord axial force that,
by joint equilibrium, acts on the vertical web, as shown in
Figure 7b. This results in stresses well beyond those calcu-
lated for elastic behavior and small deformations. Currently,
the SJI requires only that vertical web members be designed
for gravity load plus 0.5% of the top-chord axial force (SJI,
2010). This requirement should be reexamined with consid-
eration of ensuring that vertical-web members possess the
necessary strength required to resist axial forces associated
with large deformation behavior. It should be noted that this
behavior was only evident after the test joists had success-
fully demonstrated the intended goal of extreme inelastic

e
45 - K-Series
B H-Series
4.0 Rod-Web-Series
E 3.5 1
=)
o
g 3.0 1
o~
é 2.5 1
g
~% 2.0 -
2
1.5 1
1.0 -
1 2 3 4 5 6
Sample
(a)

Average

ductile deformation while retaining full load-bearing capac-
ity and that the vertical web buckling was not sudden in
nature.

Ductility results of Table 4 and Figure 5a show that the
LH-series achieved the highest performance of the three
series tested. Ductility ranged between 3.26 (sample J2-4)
and 4.08 (sample J2-5), with a series average of 3.79. The
high ductility ratios appear to result in a strain-hardening
region that begins at approximately 7 in. of deformation,
approximately three times the yield displacement. At these
high deflections, strain hardening in the yielding tension
member is achieved, resulting in the tangent stiffness appar-
ent in the test results. This strain hardening behavior is
further supported by the load-strain results for sample J2-6
shown in Figure 8, where strain data were collected at the
middle length of both end webs, as well as the bottom chord

1.7 - ®Y/D EP/D "U/D
1.63
1.6 1 1.52
1.49
L5 7 1.44

Average Strength Ratio (-)

K1) LH (J2)

Joist Series

(b)

Rod Web (J3)

Fig. 5. Ratio results (a) ductility ratio; (b) average strength ratios.
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at center span. Figure 8 shows that the end webs remained
elastic (SG1, SG2, SG5, SG6), but there is severe yielding
in the bottom chord (SG3, SG4). The strain at yield is mea-
sured to be about 2,100 microstrain, after which there is a
sharp transition to a perfectly plastic condition. At about
16,000 microstrain, strain hardening initiates and contin-
ues to about 19,500 microstrain, at which point secondary
compression-member buckling occurs. After testing, the
bottom chords were all visually inspected and measured
with a digital caliper, and there was no visible or measurable
evidence of a reduced cross-section or necking.

L = tributary width to S4

Average strength ratios in Figure 5b show progressively
increasing capacity at yield, plastic and ultimate relative to
design and also indicate strength ratio standard deviations
are all very low (Table 4). The yield-strength-to-design-
strength ratio (Y/D in Table 4 and Figure 5b) ranges from
1.24 to 1.32, with a series average of 1.28, and ultimate-
strength-to-design-strength ratio (U/D in Table 4 and Fig-
ure 5b) ranges from 1.43 to 1.56, with a series average of
1.52. As with the K-series joists, strength ratios and associ-
ated standard deviations indicate predictable behavior with
low variability, conservative design relative to the primary
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Note - bending in the top
chord not shown for clarity
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(a)

C; = resultant top chord axial force

Cq¢, = vertical component of Cr

F = S4 axial force

(b)

Note - bending in the top
chord not shown for clarity

F=w(L)+2 Cyey

Fig. 7. $4 member axial force: (a) small deformation; (b) large deformation.
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strength limit state of tensile yield and substantial reserve
strength relative to the secondary limit state.

