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Preface

The International Conference on Civil Engineering, Architecture and Building
Materials provides a forum for accessing to the most up-to-date and authoritative
knowledge from both industrial and academic worlds, sharing best practice in this
exciting field of Civil Engineering, Architecture and Building Materials. The first
CEABM was successfully taken place in Haikou, China, June 18-20, 2011. Following
the success of the inaugural conference, the 2nd CEABM was held in Yantai, China,
from 25 to 27 May 2012, organized by School of Civil Engineering of Yantai University,
College of Civil and Architecture Engineering of Guizhou University and Hainan
Society of Theoretical and Applied Mechanics. This conference was organized in four
simultaneous tracks: “Progress in Civil Engineering”, “Progress in Structures”,
“‘Advanced Building Materials and Sustainable Architecture” and “Sustainable
Environment and Transportation”. All papers included in this collection had undergone
the careful peer-review by the experts of international and domestic of China before it
is selected for publications.

We would like to express our sincere appreciations to all the authors for their papers
and presentations in this conference. We wish to thank the members of the scientific
committees and invited referees for their assistance in reviewing the abstracts and full
papers. We are grateful to all the invited speakers who came to share their knowledge
with us. We hope that this book will not only provide the readers a broad overview of
the latest advances but also provide the researchers a valuable summary and
reference in this field. Finally, thanks are also given to Trans Tech Publications for
producing this volume.

The Organizing Committee of CEABM 2012
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Abstract. Tests on two simple supported steel bar truss and concrete superimposed floor slabs have
been carried out to study their mechanic behavior and bearing capacities. The one is prefabricated
steel truss concrete slab without temporary support in the mid-span to simulate its mechanic status
in construction stage, the other is superimposed board (prefabricated + post-cast layer) in use phase.
Test results show that the deformation of the prefabricated steel truss concrete slab in construction
stage meets the requirement of the Code, and the slab is mainly controlled by deflection instead of
cracks; Performance of superimposed board is excellent in use stage; and the steel bar is elastic in
both stages during the tests.

Introduction

The steel bar truss in steel bar truss and concrete superimposed floor slabs consists of a upper
chord bar, two bottom chord bar and some inclined web members, which are automatic welding
formed in the factory. The concrete casting of the steel truss superimposed slab is divided into two
phases. Firstly, pouring the concrete to form the prefabricated slab in the factory or construction
site. Secondly, after the strength of the concrete is well, casting the concrete on the prefabricated
slab which is already carried on the structure in construction site, finally the whole composite board
is formed. In construction stage, prefabricated slab lapping on the steel or concrete structural beams,
the steel bar truss and concrete slab work together as beam members, which are able to bear the
vertical load above the slab without the temporary support across the span, and the upper floor
doesn’t transfer vertical loads to the lower floor. In normal use, the steel trusses are distributed as
steel of slabs, which can afford service loads.

Steel bar truss concrete superimposed floor slabs are widely used in abroad. However, few filed
applications are available in China. This kind of floor has four obvious advantages in construction
stage, including no formwork system, no temporary support across the span, no field welding
operation and less amount of concrete in site. There is no need to use suspended ceiling and to make
fire protection and anticorrosion, and the surface of prefabricated slabs can be directly treated with
lacquer putty. The whole production process is industrialization, mechanization and high production
efficiency. Meanwhile, the superimposed slab collaborates well with the assembly of steel structural
residence, whose construction speed is very fast.
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Since the 1920s, composite structure has developed a lot [1,2].In abroad, studies of concrete
composite beam and slab structure is mainly focus on normal section strength subjected to bending
members ,shear strengths between concrete composition plane and bearing capacities of composite
beams, etc. But few consider the effect of secondary load of concrete composite flexural members
in construction stage [3,4,5,6]. In China, researches concentrate on bearing performance and shear
performance of concrete composite bending members under ultimate loads [7,8], as well as
mechanical behavior of concrete composite slab considering the effect of secondary loading.
Chinese concrete structure design code (GBJ 10-89) provides calculation formulas of normal
section strength, oblique section strength and shear strength between concrete composition plane for
concrete composite flexural members, as well as the checking formula of mechanical behavior in
use stage. Paper [9] has carried out tests on the mechanical behavior of steel bar truss concrete
composite floor slab, but the span of floor is short. It is short of test research on the properties of
larger span steel bar truss concrete composite floor slab with no temporary support in construction
in domestic. This paper conducts a test on two specimens of steel bar truss superimposed floor slabs
with no temporary support across the single span, getting the system’s ultimate bearing capacity and
mechanical property by measuring the deflection of slabs and stress of steel bar truss, and observing
the crack distribution patterns of the slabs.

Test scheme

Design and production of specimens. There are two specimens in the test, the details of which are
shown in figure 1 and figure 2. And the steel truss is 90mm high. Table.1 shows the specific sizes
of specimens. Table.2 and 3 give the floor sizes of superimposed slabs and concrete material
properties respectively.
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Fig.1. Local figure of the superimposed floor slab  Fig. 2. Arrangement plan of steel bar truss
Table 1  Details of steel bar truss

Steel bar truss upper chord down chord web member distributing bar

diameter [mm)] 10 10 6 8
spacing [mm] 188 75 /113 200 200
length [mm] 3876 4006 128 2656

steel type G550 G550 HRB400 HRB400
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Table 2 Sizes of concrete slab

length Width thickness of prefabricated layer thickness of superimposed layer
[mm] [mm] [mm] [mm]
3876 2456 60 60
Table 3  Material properties of concrete
numbering Layers of concrete fo[N/mm?] AIN/mm?] E[N/mm?]
DB1 prefabricated layer 25.7 2.32 32246
DB2 prefabricated layer 29.1 2.51 33361
superimposed layer 18.277 1.87 28820

The prefabricated slab use 60 mm thick concrete poured once. However, the steel truss concrete

superimposed slabs point two poured process: first pour 60mm thick concrete to form prefabricated
plate, then pouring 60mm thick concrete of composite layer after the strength of prefabricated
concrete reached 100%.
Testing scheme. Arranging the strain gauges on upper chords, down chords and inclined web
members of steel bar truss before the prefabricated slab is produced and monitoring strains of steel
bars in the whole process of the test (see figure 3 & figure 4). Reserve the wire interface of strain
gauge when pouring concrete and making label. In the experiment, simulating service loads on the
floor by adding sands manually. Fig.3 and fig.4 give the arrangement plans of strain gauges on
upper chords, down chords and webs in steel bar truss. Each steel bar truss has five measuring
points of strain gauge across the span, three in the chords and the other in web members for details.

ztrain gauges
on upper chord

ztrain gaugez

AN / Il\ /‘ on_upper chord
S\

ztrain gauges
on down chord

®
2456

ztrain gauges
on down chord

1288 650 650
3876

(a) Arrangement plan of strain gauges points on (b)) Arrangement details of measuring on upper
upper and down chords and down chords

Fig. 3. Arrangement plan of strain gauges in chords of steel bar truss

There are complementary displacement meters at the two sides of the board since the width of
slab is large. The arrangement of displacement meters is shown in fig. 5.

e =
A4 YA :
SN NS NS = §
strain gauges in web bars b
2639 ‘ 969 T 969 ‘ 969
Fig. 4. Arrangement plan of strain gauges Fig. 5. Arrangement of displacement meters of

in web bars DB1, DB2 floor slabs
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Capturing crack by the naked eye with light, then using the crack visualizer measure cracks in
the test. The bottom surface of slabs is white-washed and drawn rectangular grids, spacing of which
is 100 mm.

