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Abstract: Long-span steel structure trusses are widely used in factory buildings, but with the growth
of service time and the increase of dynamic load fatigue, a considerable part of the long-span truss
with dynamic load appears serious transverse cracks at the bottom of the middle span and oblique
deformation of the abdomen in the operation process. The U-shaped cracks at the bottom and belly,
as well as the mid-span down deflection of the main truss, reduced the functional function of the
factory building truss structure, and had to limit the original crane load, which affected the normal
safety and durability of the structure. Therefore, the application principle of the variable axial force
cable system in the long-span factory building truss structure and 3D3S software modeling [1] were
used. Analyzing and studying the reinforcement method of large-span powerhouse truss can
provide practical experience for subsequent similar projects. In view of the above phenomenon, the
large-span powerhouse trusses of Hongcheng Powerhouse 1 and No.2 located in Tonglu, Zhejiang
Province are used as the research object, and the variable axial force cable method is proposed to
strengthen and lift the load. Considering the span of large-span powerhouse truss, the cable system
with 22m controlling force of 400kN is proposed to be selected for powerhouse 1, and the cable
system with variable axial force of 24m is proposed to be selected for Powerhouse 2. The force model
of large-span truss is established by using the finite element method commonly used to analyze the
force of truss. Under two working conditions, The influence of reinforcement effect is analyzed and
compared from three aspects: stiffness, bearing capacity and stability. And the phenomenon of
uneven stress distribution is analyzed. The stress distribution characteristics of each node are
understood by simulating the most disadvantageous node plates with the greatest internal force
before and after reinforcement.

Keywords: long-span steel structure truss; variable axial force cable; 3D3S finite element model;
joint plate analysis; variable system reinforcement combination stiffness; load domain

0. Introduction

A number of previous researchers have done corresponding research on the application of
variable axial force cable in reinforcement engineering. Firstly, the application of variable axial force
cable in bridge reinforcement is widely studied. As Yin,Haiyi; Liu, Shuangyou & Liu,Jianying.(2004)
Study on the application of VLM.TS type outer cable in Dongming Huanghe Bridge reinforcement
project [1]. Gong,Zhigang.(2003) made a study on strengthening Pu Shan Wan cantilever Bridge by
cable system [2]. Hu,Jun & Zheng,Qinggang.(2019) studied the application of 2000MPa parallel steel
cable in highway and cable bridge [4]. In addition, the application of the variable axial force cable in
bridge reinforcement has attracted the attention and analysis of researchers. He,Binchi; Li,Rui; Liu,Di;
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He,Yongwei & Li,Dingmei.(2020) Stress and reinforcement analysis of steel truss structure
considering the influence of global joint stiffness [5]. Pan,Bin.(2020) studied the application of cable
installation and construction technology of single-tower suspension bridge [6]. Yu,Yongliang; Zheng,
Liubang; LiuHouneng &Wang,Xixiong.(2019) studied the research and application of cable
installation and construction technology of composite beam suspension bridge [7]. Secondly, a
number of scholars have also studied the application of variable axial force cable in concrete bridge
reinforcement. Hu,Wenliang.(2021), for example, studied damage inversion analysis and variable
system reinforcement of concrete Bridges based on equivalent sandwich beam model [8].
Zhao,Haiwei; Chai.Xiaopeng & Wang.Zehao.(2021) Related research and application of cable shock
absorber in Jiayu Yangtze River Highway Bridge [9]. In addition, a number of scholars have also cited
the variable axial force cable construction and related technology of the standard specification. Such
as building structure load calculation code (GB50009-2019) [10], steel structure construction quality
acceptance code (GB50205-2014) [11], cable construction technical code (JGJ257-2012) [12], building
structure test technical code (GB/T50344-2004) [13], etc.

Finally, the scholars also use the variable axial force cable application in structural engineering
experimental research and finite element analysis. The finite element analysis method is verified by
experiments on reinforced concrete beams [14]. Stiffness evaluation and finite element analysis of
fiber reinforced epoxy resin laminates [15]. To sum up, the variable axial force cable has been widely
used in reinforcement engineering, and has achieved good results. In practical engineering, the
construction scheme of the cable with variable axial force should be reasonably designed according
to the application research of the cable with variable axial force in reinforcement engineering and
relevant standards, combined with the actual situation, which can indeed improve the reinforcement
effect. However, the application of the variable axial force cable in the reinforcement engineering of
steel truss structure is very few, which has also spurred the birth of this research.

