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ABSTRACT

ARTICLE HISTORY

The steel staggered truss framing (SSTF) system has been increasingly utilized due to its large column-free spaces, high
construction efficiency, and favorable economic benefits. Despite its advantages, the SSTF system has yet to be incorporated
in mainstream seismic design codes and is predominantly applied in low-seismic regions. The primary obstacle hindering
the wider application of the SSTF system is the limited understanding of its inelastic behaviors, particularly in regard to
diaphragm actions. This study firstly introduces an SSTF sub-structure that precisely reflects the diaphragm actions and the
structural behaviors of SSTF systems, facilitating experimental researches and finite element (FE) analyses. Subsequently,
adetailed SSTF sub-structure FE model and a pure steel truss FE model, considering the diaphragm actions and gusset plate
connections, were established based on a plastically designed prototype SSTF structure in previous study. The yielding
mechanism of the chord members, inelastic behaviors of the diaphragms, lateral responses, and stress distributions of the
web members were investigated. Lastly, plastic design considerations involving the classification of the rigidity of the
diaphragm, rotation demand of the chord member, mechanical calculation model of the truss and amplification factor of the
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web members were given to facilitate achieving the expected ductile failure mode of SSTF systems.
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1. Introduction

A steel staggered truss framing (SSTF) system (see Fig. 1) is mainly
composed of a series of transverse story-high trusses, columns, longitudinal
framing beams, and diaphragms [1]. The large-span trusses are staggered
arranged at the adjacent column lines, which creates large column-free spaces
for flexible layouts. In the middle of the trusses, a Vierendeel panel without
diagonal web member is usually adopted to build a practical corridor and
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increase the ductility of the trusses [2]. The truss members and columns in a
SSTF system are mainly subjected to axial forces, which are efficient in carrying
loads and reducing steel consumption [3]. The columns are arranged on the
perimeter of the structure only, which reduces superstructure weight and saves
foundation cost. In general, SSTF systems have the advantages of large lateral
stiffness, large column-free space, reduced steel consumption, low foundation
cost, and quick erection, and this system is suitable for multi-story residential
buildings, dormitories, hotels, and office buildings [4,5].

Vierendeel panel

Diaphragm

Ty, \

2,
'S Ve’Se

Longitudinal direction

Fig. 1 SSTF systems

Since the SSTF system originated in 1960s [1], continuous researches on
the load-carrying behaviors, design solutions and seismic performances were
conducted. Gupta and Goel [3] conducted inelastic dynamic analyses of a SSTF
system with a proposed computational analytical model. High seismic
performance of the system was proved: only the chord members in the
Vierendeel panels yielded when the structure was subjected to 1.5 times the
ground motion of the 1940 EI Centro earthquake. Hanson and Robert [6]
presented an elastic limit-ultimate strength design procedure for earthquake
resistant response of multi-story SSTF buildings concentrating the inelastic
activity at the chord members in the Vierendeel panels. Kim et al. [7] conducted
nonlinear static analyses of SSTF buildings to identify their failure modes under

seismic loads. The Design Guide 14: Staggered Truss System Framing Systems
[8], published by AISC, provides an all-round process for the primary design of
a SSTF system. Simasathien et al. [9] adopted additional diagonal members,
multiple Vierendeel panels and horizontal trusses to enhance the seismic
performance of SSTF systems. Kim et al. [10,11] introduced kinds of strategies
including interior columns, vertical cables, end braces, and buckling-restrained
braces to improve the seismic performance of SSTF systems and developed a
performance-based seismic design method for SSTF structures equipped with
friction dampers in the Vierendeel panels. Zhou et al. [12] quantified the
inelastic seismic demand of a novel SSTF system showing damage-control
behavior by using a probabilistic seismic demand spectral surface model.
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The above studies paid extensive interest on the seismic performance of
SSTF systems but, for various reasons, did not account for the influence of
diaphragm actions. It should be noted that the diaphragm constitutes a vital
component of the lateral load-resisting system of SSTF systems. Due to the
staggered arrangement of the trusses, the diaphragms need to transmit the top-
down lateral loads from the trusses. The diaphragm actions, including the out-
of-plane stiffness, the inelastic behavior, and the interactions to the trusses,
affect the lateral stiffness, load distribution, and failure mechanism of SSTF
systems [13]. Up to now, the SSTF system is not included in the mainstream
seismic design codes. The practical engineering projects of SSTF systems are
mainly located in low-seismic regions. Some works still need to be done to
figure out the inelastic behavior and failure mechanism of SSTF systems.

