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ABSTRACT

ARTICLE HISTORY

In order to address the challenges presented by the large size of conventional truss beams and the difficulties in hoisting,
transportation, and installation. This paper proposes a new type of modular steel channel truss beams, which are formed by
splicing the truss beam splices with high-strength bolts. This study conducted standard-load and overload destructive tests
on six full-scale specimens under eccentric loads. It focused on the mechanical properties and damage characteristics of
modular beams, along with evaluating the effectiveness of high-strength bolt splicing nodes. The results showed that the
new type of modular steel channel truss beams possess excellent bending resistance and toughness. At the point where the
ultimate bearing capacity is reached, the compression diagonal web buckles, causing damage to the modular beam.
However, the high-strength bolt connection nodes remain intact. It shows that the overall toughness of the modular beam is
significantly improved by the ability of the tensile action of connection nodes to absorb more deformation forces. The
numerical model is established by simulation software and validated by comparing the calculations to the test results. The
results are in close agreement, verifying the reliability of the finite element model. Additionally, the flexural performance
of the modular beam is significantly influenced by the thickness of the compressed diagonal web. The flexural capacity of
the composite beam depends on the critical load at which buckling damage occurs in the compressed diagonal web. Through
numerical simulation, parameter optimization for the modular beam was conducted, and the optimal thickness of the
compressed diagonal web was obtained. The calculation formula for the bending capacity applicable to the new modular
beam is determined using the effective width method. This formula serves as the foundation for the theoretical design and

Received: 24 April 2024
Revised: 31 March 2025
Accepted: 6 May 2025
KEYWORDS

Channel steel modular beam;
Mechanical property;
Load-displacement curve;
High-strength bolt;
Numerical simulation

practical engineering application of modular beams.
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1. Introduction

Prefabricated construction is a product of the industrialization of the
construction industry, which can achieve the goals of low energy consumption,
short construction periods, high efficiency, and less pollution [1]. Compared to
concrete structures, steel structures are lighter in weight, have lower foundation
costs, and are more economical [2]. Steel is a ductile, versatile, and recyclable
material [3]. Therefore, steel structures have significant development
advantages and promising application prospects. It is of great significance for
the healthy development of prefabricated buildings.

The integrated floor covering consists of compressed steel plate-concrete
composite floor slab and channel steel truss beams. This design offers several
advantages, including a reasonable force transmission path, high space
utilization, and convenient pipeline arrangement [4-5]. As an important
component of integrated building systems, truss beams have been extensively
studied by scholars. Liu et al. [6] proposed a new type of double-layer steel-
concrete combined wall with steel trusses as stiffening ribs. The steel truss
enhances the steel plate's resistance to local buckling. Davis et al. [7] conducted
an experimental study on an asymmetric I-beam floor structure using a full-scale
model. The structure can withstand five times the live load under normal use.
Hazal et al. [8] conducted full-scale tests and numerical simulations on steel-
concrete composite trusses. They found that filling the compression chord
members with concrete can effectively prevent local buckling. Leal et al. [9]
proposed a steel-concrete composite floor slab system that consists of thin-
walled steel trusses. The system can resist local buckling due to the collaboration
of three different types of shear connectors, which provide sufficient stiffness
and bending strength. Chen et al. [10] conducted a bending capacity test on five
concrete floor slab specimens with lightweight steel truss beams. They found
that the bending capacity of the floor slab was linearly related to the area of steel
in tension and the height of the section. Jia et al. [11] evaluated the performance
of truss beams and determined that the damage was primarily caused by the
yielding of chord rods and the buckling of diagonal web rods. No significant
damage was observed in the upper and lower columns and nodes. However,
current research on truss beams primarily focuses on alterations in their
mechanical properties when exposed to symmetrical loading. Modern
engineering demonstrates that truss beams are influenced by various factors and
complex forces. In their study of cold-formed steel roof frames, Doaa et al. [12]
found that the loading method significantly impacts the bearing capacity,
stiffness, and energy absorption capacity of the specimens. When two loading