Test device is seen in fig. 6. In order to simulate uniform load on the floor in the experiment,
piling sand uniformly on the slab first, adding sand bags later, which have gaps among each
other.Fig.7 shows the loading schematic diagram of floor slabs.

RERREREER

Fig. 6. Test devices of floor slabs Fig. 7. Loading schematic diagram of floor slabs

Test phenomena and results

Test phenomena. Piling sands uniformly on the surface of prefabricated slabs to simulate concrete
load of post-cast layer (1.5kN/m? for specific) and live load in construction stage. When the load is
3.0kN/m?, there appear tiny cracks at the direction perpendicular to long span in the mid-span, and
the deflection is 16.5mm. When the load reached 4.5kN/m?, the cracks in mid-span expand towards
both sides of the plate, and the edge of plate also has cracks, whose widest width is 0.15mm. The
deflection is visible. Fig.8 shows the cracks on the surface of prefabricated floors, whose
distribution under construction load is similar to the expected distribution of cracks on the one-way
slab. It indicates that the cracks are not the control factors to the prefabricated slab in construction
stage as the width of cracks are very small.

The loading method in serviceability stage is similar to the one using in the construction stage.
There are no cracks on the superimposed slab when the applied load reaching 2.0kN/m?%, which is
the code required data. As the load adding to 4.0kN/m?, there appear micro-cracks at the direction
perpendicular to long span in the mid-span and the deflection is not obvious. Then the cracks in
mid-span expand towards both sides of the plate with the load increasing. When the load reached
10.0kN/m?, the biggest crack is 0.2mm wide and the deflection is still small. Fig.9 shows the cracks
on the surface of composite floors. There are no cracks on the interface between prefabricated and
composite layers, which indicates that the bond behavior between them is good for the linking
action by the truss bars.

U] i
=

e N

Fig. 8. Cracks of prefabricated slab Fig. 9. Cracks of superimposed slab

Test results. Table 4 gives the deflections of steel truss prefabricated slabs in construction stage.
It’s concluded from table 4 and experimental phenomena that the deflection of prefabricated floor is
less than 20mm, which is the required minimum values of codes, and the width of crack is small
under the loads of self-weight of post-casting layer concrete and construction load, which shows its
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bearing capacity is more than 6.0kN/m”.As a result, the limit state of prefabricated slab is controlled
by deflection rather than bearing capacity and cracks under construction loads. Fig.10 gives the
load- strain curves of truss bars in prefabricated slabs, in which the web’s strain is small and the
chord’s strain is big, and the compressive strain in upper chord is two times as the tensional strain in
bottom chord. The results of strain measurements indicate that all the steel bars are still elastic. The
upper chord bars of prefabricated slabs mainly bearing compression, which shows that steel truss
playing an important role in the prefabricated slabs. The load-deflection curve of mid-span is shown
in Fig.11. The relationship between deflection and load is basically linear, which explain that slab is
still elastic.

Table 4  Deflection of prefabricated slab

Load [kN/m?] 3.0 4.5 6.0
DBI1 deflection in mid-span [mm] 6.545 16.413 46.701
2500 —— compression upper chord

—&— tension down chord 8
2000 —&— compressin web
—@— tension web / 6 - a
= 1500 E -
E E -
E1000 = -
“ - —‘g’ .. L — & test
500 — /..
0 ! E 1‘0 2‘0 3‘0 4‘0 50
0 1 2 3 4 5 6 7 o )
load/ (kN/m2) defletion/mm
Fig. 10. Load- strain curves of truss bars in Fig. 11. Mid-span load-deflection curve of
DBI1 slab DBI1 slab

Table 5 shows the deflection of steel truss composite slab in serviceability state. From table 5
and above experimental phenomena, it can conclude that both the deflection and crack of composite
floor under normal use loads are small and the slab’s bearing capacity is more than 11.0kN/m?,
which meet standard requirements. The load-strain curves of steel bar are shown in fig.12, in which
the web’s strain is small and the chord’s strain is big, and the tensional strain in bottom chord is
four times as the compressive strain in upper chord. All the curves are linear liking the ones under
construction loads. Steel bars are elastic in normal use, which is proven by the strain measuring
results. The concrete of composite layer bear compression and the bottom bars of steel truss bear
tension in superimposed floor. Fig.13 gives mid-span load-deflection curve of superimposed slab.
There is a linear relationship between them, which indicates that the composite floor is still elastic
and can be optimized in practical use.

Table 5  Deflection of steel bar truss and concrete superimposed floor slabs

live load [KN/m?] 2.0 4.0 11.0
DB2 deflection in mid-span [mm] 2.490 6.285 26.475

chord
—&— tension chord

1500 /-/'
—@— compression web

1000

strain
load/ (kN/m?)

500

0 5 10 15 0 5 10 15 20 25 30
load/ (kN/m2) deflection/mm
Fig. 12. Steel bar load-strain curve of Fig.13. Mid-span load-deflection curve of

DB2 slab DB2 slab
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Conclusions

Conclusions are obtained from the test research on two specimens of steel bar truss and concrete
superimposed floor slabs as follows:

(1)In construction phase, the behavior of prefabricated slab under loads of self-weight and
construction live load is controlled by the deflection instead of cracks and bearing capacity, and its
strength, deflection and cracks can satisty the code requirements.

(2)In serviceability state, both the cracks and deflection of composite floor are small and its
bearing capacity is large, all of which meet the standard requirements.

(3)Steel bar truss concrete composite slab system can cooperate very well with the assembly
structure, particularly in steel structure. This kind of floor has many advantages, such as rapid
construction speed, good comprehensive economical benefit, no need to use suspended ceiling and
to make fire protection and anticorrosion, energy conservation and environmental protection.It is
worth popularizing and appling in practical engineering.
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Abstract. Based on the coupled precise time integration method and basic assumptions of constant
average acceleration method in Newmark family, implicit series solution of structural dynamic
equation is put forward by introducing the Taylor series expansion. Relevant time step integration
formulas were designed. Stability and accuracy of the method were analyzed. Stability analyses
show that the coupling implicit method is stable when damping ratio is equal to 0, and is
conditionally stable when damping ratio are other values. The results show that the accuracy of the
algorithm can be controlled by choosing the number of truncation order of Taylor series expansion
and is better than that of traditional scheme with the increase of time step. Number examples are
given to demonstrate the validity of the proposed method.

Introduction

Step-by-step integration method in time domain is effective in structural dynamic equation solution.
The precise integration method (PIM) solves the time step integration for the time-invariant system
first [1]. For such a problem, precise integration gives a highly precise numerical result, which
approaches the full computer precise. Renewal precise time step integration method (RPTSIM)
[2]and Gauss precise time-integration method [3,4] are improvement of precise integration method.
Newmark-renewal precise time step integration method is put forward [5,6].

Inverse matrix solution is avoided in Newmark-renewal precise time step integration method,
while loading values of three time points are need to be calculated. If the load is arbitrary, the values
of every time points are difficult to get which will affect the accuracy of time step integration
method. Therefore, based on the coupled precise time integration method and basic assumptions of
constant average acceleration method in Newmark family, implicit series solution of structural
dynamic equation is put forward by introducing the Taylor series expansion.