Long-span steel structure truss is widely used in industrial buildings in China. With the
development of scientific and technological innovation and assembly engineering in China. In this
study, based on the application of cable reinforcement technology in bridge engineering, combined
with 3D3S finite element modeling, the reinforcement application was carried out on the basis of two
workshops of Zhejiang Tonglu Hongcheng Company. Steel trusses are widely used in the world
because of their small dead weight, reasonable amount of steel, large stiffness, fast construction
speed, factory prefabrication and cost saving. The design load of the early steel truss workshop is
relatively loose and the grade is low, and the bearing capacity cannot meet the demand of the current
workshop production. It is necessary to improve the bearing capacity of the truss and extend the
service life by strengthening. In this study, the two steel truss factory buildings are reinforced by
adding the variable axial force cable method, and the variable axial force cable is applied to the steel
truss structure for the first time, and the variable load control is used to achieve the reinforcement
effect and improve the seismic bearing capacity. Through the test comparison before and after
reinforcement, calculation analysis and model fitting, the influence of the two steel trusses on the
reinforcement effect is analyzed. Thus, the application results of variable axial force cable in the
reinforcement system of powerhouse truss are verified.

1Projectprofile.

Workshop 1 and Workshop 2 of Zhejiang Hongcheng Industrial Co., Ltd. are double-span gantry
rigid frame structure. Workshop 1 was built in 2008, covering an area of 11200.3 square meters,
building area of 11200.3 square meters, eaves elevation of 11.100 meters, according to the fire risk
classification of class D, fire resistance grade 2, safety grade 2 redesigned, workshop 1 roof waterproof
grade III, using molding steel plate for a defensive. The seismic fortification of this project category
C, seismic fortification intensity is 6 degrees, the design basic acceleration is 0.05g, engineering design
life: steel frame main body for 50 years.

Workshop 2 was also built in 2008, covering an area of 5952 square meters, building area of 5952
square meters, eaves elevation 11.400 meters (slightly higher than Workshop 1), fire risk
classification, fire resistance grade, safety grade, waterproof grade, seismic fortification category,
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seismic fortification intensity, design basic acceleration, engineering design life is the same as
Workshop 1. See Figure 1 and Figure 2 for the photos of house trusses. See Figure 3 and Figure 4 for
the section views of Workshop 1 and Workshop 2.

Figure 1. Workshop 1.

Figure 2. Workshop 2.
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Figure 3. Section view of the Workshop 1.
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Figure 4. Section view of the Workshop 2.
2. Reinforcinganalysis

2.1. Reinforcement scheme

Due to the addition of roof photovoltaic panels in the two plant buildings, the existing plant
buildings cannot meet the requirements of the new code according to the requirements of the new
code. Therefore, under the influence of the above two factors, it needs to be strengthened
comprehensively. At the same time, the roof of the two factory buildings is cracked, which causes
water leakage and affects the normal use. The deflection of the truss exceeds the limit, the crane track
is seriously worn, and the crane in the lane cannot pass normally. The plant area is reinforced and
reformed under the influence of the new regulations.

Due to the large span of the trusses in the workshop of Zhejiang Hong Cheng
Company, if the conventional increase or increase the force surface of the column is
arranged between the rigid trusses, the headroom area of the workshop will be
reduced, and the crane and the vehicles inside the workshop cannot be used or
passed normally. Therefore, the variable axial force cable is selected for the overall
truss reinforcement. The cable is arranged in radial type, and the anchor block is
arranged in the purlin of the original rigid frame node. After reinforcement, the
original truss only needs to bear the dead weight of the truss, while the new cable
with variable axial force bears two parts of the load, mainly the dead weight and
tension of the cable, and the additional dead load and other live loads of the truss,
so as to improve the overall bearing capacity of the truss. In order to summarize the
prestressing force value of cable, this paper chooses two kinds of cable calculation
and comparison. Type 1 simulates the cable reinforcement with low controlling
force. The span of the original truss is 22m and the controlling force is 400kN. For
cable reinforcement of conventional control force in Type 2 simulation, the span of
the original truss is 24m and the control force is 600kN; See Figure 5 and Figure 6.
Through theoretical calculation and analysis, the influence of two kinds of cable
reinforcement effect is obtained, and the whole and node plate are designed.
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control force 400KN
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1 The tensile stroagth of steel wire is 167OPx;
2 The theoretical minism breoking force of coble budy is B3NN, and the static loed of cable body is mot less than B6% of the thesrotical minimm bresking force of coble
body, memely B3
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Figure 5. Detailed drawing of variable axial force cable in Workshop 1.
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2. Steel wire resistance and tensile strength grade is 1860MPa.