points are used instead of one, the energy dissipation capacity increases by 28%.
Abdallah E et al. [13] found that the internal bending capacity of the face is
significantly affected by the eccentric load in the numerical analysis of beam-
CHS column-strut plate connection nodes. Cao et al. [14] simulation analysis of
rectangular stainless steel tube concrete columns to investigate the impact of
length-to-width ratio and relative eccentricity on the distribution of longitudinal
stresses in the cross-section. The formula for calculating the compressive load
capacity under eccentric load is provided. In conclusion, prolonged eccentric
loading on truss beams can lead to a complicated stress scenario that could
negatively impact the structure, posing a safety hazard [15-16]. Therefore, it is
necessary to evaluate the performance of trusses under asymmetric loads to
serve practical engineering.

Effective node connections are crucial for prefabricated concrete structures.
Bolted connection nodes are widely used in practical engineering due to their
convenience of construction and superior performance [17-18]. Elsabbagh et al.
[19] conducted a parametric study of bolted semi-rigid nodes using the finite
element method (FEM) and concluded that the shear values in the upper part of
the connection significantly influence the mechanical properties of bolted
connection nodes. Wang et al. [20] proposed a new type of bolted end plate
connection (BEPC) for precast concrete column-column nodes. Low-cycle
repeated loading tests demonstrated its excellent seismic performance, with
minimal impact from the node position. Li et al. [21] proposed a formula for
calculating the yield moment. They conducted low-cycle repeated loading tests
on four foot-size specimens of bolted flange spliced nodes with varying flange
thicknesses and different stiffening rib configurations. Fan et al. [22] conducted
an experimental investigation into the performance and damage mechanism of
a new type of self-tightening one-sided bolted node (STOSB). The seismic
performance of this node is greatly affected by the end plate stiffness and column
flange thickness. Liu et al. [23] conducted straight shear tests on bolted nodes to
investigate the mechanical behavior and damage modes of bolted connections.
The studies indicate that bolted connections can effectively reduce the deflection
of truss beams and improve the overall comfort of the building's vibration [24].
It is recommended that bolted connections be used as much as possible in
practical projects.

Currently, the truss beams used in real construction projects are typically
monolithic. However, the substantial dimensions and weight of prefabricated
components pose significant challenges to the standardization of production,
transportation, and installation, as depicted in Fig. 1. The irrational design of
truss beams, the occurrence of varying degrees of damage during transportation,
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and the non-standardized installation of these components are prone to safety
hazards to the engineering structure, and may even result in casualties or
property losses, as illustrated in Fig.2. To address the aforementioned problems,
this paper proposes a new type of modular steel channel truss beam spliced
together with high-strength bolts. The force performance and damage
mechanism were investigated through standard-load and overload destructive
tests under eccentric loads. And analyzed the bending capacity through the finite
element analysis tool for the extension study. The main factors that control the
bending capacity were identified through theoretical analysis based on the
principle of equal critical force.

Fig. 1 Hoisting of large-span steel truss

Steel columns

Steel bundle tube structure

Frame columns
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Fig. 2 Steel truss instability failure

2. Experimental design

2.1. Specimen design

The modular steel channel truss beam is a new type of beam commonly used
in high-rise assembled monolithic floor cover structure systems, as shown in Fig.
3. It is the key component of the main structural floor plate force. To study its
mechanical properties under standard-load and overload destructive tests, six
full-scale specimens were designed and fabricated for two distinct groups,
labeled E; and F;. Where: E represents standard-load test, F represents overload
destructive test,and i = 1, 2, 3.