Implicit Taylor Series Integration Method with Coupling
Equations of motion for a multi-degree of freedom (MDOF) system often appear in matrix form as
Mx+Cx+Kx=F (1)
Where wm, ¢, k are the mass, damping and stiffness matrices respectively. x, x, X are the

displacement, velocity and acceleration vectors respectively. F is the dynamic load. Time of
earthquake action is divided into some time interval Az.
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Basic assumptions of Constant average acceleration method are

§,, =k

‘i+ At i+1_xi)_jéi (2)

o1 .. ..
X, =X +Atxl. +ZAt2(xl.+l +xl.) (3)

Where X,,x,,x, are the acceleration, velocity and displacement vectors at time ¢, and

X, ,X,, ,X,, arethesame vectors attime ¢, respectively. At is a small but constant time step.

i+l

Substituting Eq.2 into Eq. 1 at time?,,, , and the equation can be simplified as

i+l

x=Hx+ P 4)
in which
2 B 2 N }
H=——M+C| K P=|—M+C| | —Mx, +Mx, +F,_,
At At At

By dispersing numerical value, Eq.4gives

Xy =T, + [ exp(H(t,,, 1) P()Nt’ 5)
The solution accuracy of Eq.5 is mainly decided by the integral calculation because the precise
computation of exponential matrix 7 = exp(HAt) approaches the full computer precise. Taylor

series solution [7] is adopted to solve the integral calculation. Only the loading at points of time step
boundary are needed which can improve the solution accuracy. The loading within the time interval

[¢,,t,,] is often simulated by an analytical function. If the loading is piecewise linear, one may
express it in terms of time-invariant vectors as P(¢') = P, + P,(¢'—t,)
Suppose ¢'—t, =s, Substituting the Taylor series expansion into the integral term of Eq.5, the

integral solution can be expressed as

1

J expUH @, PN = [ [ exp(H (A=) (B, + P, -5)ds

L) (_H)l Atl+l (_H)l Atl+2
=T(At)- P, + P, 6
(4) ,;( noe et (©)
Step-by-step integration formulas are
i " S n o1+ 142!
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-1 -1
X, = —(é M+ C) Kx, + (é M+ Cj (é Mx, + Mx, + ij (8)

= _M_lcxiﬂ ~ M 'Kx,

X, i+ MUF(t,) ©)

From Eq.7 to Eq.9, it can be found the solution accuracy is controlled freely by the truncation
order / of the Taylor series expansion.

Stability of the Proposed Method

In order to investigate the stability of a direct integration scheme, one has to check if the spectral
radius p of the integration transformation matrix A for a single-DOF (SDOF) system is less than
or equal to unity [7,8]. The formulas of a single-DOF (SDOF) system are

(_h)l Atl+l +(_h)l Atl+2

x.,=T(At)x. + T(At)- 10
i =T (At)x, + T(At) ;( TR N l+2pl) (10)
xi+l = hxi+l +pi+l (11)
jéi+l = _2§wxi+l _a)zxiﬂ + i+1 (12)
in which
T = exp(h- Af) = (exp(h--2L))>" = (exp(— : )L 2
P PN P 2’7"
w2 1 . At . At
h=- Pin = X, + X, + Sin
24200 1+607" 242807 2m+cAt

According to the implicit method above, every item of the transformation matrix 4 for an
SDOF system can be written as

© A !
ay =T, a,= e o 3= e , €= (( h) A
1+ 40 2+240Q = ! I+1
L T L _2+200-TeQ" L _2+200-TeQ?
242000 . 20+¢Q)F 2 2+200)°
LT 24Q420°Q74TeQ? - 400-400Q° +Te(Q’ ~ TeQ’
S s o D (1+£0Q)> T 2(1+ £Q)?

in which Q (Q = wAt) is sampling-frequency [8] and ¢ (& =c¢/2mw ) is damping ratio.
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According to the theory of arithmetic stability, integration formulas are stable when spectral
radius p(A) of transformation matrix ( A ) satisfies p(A) = max|/1l.| <1, in which 4, are eigenvalues of
matrix A. The truncation order / is equal to 4 and the curves of p(A4) to £ are found

through developing program when ¢& is adopted different value, which are presented in Fig.1.

23 14.00

/ 12.00
2 —_— RPN ) —
/ 10.00

8.00

8.00

4.00

2.00

0.00

035 1 13 2 2

0 1 2 3 4 5 6 7 -2.00

O=mAt QE=0)
Fig.1 Spectral radius p of transform matrix Fig.2 Algorithmic damping ratio ¢ , amplitude
decay against sampling-frequency Q AD and period elongation PE against Q

Fig.1 shows that the method is stable because spectral radius p(A4) of transformation matrix is
less than unity when damping ratio equal to 0. But spectral radius is found having the area of more
than unity when damping ratio is equal to 0.5 or 1.0. Therefore, the method is conditionally stable
in total.

Accuracy of the method

More precise method of accuracy is to analyze amplitude decay (A4D) and period elongation
( PE) produced by algorithmic damping ¢ . Amplitude decay AD and period elongation PE
are all related to eigenvalues of matrix 4 . According to reference [9]

PE=Q/Q -1 AD =1-exp(-2n¢)

C=—In(4,)/2Q)  Q=wAt=arcigy 4,/ 4> -1 Q=wNt w=A/T,

A, is the mark and 4, is determinant of matrix 4. C,AD and PE are all related to Q. The
truncation order / is four and the curves of (,AD and PE against Q are found through
developing program when algorithmic damping ¢& is adopted different value, which are presented
in Fig.2.

From Fig.2, it is observed that when undamped case( ¢ =0) with truncation order/ is equal to 4,
the algorithmic damping { . Amplitude decay AD and period elongation PE are extremely

small at small time interval, which show the precise accuracy of the method.
Numerical Example
The equations of motion for a two-degree of freedom system [2] are given by

2 0][¥% 1.2 -04]x, 6 —2|x | |0

o TR RS e
o _|0) )& |0 _ [sin(rr), 0<1<1.0
x|, 104, Lo f(t)‘{ 0. 0



Applied Mechanics and Materials Vols. 166-169 13

Table 1 shows the displacement response x, for 0<7<1.0 computed by three methods. As

loading values of RPTSIM are need to be calculated in every time interval, there will be greater
calculation error with the increase of time step. As for the proposed method, only the loading values
at points of time step boundary are needed which can improve the solution accuracy. Table 1 shows
that with the increase of time step Az, calculation accuracy of proposed scheme is better than that of
traditional method such as constant average acceleration method in Newmark family. At the
beginning of time domain, dynamic response values are far more than the exact solution because the
proposed method has a certain transcendedce.

Table 1 Displacement response x, of two-degree of freedom system

scheme At 0.2s 04s 0.6s 0.8s 1.0s
Exact solution X, 0.0395484 0.282357 0.8000647 1.48989 0.0395484
RPTSIM 005 | X, | 0.0279666(29.29) | 0.241084(14.6) | 0.729910(8.83) | 1.409350(5.41) | 2.04726(2.8)
(tolerance%) 0.2 X, 0.0094277(76.16) | 0.138504(51.0) | 0.525889(34.3) | 1.146850(23.0) | 1.81469(29.2)
The proposed | 005 | X, | 0.0405030(0.10) | 0.281213(0.41) | 0.790127(1.31) | 1.461040(1.94) | 2.05383(2.49)
( toEzE::% ) 02 | X, | 0.0541474(36.9) | 0.290529(2.89) | 0.761920(4.84) | 1.360780(8.67) | 1.86557(11.4)
Constant average | 005 | X, 0.0404560(2.29) | 0.282682(0.12) | 0.798644(0.25) | 1.484640(0.35) | 2.09838(0.37)
acceleration
method 02 X, 0.0535154(35.3) 0.287420(0.12) | 0.769670(3.87) | 1.408170(5.49) | 1.98257(5.87)
(tolerance%)
Conclusion