The seismology committee of the Structural Engineers Association of
California (SEAOC) holds that the SSTF system is not a basic seismic-force-
resisting system and more tests and analyses considering the diaphragm actions
should be performed, as opposed to just the behavior of individual components
[14]. Several experimental studies of SSTF systems were conducted [15-18].
However, either bare steel plate diaphragms were used or the sources of the
diaphragm behavior were not given, and the tested SSTF systems exhibited
relatively poor ductility due to the premature failure of the web members or
column base. In addition, experimental researches or refined finite element (FE)
analyses of an entire structural system induce significant costs.

To facilitate conducting in-depth experimental studies and FE analyses of
SSTF systems, an SSTF sub-structure which accurately reflect the diaphragm
actions and the structural behaviors of SSTF systems was proposed in this work.
Subsequently, detailed FE models considering the inelastic behavior of
diaphragms and the effects of the gusset plate connections were established and
the behavior insights of the SSTF system were studied. Lastly, several plastic
design considerations for SSTF systems to achieve the expected ductile failure
mode were given.

2. Verification of the SSTF sub-structure

In an SSTF system, the diaphragms and the trusses constitute the lateral
load-resisting systems in the transverse direction. Fig. 2 illustrates the smallest
lateral load-transmitting element of an SSTF system. The seismic loads or the
wind loads from the upper truss are transmitted by the diaphragm to the lower
two trusses, and thereby to the foundation step by step. However, the boundary
conditions of chord members are difficult to precisely set up due to the vertical
and lateral deformation of the chord members when this element is subjected to
lateral loads. In addition, the trusses are prone to suffer out-of-plane instability.

Upper truss

Diaphragm

Lower truss

Fig. 2 The lateral load-resisting element of SSTF systems

Therefore, an SSTF sub-structure comprising a typical truss, two
diaphragms, six columns, eight beams, and four side chord members is proposed
herein, extracted from a prototype SSTF structure, as shown in Fig. 3. Hinged
supports are set at the four exterior column bases since there is almost no
bending moment at the columns while SSTF structure subjected to transverse
lateral loads. Transverse sliding supports whose vertical and longitudinal
degrees of freedom are constrained are set at the two interior column bases. This
provides the truss with supports while allows in-plane deformation of the lower
diaphragm. Lateral loads are applied at the top ends of the four exterior columns.
In the sub-structure, the applied lateral loads are transmitted to the truss through
the top diaphragm, and finally to the hinged supports through the bottom
diaphragm. The features of the SSTF system that diaphragms transmit the shear
forces between the staggered trusses and the interaction of the diaphragm and
truss are thereby reflected by the sub-structure. Most importantly, the sub-
structure facilitate experimental researches or FE analyses due to its simple
boundary conditions. In addition, it is a stable three-dimensional spatial
structure that does not require additional supports when conducting
experimental research.
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Fig. 3 A typical SSTF sub-structure

In previous study, an analysis model of an plastically designed example
SSTF structure with diaphragm based on nonlinear multi-layered shell elements
was established and transverse pushover analysis was conducted [13]. Based on
the previous study, pushover analysis of the sub-structure extracted from the
prototype SSTF structure was conducted. And then, the shear force versus
lateral displacement relationships of the same truss from the prototype SSTF
structure and the sub-structure were collected and compared. The horizontal
force components of the chord members and the vertical web members were
neglected, as shown in Fig. 4.
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Fig. 4 Shear force of the truss

Therefore, the shear force of the truss can be calculated by accumulating
the horizontal force components of the diagonal web members:

V =P, cosé, + P, cosé, + P,cos g, + P, cos b, 1)

As shown in Fig. 5, the shear force versus lateral displacement relations of
the trusses from the sub-structure and the prototype SSTF structure kept almost
the same. Therefore, the proposed sub-structure precisely predicts lateral
responses of the SSTF structure and can be used to conduct further FE analyses
to explore the inelastic behavior of SSTF systems considering diaphragm
actions.
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Fig. 5 The shear force versus lateral displacement curves of the trusses