Integrated building envelope

Bolted splicing truss beam ‘

Bidirectional steel truss

Fig. 3 Three-dimensional schematic diagram of new modular steel channel truss beam structure system

(a) Overall model

Oval bolt hole
D34x50

Transverse stiffened plate
[150%150%6

High-strength bolts
10.9s M30x260

(b) Bolt splice node

Vertical stiffened plate
[ 88x82x6

Lower sealing plate
[ 88x400%6

Upper sealing plate
[ 88%200x6

Transverse stiffened plate
[ 88x82x6

(c) Internal structure

Fig. 4 Three-dimensional schematic diagram of new modular steel channel truss beams

Referring to the design regulations of steel frame beams, supporting
member regulations, and node structure requirements in GB50018-2002

Technical Code for Cold-Formed Thin-Walled Steel Structures [25] and Steel
Structure Residential Main Component Dimension Guidelines 2020 [26], the
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structure of the new modular steel channel truss beam is shown in Fig. 4, which
consists of two identical main truss splices and seven sets of high-strength bolts.
The members are constructed using Q345B channel steel. The top and lower
chords of the main truss splice (1) have a cross-section size of
200mmx80mmx8mm. The upper and lower chords of the secondary truss (2),
which is perpendicular to the assembled main truss, have a cross-section size of
100mmx100mm=8mm. The end web (3) has a cross-section size of
150mmx50mmx4mm, while the vertical web (4) has a cross-section size of
100mm>x 100mmx=8mm at the splicing location. The inner diagonal web (5) has
a cross-section size of 180mmx50mmx4mm, while the outer diagonal web (6)
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has a cross-section size of 80mmx60mmx4mm. The bolt holes are reinforced
with a 6mm thick lower sealing plate and a vertical reinforcement plate.
Additionally, a 150mmx150mmx6mm horizontal reinforcement plate is
installed at the intersection of the main truss and the secondary truss. High-
strength, grade 10.9 friction-type bolts are utilized. Each group of high-strength
bolts consists of a bolt rod, a nut, and two washers. The bolt rod has a diameter
of 30 mm and a length of 260 mm.

In order to measure the displacement change of the specimen and the strain
of the main rods during the loading process, it is essential to install the
displacement meter, dial indicator, and strain gauges as shown in Fig 5.

Load point Load point
Strain Strain
gauges 1 gauges 2

Strain | Stra
gauges 3 1 |gauges

tram gauges 9

Strain gauges 10 Dlal
indicator 2

Displacement
meter 3

Fig. 5 Positions of measurement points

2.2. Loading set-up

The beam specimen underwent vertical loading using an electro-hydraulic
servo-hydraulic loading system. To ensure a reasonable distribution and transfer
of the load, the three-point centralized loading method was adopted. Eccentric
loading was applied using loading blocks, with the eccentric loading points
located at the splicing nodes of the modular steel channel truss beam and the
intersection of the chords on one side. The hinged connection is formed between
the two ends beam and the bearing. An anti-tipping device [27] is vertically
arranged on the modular steel channel truss beam to restrict its out-of-plane
deflection and prevent eccentric tipping during loading. The field-loading device
is depicted in Fig. 6.
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Fig. 6 Field loading device

Fig. 7 Axial force diagram of the truss beam

2.2.1. Determine the bearing capacity for serviceability limit state

Before conducting the standard load test, it is necessary to determine the
design value of the test loading by theoretically calculating the bearing capacity.
To facilitate this calculation, the elastic deformation and constraint effect
between adjacent bars are ignored. The node of the modular steel channel truss
beam is regarded as a smoothly articulated node, and the axial force for each rod
is calculated based on principles of structural mechanics. The calculation sketch
is shown in Fig. 7. According to the specifications, the maximum tensile force
of the lower suspension bar under standard combined load is 260 kN. In this
load, the total value of the eccentric load corresponding to the upper part of the
specimen is 180 kN, which is the maximum load limit for the standard load test.

2.2.2. Loading test

Pre-loading test: The pre-loading test is conducted on the specimen of the
modular steel channel truss beam to eliminate any assembly gaps and verify the
functionality of the testing equipment. The preloading load is controlled at 30%
of the design load [28].

Standard load test: Each level of load increment is 10 kN, with a loading
interval of 10 minutes. The load is incrementally increased to the standard load
of 180 kN before being halted. 1 hour after unloading 20 kN at each level, the
interval remains 10 minutes until completely unloaded.

Overload destructive test: The loading method and requirements are the
same as the standard test. In the later stage, the load increment is 5 kN for each
level, and the time interval remains unchanged. When the following conditions

are met, the limit state of load-carrying capacity is considered to be reached, and
loading is stopped: (1) specimen bars are bent or destabilized; (2) the maximum
deflection reaches 1/50 of the support span [29].