Implicit series solution with coupling of structural dynamic equation is put forward by
introducing the Taylor series expansion, which based on the coupled precise time integration
method and basic assumptions of constant average acceleration method in Newmark family. The
results of stability analyses show that the coupling implicit method is stable when damping ratio is
equal to 0, and is conditionally stable when damping ratio are other values. The results show that
the accuracy of the algorithm can be controlled by choosing the truncation order of Taylor series
expansion and is better than that of traditional scheme with the increase of time step.
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Abstract. Considering core thickness is important issue to performance of exterior frame and core
hybrid structure in high-rise buildings, seismic response analysis is conducted by response spectrum
method for finite element models with different core thickness. The optimization design of core
thickness of hybrid Structures on the basis of the seismic response is studied, the core thicknesses are
chosen as design variables, the objective function about core volume is adopted, some specification
requirements such as deformation, the ratio of lateral stiffness to gravity, storey shear to gravity,
storey shear of exterior frame, axial compression ratio of column and wall limb, bearing capacity of
structural member and core construction are regarded as restricting conditions, the optimal
mathematical model is established for reflecting integrity dynamic properties of hybrid structure. The
ANSYS software is used for optimizing tool, the hybrid structures optimization design are made
through different initial values for verifying convergence of optimization method, the optimal result
show that the performances of hybrid structure are improved, the internal forces are reduced and the
ratios of inner force born by exterior frames are increased in the optimal scheme.

Introduction

Hybrid structures in high-rise buildings have grown rapidly in recent years, especially exterior frame
and core hybrid structures are used widely. However, there are different views on the performance at
home and abroad [1,2], such as single seismic defense line of hybrid structures is particularly
prominent, the reinforced concrete core is higher relative stiffness and less strength than the exterior
frame. Reasonable stiffness ratio between the two substructures under earthquake action is the basis
of ensuring the second seismic defense line, core thickness is one of the main factors affecting
stiffness ratio of hybrid structure.

Structural optimal design is a new technology in the past three decades that mathematics,
mechanics and engineering design methods can be combined. According to all constraints, in a given
material and structural type and loading condition the mathematical model of structural optimization
is proposed, and then the model are solved with optimization principle and method. Designer who
passively check the program in previous can actively select design scheme by optimal design, as a
result, the plan meeting the requirements of economic and security would be obtained where the
material distribution is the most reasonable state.

The goal of this paper is to study the optimal design problem of core thickness of hybrid Structures
in high-rise buildings on the basis of structural seismic response by finite element analysis.

Effect of the core thickness on structural performance

Hybrid structure example. A 30-storey composite frame and reinforced concrete core hybrid
structures in high-rise buildings is used as a numerical example in this paper[3], the total height is 109
m, the core thickness in 1 to 6 floor is 700mm, the core thickness in 7 to10 floor is 600mm, the core
thickness in 11 to 30 floor is 400mm. The structure plane of the example building is shown in Fig. 1.
The 3-D finite element analysis have been completed by ANSYS software, in which beams and
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Fig.1 Hybrid structure plane Fig.2 Finite element model

columns are simulated by three nodes Timoshenko space beam element, shear wall and floor are
simulated by eight nodes curved shell element, sections of SRC member are defined by user,
Two-dimensional eight-node elements are used to simulate different materials section that obey the
plane section assumption, the finite element model is shown in Fig. 2.

Seismic response analysis. The earthquake classification is the first group; the characteristic
period of ground motion is 0.35 s; the design basic acceleration of ground motion is 0.20g; the seismic
fortification intensity is 8 degrees; the modal damping ratio of 0.04 is assumed. The seismic responses
are numerical calculated by response spectrum method, modal analysis shown that natural
frequencies of vibration are separated by more recent, thus complete quadratic combination (CQC)
method is applied to combine 30 modes[4]. Four models response under earthquake action are
obtained, in which core thickness of 0.8 times and 0.9 times and 1.1 times and 1.2 times in example
were taken. The structural performances are list in table 1, the displacements and story drift ratios are
nonlinear reduce with the increase of core thickness, the floor of the maximum of story drift ratios
move up, the base shear and base overturning moment increase with core thickness. For such hybrid
structure, the shears borne by the exterior frame are larger at middle floors, the shears of corner
column at 15 floor are analyzed, the variation trend of column inner force with core thickness is
shown in Fig.3, the shears of corner column at 15 floor are decrease with core thickness, the
relationship between moment of corner column and core thickness at 1 floor are same law, it is
concluded that the inner forces of exterior frame will be lessen as the core thickness increase.

Table 1 The main performance of hybrid structure with core thickness

Ratio of core thickness 0.8 0.9 1 1.1 1.2
Top displacement[mm] 56.9 55.2 53.7 52.4 51.3
The maximum of story drift ratios 1/1541 1/1587 1/1629 1/1660 1/1700
Base shear [kN] 5445 5669 5892 6114 6316
Base overturning moment [kN-m] 621301 650807 679638 707897 735373
1.10 —a— base 1.20 I _m base
—o— corner column = X
= —x— corner column
E e g Ho \x\ /I/.
< 1.00 E 1.00
.; S x\x
5 095 £ 090 I
&
0.90 0.80
0.8 0.9 1 1.1 1.2 0.8 0.9 1 1.1 1.2

Ratio of core thickness Ratio of core thickness

(a) Ratio ot shear 1n corner column at 15 tloor (b) Ratio of corner in column moment at 1 floor
Fig.3 Variation trend of column inner force with core thickness
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The thick core can reduce the structural displacement during earthquake and will inevitably lead to
bear more internal force in whole structure, moreover, the ratios of inner forces borne by the exterior
frame are relatively less, the core will bear more inner forces, thus it can make more obvious
shortcomings of hybrid structure, therefore, how to select the core thickness is issues with practical
significance, in which the structure has less earthquake effects and meet the seismic requirements.

Mathematical model of structural optimization

This optimization problem can be described as the following mathematical model:

Find: X =(x,x,,,x,)
F(x,x,,~++,x,) = min
Subject to g, (x)=g,(x,X,,-,x,)<0 (i=12,---,m) (1)
h(x)=h;(x,x,,-+,x,)=0 (j=m+l,m+2,--,p)
Eq.1 is common expression for optimization problem, where X =(x,x,,---,x,)" is design variables,
F(x) is objective function that is a function of design variables. g,(x)and #;(x) are state variables. We
can see that structural optimization is extreme value problem of objective function where criteria
method or mathematical programming can be used, usually mathematical programming. The
application of structural optimization is limited by reason of time-consuming computation involved
writing programs. Finite element technology provides an effective analytical tool for structural
optimization, the combination of finite element analysis and optimization methods promote the
application of structural optimization.

Optimization model of hybrid structure

Design variables. The thickness of core-RC are taken as the design variables, in view of load
distribution and internal force distribution are varying along the height of the hybrid structure, core
thicknesses are theoretically different in each layer, however, we must taken into account construction
demands, in general, several thickness along the height are set. In this paper three thicknesses are
taken as design variables that are expressed as H= (4, h;, h; )T, where 4; 1s the core thickness at 1 to 6
layers, 4, is the core thickness at 7 to 10 layers, /3 is the core thickness at 11 to 30 layers.

Objective function. In general, we wishes to reduce the internal force of structure under
earthquake, thin core could induce the exterior frame to bear more internal forces and reduce the
structural weight, as a result of the engineering cost is reduced. The weight of core-RC is the objective
function to be minimized, further simplified as the volume of core-RC, the objective function is
expressed as Eq.2.

Constraint conditions. The constraint conditions include deformation limit, overall stability,
bearing capacity, member ductility, and construction requirements[5].

