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Abstract—This paper deals with the analysis and design of
long-span pre-stressed modified warren trusses under
gravity load. An in-house finite element code is developed in
MATLAB using the beam element and the trusses are
analyzed. The steel trusses are designed using rectangular
hollow sections and their linear buckling loads are checked.
The advantages of pre-stressing, curvature and additional
layers of parallel chord on the member force, vertical
deflection, bearing movement and steel consumption of such
trusses are studied.

Index Terms—modified warren truss, pre-stressing, up-
camber, layers, buckling analysis

I.  INTRODUCTION

Parallel chord trusses are increasingly used in
pedestrian bridges, highway and railway bridges and
large-span  flat roofs of auditoriums, stadiums,
gymnasiums, industrial buildings and other structures.
Commonly used flat truss configurations are Warren
truss, modified Warren truss, Howe truss, Pratt truss, and
K-truss. Several research works are reported in the
literature over the decades to examine the relative
performance [1]-[4] and optimization [5] of different
trusses under different static or dynamic lateral loads. It
was observed that the modified Warren truss is
economical beyond span-length of 40 m [1]-[3]. The
effects of secondary stresses due to connection rigidity of
the members were studied by Smith [4]. Vibration and
buckling analyses of several trusses are also available in
the literature considering as pin jointed or continuous
frame members [6]-[8]. The member forces in such
trusses increases rapidly with the increase of span-length
and lateral load, which introduces complexities in the
design of members and their connections.

The Rectangular Hollow Sections (RHS) with higher
flexural stiffness and torsional rigidity are widely used to
support higher loads in truss bridges [9], [10]. Such RHS
members are either connected by gusset plates or through
monolithic welding [11]-[14].

In an attempt to reduce the tensile forces in the bottom
parallel chord, pre-stressing cables are used [3], [15].
However, for spans more than 100m, arch-type trusses
and cable suspension trusses are preferred to reduce
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compressive force from top parallel chord [9], [10], [16]
and [17].

(a) Single layer flat Warren truss

(b) Single layer arch‘-type Warren trUss

(©) Three layer flat Warren truss

(d) Three layer flat Warren truss with up-camber
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Figure 1. Modified Warren truss of span 80 m and height 8 m
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Figure 2. Truss members

Several review articles on existing bridges and roofs
demonstrate the efficiency of different long-span bridge
trusses. However, the design of large-span flat roof
trusses with restricted bearing movement and transverse
displacement within limited resources (steel consumption)
is a challenge to the designer. It is observed that mostly
single-layer (Fig. la-b) are used in bridges and roof.
Agrawal and Singha [18] have analyzed multi-layer
trusses using bar elements. This paper attempts to
examine the effectiveness of introducing additional
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parallel chords (Fig. 1d-f), curvature and pre-stressing
cables in medium-to-large span modified warren trusses
under static loads. The truss members are modeled with
two-node beam elements and the joints are assumed to be
either pinned or fixed (monolithic) as shown in Fig. 2.
The trusses are analyzed and are designed with steel
hollow rectangular sections to compare their relative
advantages.

Two noded beam element (members are connected by
rigid joints) with three degrees of freedom (u, w and ¢)
per node is used to model the members of the truss. Here,
u is the axial displacement; w is the transverse
displacement and ¢ is rotation of the node. The axial and
transverse displacement components within the element
of length "a" may be expressed as:

FINITE ELEMENT ANALYSIS OF FRAME ELEMENT
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The derivatives of axial and transverse displacements
may be written as

& [a)a)
M _[o)io): C¥-[8]ia]

Using Euler-Bernoulli's beam theory the element level
stiffness matrix [K¢] and geometric stiffness matrix [Kgm]
may be written as:

K, = [ B [EA]B,dA +[B] [EI]B,dA
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where, E is the modulus of elasticity; A is the cross-
sectional area of the member; I is the second moment of
area (moment of inertia), P is the pre-buckling axial
stress resultant due to unit external load.

The displacement vector, element stiffness matrix and
geometric stiffness matrix may be transformed to global
coordinate system by the following relationship

®)

(8.)°=[1](s.} ©
[KJ* =[TT [<.JT] 0
[Kew]* =[TT[K]IT] ©®)

321

where the transformation matrix {T] transforms the local
displacement components (axial and transverse) to global
displacement components (horizontal and vertical) and
may be written as:
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where @ is the angle between the member and the global
X-axisand | =cos@, m=sin@

The finite element equations of static equilibrium of
the truss may be written as

[K]{o}={F}

where, {8} is the displacement vectors consisting the
horizontal and vertical displacement of nodes (joints of
truss); {F} is the load vector.