3 Theoretical minimm breaking force of cable body is 1530k, and static load of cable is LOOEN.

4, (able making error: +15m.

5, Mjustsble cable head, adjustable anchor cup, fixed cable head outer surface hot spray zine after
spreying zine rich primer, pin shaft, pin cover plate, screw surface galvanized. After completion of construction,
the construction unit will paint the anchorage of the cable twice, the same as the steel structure.

Figure 6. Detailed drawing of variable axial force cable in Workshop 2.

2.2. Reinforcementmechanism

The method of cable reinforcement with variable axial force is developed from the bridge
system. The cable is a kind of cable-bearing bridge. The force form of the main truss is similar to the
continuous beam supported by elastic multi-point position. The span is large, the cross-sectional area
of the main beam is small, the overall dead weight is light, and the controlling force is flexible. In
truss calculation, the position and controlling force of cable have great influence on the whole force
of truss.

The main influence of changing the controlling force and position of the cable is that the height
of the cable directly affects the dip Angle of the cable. In the general truss design, the cable is regarded
as providing elastic support for the roof structure [1], so the cable with a larger dip Angle is often
selected in order to obtain a larger vertical component. Based on the study of bridge system, it is
found that the ratio between the layout height of conventional cable and the span of truss is generally
1/4~1/6, which is the reasonable layout height of cable. If the height of the truss is short, the ratio
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between the layout height and the path of the truss is generally 1/8~1/12 [2]. Due to the different
layout height, the stress characteristics of the two are also different. At the same time, according to
JGJ257-2012 cable structure technical regulations, for the transverse diameter cable tie truss/cover,
both ends of the suspension cable can be designed to be equal or unequal height, and the sag should
be 1/10~1/20 of the span [3]. The design value of cable control force is selected and verified in practice
according to Article 5.6.1 and 5.6.2 of JGJ257-2012 Cable Structure Technical Regulations.

2.3. Computational analysis and modeling

(1) The overall situation is shown in Figure 3 and Figure 4.

(2) The force analysis of G axis column and the deformation analysis of column section after stress
are shown in Figure 7. The schematic diagram of roof truss load G1 and crane beam load G2 is
shown in Figure 8.

9.7000m ( factory 2)
9.9000m ( factory 1)
o
! 6.9000m
! 100mm

200mm

force analysis diagram

Figure 7. Column stress deformation diagram.

G1: Roofload

G2: Crane
beam load

77
column cross-section

Figure 8. Column cross-section.

(3) Analysis of the upper part: the height of column section is within the height
range of 16.9~9.9m. The original eccentricity of G1 is 400mm, and now it turns
100mm to the right, which is favorable to the upper end and will not break. The
calculation is based on GB 50009-2019 building structure load code.

(4) Overall analysis (see Figure 9):

200mm
G1: Roofload
G2: Crane

beam load l !

T: Lateralload

force analysis diagram
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7
Figure 9. Schematic diagram of overall mechanical analysis.
G1: Original eccentricity+0.3 (positive to the left) G2: original eccentricity-0.5
Deflection due to column force: G1: original eccentricity+0.5=e; G2 : eccentricity

becomes-0.4=¢,
Based on the calculation of one piece of house truss of Workshop 1:
@) Roof plate dead load: 3kN/m?; Live load: 0.5kN/m?;

The spanis 22~24 m, Set: A pin spacing of 8 m
1
G, = [1.3x3+1.5x%x0.5] ><8><14><§=45.9kN
(2 Wind load: using simplified calculation, take 1, is uniform load,
. kN
Then, line load:1 x 8 = 8—=qu

(@ Vertical crane load (see Figure 10), because the eccentricity of crane load is negative, the worst

case is 0;

l G1: Roofload

F: Pullrod

1, Wind load

I

Figure 10. Schematic diagram of vertical crane load mechanics.