In conclusion, this optimal design problem can be described as the following nonlinear
programming problem: find H= (h; h,, hs )" such that

Min  VOL(h)=F(h,h,,h). (2)
ST. max(Au, /h)<1/800 . 3)
11gH"* 2’

EJ,=———>14H*Y"G, . 4

¢ 120u Z ’ “4)

Ve 223G, . (5)

/uc,max S [lux] * (6)

/uw,max S [Iuw] * (7)

oy 0003 55, <& . (8)
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ho=[h] (=1,23). 9)
h>h>h (10)

This is optimization model for the nonlinear programming problem with constraints.

Eq.3 is deformation limit Where Au; are storey drift on each floor; % are floor height on each floor.

Eq.4 is the ratio of stiffness to weight influencing structural stable[6], where £/, is equivalent
elastic stiffness along one principal axis, in which the structural stiffness is converted to the
equivalent of vertical cantilever with the equal principle of the top displacement under inverted
triangular load; q is the maximum of inverted triangular load; u is the top displacement under inverted
triangular load; H is building height; G, is representative value of gravity load at floor 1.

For long period structures, the seismic response may not be correctly estimated by response
spectrum method, Eq.5 is the specification limits that the ratio of characteristic shear value to
representative value of gravity load must be meet [6], where Vy, is shear characteristic value under
earthquake at floor i ; 4 is horizontal seismic shear coefficient; G, is representative value of gravity
load at floor j.

Eqgs.6 and Eqgs.7 are the upper limit for axial compression ratio of column or shear wall set by code
for seismic design of buildings ([«.] or [,]), for controlling structure of the ductility, where 4 m. is
the maximum axial compression ratio for SRC column; #, .. is the maximum axial compression
ratio for shear wall.

Eq.8 is the bearing capacity limits for SRC column, where ¢... is the maximum concrete
compressive strain at the extreme outer compressive fiber in section; €, .. is the maximum concrete
tensile strain at the extreme outer tensile fiber; ¢, is the steel yield strain. Eq.9 and Eq.10 are
construction requirements.

Optimization application to hybrid structure

Optimization process. The ANSYS software is used for optimizing tool by written analysis file of
APDL language, the sub-problem method is adopt[7], the optimization design are applied to the
aforementioned example of hybrid structures. The load combination is the sum of 1.2 times load
effect of weight representative value and 1.3 times load effect of horizontal earthquake action
characteristic value. For verifying convergence of optimization method, three optimization designs
are made through different initial values, the optimal results are very close, the proposed optimal
algorithm is uniform convergence, the optimal result with different initial values are list in table 3.

Table 2 Optimal results with different initial values

. . Initial values Optimal results .
Optimal design - - Iteration
order Core thickness Core V(3)lume Core thickness Core V(3)lume number
[mm] [m’] [mm] [m’]
1 (400,200,200) 857 (402,365,246) 1035 13
2 (700,600,400) 1721 (406,402,245) 1052 16
3 (900,800,800) 3474 (402,364,251) 1044 21

Optimal scheme. It should not be advocated to obtain the optimal solution only considered the
minimum of objective function, the optimal project is determined through the comprehensive
consideration of the benefit of objective function and structural response with design variables. For
the hybrid structure example under frequently occurred earthquake, the optimization results show that
the core thickness is in the range of 400~500mm at 1 to 6 layers and 350~450mm at 7 to 10 layers and
250~300mm at 11 to 30 layers, so the framework and concrete cylinder two substructure reasonable
share the internal force, the material is able to make full use.
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If the core of example structure are 700mm, 600mm, and 400mm, after optimization design, core
are 500mm, 400mm, and 300mm in optimal scheme, the inter forces of whole hybrid structure are
reduced, the proportions of core borne by the exterior frames are decrease, thus the frames will bear
more inter forces, the performance of two sub-structures are improved, the seismic response before
and after optimization is list in table 3.

Table 3 Comparison of seismic response before and after optimization

Items Initial state Optimal state
Core thickness[mm] (700,600,400) (500,400,300)
Top displacement[mm] 53.8 59
The maximum of story drift ratios 1/1544 1/1413
Base shear [kN] 9722 8448
Base overturning moment [kN-m] 894319 784232
The maximum ratio of shear borne by frame 14.3% 18.5%
The maximum ratio of shear borne by core 95% 93%
Axial force of corner column at 1 floor [kN] 2542 2719
Moment of corner column at 1 floor [KN-m] 268 322
The maximum shear of frame column[kN] 62 76

Conclusions
Based on seismic response analysis and optimization design for core thickness of hybrid structure,
some conclusions can be drawn:

(1) Seismic responses of hybrid structure with different the core thickness had studied, the thick
core can reduce the structural displacement and will inevitably lead to bear more internal forces while
the hybrid structure under earthquake action, moreover, the ratios of inter forces borne by the exterior
frame are relatively less, thus it can make more obvious shortcomings of hybrid structure.

(2) The optimization model of hybrid structure for the appropriate core thickness is made based on
the structural dynamic performance, the optimal solutions are gotten by the ANSYS software, the
optimization design make the design scheme reasonable and avoid to repeat design.

(3) Optimal algorithm convergence are checked with different initial values, the results show that
the objective function can fell rapidly in the first few iteration and eventually converge, the
Calculating time is in withstand range with practical application value.
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Abstract. The wind tunnel tests of some typical large roofs, including a saddle roof, pitched roof and
domes, are carried out with various terrains which cover suburban and urban exposures. The wind
pressure data of roofs are obtained by using the synchronous multi-pressure scanning technique. The
wind pressure coefficient and local shape factors of the wind load was investigated. The effects of
various terrains on wind pressures of roofs are discussed. From the results, we can see mean pressures
of these roofs exposed to the mean pressures exposed to the suburban terrain are 2 or 3 times those
exposed to the urban terrain. And the terrains are no directly influence to the wind pressure shape
factors.

Introduction

The shape of the large space roof structure changes in diversity. Because it’s existing the phenomenon
that the turbulence and airflow are separated in the atmospheric boundary layer and heavy attached
and so on. Leading to the roof surface fluctuation wind pressure field with spatio-temporal
complexity, fluctuating randomicity has a non-Gauss feature. For the structure with complex shape
and surrounding environment, the wind load on the roof can not acquired according to the load code
or the standard, wind tunnel text provides a very effective tool. Using the wind pressure data
measured simultaneously by wind tunnel test, can study the influence of characteristics of wind
pressure, wind angle, landforms type or other factors on the partial area of the roof in-depth. With the
span increasing and use of lightweight materials, roof becoming the wind sensitive structure. Large
space roof structure free vibration characteristics shows a very narrow frequency band that gathered a
large number of mode, lead to fluctuation wind-induced response resonate excitated the sensitivity
increases. The traditional mode superposion method to calculate wind-induced response reflects the
participation of multi mode. In the design process, the dynamic wind loads of structure treated with
the static wind loads. To ensure the structure design safety by a simple static analysis to estimate the
wind-induced response, many countries’ load code use the gust load factor method to determine the
wind load of structure. However, this method applies to the determination of horizontal loads on the
high-rise building, and it’s possible failing on roof structure. The large space roof structure mainly be
acted on vertical wind load and the contribution may be very small relative to the horizontal wind
load. At this time, gust load factor method has limitations and can’t provide useful information.

This paper focus the mean wind load distributions on the typical large span roof, further more, can be
advance practicality design method for the low rise roofs based on this research.