The buckling load may be obtained by solving the
following eigen-value problem,

[Ke—2Kgy ]{5) =0
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where, the eigen-value A is the global buckling load.
a

4
*

.
Lt

a =250 mm
b=300/ 500 mm
r=8/10/12/16/20/25/32 mm

Figure 3. Rectangular hollow cross section (E = 200 x10° kN /m?,
density 78.5 kN/m? and yield stress o; = 310 x10° kN /m?).

I1l. DESIGN oF TRUSS ELEMENTS

Static analysis is carried out on five types of steel
modified warren trusses (shown in Fig. 1) of two
different spans (80 m and 100 m) subjected to a
uniformly distributed load of 50 kN/m. The overall height
of 100 m truss is 10 m, while the height of 80 m truss is 8
m. One end of the truss is simply supported, while the
other end is roller supported. Hollow rectangular sections
with width "a" and depth "b", as shown in Fig. 3 are used
to design the members. The dimensions of the members
(a, b) are fixed at the beginning, while thicknesses "t" of
the members are evaluated in the design process. The pre-
stressed cables of length 79.95 m and 99.95 m and cross-
section of area 50 cm? and 70 cm? are used for 80 m and
100 m span of trusses.
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For single layer of modified warren truss: Width (a)
of the member is 250 mm, depth (b) of top and bottom
parallel chord is 500 m, while the depths of inclined and
vertical members are 300 mm and 250 mm respectively.

For three layer of modified warren truss: Width (a)
of the member is 250 mm, depth (b) of top and bottom
parallel chord is 400 m while the depth of other members
is 300 mm and 250 mm.

Equation (1) is solved for nodal displacements and the
member forces (F,) are calculated. The member

thickness is selected from the available dimensions (8/ 10
/12/16/20/25/32 mm) based on the minimum cross-
sectional area requirement

Amin = K

m
— (12)
0.60,
After member thicknesses are designed, the self-weight
is added to the dead load and the analysis is repeated to
evaluate member force and design is performed again.
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(e) Three layer Warren truss with up-camber of 8m

Figure 4. Member forces of modified warren truss of span 80 m and height 8 m

Member forces of 80 m long single-layer and three-
layer warren type trusses with or without curvature are
presented in Fig. 4, when the truss is subjected to a
superimposed load of 50kN/m. The maximum tensile and
compressive forces in the members are also listed in
Table 1. The maximum member force in the bottom
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tension layer of the single-layer and three-layer 80 m long
flat trusses are 570 ton and 477 ton respectively, which
marginally reduces for the arch-type of trusses. The
member forces further reduces to 443 ton and 349 to
when a prestressing cable of area 50 cm? is provided at
the bottom tension layer. It is observed that the member
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forces of three-layer trusses are less compared to single-
layer trusses. The requirement of steel quantity, vertical

deflection and horizontal bearing movements are also
listed in Table I.

TABLE |. EFFECT OF PRE-STRESSED CABLE (CROSS-SECTION AREA 50 CMZ) AND LENGTH 79.95 M IN DESIGN OF PARALLEL CHORD TRUSSES OF

SPAN 80 M, HEIGHT 8.0 M SUBJECTED TO A DISTRIBUTED LOAD OF 50KN/M

Max Deflection Bearing Member Forces Member Forces
Modified Warren truss Weight (cm) Movement Tension Compression

(ton) (cm) (Ton) (Ton)
Single Layer Flat truss
Without Pre-stressing 54 23 6 570 565
With Pre-stressing 53 23 5 443 560
Single Layer with up-camber
Without Pre-stressing 54 23 7 572 566
With Pre-stressing 52 23 5 427 551
Pre-stressed cable is in between mid span 51 23 7
Single Layer with arch
Without Pre-stressing 53 25 20 570 565
With Prestressing 40 19 11 137 338
Pre-stressed cable is in between mid span 49 23 19
Three-Layers Flat truss
Without Pre-stressing 62 21 6 477 483
With Pre-stressing 61 21 5 349 456
Three- Layers with up-camber
Without Pre-stressing 62 21 7 477 483
With Pre-stressing 61 21 5 339 449
Pre-stressed cable is in between mid span 59 21 6
Three- Layers with arch
Without Pre-stressing 63 22 18 475 485
With Prestressing 56 16 10 128 254
Pre-stressed cable is in between mid span 59 21 17