@ Dead weight of wall: M, = 8 X 0.3 X 30 X 22 X 0.1 X 1.3 = 205.4kN/m
(B® The horizontal load (transverse) of the crane is 2 sets Q = 20/5t Soft hook crane A6, heavy car

X 9.8 = 24.5kN

5420
ZTk:ZXZXO.lx

M=M1+M2+M4+0.7XM5
For the convenience of calculation, the roof live load is considered according to the dead load to
meet the guarantee rate, which includes:

=45.9 x 0.5 + 205.4 + ; X 8x30x%x30x15+0.7%x915.08 = 6268.906kN/m

©® Current situation: mm column bending capacity configuration: 10 HRB400 rebar with diameter
of 25mm
Mconfiguration = 2425kN/m
(7) Horizontal tie bar tension

T = M = 549 9kN
114 '

When the current mm can bear part of the bending distance, then
_ 6268.906 — 2425

= 337.18kN
11.4
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It is considered to add a cable rod between the columns at the elevation of 6.9m. The cable rod
coordinates the bending distance between the two ends. It can be removed after reinforcement, or it
can be retained permanently (more suitable), so as to reduce the eccentricity of the columns.

(6) 3D3S modeling after importing the overall calculation data, as shown in Figure 11 and Figure
12.

Figure 11. 3D3S model of southeast axis.

Figure 12. 3D3S model of southwest axis.

2.3.1. Condition 1: Uniform load

The deflection values of different span trusses before and after reinforcement under uniform
load in working condition 1 are compared and analyzed, as shown in Figure 11. The maximum
deflection value is 55.42mm before reinforcement, and the maximum deflection value is 12.52mm
after the span is 22m. Compared with before reinforcement, the deflection value of each component
decreases by more than 77.4%. The maximum deflection value of the cable span after reinforcement
at 24m is 15.64mm. Compared with before reinforcement, the deflection value of each component
decreases by more than 71.8% (see Figure 13: Deflection distribution diagram under live load).
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Deflection distribution under live load

—& Before reinforcement
~+- 22 melers span. cable conlrol force 400KN workshop
#- 24 melers span. cable control force G0OKN workshop

Defleclion value {mm)

T
0 1 2 3 ] 5 6 7 8 4 10 1 12 13 14 15 16 17 18 19 20
Lower truss members and olher segments

Figure 13. Deflection distribution under live load.

The difference of cable span and axial force leads to the change of cable dip Angle. When the
span and axial force of the cable change, the component of the cable force along the X axis and the Z
axis will also be different. The larger the span, the larger the axial force, that is, the larger the
component along the Z axis, the larger the deflection reduction value. Compared with the axial force
of 400kN with 22 meter span and 600kN with 24 meter span, the reduction rate of deflection value of
the component strengthened with 600kN with 24 meter span is greater than that of 400kN with 22
meter span under the same uniform load condition. When the controlling force exceeds 600kN, the
reduction rate of deflection value becomes smaller.

2.3.2. Condition 2: stress value

Table 1 lists the changes of the maximum stress value of the lower member after cable
reinforcement. Combined with the data in the table and the stress distribution trend of the lower
member of the truss in Figure 14, it can be seen that the stress system of the original truss changes
after reinforcement, and the internal forces of each truss member also change accordingly. Before the
original truss reinforcement, it can be regarded as a simply supported truss structure, with the
maximum bending moment value at the mid-span. The reinforced cable is similar to the elastic
support, which changes the type of the original structure, that is, the 1 span 22m / 24m truss is
changed into 4 span 5.5m / 6m continuous beam, and the structural type and single span span are
changed, which greatly reduces the internal force value of the reinforced truss. After reinforcement,
the initial tension of the cable makes the range of the compression member of the truss expand under
the action of dead load, while the tensile stress of the tension rod decreases.