Wind tunnel test

The rigid models of saddle roof with enclosing wall under different terrain conditions were made at a
scale of 1/50. The prototype diagonal distance is 40m, its lowest height is 8 m and its top height is 16
m. The 81 pressure taps were distributed over the inside and outside surface of the model. The wind
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characteristic was achieved by a combination of turbulence generating spires, and roughness elements
along the wind tunnel floor upstream of the model. Wind pressure time series at the pressure taps
distributed over the saddle roof were measured simultaneously. Fig.1 shows the arrangement of the
taps distributed over the roof. The photograph of the saddle roof model in wind tunnel is shown in
Fig.2. The test of the saddle roof was carried out in the TJ-2 atmospheric boundary wind tunnel of the
State Key Laboratory for Disaster Reduction in Civil Engineering at Tongji University, China. The
TJ-2 wind tunnel is a boundary layer tunnel of closed-circuit type. The working section of the tunnel
is 3m wide, 2.5m high and 15 m long. The wind pressures were measured substantially
simultaneously with the sampling frequency of 312.5 Hz by using the DSM-3000 data acquisition
system. And wind tunnel test of the pitched roof and dome with rise-span ratio of 0.1 and 0.2 were
carried out in the Shantou University. The Fig.3 and Fig.4 shows the wind tunnel model of pitched
roof in the B category and D category respectively. The Fig.5 and Fig.6 gives the test model of the
dome with rise-span ration 0.1 of the B and D categories.

H

H
ﬁ a0

Fig.2 Arrangement of pressure taps

Fig.3 Testing model of B category Fig.4 Testing model of D category
inwind tunnel in wind tunnel

Fig.5 Testing model dome with rise-span Fig.6 Testing model dome with rise-span
ratio of 0.1 of B category ratio of 0.1 of D category
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Mean wind pressure field expressions

Wind pressure coefficients
The wind pressure shape factor x, of the i-th pressure tap are defined as

I _ b7 P (1)

S 0.5p07

The p, represents the time evolution of the i -th pressure tap, p, the reference value of pressure,V is
reference wind velocity.

Wind pressure shape factors

With the wind pressure data which are measured simultaneously in a wind tunnel test, the wind
pressure shape factor y, of the i-th pressure tap are defined as

pb—p 2a o)
. =—1—==.(z /z
si 05 Lyz ( ra z) ( )

The p, represents the time evolution of the i -th pressure tap, p, the reference value of pressure,V is

reference wind velocity, z,, is reference high, z, is the high of the i-th tap, « is surface roughness

ra

index.

Mean wind pressure coefficient distributions

This part focuses on the influence of the terrain category on the mean wind pressure coefficient. The
wind pressure coefficient on the saddle roof in the B and D category for 0° wind direction is shown in
Fig.7. The Fig.8 shows the wind pressure coefficient on the pitched roof in the B and D category for 0°
wind direction. The table 1 gives the detail values of the coefficient on the pitched roof for the 90°
wind direction. From comparison of the figures and table, we can see, the value of the wind pressure
coefficients on the saddle roof and pitched roof in the D category is 2 or 3 times those exposed to the
B category.

(a) B category (a) D category
Fig 7: Distribution of shape factors on saddle roof in exposure categories B and D for 0° wind
direction
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(a) B category
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(b) D category
Fig.8 Distribution of mean wind coefficient for wind direction of 90° in exposure B and D categories

Table.1 Wind pressure coefficients of typical taps for 90° wind direction

N“mb;g’fthe 48 86 104 224 217 211 113 126
B category 20.130 | -0.159 | -0.149 | 0224 | -0.162 | 0217 | -0.125 | -0.097
D category 20.059 | -0.093 | -0.073 | -0.084 | -0.060 | -0.083 | -0.061 | -0.045

Mean wind pressure shape factors

The table 2 gives the wind pressure shape factors on typical taps which locates in the ridge and

corner of pitched roof.

Table.2 Wind pressure shape factors of typical taps for 90° wind direction
The number of taps 48 86 104 224 217 211 113 126
B category -0.405 | -0.497 | -0.463 | -0.700 | -0.506 | -0.678 -0.389 | -0.303
D category -0.295 | -0.470 | -0.369 | -0.423 | -0.304 | -0.417 -0.306 | -0.225
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The distribution of the shape factors of B category and D category for 90° wind direction can be
seen in Fig.9 and Fig.10. From the comparison of the distribution of the shape factors on the different
terrains, we can see , that the terrains are no directly influence to the wind pressure shape factors. The

distributions of the shape factors of the domes with rise-span ration of 0.1 and 0.2 are shown in Fig.11.

ﬁ90°

Fig.10 Distribution of the shape factors of D category

(a)Dome with 0.1 rise-span ration (b) Dome with 0.2 rise-span ration

Fig.11 Distributions of the shape factors on the dome with 0.1 and 0.2 rise-span ration in exposure B
category
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Conclusions

The mean wind pressure field distributions of the typical roofs are investigated based on the wind
pressure data obtained from the tests which can be measured simultaneously in wind tunnel. Through
comparison of the wind pressure shape factors and shape factors, we can obtain the following
conclusions. The wind field exposure categories don’t have direct influence on the wind shape factors
distribution, but the wind field category has significant effects on mean wind coefficients. From the
results, we can see mean pressures of these roofs exposed to the mean pressures exposed to the
suburban terrain are 2 or 3 times those exposed to the urban terrain.
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Abstract. In order to avoid the damage of precision guided weapons on target, a steel fiber reinforced
concrete sandwich structure with different types of support was proposed. The failure characteristics
of penetration plate, steel fiber reinforced concrete plate and support beam were studied by contact
explosion test. The results showed that the using of steel fiber sheet sandwich structure could increase
a resistance level for the project with the same thickness of the protective layer. The failure mode of
steel fiber reinforced concrete sandwich structure under partial blast loading was still the local
damage mode, the strength and thickness of steel fiber laminate material, height and spacing of
support beam were the main factors to control the effect of wave attenuation in steel fiber reinforced
concrete sandwich structure, if some measures to prevent vibration on steel fiber sheet or
under-surface of vault would enhance the resistance of structure.

Introduction

The layer structure is widely used in single building dug-type air defense projects in city, these types
of structure have the advantage of less consumption of materials, strong resistance capacity on
earthquake, and good effects on reduce vibration and sound, but also its have same problems on large
buried deep, construction difficulties and the higher project cost[1] etc. Therefore, the optimize of
the most commonly used type of layered structure in air defense works was a important issue to be
solved on the basis of good protection capability, easy and economical construction type [2], etc. In
this paper, a new structure type of the steel fiber reinforced concrete sheet sandwich structure was
introduced, the impact factors of explosion resistance for these structures were studied, and the
research results provide technical support for the application of these structures in air defense
engineering

Organization of the Text

Testing Program

The main purposes of this experiment were to explore the effect of support beam in thin sandwich
structure on protective performance.