Rod-Web K-Series Discussion (Samples J3-1
through J3-6)

The predicted strength limit state sequence for these joists
as provided in Table 3 is bottom-chord yielding (p = 1.00)
followed by top-chord buckling (p = 0.87). Yielding of the
end web before top-chord buckling is possible with p =0.92.
The load-deflection results for the rod-web K-series joists
are shown in Figure 3c, where extreme ductile behavior is
noted. For all samples, response is initially elastic followed
by bottom-chord yielding. The observed yielding result is
consistent with predicted behavior. In all cases, first yield-
ing occurred in the bottom-chord mid-span panel (B7). This
mechanism was observed to start adjacent to the panel points
on each side of the B7 panel, as is shown in Figure 4f. As
inelastic displacement increased, yielding spread down the
length of the B7 panel as well as into adjacent bottom-chord
panels (B6 and BS). At very high displacements, lime-wash
flaking was also observed in the B5 and B9 panels. After
the onset of bottom-chord yielding, end-web yielding was
also observed. In some instances, the end-web yielding was
observed over the entire cross-section and length of the end
bars (Figures 4f and 6c¢).

After full, bottom-chord yielding, the behavior appears
to directly enter a strain-hardening region (Figure 3c). This
is evident in the absence of a horizontal load plateau fol-
lowing full yielding of the bottom chord. Rather, there is

an immediate resumption of load increase, albeit at a much
reduced rate. The load versus displacement plot of Figure 3c
shows an inclined yield plateau, indicating an increase in
strength as deflections increase. This behavior was attrib-
uted to strain hardening after about 7 in. of deflection in the
K-series and LH-series joists (Figures 3a and 3b); however,
for the rod-web K-series, its onset is immediate and con-
tinuous throughout the loading from first yield to ultimate
collapse. This appears to be the result of more numerous
rod-web members relative to the geometric layout of deeper
joists. With the spacing between panel points minimized,
the stress redistribution can occur more continuously as the
bottom-chord member is yielding.

At secondary limit state, only two of the six joists (J3-2
and J3-4) experienced the top-chord buckling anticipated
by the theoretical failure sequence. The top-chord buckling
locations were confined to the central panels (T7 through
T10). Three specimens (J3-1, J3-3, J3-6) collapsed in buck-
ling of the first interior compression web member (P2 /P27),
which is a %-in.-round bar reinforced with a 1 in. X 1 in. X
0.109 in. angle. In each of these cases, the buckled web
member was adjacent to an end web member that demon-
strated substantial yielding prior to buckling. These types
of failure are shown in Figure 6¢. The J3-5 specimen had
a relatively unique secondary limit state of buckling in the
P8 /P21 and P6 /P23 compression web members, as shown
in Figure 6d. While not necessarily expected, their ultimate
buckling is understandable in that they are the first unrein-
forced compression bars from the end of the joist and have
design stress ratios of 0.59 and 0.75, respectively.
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Fig. 8. Tension-member strain results for sample J2-6.
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Ductility ratios from Figure 5a range from 2.53 for sample
J3-2 to 3.53 for sample J3-4, with a series average of 3.15. As
with J1 and J2 samples, average strength ratios in Figure 5b
show progressively increasing capacity at yield, plastic
and ultimate relative to design, and strength ratio standard
deviations are all very low (Table 4). The yield-strength-
to-design-strength ratio (Y/D in Table 4 and Figure 5b)
ranges from 1.22 to 1.29, with a series average of 1.26, and
ultimate-strength-to-design-strength ratio (U/D in Table 4
and Figure 5b) ranges from 1.52 to 1.69, with a series average
of 1.63. The strength ratio U/D is the highest of the three
joist series tested, and represents additional strength devel-
oped from the post-yield inclined load plateau (Figure 3c).
As with the K-series and LH-series joists, strength ratios and
associated standard deviations indicate predictable behav-
ior with low variability, conservative design relative to the
primary strength limit state of tensile yield and substantial
reserve strength relative to the secondary limit state.

DISCUSSION OF TEST RESULTS AND
RELABILITY INVESTGATION

The ductile design methodology related to controlling mem-
ber strength by implementation of the relative strength factor
p in member selection (all as summarized in Table 1) is fully
supported by 18 experimental data points.