Table 1. Change of stress value of lower truss members after cable reinforcement.

. Reduction
Span m/ control force maximum Stress ¢
rate
kN stress/MPa reduction/MPa o,
0
Before reinforcement 310.82 0.0 0.0
22m/400kN 112.52 212.54 65.38

24m/600kN 70.54 244.70 77.62
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Stress distribution diagram of lower tross member

]| == Table2_Befare reinforcement
— [ = Table2_22 melers span, cable conlrol force 400KN workshop
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The lower chord is segmented

Figure 14. Stress distribution diagram of lower truss members.

It can be seen from Figure 15 that the maximum compressive stress of the upper member of the
reinforced front truss exceeds the yield strength of the steel used for the upper member, and the value
is 155.85MPa. Some members will be damaged. The compressive stress value of the upper member
is close to 30MPa, and the stress value is greatly reduced after the reinforcement with variable axial
force cable. When the original truss is a single span simply supported structure, the mid-span
maximum compressive stress of the upper member is nearly 3 times of the fulcrum. The multi-point
elastic support provided by the reinforced cable reduces the span of a single span, reduces the
compressive stress difference of the upper component, makes the stress of the component more
uniform, and increases the structural life. Due to the influence of the initial tension of the cable, the
truss has an upward arch under the action of dead load, and there is a reserve of tensile stress on the
upper member. When the strain is applied to the whole truss, the reserve stress generated by the
initial tension will offset part of the load effect, resulting in a substantial reduction of the tensile stress
value.

Stress distribution diagram of upper member

A ~@~ _Before reinforcement
~m— _22 melers span, cable control force 400KN workshop
—#— 24 melers span, cable control foree BOOKN workshop

Slress value (MPa)

LI L L L LB L L L L L LB L B LA
) 1 2 3 1 § i 2 8 ] i 1 i2 1 ]
Upper member and other segments

TTTT[rrrrprroo)|
15 16 17 18

Figure 15. Stress distribution diagram of upper truss member.

It can be seen from Figure 16 that the stress distribution of the inclined rod of the reinforced
front truss is two inclined rods connected to the same node (one under tension and one under
pressure), and the absolute value of the stress decreases continuously from the fulcrum to the span.
After reinforcement, 8 of the 24 diagonal rods on each side are under tension and 16 are under
pressure. The two diagonal rods at the node position of cable anchorage are under pressure, and the
tension and pressure of nodes at adjacent positions are alternately.


https://doi.org/10.20944/preprints202303.0316.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 March 2023

It can also be seen from Figure 1618 that Table 2 is as follows:

Table 2. Stress change of inclined bar of truss after cable reinforcement.
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Maximum Maximum
Component compressive Component compressive Reduced
name stress name stress value (MPa)
(MPa)/position (MPa)/position
Reinforce the Reinforce the
front 219/Near truss rear diagonal 33.8/Near truss 185.21
inclined bar bar
Reinforce the Reinforce the
front mid- diagonal bar in
span 733 the middle of 38.2 34.64
diagonal bar the rear span
The rear The rear
inclined rod inclined rod is
is reinforced reinforced with
with 22 m 39.9 a24m 38.2 1.71
controlling controlling
force and force of 600kN
400kN cable cable

By comparing the stress changes after the control force changes, the maximum stress value of
inclined bar with 22 meter span and 400kN control force decreases by 1.7MPa compared with that
with 24 meter span and 600kN control force. Therefore, the maximum stress value of inclined bar

changes with span and control force.

=
Stress value {MPa)
300 —
g
200 —
= 3
= m—
e -
= -
= 0n—
= -
m —
9 -
5 -1
L} —]
-200 —]
"‘““_|||||||||||||||||||||||||
] 3 10 15 20 25
[ Diagonal bar and other sections {before reinforcement]) |

Figure 16. Before reinforcement.
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Figure 17. kN control force cable after reinforcement.
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Figure 18. kN control cable after reinforcement.