3. Finite element model
3.1. Model description

A detailed FE model of an SSTF sub-structure established by the software
ABAQUS [19] is shown in Fig. 6. The boundary conditions were set as
mentioned above. Four-node reduced integral shell (S4R) elements were
employed to model the steel members including the truss, the columns, the
beams, the side chord members and the gusset plates. Eight-node incompatible
solid (C3D8lI) elements were employed to model the concrete floor slabs, as
C3D8I elements were found to be more efficient in modelling plate components
without mesh distortions, and could reduce the number of grid units and shorten
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the calculation time [20]. Two-node three-dimensional truss (T3D2) elements
were employed to model the reinforcements. The chord member in the
Virendeel panel and the adjacent diaphragm will inevitably produce significant
plasticity. To accurately capture the interaction behavior of the diaphragm and
chord member at the Vierendeel panel, seven studs based on four-node shell
element (S4) were set at the Vierendeel panel (plastic hinge zone), as
recommended by Yin and Shi [21]. Six nodes of each stud tied with the concrete
slab. Hard contact was used in the normal direction of the interfaces between

Horizontal load
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Column base _—»
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Studs (S4)
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the chord and the concrete in the Vierendeel panel and the tangential friction
coefficient of the interfaces was taken as 0.25. In the areas outside the
Vierendeel panel, the floor slabs were tied in the top flanges of beams and the
chord members. The element size was taken as 15 mm for the steel members
and reinforcements and 100 mm for the floor slabs after sensitivity analysis. The
floor slabs were discretized into four layers of mesh through thickness. All the
steel members were merged as one part. The reinforcements were embedded in
the concrete floor slabs.

Concrete slab (C3D8I)

Beam (S4R)

—

Steel truss
(S4R)

Column
(S4R)

Column base
U1=U2=U3=0

Chord member
(S4R)

Fig. 6 FE model of the SSTF sub-structure

The prototype structure in Ref. [13] is plastically designed and realized the
expected failure mode. The sub-structure model is 1/3 scaled of the prototype
structure in Ref. [13], with the height of 1 m and the plane dimension of 4 m %
4 m. The detailed elevation arrangement of the truss is shown in Fig. 7. The
dimensions of the steel members are listed in Table 1. The letter “H” denotes an
H-section, with the subsequent four numbers signifying the section height,

_,~ Column

flange width, web thickness, and flange thickness, respectively. The letter “F”
denotes a square-section, with the subsequent four numbers signifying the tube
width and tube thickness, respectively. The thickness of the floor slabs was
60mm. The reinforcements were double layered and bi-directional in
configuration. The diameter and spacing of the reinforcements were 8 mm and
100 mm, respectively.
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Fig. 7 Elevation of the truss (unit in mm)

Table 1
Dimensions of the steel members

Member Sectional dimension (mm)
Column H200x150x10%10
Beam H100>80>6>6
Chord member H60>60>6>6
Diagonal web member F80>6
Vertical web member F80>6
Gusset plate A 180>200>8
Gusset plate B 320>245>8
200x180>8

Gusset plate C

The elastic-perfectly plastic model was used for the steel members and
reinforcements. The modulus of elasticity (Es) and the Poisson's ratio of the steel
members and reinforcements was taken as 200 GPa and 0.3, respectively. The
steel grade of the Gusset plate was Q355 (yield strength f, = 355 MPa) and the
steel grade of the other steel members was Q235 (yield strength f, = 235 MPa).

The reinforcement grade was HRB400 (yield strength f,, = 400 MPa).

The concrete grade of the floor slabs was C30 (compressive strength f; =
24 MPa). Modulus of elasticity of concrete (E.) was taken as 4700(f,)*® [22].
The plastic damage model of concrete was adopted and the detailed parameters
are shown in Table 2.
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Table 2
Dimensions of the steel members
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Dilation angle () Flow potential eccentricity (e)

foolfe

Compressive meridian (Kc) Viscosity parameter

31° 0.1

1.16

0.67 0.0001

where fyoffe is the ratio of equal biaxial to uniaxial compressive strength of
concrete.

The nonlinear uniaxial compressive behavior of the concrete from GB
50010 [23] was used. The stress-strain relationship was defined by Egs. (2)—(6).

o=(1-d)Ee &3]
pN
1- < <1
d - n-1+x" =Y 3)
ol Pe ~1
a,(x-1)* +x 6=
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n=— Cefa (5)
Ecgcr fC
&
£

where £,=1640=10%, and a=1.36 when C30 concrete was used.
Fracture energy G¢ was used to describe the tensile behavior of the concrete
as suggested by mode specification Mode Code [24].

G, =a(0.1f,)" )

where « is a parameter related to the sizes of concrete aggregate and taken as
0.03 in this investigation.
A damage variable d calculated by Eq. (8) [25] for concrete was used.