3. Test results and analysis
3.1. Analysis of experimental phenomena

3.1.1. Standard load test phenomena

During the standard load test, the three specimens exhibited similar test
phenomena. As the load increased during the early stage of loading, both the
vertical displacement in the span and the tension displacement under the beam
continued to increase. However, the vertical displacement in the span increased
at a much faster rate than the tension displacement under the beam. When loaded
to 180 kN, the vertical displacement in the span and the tension displacement
under the beam reached their maximum values. The test results indicate that no
relative slip occurred at each connection node, no tensile deformation occurred
at bolted joints, and the specimen remained undamaged and in good condition.
Under the action of eccentric load, the specimen can effectively and function
normally within the design load range, meeting the specified requirements.
During the unloading stage, the structural deformation gradually recovered as
the load decreased. After complete unloading, the residual deformation was
negligible. The results of the test are presented in Fig. 8.
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(a) Pre-test

(b) Load to 180kN
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(c) After unloading

Fig. 8 Standard load test

3.1.2. Overload destructive test phenomenon

Before loading to 180 kN, the test phenomena were not significant for each
specimen. When the vertical load exceeded the design value, the beam still
demonstrated stable flexural performance. As the load continued to increase, the
displacement of the specimen gradually increased, indicating that it was in the
elastic deformation state. At the load close to the ultimate bearing capacity of
327.9 kN, the beam experienced a sudden large deformation, accompanied by a
loud ringing sound, destroying the member and the cessation of loading. The
damage to the specimen is shown in Fig. 9. The test results indicate that yield
deformation occurred first in the diagonal web on the eccentrically loaded side.
The top channel steel of the vertical web bar bulged outward, and the upper
chord bar buckled upward on both sides. Additionally, a downward bending
phenomenon occurred in the middle of the span, resulting in obvious deflection

deformation. The deformation characteristics of the rods were similar when the
three specimens were damaged, as shown in Fig. 9(b)-(d). The main damaged
parts are the compressed diagonal web bar on the eccentric loading side and the
vertical web bar at the beam end. The stresses on both sides of the beam are
uneven under the action of eccentric loading, indicating that different loading
methods have a significant impact on the operational performance of the beams.
Different loading methods of eccentric load have a great influence on the
working performance of the beam. It is important to note that this analysis is
based solely on objective evaluations and technical terminology. The
deformation of the vertical web at the beam end occurred at the flange, while the
web did not show obvious deformation. The primary reason is that the weak
zone of the channel steel is located near the stress point in the opening, making
it susceptible to bending and damage when compressed.

(c) F2 localized damage diagram

(e) Deformation and local failure of F1 specimen

Fig. 9 Damage diagram of modular steel channel truss beams
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3.1.3. Failure analysis of high-strength bolts

After unloading the test, the specimen was removed to observe the residual
damage of the high-strength bolts under eccentric loading. Fig. 10(a) shows the
splicing surface of the modular steel channel truss beam, with the bolt holes
remaining intact. The contact part of the spliced surface did not show any
significant damage, indicating that the high-strength bolts effectively fastened
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the connection and prevented relative slip on the spliced surface. Fig. 10(b)
shows the disassembled high-strength bolts. The bending deformation of the bolt
rods is not significant, indicating good resistance to bending and safety margins.
The high-strength bolt connection is reliable and effective in the event of
modular steel channel truss beam destruction, making it suitable for practical
engineering projects.

(a) Modular beam splice surface

(b) High-strength bolts

Fig. 10 Damage diagram of splicing surface

Table 1
Main test parameters

Standard load test

Overload destructive test

Pu 6’“.