For each joist tested, the intended ductile behavior was
achieved and characterized by tension yield, followed by
significant plastic deformation and ultimate failure by com-
pression buckling. Thus, the p factors selected for design
provided sufficient compression-member over-strength,
allowing tensile yield as the initial strength limit state and,
importantly, yield and ultimate collapse at strengths well in
excess of the predicted design capacity. As well, the experi-
mental test results are uniquely significant when measured
relative to the design limit state (D) at each the yield (Y)
or primary strength limit state, plastic limit state (P) and
ultimate (U) or secondary strength limit state conditions.
That is, experimental behavior is characterized by three
unique limit states that occurred sequentially with increas-
ing strength capacity in all 18 samples (Figure 5b). Ulti-
mately, these three limit states (Y, P and U) are a predictable
sequence, where the plastic limit state represents an impor-
tant transition from the primary to the secondary strength
limit states. Strength ratios and corresponding statistical
data are important in this discussion as well. As is seen in
Table 4 and Figure 5b, the strength ratios at each of the yield,
plastic and ultimate conditions relative to LRFD ductile
design capacity are progressively increasing, with each ratio
having a significant factor of safety and low standard devia-
tion. This ensures a conservative design with the primary
strength limit state corresponding to the yield limit condi-
tion, significant residual strength at the secondary limit state
and low variability for all three strength ratios.

Although an in-depth reliability study is beyond the scope
of this paper, the reduced variance in the strength of mem-
bers in tension relative to the strength of slender members
in compression results in improved reliability and is worth
exploring as an extension of the test results presented. If
materials purchased for the bottom chord and end webs are
limited to a specific steel alloy supplied by a specific mill,
further reductions in variance can be found, resulting in
more reliable strength and limit state control. Accordingly,
an exploratory reliability investigation has been performed
based on the tested joist plastic strengths (P), together with
merchant bar steel mill test data, and employing the crite-
ria and assumptions used to develop the 2005 AISC LRFD
design approach. Merchant bar steel mill test data have
been furnished by Steel Dynamics Roanoke Bar Division,
for ASTM A529-50 steel, covering a time frame from May
2008 to October 2012 (Steel Dynamics, 2012). In all, the
data included 11,546 test samples representing 4,337 batches
of steel. The yield stress population distribution and statis-
tical data for these 11,546 samples are provided in Figure
9. For joist test strength ratios, the 18 tested joist plastic
strengths have been divided by the joist experimental design
strength, which is defined as the nominal strength times the
ratio of member tested F), to specified minimum Fy (50 ksi).
A summary of these loads and ratios is provided in Table 5.
Lacking data for broad comparisons of actual section prop-
erties to nominal section properties, the industry standard
data published in Table F1 of AISI 2007 (AISI, 2007) have
been used for these ratios.

The LRFD design approach used by both the 2005 AISC
Specification and the 2007 AISI design specification fol-
lows the equations and procedures presented in a series of
eight articles in the September 1978 issue of the Journal of
the Structural Division. However, the two differ in the ratio
of live-to-dead loads used for calibration of LRFD to the
historical ASD design method. For LRFD calibration, the
2005 AISC Specification uses a live-to-dead load ratio of
3, whereas AISI uses a live-to-dead load ratio of 5. From
AISI Chapter F, Tests for Special Cases, and Commentary
on Chapter A, General Provisions, the relative reliability
index is calculated as:

MF%MMEJQ}
¢

Vi + V2 +CpVE +V3

@®)

where
B =relative reliability index
p =resistance factor = 0.90
Cy = calibration coefficient, which may be shown [using
procedures demonstrated in AISI (2007) Commen-
tary on Chapter A, General Provisions] to equal
1.481 for LRFD with live-to-dead load ratio of 3
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M, = mean value of material factor, M
= 1.135 from Steel Dynamics Roanoke Bar Division
data for ASTM A529-50 merchant bar (see Figure 9)
F,, = mean value of fabrication factor, F’
= 1.0 from AISI (2007) Table F1
P,, =mean value of professional factor, P, for tested
component
=1.033 from test-average-plastic-to-experimental-
design ratio (see Table 5)
V) = coefficient of variation of material factor
=0.0602 from Steel Dynamics Roanoke Bar Division
data for ASTM A529-50 merchant bar (Figure 9)
V§ = coefficient of variation of fabrication factor
=0.05 from AISI 2007 Table F1
Cp = correction factor
= 1.196 for 18 test samples
Vp = coefficient of variation of joist test results
=0.029 from test results data (see Table 5)