®

A FE model of a pure steel truss was established for comparison, as shown
in Fig. 8. The sizes, modelling methods and materials of the pure steel truss
model were the same as the sub-structure model. Horizontal loads were applied
at the top ends of the columns and hinged supports were set at the column bases.
Lateral supports were set at the ends of the Vierendeel panel to prevent lateral
torsion.

Horizontal load
Ul=15mm, U2=0

Horizontal load
U1=15mm, U2=0

Lateral suppot
u2=0

Lateral suppot
u2=0

Lateral suppot
u2=0

Column base
U1=U2=U3=0

Column base
U1=U2=U3=0

Lateral suppot
u2=0

Fig. 8 FE model of the pure steel truss
3.2. Model validation
For conducting precise refined analysis of the sub-structure, the accurate

prediction of the inelasicity of the Vierendeel panel of the truss and the
interaction behavior between the RC concrete diaphragm and the chord member

are of key importance. As mentioned above, the existing experimental results
of SSTF systems are not suitable to be used to validate the FE model due to the
lack of the sources of diaphragm behavior and inelasticity [15-18]. Also, there
is no existing experiment of SSTF sub-structures. However, the developments
of the special truss moment frames and eccentrically braced frames offer
experimental sources to validate the FE model, since both of them allow a
middle special segment to dissipate energy and improve the ductility of the
structure, similar as SSTF structure [10,14]. Thus, available experimental
results of a steel special truss moment frame with a Vierendeel panel under
cyclic loads tested by Chao et al. [26] and an steel eccentrically braced frame
with a floor slab under cyclic loads tested by Ciutina et al. [27] are used to
validate FE model.

The elevation arrangement and test set up of the full scaled steel special
truss moment frame specimen STMF1 are shown in Fig 9(a) and the counterpart
FE model based on S4R elements is shown in Fig 9(b). The loading history,
material properties, boundary conditions were the same as the test [26]. The
double channel chord members and web members were tied with the gusset
plates. Kinematic hardening rule was used in the validating.
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(a) Elevation arrangement and test set up (sourced from Ref. [26])
Cyclic load Cyclic load
(29 )
RP3
z
A Column base Column base

RP1®  y1=U2=U3=0 Ul=U2=U3=0 & RP2

(b) FE model

Fig. 9 The special truss moment frame specimen STMF1

Only the chord member at the Vierendeel panel end yielded and the
members outside kept elastic during the tests of specimen STMF1 [26]. Fig.
10(a) shows the yielding pattern of STMF1 at a story drift ratio (SDR) of 2%.
It can be seen that the yielding pattern of the FE model shown in Fig. 10(b) is
consistent well with the tested results.

Although considering fracture is conductive to the determination of the
ultimate load-carrying capacity of the steel structural components [28,29], it is
not essential to consider the cracking behavior of the chord member of the sub-
structure since the current work focus on the inelastic behavior before its
ultimate state. In the tests, the strength of STMF-1 started to degrade
significantly at 3% SDR due to the fracture of the chord member [26]. As shown
in Fig. 11, the lateral force versus displacement curve from FE analysis results
coincides well with the tested results.
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The failure modes and lateral force versus displacement curves of the test
specimen and the FE model are shown in Figs. 13 and 14, respectively. As seen,
the FE model accurately predicts both the failure modes and the lateral
responses of the tested composite eccentrically braced frame specimen before
the specimen losing its load-carrying capacity due to the fracture of the link
beam.

In general, the FE models acquired good predicting accuracy, including the
yielding mechanism of the steel members, the inelasticity of the RC diaphragm,
and the lateral behavior of the structures. Therefore, the modelling method is
adequate to conduct further analysis of the SSTF sub-structure.
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Fig. 14 Force versus displacement curves of the test [27] and FE analysis

4. Finite element analysis

3500 mm

4.1. Yielding patterns of the steel trusses

Column base
U1=U2=U3=0 Fig. 15 shows the von Mises stress contour plot of the truss in the sub-
structure model at the plastic SDR limit (stipulated as 1/75 by JGJ/T 329-2015
(a) Test set up (sourced from Ref. [27]) (b) FE model

[30]). The expected yield mechanism was achieved. The chord member at the

Vierendeel panel ends yielded sufficiently and the web members kept elastic.
Fig. 12 The eccentrically braced frame specimen EBF-LF-Compl