In the testing, the thickness of camouflage layer, shielding cover, sand cushion, steel fiber
reinforced concrete plate and enclosure roof are constant quantity, the spacing of a support beam and
explosive weight can be change for a certain condition. The experiment model is composed by shelter
plate, steel fiber concrete plate and roof envelope three sections, and poured with the scale of 1:4 to
build test model, the plane size of the model is taken as 3mx3m, the model design as shown in Figure
1.
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The camouflage layer is dry loess, and the thickness is 0.9m. The shielding cover and roof are the
C50 reinforced concrete, and distribution layer is dry and loose sand. The production process of
reinforced concrete is supporting the template, the preparation of steel skeleton, pouring and vibrating
concrete, bedding cover and water conservation 28 days. Reinforce as shown in Table 1.
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(a) The plan of enclosure box testing model  (b) The profile of steel fiber reinforced concrete
sandwich structure
Fig.1 The design of testing model

Table 1 Test Reinforcement

components or parts main reinforcement stirrups or rachel bar

shielding cover HRB400¢p10@190, double two-way HPB235¢6, all nodes
steel fiber reinforced HRB400916@105, single two-way —

concrete sheet

XGY arch board HRB400¢p14@115, double two-way HPB235¢6, all nodes
XGY roof HRB400¢p14@]115, double two-way HPB235¢6, all nodes
ZGY roof HRB400¢p16@]115, double two-way HPB235¢6, all nodes

ZGY article support HPB235¢6, always two —
side wall of the box HRB400¢12@?230, double two-way HPB235¢6, plum-type
configuration
bottom of the box HRB400¢12@230, double two-way HPB235¢6, plum-type
configuration

The explosive is TNT, and the weight is 9kg. The explosive was placed in the surface of
pre-penetration hole, the bottom is parallel with the surface of the shelter plate, the center height of
charge is 9.4cm above.

Test set up four pressure sensors measuring points (P1-P7), the stress wave spreading from
shielding cover, coarse sand distribution layers, and air sandwich layer was tested on the surface of
roof box. In the testing, the first testing point (P1, P2) was set on the center of steel fiber reinforced
concrete structure, used to measure the maximum explosion pressure on fiber sheet sandwich
structure.

Nine strain measuring points were arranged on the steel fiber sheet sandwich structure, the
measuring points of €1, €2, €3 were arranged on the reinforcement of roof box envelope, used to
measure the tensile strain of the roof. The first measuring point €1 was placed in the center of the roof,
and the measuring points of €2 and €3 were placed in vertical with the spacing of 0.3m. Other
measuring points of €4 to €9 were placed on side of the box with the spacing of 0.5m, used to measure
pressure strain of the side wall.
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At the same times, the test arranged two acceleration sensor points al, a2 and a relative
displacement measuring point s1. The acceleration measuring point aland a2 were placed on the
center of roof and bottom of the envelope box. The displacement measurement point s1 was placed on
the center of the envelope box roof, used to measure the relative displacement of the roof envelope.
Displacement sensor embedded in the box structure and fixed in the center of the steel on the floor.

The macro-damage of the structure

(1)The macro-damage of shielding cover

Shelter plate was penetrated, the diameter of positive crater was 108cm x 100cm, the depth of
positive crater was 13cm, the through hole diameter was 55cm x 51cm. Many radial cracks appeared
in steel fiber reinforced concrete plate with the center of carter, the maximum width of the crack
reached 3mm, mostly 1-2mm, there were four vertical and horizontal cracks extend to the entire board
and the board through the side, in which two crack width of 2-3mm, two cracks on width of 0.5-1mm.
The edge of the plate and damage the edge of the crater area appeared in two ring tensile cracks, the
width of 0.1 ~ 3mm, mostly Imm, cracks approximately parallel with the plate edge, and crack
intersected with radiation into the "turtle" shape. Cracks along the entire board, the board's size effect
did not exist.

The under-surface of shelter plate was penetrated, and the crater diameter was 106cm x 110cm.
Radial cracks distributed around the crater, the maximum crack width of 7mm, mostly 3mm, there
were 2 to 3 cracks extend through the entire board, no circumferential cracks. Slabs were damaged
phenomenon shown in Figure 2. After blasting a small amount of broken concrete slabs were piled on
top of sand, sand pit center appears concave, diameter 90cm x 80cm, depth 13.6cm.

(a) The positive of clean-up shielding cover (b) The back of clean-up shielding cover

Fig.2 The damage of shielding cover

(2)The macro-damage of steel fiber plate

A damage area appeared in the center of sheet steel plate, damage range was 97cm x 101cm. The
length direction of damage range was consistent with the support direction, and the width was limited
by the support beam. Many circumferential tensile cracks appeared in sheet plate with the center of
damage pit. The more damage near the hole, the more dense cracks were, there were no visibly
longitudinal or transverse cracks.
The under-surface of sheet plate was damaged but not through back, the damage range were 122cm x
100cm, reinforced by the distribution network consisting of longitudinal bars protruding plate plane,
protrusion height of 14cm, all of the concrete outside the steel fiber network were fall off, but the
concrete within the network of steel fiber network did not fall off because the role of steel mesh, but
the damage was obvious. The rest section of the board without any visible cracks, which as shown in
Figure 3.
(3)The Damage of Support

Two concrete support beams near the explosive center damaged completely, and the reinforced
barely in the air. Many cracks appear in the rest part of support beam, and four support beams far away
from the center of the explosion was intact throughout, which as shown in Figure 4.
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(a) Positive destruction (b) Back destruction

Fig.4 The damage of support beam

(4)The Damage of Enclosure Box

The surface of envelope box was intact, without any visible cracks. A micro-crack appeared in the
under-surface of the envelope box with the north-south orientation, the width was less than 0.5mm.
Some micro-cracks near the bottom of explosion appeared the phenomenon of broken.
The east, south and west side walls of enclosure box internal were intact, without any visible cracks.
A micro-crack appears in the north wall, the crack began to extend downward from the roof, about
through the 1/4 wall height, the width less than 0.5mm.

Conclusions

In this paper, the model test of steel fiber reinforced concrete sandwich structure was carried out.
From the experimental phenomena and the analysis of test results, the main conclusions were
summarized as following:

(1) For the dug-type civil air defense works, if it uses the steel fiber laminate sandwich structure, the
protective layer can increase a resistance level at the uniform thickness.

(2) The strength and thickness of steel fiber sheet material, height and spacing of support beam were
the critical factors for the controlling of wave attenuation, and the determination of these parameters
needs further study.

(3) In order to avoid the damage and repeated loading on envelope roof, the deformation of steel fiber
sheet plate and vault can not reach the upper surface of envelope.
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Abstract. Failure-mode based optimization is very effective at improving the performance of
structure, therefore, a new optimal approach based on failure mode with the ability to limit the cost
is proposed. Three different failure modes of the coupled wall are discussed, and then the objective
function is setted up according to the expected failure mode and minimum cost. Finally, an example
is cited to verify the method. It is concluded that the method can supply an effective way to reduce
the cost of coupled shear wall, and the expected failure mode can be obtained.

Introduction

The earthquake has caused great economic losses and disaster to the humanity, which has drawn
attraction of the worldwide seismic engineering to the existing ideas and methods for seismic design.
Failure-mode based structural optimization design has been proposed in this paper, while the
purpose of optimization is to achieve the best economic performance indicators in certain material
and technical conditions.

Failure-mode based seismic design concept reflects the general design principles, making the
structure of the system-level clear, emphasizing the designer to grasp the seismic performance of
overall structure, simplifying the structural analysis and design, improving reliability of the design.
Through the failure of the individual or specific components, the main structure greatly enhances
the adaptability to ground motion and improves the defensive ability to unexpected catastrophic
earthquakes.

Failure mode of coupled wall

The stiffness of the coupling beam decides to space stiffness of coupled shear wall, failure
mechanism and ductility performance !, According to the size of stiffness and strength of
coupling beam, three different failure modes of the coupled wall structure may occur:

(a) (b) (c)
Fig. 1 Three different failure modes of the coupled wall

(1) When the coupling beams yield before the walls, the structure has sufficient ductility and
plastic hinges have formed at the end of beams before the bottom of walls as shown in in Fig. 1 (a).
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(2) When stiffness and flexural capacity of the coupling beam is high, the beams may not yield
and plastic hinge appeared only at the bottom of the wall, just as shown in Fig. 1 (b).(3)When the
shear failure of coupling beam appeared at first, the wall lost restraint of beams and formed a
separate wall, as shown in Fig. 1 c).