Vo = coefficient of variation of load effect, which may
be shown (using procedures demonstrated in AISI
(2007) Commentary on Chapter A, General Provi-
sions) to equal 0.187 for LRFD with live-to-dead
load ratio of 3

1800

Substitution of these values into Equation 8 yields an
approximate plastic strength B = 3.2. This is an improved
reliability as compared to the approximate B = 2.6 for mem-
bers, reported in the 2005 AISC Specification and reflec-
tive of expectations of a joist designed in accordance with
the SJI standard (2010). It should be noted that the calcu-
lated approximate plastic strength B = 3.2 is based on the
joist tested plastic limit state (Tables 4 and 5), above which
the joists demonstrated consistent reserve capacity before
attaining ultimate maximum load capacity.

In summary, the ductile design methodology employed in
this experimental program produced the predicted behav-
ior related to achieving ductile failure, resulting in a slow
collapse mechanism characterized by large inelastic defor-
mation and improved reliability. The loss in economy is
acknowledged as a consequence of adjusting member
strengths.

CONCLUSIONS AND FINDINGS

The research presented in this study experimentally explores
a design methodology for open-web steel joists, where the
primary strength limit state is ductile tensile yielding of the
bottom chord or end web, which, after significant inelastic
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Fig. 9. Yield stress population distribution and statistical data.
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Table 5. Statistical Data for Joist Tests
SJI LRFD Fy, Experimental Ratio Plastic/
Design Load Experimental Design Load Plastic Exp Design
Series Sample (Ib/ft) (ksi) (Ib/ft) Strength (Ib/ft) Load (-)
J1-1 568 1.01
J1-2 574 1.02
| J1-3 567 1.01
K-Series 418 60.3 560
J1-4 589 1.05
J1-5 592 1.06
J1-6 582 1.04
J2-1 1878 1.07
J2-2 1882 1.07
. J2-3 1886 1.07
LH-Series 1303 60.6 1755
J2-4 1852 1.06
J2-5 1868 1.06
J2-6 1855 1.06
J3-1 582 1.01
J3-2 589 1.03
- J3-3 567 0.99
Rod-web 420 61.5 574
K-Series J3-4 568 0.99
J3-5 572 1.00
J3-6 566 0.99
Average 1.0330
Al Std. Dev. 0.0302
Cov 0.0293
Quantity 18

deformation, is followed by a secondary strength limit state
of buckling of the top chord or compression web. Impor-
tantly, the study scope is restricted to gravity loading of
simply supported K-series and LH-series joists, where the
bottom chord and end webs are in tension and the top chord
is in compression. For other load and support conditions,
where the force sense in these members is different, the
stated findings may not apply.

Ductile behavior was achieved by adjusting the relative
design strengths of the individual tension and compression
members so that tension yielding precedes compression-
member buckling. Adjusting the individual member ten-
sion and compression strengths to the appropriate relative
strength factors results in a predictable failure sequence
characterized by ductile behavior and sufficient capacity
to support SJI LRFD design loads. The proposed ductile
design methodology was experimentally investigated in the
design, manufacturing and testing of modified K-series,
LH-series and rod-web K-series joists. For each joist series,

six identical joists were tested, for a total of 18 tests. All
joists were simply supported with a uniformly distributed
loading pattern applied to the top chord. The lengths were
either 32 or 33 ft, and the top chord was laterally braced at
2-ft intervals. The following conclusions are derived from
the test results:

e All 18 joists behaved in a ductile fashion, as predicted,
with tension yielding as the primary strength limit state
followed by compression-member buckling as the sec-
ondary strength limit state. For K-series and rod-web
K-series joists, both the bottom chord and end web expe-
rienced tension yielding. For the LH-series joists, only
the bottom chord experienced yielding.