By comparing the deflection, stress values of upper truss member, lower truss member and
inclined bar of two kinds of plant truss with variable axial force reinforcement under live load, it can
be seen that for the reinforcement of large-span truss, the cable with large controlling force within a
reasonable span is better, and the controlling force increases with the increase of span. According to
the standard, the 600kN control force is the conventional control force. The cable reinforcement will
produce a certain inclination Angle, and the Z-component will increase, so that the powerhouse truss
can be greatly unloaded. Moreover, the vertical support provided by the cable will transform the
large-span simply supported structure into a multi-span continuous structure, which shortens the
single-span span span and greatly reduces the internal force value of the structure.

3. Nodalanalysis

3.1. Finiteelementmodeling

A solid model was established for the lug plate at the joint position of the plant with complex
forces (Figure 16). The joint plate was made of Q345B, made of steel, and the thickNess was 20mm.
Each side of the roof truss is provided with internal and external node plates, each node plate is
provided with a diameter of 20mm large hexagonal head high strength bolts 64, bolt hole diameter
of 22mm. The bolt strength class is 10.9S, and the bolt pretension is 155~187kN, the value of which is
specified in Appendix B of GB50205-2020 steel structure engineering construction quality acceptance
standard.
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Figure 18. Finite element model of gusset plate.

The force of each member of the node is transferred through welded connections such as flange
plate and bottom plate, and friction is provided by friction type high-strength bolts [5]. ASET
software was used to establish the model. The material nonlinearity and geometric linearity were
considered in the calculation, and the model was loaded in 5 steps according to GB50344-2004
technical standard of building structure inspection, so as to ensure the convergence of the calculation
structure. In order to save computing resources, only bolts are established in this paper (the stress
test of side plate materials is omitted). The most unfavorable joint plate with the greatest internal
force before and after reinforcement is selected for simulation test.

3.2. Node plate analysis

Table 3. can be obtained from the comparative analysis of Figure 19a,b and Figure 20a,b:.

Maximum The stress The stress The stress
stress of distribution distribution distribution
Condition connecting area above area between area below
plate bolt ( 100MPa 50~100MPa 50MPa
MPa) accounts for % accounts for % accounts for %
_ Before 204 25.6 68.1 6.3
reinforcement
After using 24
meters of control
force 600kN 106 0.1 34.61 65.37
cable

reinforcement
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Figure 19. Stress distribution diagram of bolt before reinforcement.
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Figure 20. Stress distribution of bolts reinforced with 600kN cable with 24m controlling force.

The stress value of bolt group is greatly reduced after adding cable reinforcement, which
improves the overall stability of powerhouse truss.

4. Conclusions

4.1 After the cable reinforcement, the stiffness of the building truss increases and the stress
distribution trend of each component changes obviously. Under the action of crane and other main
live load, the reduction rate of deflection value is more than 50%); The maximum stress reduction rate
of the upper and lower truss members is more than 60%, and the overall load increase rate of the first
and second workshop trusses is more than 70% after reinforced by the variable axial force cable.
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4.2 Before reinforcement, the overall stress level of each node is reasonable, but it is easy to tear
and destroy due to the increased load and service life limit after the installation of photovoltaic
panels, as well as the second-highest stress concentration at the bolt position of the node plate. After
the reinforcement, the stress values of the node plates all decreased significantly, and the stress below
100MPa accounted for more than 90%, while the greater stress accounted for less than 1%. The node
plates after the reinforcement were in the stable stress area, without tearing or stress damage.

4.3 The high stress and secondary high stress areas of bolt group are mainly distributed near the
load position. After the reinforcement, the stress zone area of 50~100MPa accounts for about 35%,
and the stress zone area above 100MPa accounts for less than 1%. The problem of stress concentration
has been solved, and the requirements of the new specification have been met.

To sum up, the reinforcement of the plant truss with variable axial force cable method can play
a role in lifting and strengthening the whole truss. Two kinds of cable with different span and
controlling force are used to carry out load-lifting reinforcement application practice in workshop 1
and Workshop 2. Through comprehensive comparative analysis, it is concluded that cable
reinforcement of powerhouse truss plays an active and effective role in the stress system. When the
cable reinforcement of Workshop 2 is used with 24m span and controlling force of 600kN, the
reinforcement effect of structural system is better than that of Workshop 1.
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