No kT}:I §ymm A, mm mm A, 8,/8, A./A, No KN mm A, mm P./P, Ky Ay, /6y
E; 180.0 8.69 1.94 1.53 0.43 0.18 0.22 Fy 327.6 48.34 5.71 1.80 5.56 0.12
E, 180.2 9.31 2.07 1.49 0.43 0.16 0.21 F, 326.5 50.07 5.89 1.79 5.38 0.11
E; 179.8 8.40 1.76 1.55 0.39 0.18 0.22 Fs 329.7 49.65 6.34 1.82 591 0.12
E 180.0 8.80 1.92 1.52 0.42 0.17 0.21 F 327.9 49.35 5.98 1.81 5.61 0.11

3.2. Load-bearing capacity analysis

The main test parameters obtained from the standard load test and the
overload destructive test are shown in Table 1. P, and B, are the vertical loads
for the serviceability limit state and the overload ultimate limit state, respectively.
&y and &, are the mid-span deflections of the modular beams in these two limit
states. A, and A, are the tensile sizes of the modular beam joints in these two
limit states. 8, and A, are the mid-span deflections of the modular beams after
complete unloading and the magnitude of tensors at the joints; p,, is the modular
beam ductility coefficient.

Table 1 shows that the vertical deflection of t the modular steel channel truss
beam at the rod connection under the standard load is minimal, with an average
value of 8.80 mm. According to Appendix A.1.1 of Code for Design of Steel
Structures, the allowable deflection of bending truss members is [/400. The
length of the combined beam is 3900 mm. The maximum allowable deflection
can be calculated as 9.75 mm, and the vertical deflection of the combined beam
meets the code requirements. The specimen joints do not show any apparent
deformation, and the average tensile size is 1.92 mm. After complete unloading,
the tensile sizes were reduced to 1.52mm, with a recovery rate of 83%. The
beam's tension size is 0.42 mm, with a recovery rate of 79%. Within the normal
load range, the deformation of the channel steel truss module beam specimen is

200

Mid-span | Lower part of mid-span

Load/kN
8

Displacement/mm
(a) Standard load effects

relatively small, indicating good toughness.

In the overload destructive test, the modular steel channel truss beam
exhibited a maximum vertical deformation of 49.35 mm and a ductility
coefficient of 5.61. The ultimate load-carrying capacity was 327.9 kN, which is
1.82 times the ultimate load of normal use. This indicates that the modular steel
channel truss beam has a sufficient safety margin. When the modular beam was
damaged, the tensile size under the beam in the middle of the span was only 5.98
mm, which accounted for just 11% of the vertical displacement in the same
location. This is because all the members of the modular beam adopt channel
steel, with a relatively small moment of inertia of the cross-section and a
relatively large slenderness ratio. Its tensile strength is much greater than its
compressive strength. Under the action of loads, it is prone to compressive
failure. The load acts directly on the upper chord bar. The upper chord bar is
vertically compressed, while the lower chord bar is horizontally tensioned.
Consequently, the vertical deformation of the upper chord bar is much larger
than the horizontal elongation dimension of the lower chord bar. Meanwhile, the
high-strength bolts effectively connected and fastened the beam, limiting its
deformation in the middle of the span. It is recommended to promote the use of
high-strength bolt connections in actual engineering applications of assembled
buildings.

360 — -
Mid-spanj Lower part of mid-span
320 F
280 |
240
Z 200t I
3 [
S 160 |
120 |5 |
—=—F1
80 I ——F2
—+—F3
40 |
0 i l i 'l i 1 i 1 i
0 5 10 15 20 25 30 35 40 45 50

Displacement/mm

(b) Over load effects

Fig. 11 Load-deflection curves in the mid-span
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3.3. Load-displacement curve analysis

The load-displacement curves of the modular steel channel truss beam are
shown in Fig. 11. It is not difficult to determine that the specimen is basically in
the elastic working state during the standard load test, as the load-displacement
relationship changes linearly. During the unloading process, the vertical
displacement within the span and the tensile displacement beneath the beam of
the specimen gradually decrease, while the slope of the load-deflection curve
indicates a slow decrease. It indicates that the gap in the connection part of the
specimen is not completely closed during the unloading process, which
demonstrates its good energy absorption capacity and relatively ample safety
margin.