Chord member fully yielded

S, Mises
SNEG, (fraction —-1.0)
(T8 TS

137 I Stress
7§ ‘ s concentrations

Fig. 15 Von Mises stress contour plot of the truss in the sub-structure model
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However, it should be noted that there were stress concentrations near the
Vierendeel panel, located at the vertical web member ends and the corners of
the gusset plate C. The corners of the gusset plate C had yielded and the vertical
web member ends nearly reached to the yield stress. The stresses were unevenly
distributed at the vertical web members near the Vierendeel panel, which
exhibited bending moment-subjecting characteristic. The stresses at the other
web members were evenly distributed, which exhibited axial force-subjecting
characteristic

S, Mises
SNEG, (fraction = -1.0)
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Fig. 16 shows the von Mises stress contour plot of the pure steel truss model
with the same SDR. The expected yield mechanism that the chord member at
the Vierendeel panel ends yield firstly was achieved as well. It exhibited similar
load-subjecting characteristics as the truss of the sub-structure. However, the
stresses at the web members were much smaller than those of the sub-structure
model, because the lateral stiffness of the pure truss model was much smaller
than the sub-structure model (see the comparison of the skeleton curves below).

Chord member flaqngully yielded

Stress
concentration

Fig. 16 Von Mises stress contour plot of the pure truss model

4.2. Behaviors of the RC diaphragms

Fig. 17 shows the equivalent plastic strain (PEEQ, defined by ABAQUS
User’s manual [19]) contour plots of the concrete slabs at 1/75 SDR. As seen, a
damage area occurred at middle of the diaphragms while the areas else keep
elastic. The stresses in the concrete slab is complicated since the diaphragms are
subjected to combined in-plane and out-of-plane forces when the sub-structure
is horizontal loaded, namely the shear forces transmitted to the truss and the
passive moments caused by the rotation of the chord member in the Vierendeel
panel. However, it is inferable that the damage at the diaphragms is a kind of
ductile flexural failure caused by flexural stresses rather than brittle shear failure
caused by shear stresses, which can be verified by the stress plot of the
reinforcements and the hysteretic curve below. The diaphragms could still
effectively transfer in-plane shear forces by the elastic concrete parts and the
reinforcements at the plastic SDR limit, and thereby provides lateral stiffness of
the SSTF structure for load-resisting.

(a) Top concrete slab (b) Bottom concrete slab

Fig. 17 Damage of the concrete slabs

Fig. 18 shows the Von Mises stress contour plots of the reinforcements at
1/75 SDR. As seen, all the stress profiles consisted of two parts: the “X” type
shear stresses penetrating the entire reinforcement mesh and the flexural stresses
near the Vierendeel panel. The yielded reinforcements near the Vierendeel panel
caused by passive moments coincided with the damage area of the concrete slab
shown in Fig. 17.

(a) Upper mesh of the upper diaphragm (b) Lower mesh of the upper diaphragm

i
ki

i = ]
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(c) Upper mesh of the lower diaphragm (d) Lower mesh of the lower diaphragm

Fig. 18 Damage of the concrete slabs

4.3. Lateral load versus displacement responses

Fig. 19 depicts the hysteretic curves of the sub-structure model and the pure
truss model under lateral cyclic loads. The hysteretic curves were full due to the
presence of expected failure mode, i.e., the chord members at the Vierendeel
panel ends fully yielded and the web members kept elastic. After the chord
member yielded, the hysteretic curve of the sub-structure model still slowly
grew due to the increasing effective width of the RC diaphragms. This also
supports the above argument about the failure modes of the concrete slab.
Because once in-plane shear failure of the diaphragm occurred, the diaphragm
would lose its function for load-transmitting and the sub-structure would lose
its load-carrying capacity.

In the seismic design code GB50011-2010 [31], the elastic SDR limit for
the steel structures is 1/250 and the plastic SDR limit is 1/50. In JGJ/T 329-2015
[30], the plastic SDR limit for SSTF structures in the transverse direction is
tighten to 1/75 due to its relatively poor ductility while the elastic SDR is still
stipulated as 1/250. As shown in Fig. 19, both the sub-structure model and the
pure truss model yielded before the elastic SDR limit due to the relatively large
rotation of the chord members [32,33]. In addition, the lateral stiffness of SSTF
structures in the transverse direction is usually larger than the steel moment
frames. Therefore, the existing elastic SDR limit of 1/250 for SSTF structures
is too loose and might not fulfil the requirement of the “no damage in low-level
earthquake”. A stricter elastic SDR limit of 1/400 is recommended.