e For the joists tested in this research, implementation of
the ductile design relative strength factors as the basis
for member selection resulted in an 8% increase in
weight as compared to a conventionally designed joist of
equal span and capacity. In general, the weight increase
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associated with implementation of the ductile design
methodology will vary with many factors such as span
length, joist type, material availability and manufacturer.

e The yield strength for all 18 samples exceeded the LRFD
design strength by a significant amount. For K-series,
LH-series and rod-web K-series joists, the six sample
average yield loads were 1.29, 1.28 and 1.26 times the
LRFD design load, respectively. Reference for this con-
clusion is made to Table 4 and Figure 5b. This indicates a
conservative design relative to the primary yield strength
limit state.

e The series average ultimate strength ratio, which is
defined as the load at ultimate divided by the LRFD
factored design load, is 1.49, 1.52 and 1.63 for K-series,
LH-series and rod-web K-series joists, respectively. Ref-
erence for this conclusion is made to Table 4 and Figure
5b. This indicates substantial reserve strength relative to
the secondary strength limit state.

e The average ductility ratio for six identical samples,
which is defined as the deflection at ultimate divided
by the deflection at yield, was 2.83, 3.79 and 3.15 for
K-series, LH-series and rod-web K-series joists, respec-
tively. For all 18 samples tested, this ratio ranged from
2.47 to 4.08. Reference for this conclusion is made to
Figure 5a and Table 4.

e The relative reliability factor calculated using joist test
results and statistical data from 11,546 merchant bar test
samples was 3.2, an increase of 23% over the 2.6 used
by current SJI LRFD methodology. Reference for this
conclusion is made to Figure 9 and Table 5.

* For the K-series and LH-series joists, the yield limit
state was followed by a horizontal load plateau. After
significant deformation, the load plateau terminated,
and these joists experienced a gradual increase in load
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capacity that is associated with strain hardening in the
yielded tension member. Reference for this conclusion
is made to Figures 3 and 8. Ultimate collapse occurred
as a secondary limit state of buckling of the top chord or
compression web.

* For rod-web K-series joists, the yield limit state was fol-
lowed by an immediate resumption of increasing load-
bearing capacity. The post-yield behavior was an inclined
linear increase in loading until secondary compression
failure. Ultimate collapse occurred as a secondary limit
state of top-chord buckling or compression-web buck-
ling. Reference for this conclusion is made to Figure 3c.

e In several of the LH-series joists, bending and buckling
of the secondary S4 web at mid-span was observed.
This occurred after very high inelastic deformation and
is attributed to development of a vertical component to
the resultant chord axial force that delivers a substantial
compression force on the web. Reference for this conclu-
sion is made to Figures 6a, 6b and 7.

In conclusion, the ductile design philosophy was success-
fully implemented using the relative strength factor (p) as
the basis for member selection, ensuring sufficient compres-
sion member over-strength relative to tension-member yield
strength.
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SYMBOLS

Ay = gross cross-sectional area
Cn = moment factor
Cre, Crey = top-chord resultant force and vertical

force component, respectively

Cp, Cy = correction factor and calibration
coefficient, respectively

E = elastic modulus

S = factored axial stress

Jou = factored bending stress

fu = required member stress

F = axial force in S4 web member

F,, = critical buckling stress

F, = Euler buckling stress

F, = nominal member stress at ultimate

F, = yield stress

F,..M,, P, = mean value of fabrication factor,
material factor and professional factor,
respectively

k = effective length factor

= member length

L, = tributary length to top-chord panel point

M, = factored bending moment

P, = factored axial force

0 = local buckling reduction factor

r = radius of gyration

S = section modulus

SR = stress ratio

Vi, Vi, Vp, Vg = coefficients of variation for material,
fabrication, joist test results and load
effect, respectively

= applied distributed force pattern
= relative reliability index

= strength reduction factor

o o ™ =

= relative strength factor
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