From the analysis of Fig. 11, it can be seen that the specimen undergoes
elastic and elastoplastic stages during the loading process of overload
destructive tests. (1) Elastic Stage: At the beginning of loading, the relationship
between load and displacement is linear. With the increase in load, the
displacement gradually increases, and the standard load test is basically in the
elastic-plastic stage. (2) Elastic-plastic stage: As the load is gradually increased
to the ultimate load, the displacement growth rate accelerates. When the ultimate
load is reached, the compression member of the modular steel channel truss
beam undergoes buckling deformation. This results in a decrease in overall
bearing capacity, as well as a significant increase in mid-span deflection and

547

under-beam tensile displacement.

Under the same vertical load, the mid-span vertical displacement is much
larger than the tensile displacement underneath the beam. Under the vertical load,
the assembled main truss experiences the largest mid-span bending moment and
deformation. During the overall stress analysis of the modular beam, the lower
tensile displacement is relatively small, and the high-strength bolts exhibit good
connection performance.

3.4. Load-strain curve analysis

Fig. 12 shows the load-strain curve of the modular beam. The measured
strain is negative when the bar is compressed and positive when it is pulled
during the test. Under eccentric load, the upper chord bar (where strain gauges
1 and 2 are located) is compressed, while the lower chord bar (where strain
gauges 9 and 10 are located) is under tension. The diagonal web bar is under
tension when inclined outward and under compression when inclined inward.
The direction of the force of the vertical web bar is opposite to that of the
diagonal web bar. The web bar inclined towards strain gauges 4, 6, and 7 is the
tensile web bar, while the one inclined towards strain gauges 5 and 8 is the
compressive web bar. The vertical web bar at the end of strain gauge 3 is under
compression.

350 350

300 F

250 F

—

300

250 |

—

200 F ——2 L ——2
%z ——3 5200 ——3
& —— = ——

150 F - 150 ——s

——6 ——6

100 —— 100 | e

——3 ——38
50 F ——9 50 F ——9

—— 10

350

300

250 F

200

P/KN

50

—— 10

0
-2000 -1600 -1200

L
-800 -400 0 400

€/10°

(a) Specimen F1

800

1200

0
22000 -1600 -1200
€/10°

(b) Specimen F2

Fig. 12 Load-strain curves
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By comparing and analyzing the load-strain curves in Fig. 13, it can be
observed that the overall trend of the load-strain curves of the three specimens
is essentially the same. During the entire loading process, the strains on the upper
and lower chord bars are relatively small. The compressed diagonal web of strain
gauge 5 is located at the eccentric loading point, where the strain growth rate is
the largest. The strain growth rate of the tensile inclined web corresponding to
strain gauge 4 is the second highest. During the overload destructive test, both
the diagonal web bar of strain gauge 5 and the vertical web bar at the end of
strain gauge 3 of the modular beam were damaged. Under the same load, the
strain values of the compressed diagonal web bars were greater than those of the
end vertical web bars. When the ultimate load was reached, both underwent
abrupt changes. Therefore, under asymmetric loading, the compressed diagonal
web buckled and was damaged before the end vertical web bar.

4. Parameter optimization and evaluation

In the overall stress process of the modular beam, the compressed diagonal
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web at the loading point is the first to reach the ultimate strength and damage.
Therefore, the mechanical properties of the overall modular beam can be
enhanced by strengthening the weak part. In order to investigate the main
influencing factors of web size on the mechanical properties of the modular steel
channel truss beam, the web thickness can be optimized. Except for the varying
thickness of the compression-inclined web, all other parameters remain
unchanged. The thickness (t) of the compression-inclined web is set at 4.5mm,
Smm, 5.5mm, 6mm, 6.5mm, and 7mm, respectively.

The load-displacement curves of modular beams with varying thicknesses
of diagonal web bars are depicted in Fig. 13. As the thickness of the compression
diagonal web increases, the stiffness and load-bearing capacity of the modular
steel channel truss beam also increase, leading to a gradual reduction in mid-
span deflection. When the thickness of the compression diagonal web is Smm,
the ultimate load-carrying capacity of the modular beam is 411.8 kN, which
represents an increase of 16.59% compared to the initial value. When the
thickness is 6mm and 7mm, the ultimate load capacity is 463.2kN and 472.2kN
respectively, which is 31.14% and 33.69% higher than the initial value.