The diaphragms significantly enhanced the lateral stiffness and load-
carrying capacity of the truss, as shown in the comparison of the skeleton curves
of the two models (Fig. 20). The initial stiffness of the pure truss was 56 KN/mm,
while that of the sub-structure model was 101 kN/mm (1.8 times the pure truss).
The yield load was defined when the flange of the chord member yielded, i.e.,
the model entered inelastic stage. The yield load of the pure truss model was
149 kN, while that of the sub-structure model was 319 kN (2.1 times the pure
truss). Therefore, the diaphragm actions in SSTF structures need to be
considered, which is beneficial for correctly obtaining the internal force of the
web members to realize the expected failure mode [13].
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4.4. Stress distributions at the web members

Longitudinal stresses at the vertical web member and the diagonal web
member near the Vierendeel panel of the sub-structure model were extracted at
1/75 SDR. The positions of the extracted points are displayed in Fig. 21, located
at the center and the corners of the top, middle and bottom sections of the web
members.

Web member section
L5,

Gusset plate secti@n

L6
m

L7 L8 L1

Fig. 21 The position of the extracted stresses

Fig. 22 shows the distribution of the longitudinal stresses at the vertical web
member near the Vierendeel panel. Note that the positive values denote tensile
stresses while the negative values denote compressive stresses. It could be seen
that the stresses at the middle section were evenly distributed while the stresses
at the top section and the bottom section were symmetrically distributed.
Therefore, the vertical web member near the Vierendeel panel was subjected to
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combined axial force and moment. In addition, the vertical web member near
the Vierendeel panel was predominantly subjected to moment, since the flexural
stresses at the end sections caused by moment were larger than the stresses at
the middle section caused by axial force.
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Fig. 22 Longitudinal stresses at the vertical web member

Fig. 23 shows the distribution of the longitudinal stresses at the diagonal
web member near the Vierendeel panel. All the stresses were compressive
stresses, ranged from -122 MPa to -79 MPa. Therefore, the vertical web member
near the Vierendeel panel was subjected to axial force.

0

—=— Top section

z —e— Middle section
=3 —4— Bottom section
@ 50t

=4

2

ES

£

2

>-100

o

]

-150 1 1

. . . . . .
L1 L2 L3 L4 L5 L6 L7 L8
Location

Fig. 23 Longitudinal stresses at the diagonal web member

5. Design considerations
5.1. The rigidity of the diaphragm

The classification of the in-plane rigidity of the diaphragm is required to
precisely determine the lateral load on the lateral force-resisting elements and
conduct an appropriate structural analysis. Diaphragms can be traditionally
idealized as either “rigid”, “flexible”, or “semi-rigid” according to the relative
in-plane stiffness of the diaphragms compared with the vertical elements of the
lateral force-resisting system [34].

The typical RC diaphragms and concrete-filled metal decking diaphragms
are idealized as rigid diaphragms provided the diaphragm span-to-depth ratio is
three or less and there is no horizontal irregularity of the structure [35]. In SSTF
systems, the span-to-depth ratio of the diaphragms is usually less than one,
because the span of the truss is larger than the column spacing. The RC
diaphragms, concrete-filled metal decking diaphragms or steel bar truss metal
decking diaphragms are recommended by JGJ/T 329-2015 [30]. Therefore, in
these circumstances, the diaphragms in SSTF systems are rigid.

However, the diaphragms in SSTF systems need to transfer the shear loads
of the trusses due to the staggered arrangement of the trusses. In the bottom
story, the diaphragms are subjected to large in-plane shear load, almost equal to
the base shear of the structure. The in-plane deformation of the diaphragms need
to be assessed. In addition, the diaphragm near the Vierendeel panel occurred
out-of-plane damages at the plastic stage when the sub-structure subjected to
lateral loads, which thereby performs like diaphragm with opening, as shown in
Fig. 17.