TABLE Il. EFFECT OF PRE-STRESSED CABLE (CROSS-SECTION AREA 70 CM?) AND LENGTH 99.95 M IN DESIGN OF PARALLEL CHORD TRUSSES OF
SPAN 100 M, HEIGHT 10.0 M SUBJECTED TO A DISTRIBUTED LOAD OF 50KN/M

Max . Bearing Member Forces | Member Forces
. Deflection - .
Modified Warren truss Weight (cm) Movement Tension Compression

(ton) (cm) (Ton) (Ton)
Single-layers Flat truss
Without Pre-stressing 84 29 8 736 729
With Pre-stressing 84 29 6 574 721
Pre-stressed cable is in between mid span 81 29 7
Three —layer truss
Without Pre-stressing 91 27 7 599 605
With Pre-stressing 92 27 6 496 602
Pre-stressed cable is in between mid span 89 26 7
Single-layers with up-camber
Without Pre-stressing 84 29 8 736 729
With Pre-stressing 84 29 7 552 708
Pre-stressed cable is in between mid span 81 29 8
Three —layer truss with up-camber
Without Pre-stressing 91 27 8 598 605
With Prestressing 91 27 6 424 561
Pre-stressed cable is in between mid span 88 27 8
Single-layers with arch
Without Pre-stressing 84 31 24 737 730
With Pre-stressing 62 23 13 182 435
Pre-stressed cable is in between mid span 75 29 23
Three —layer truss with arch
Without Pre-stressing 94 28 22 596 610
With Prestressing 78 21 12 128 318
Pre-stressed cable is in between mid span 89 26 7

The analysis and design procedure is performed for
100 m long 10 m height warren type of truss and the

corresponding results are presented in Table IlI. Similar
observations are made in Table | and Table II, while
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evaluating the relative advantages of different truss
configurations.

2L
< —>

E =100000, A = 84.16, | = 265.74, L = 328.56, H = 38.6
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IV. BUCKLING ANALYSIS

At the beginning, buckling analysis of toggle frame
(Fig. 5) is carried out to validate the present finite
element code. The dimensions and material properties of
the two member frame are taken from Ref [19] and
shown in Fig. 5. Each member of toggle frame is
discretized into six beam elements and the buckling loads
are calculated from equation (11). The buckling modes
are also shown in the figure. The first and second
buckling loads from the linear analysis are found to be
11729 N and 2293.7 N while, the buckling loads
reported in Ref [19] are 1113.65 N and 2044.52 N
respectively.

Thereafter, same buckling analysis is repeated with
single-layer and three-layer modified warren trusses of
span length 100 m and height 10 m. The joints are either
assumed to be perfectly rigid or perfected pinned.
Analysis is performed for flat trusses as well as curved
trusses. Mode shapes of modified warren truss and the
buckling loads are plotted in Fig. 6.
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Buckling load of pin-jointed truss = 94.03 kN/m
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Buckling load of rigid frame = 559 kN/m

Buckling load of pin-jointed truss = 146.74 kN/m

Figure 6. Buckling mode shapes of modified warren truss

V. CONCLUSIONS

From the limited parametric study on the single-layer
and three-layer warren type of steel trusses, the following
observations are made:

e For 100 m long truss, steel consumption of three-
layered trusses is marginally more than single
layer trusses. But the deflection and bearing
movement of three-layer trusses is less (7 % to
12.5 %) compared to single layer trusses.

e The use of pre-stressing cable at the bottom chord
is beneficial. Pre-stressing cables in curved trusses
significantly decreases the steel consumption. For
the particular cases of 100 m long single-layer
modified warren truss, the requirement of steel
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reduces by 24.1%, while the vertical deflection
reduces by 23%.

e The higher flexural stiffness of hollow rectangular
sections and assumed perfect monolithic joints
between the members has ensured safety against
member buckling. Buckling load of three-layered
truss is nearly double of the corresponding single
layer truss

e Arch type of truss has comparatively lower
buckling load then flat trusses.
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