480
450
400 | 460
350 F 440 F
300 F
% oo}
g 250 | Z
— 200 F —=—  4mm ) 400 F
—e—4.5mm
150 —
Smm 380
100 F —=—5.5mm
—e— 6mm
50 F —e—  7mm 360 -
0 . . ) ) . 353.2
340 L= N N N N N N
0 4 8 12 16 20 H 40 45 50 55 60 65 70
Displacement/mm t/mm

(a) Load-deflection curves

(b) Ultimate bearing capacity

Fig. 13 Comparison of bearing capacity for different inclined web thicknesses
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Fig. 14 Modular Beam Damage Patterns with compressive web thickness of 7mm

When the web thickness is less than 6mm, the ultimate load-carrying
capacity of the modular beam is linearly related to the web thickness. With the
gradual increase in the web thickness, the rise in the load-carrying capacity of
the modular beam gradually diminishes. The ultimate load-carrying capacity of
the compression-inclined web thickness increases from 6mm to 7mm by only
1.9%. When the thickness of the compressive web is 7 mm, the damage
condition of the modular beam is shown in Fig. 14. At this time, the compressed
vertical web at the end of the modular beam has priority over the compressed
diagonal web and is subject to damage. However, the material properties of the
compressed diagonal web are not fully utilized. When the thickness of the
compressed inclined web exceeds 6 mm, the impact of increasing the web
thickness on the load-carrying capacity of the modular beam is not significant.
In order to fully utilize the material performance and achieve better economic
outcomes, the thickness of the pressurized inclined web should be controlled in
the structural design.

5. The bending capacity calculation of modular beams

——

5.1. Theoretical model

The stress distribution of modular beams is relatively complex in practical
engineering. Therefore, it is common to assume that the stiffness and bearing
capacity of each rod and connection in the modular beam are infinite. Without
considering the effect of rod deformation on the bearing capacity of the modular
steel channel truss beam, it is regarded as an ideal truss for simplified
calculations. The simplified calculation model of the modular beam is shown in
Fig. 15. By comparing and analyzing the test results and finite element
simulation results of the modular beam, it can be observed that the compressed
diagonal web bar is the weakest part of the modular beam. When the
compressive web bar reaches the critical buckling load, the frame's modular
beam is damaged as a whole. Therefore, the overall flexural load capacity of the
modular beam can be calculated by inversely analyzing the ultimate load
capacity of the stressed diagonal web bar. This calculation is of significant
importance for the theoretical design of the modular beam.
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Fig. 15 Simplified computational model of modular beams

The modular steel channel truss beam with stressed diagonal web bars
studied in this paper is a uniaxially symmetric channel. The shear center is
located outside the back side of the channel, indicating that the axial pressure on
the bar does not act on the shear center. When the bar is bent, torsional
deformation occurs around the shear center, which is coupled with bending,
resulting in bending and buckling of the bar. The critical load is less than both
the bending critical load around the axis of symmetry and the pure torsional
critical load.

The calculation of bending and torsional buckling is based on the principle
of equal critical forces. This is achieved by converting it into bending and
buckling of equivalent sections to determine the converted slenderness ratio.
According to the Technical Specifications for Cold-Formed Thin-Walled Steel
Structures, the stability coefficient is determined by meeting the requirements
for bending buckling (axial compression bar). Additionally, the critical force for
bending and twisting buckling is calculated. Formula (1) can be utilized to
determine the critical buckling load of the compression diagonal web.

Pmax = @pA.f (Y]

Conversion of length to slenderness ratio A4 gets the length to slenderness
ratio at its maximum value (maximum reduction degree), to wit:

A=max{Ae, A, A,} @

In the formula: A, ,A, is the length-to-finish ratio of the member to the x-
axis and y-axis of the main axis of the cross-section;4,, is the converted length
to slenderness ratio for bending and twisting flexure;

A, is the effective cross-sectional area, The effective cross-sectional area is
determined by first calculating the effective width of the compressed plate

member using the effective width method.