A more explicit classification of diaphragms, as currently prescribed and as
shown in Fig. 24, is based on the ratio between maximum diaphragm
displacement relative to the lateral force-resisting systems (4g4i,) and the
corresponding average inter-story drift of the lateral force-resisting systems
(4Lers) [35]. For rigid diaphragm behaviour this ratio () is expected to be less
than 0.5, for flexible diaphragm behaviour greater than 2.0 and for all values in-
between, the diaphragm is classified as semi-rigid [36].
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n= Adla/ALFRS
7<0.5 > Rigid diaphragm
0.5 <5 <2 ->» Semi-rigid diaphragm

n>2 > Flexible diaphragm

Fig. 24 Prescribed diaphragm classification

Fig. 25 depicts the transverse in-plane deformations of the diaphragms in
the SSTF sub-structure model and the ratio to story drift. Though the in-plane
diaphragm deformation gradually increased at the loading process, the in-plane
diaphragm deformation was far less than the story drift. The ratios (1) were less
than 0.13. Therefore, the RC diaphragms in SSTF systems indeed performed as
a rigid plate accounting for the minor in-plane deformations. The allocation of
lateral loads to each individual truss is based on the relative stiffnesses of the
trusses and this principle is adopted in the Design Guide 14: Staggered Truss
System Framing Systems [8] and JGJ/T 329-2015 [30]. However, it should be
noted that the rigid diaphragm assumption (the out-of-plane stiffness is
neglected) is not recommended for the structural analysis and design of SSTF
structures. The out-of-plane stiffness of the diaphragms significantly increased
the lateral stiffness of the truss and the internal forces of the web members, as
discussed above. Most importantly, the use of the rigid diaphragm assumption
may result in erroneous predictions of yielding mechanisms and overly
underestimated predictions of base shear forces [13].
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Fig. 25 In-plane deformation of the diaphragm and ratio to the story drift

5.2. The rotation demand of the chord member

As described above, the chord members of the SSTF systems are convinced
of high rotation demand in order to achieve the expected ductile failure mode.
As shown in Fig. 26, when the expected failure mode is achieved, the rotation
of the chord member («) is proportional to SDR (6) [10,33].

a=(LIs)o ©)

where L and s are the truss span and the Vierendeel panel length, respectively.

Lateral load

Vierendeel‘ panel length s

Chord rotation a

'

Plastic hinges

Span L \

Fig. 26 Deformation configuration of a SSTF
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The rotation of the chord member () in Eqg. (9) is overvalued due to the
idealized plastic hinge assumption: the flexural stiffness and length of the plastic
hinge at the chord member are zero. Actually, both the steel chord member and
the composite chord member with diaphragm hard to form the idealized plastic
hinge. As shown in Fig. 27, the ratio of the chord member rotation to SDR of
both the pure truss model and the sub-structure model were far less than the
idealized ratio (L/s). For the pure truss model, the ratio was a constant value in
the elastic stage. After the chord member yielded, the ratio increased with the
development of the plasticity of the chord member. The ratio of the chord
member rotation to SDR of the pure truss model at the plastic SDR limit was
16% lower than the idealized value. In addition, the ratio of the chord member
rotation to SDR of the sub-structure model at the plastic SDR limit was 51%
lower than the idealized value, because of the provided flexural stiffness of the
diaphragm. The closer the actual plastic hinge is to the idealized hinge, the
higher ratio (a / 6) is. A reduction factor (y) herein is proposed to calculate the
rotation demand (ap) of the designed chord member, and y can be taken as 0.6
when RC diaphragm or concrete-filled metal decking diaphragms are used.

a, <y(L/s)o (10)
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g. 27 The rotation of the chord member at loading process

The precise determination of the rotation demand of the chord member
concerns the selecting of the section form and structural form of SSTF systems.
In the reported studies, double channel sections were used for the chord member
and long or multiple Vierendeel panels were used to improve the rotation
capacity and reduce the rotation demand of the chord member [9,26,32,33].
However, double channel sections are inconvenient for construction and the
adoption of long or multiple Vierendeel panels reduce the stiffness of the
structure. Actually, the rotation demand of compact H section is sufficient for
the chord members of SSTF structures with the single Vierendeel panels. For
instance, the rotation of the H-sectional chord member of the sub-structure is
0.043 rad at the plastic SDR limit, approximately equal to the rotation capacity
of compact H-sectional beams [37].

5.3. Mechanical calculation model

In existing studies, the vertical web members near the Vierendeel panel was
commonly assumed as a two-force member. The schematic diagram of bending
moment in a truss with a Vierendeel panel under horizontal load is illustrated in
Fig. 28(a). There is no moment at the vertical web members. In addition, the
axial forces in the vertical web member are small since the majority of the shear
loads are borne by the diagonal web member when the truss is subjected to
horizontal loads. In this case, the vertical web members might be designed in a
relatively small size.