( b
b, 7 < 18ap
21.8ap b
be = b 0.1 )b, 18ap < 7 < 38ap 3)
25ap b
Tbc ? > 38ap
a=115-0.15¢ 4)

kik
p= 2056% (5)
1

Where: b is the width of the plate; b, is the effective width of the plate;
is the unevenness coefficient of compressive stress distribution; max
compressive stress g; = @f; k is the coefficient of compressive stability of the
plate; and k; is the plate group constraint coefficient.

In the simplified calculation model of the modular beam, the eccentric load
F applied to the modular beam is calculated as 1.17 times of the axial force P of
the compressed diagonal web bar using the structural mechanics solution.
Therefore, the ultimate bending capacity Fmax can be calculated according to
formula (6).

Fmax = 1.17¢A.f (6)
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5.2. Comparative analysis of theoretical and simulation results
Based on the results of the finite element analysis, it is evident that the

compression-inclined web is the first part of the modular beam to sustain
damage when its thickness is less than 6mm. Therefore, specimens with
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compression web thicknesses of 4mm, 4.5mm, Smm, 5.5mm, and 6mm were
selected for testing. The ultimate bending capacity (Fmax) was calculated and
compared with the simulated ultimate bearing capacity (R) to draw valuable
conclusions.

Table 2
Comparison of calculation and simulation results
No t (mm) Fmax (kN) R (kN) Fmax/R (Fmax — R)/R
1 4 363.9 3532 1.03 3.03%
2 45 399.2 3834 1.04 4.12%
3 5 430.5 411.8 1.05 4.54%
4 5.5 462.3 438.6 1.05 540%
5 6 495.3 463.2 1.07 6.93%
Mean 1.05 4.81%
Standard deviation 0.0146 0.0146

Table 2 shows that the calculated results of the compression-inclined web
specimens with varying thicknesses closely align with the simulation results,
with a ratio of 1.05, a standard deviation of 0.0146, and an average deviation
amplitude of approximately 5%. It is concluded that the deviation rate tends to
increase with the increase in web thickness. It is hypothesized that the error is
due to the initial eccentricity of the modular beam under asymmetric loading.
There appears to be a deviation between the calculated results based on the ideal
articulated truss and the actual truss members. In addition, as the web thickness
increases, the ultimate load capacity of the modular beam gradually rises, and
the deformation of each member also increases. This aspect is neglected in the
ideal modular beam model, leading to an increase in the deviation of the
calculation results. Overall, the variance between the calculated and simulated
results is relatively minor. It shows that the formula for the bending capacity of
the modular beam, derived using the effective width method can be utilized in
the design and calculation of new modular steel channel truss beams.

6. Conclusions

1. The new modular steel channel truss beam presented in this paper
demonstrates improved bending resistance and toughness. The modular beam
meets the normal use requirements stipulated in the code with high stiffness and
low deformation. The results of the overload destructive test indicate that the
ultimate bearing capacity exceeds the standard load by a factor of 1.82, while
the ductility coefficient is 5.61, and the modular beam possesses a higher safety
reserve capacity.

2. The shear performance of the high-strength bolt splicing node performs
satisfactorily. While the new modular beam is damaged, the bending
deformation of bolt rods and the slip of node splicing surface are not obvious.
This indicates that using high-strength bolts for connections is relatively safe
and enhances the modular beams' overall toughness. It is recommended to
promote the application of high-strength bolt splicing nodes in practical projects.

3. According to the comparative analysis of the test and simulation results,
the bending capacity of the modular beam depends on the critical load at which
buckling damage occurs in the compressed diagonal web. On the premise of
making full use of the material properties while taking economic factors into
consideration, by increasing the thickness of the compressed diagonal web
member from 4 mm to 6 mm, the ultimate bearing capacity of the new composite
beam can be increased by 31.14%. This paper presents a formula for calculating
the bending capacity of the new modular beam using the effective width method.
The calculated results show a high level of concordance with the simulation
results. The results can serve as a foundation for the structural, theoretical design,
and practical engineering application of this new type of modular steel channel
truss beam.
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