However, the gusset plate could transfer moments from the chord member
due to its large in-plane flexural stiffness, producing stress concentrations at the
vertical web member ends and the corners of the gusset plates. The schematic
diagram of bending moment of a truss with fixed vertical web near the
Vierendeel panel is shown in Fig. 28(b). It can be seen that the majority of the
moment from the chord member is borne by the fixed vertical web member.
Therefore, the web members near the Vierendeel panel should be treated as a
fixed member subjected to combined axial force and moment. Unsafe designed
results may be obtained when the ends of the vertical members are treated as
hinged joints.
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Fig. 28 Schematic diagram of bending moment of the truss

5.4. Amplification factor of the web members

In an SSTF system, the chord members at the Vierendeel panel are usually
designed to yielded to dissipate energy and the members outside keep elastic.
The maximum expected vertical shear strength of the Vierendeel panel when it
is fully yielded is used to design the non-yielding members outside. The design
of the web members should consider the diaphragm actions since the
diaphragms significantly enhanced the strength of the Vierendeel panel by
improving the flexural strength of the chord members. One practical solution is
to amplify the design loads of the web members by an amplification factor when
a primary design of SSTF systems was conducted. An amplification factor of
1.4 is recommended in the specification JGJ/T 329-2015 [30] to calculate the
design axial load of the diagonal web member near the Vierendeel panel.
However, it is an empirical value based on the findings of the premature
buckling and fracture of the diagonal web members in existing tests of SSTF
systems [30].

The stresses at the diagonal web member near the Vierendeel panel of the
pure truss model were extracted as well, as shown in Fig. 29. The ratio of the
maximum stress at the web members of the sub-structure to the pure truss was
used to determine the amplification factor rather than an average value, since
the web members were not permitted to yield. As seen, the ratio of the maximum
stress at the diagonal web member near the Vierendeel panel of the sub-structure
to the pure truss was 2.63. Therefore, a modified amplification factor of 2.7 to
calculate the design axial load at the diagonal web member near the Vierendeel
panel, together with the other web members, is recommended to obtain safe
design results.

The flexural stresses in the web member near the Vierendeel panel of the
sub-structure model shown in Fig. 30 were obtained by deducting the stresses
caused by axial force (equal to the stresses at the middle section). In the same
way, the flexural stresses in the web member near the Vierendeel panel of the
pure truss model were obtained. The ratio of the maximum flexural stress at the
vertical web member near the Vierendeel panel of the sub-structure to the pure
truss was 1.57. Therefore, an amplification factor of 1.6 to calculate the design
moment at the vertical web member near the Vierendeel panel is recommended.
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Fig. 29 Stresses at the diagonal web member near the Vierendeel panel
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Fig. 30 Flexural stresses at the vertical web member near the Vierendeel panel

6. Conclusions

In this paper, an SSTF sub-structure for facilitating experimental research
and refined FE analysis was proposed. Inelastic behavior of the proposed sub-
structure was investigated by refined FE analyses. Several conclusions can be
drawn.

(1) The shear force versus lateral displacement response of the truss in the
sub-structure was almost the same as that in the prototype SSTF structure. The
diaphragm actions in SSTF systems were well reflected by the proposed sub-
structure model.

(2) The RC diaphragms increased the initial lateral stiffness and yield load
of the truss by 80% and 110%, respectively. The diaphragm actions in SSTF
systems should be considered when conducting structural design and analysis
of SSTF systems.

(3) The RC diaphragms in SSTF systems performed as a rigid plate due to
the minor in-plane deformations. The allocation of lateral loads to each
individual truss of SSTF structures is based on the relative lateral stiffnesses of
the trusses. The RC diaphragms can effectively transfer in-plane shear forces at
the plastic SDR limit.

(4) The rotation demand of the chord member is overvalued in existing
studies and H-sectional chord members is sufficient for SSTF structures with
the single Vierendeel panels to realize the expected failure mode that plastic
hinges only occurred in the chord members at the Vierendeel panel ends.

(5) The stresses were unevenly distributed at the vertical web members near
the Vierendeel panel, exhibiting bending moment-subjecting characteristic. The
web member near the Vierendeel panel should be treated as a fixed member
subjected to combined axial force and moment, rather than a two-force member.

(6) A modified amplification factor of 2.7 to calculate the design axial load
at the web members and an amplification factor of 1.6 to calculate the design
moment at the vertical web member near the Vierendeel panel are recommended,
to simply consider the diaphragm actions when conducting a primary design of
SSTF systems under lateral loads.
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