Failure-mode based optimization design

Formulation of objective function. The design objective is to minimize the material cost and the
structural failure modes. Therefore, the multi-objective function can be expressed as

C(x)

min F(X) = a( C )+ B(Dg(x) + D, (x) + D, (x))

(o, B>0,a+ =1 ) (1)
g2,(x)<0,i=1,---N,

Where, X is the design variable; Ds, D) and Dy, respectively represent the damage of the structure
under a small earthquake, a moderate earthquake and a large earthquake; F(X) is the objective
function; C(x) and Cj, respectively represent the overall cost of structure and cost of the initial
value;x and # are the weight coefficient; g;(x) is deterministic constraints, including the given
requirements by specification for seismic construction and so on P; N ; 1s the corresponding

number of constraints.
C(x)=C,(x)+Cy(x) . 2)
Where, C.and C; are the cost of concrete and steel,respectively.

Dy (x) = Dy, (x) + Dy (x) + D, (x)
D, <Dg,, <D '

SBs

3)
Where, subscript SW, SB and C, respectively represents shear walls, coupling beams and columns;
Dsws, Dsgsand D¢y, respectively, represents the maximum damage index of shear walls, coupling
beams and columns under a small earthquake.

D, (x) = Dgy,, (x) = Dgg,, (x) + D¢, (x)
DCm<DSWm<DSBm .

(4)

Where, Dswy, Dsgmand D¢y, respectively, represents the maximum damage index of shear walls,
coupling beams and columns under a moderate earthquake.

D, (x) = D¢y (x) = Dgyy (x) — Dy (x)}
D¢y < Dy, < Dy,

)

Where, Dsyi, Dsgrand D¢; represent the maximum damage index of shear walls, coupling beams and
columns under a large earthquake, respectively.

Failure-mode based structural optimization design example

As shown in Fig. 2 and Fig. 3, a ten-story and three-bay steel reinforced concrete framework-core
tube structure is considered. The design variables are 20, including 10 height variables of coupling
beam and ten width variables of shear-wall. The beam and column section dimensions of the frame
part and steel consumption are assumed unchanged.
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Fig. 2 Plan of structure Fig. 3 Framework -core tube structure

Initial data of framework-core tube structure members were shown in table 1, and the selected
cross-section of concrete by optimization were shown in table 2.

Table 1 Initial data of framework -core tube structure member

B
Cross-section Column shaped-steel ~ Cross-section cam Width of  Height of
. shaped-steel )
Floor  of column cross-section of beam . shear-wall  coupling
cross-section
/mm /mm /mm /mm beam /mm
/mm
1~3 600x600 W14x455 700x400 W36x210 250 700
4~7 550%550 W14x370 700%350 W36x182 250 700
8~10 500x500 W14x311 700%300 W30x148 250 700

Table 2 The selected cross-section of concrete by optimization

Floor 1~3 4~7 8~10
The width of shear-wall /mm 300 250 200
The height of coupling beam /mm 500 450 400

Because this optimization is only for double limb wall, do not consider frame part, and the cost of
coupled shear walls have a small proportion in the whole cost, so the weight coefficient of the cost
of can be appropriately taken a smaller value («=0.3). In table 3, negative represent only operation
results, does not mean that no damage or injury component value is negative.

Table 3 The contrast of cost and damage before and after optimization («=0.3,5=0.7)

. Damage
Design proposal Cost Total damage . . ) .
Small seisms Middle seisms Large seisms
Optimum design 0.33 -1.401 0.084 -0.526 -0.959
Normal design 0.30 -0.650 0.072 0.083 -0.805

Table 4 Structure period and seismic action under large seismic

Design proposal The first 3 period of structure /s Total seismic action /kN

Optimum design 1.21 0.43 0.28 3864.2
Normal design 0.83 0.29 0.17 5302.6




32 Progress in Structures

Considering the structure stiffness degradation under large seismic after optimization, natural
vibration period of the structure is longer, absorbing less seismic action, and the results could be
seen in table 4.

The damage of component is analyzed by finite element software in Fig. 4. Under moderate
seismic, the coupling beam damages firstly, and the damage value reaches 1.0. Shear wall damage
value is 0.53. Column damage value is 0.14, which can be thought do not happen damage, so as to
achieve the "The structure don't damage in middle seismic ". Under large seismic in Fig. 5,both the
damage value of coupling beam and Shear wall reach 1.0 while column damage value is 0.54.This
means "The structure don't fall in large seismic ".
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Fig. 4 Structure damage under moderate seismic Fig. 5 Structure damage under large seismic

Conclusions

The most important conclusion that can be drawn from the study described in this paper is that,
through changing the stiffness of the structure characteristics and dissipating the energy of
earthquake, the proposed method can supply an effective way to reduce the cost of coupled shear
wall; meanwhile, the expected failure mode can be obtained.
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Abstract. This paper presents the structural behaviour of composite beams with various floor
systems tested in full-scale arrangement. Six full-scale specimens with staggered and non-staggered
arrangement of studs on the composite beams were tested until failure. The moment capacities
obtained from the experiment are compared with the theoretical values established from BS 5950
and Eurocode 4. The experimental results showed good agreement with theoretical predictions
while no significant influences were found between staggered and non-staggered arrangement of
studs.

Introduction

The use of composite beam in buildings has known to be more economical against bare steel
beams, which the composite action between steel and concrete has results in significant savings in
steel weight and reduce the beam depth [1]. The advantages of composite beam contributed to the
dominance of composite beam in the commercial building in steel construction industry. To date,
the advantages of composite beam have been further extended with the use of pre-cast floor and
metal decking floor, to minimized or eliminate the use of formwork. The performance of such floor
systems depends on the interaction of the concrete slab and the steel section connected together by
shear connectors. This interaction depends on the strength of the studs, the concrete strength, and
the continuity preserved along the horizontal interface so that the concrete slab and the steel section
respond as one unit. This paper presents the experimental investigation on composite beam with
three types of slab system namely solid slab (in-situ slab), pre-cast slab (half-slab system) and
profiled metal decking slab. The shear studs are 19 mm in diameter and were positioned either as
staggered or non-staggered arrangement. A total of 6 full-scale composite beams were tested until
failure and the performance of each floor system will be discussed based on the maximum moments
and deflections.

Experimental Programme

Mechanical Properties of the Materials. The concrete grade of C30 was used in the slab system
throughout the specimens and 9 pieces of cubes were tested for compression to verify the concrete
strength [2]. The cube tests have shown an average value of 36.78 N/mm? which has achieved the
minimum requirement of 30 N/mm?. A total of 12 coupon specimens were cut from the web and the
flange of the steel section to obtain the mean values of yield strength (fy), ultimate strength (f,) and
the elastic modulus (£) [3]. From the tensile test, the mean values for f, = 324 N/mm?; fo =392
N/mmz; and E = 202 kN/mm?. The values obtained from the material tests are then used to calculate
the moment capacities of the composite beams in accordance to BS 5950 [4] and Eurocode 4 [5].



34 Progress in Structures

Full-Scale Bending Test. 6 full-scale composite beams consist of 3 different types of slab system
and 2 types of stud arrangement were tested until failure. The slab systems used are solid slab, pre-
cast slab and steel decking slab while the studs are positioned either in staggered or non-staggered
arrangement. The detail dimensions of each specimen are summarized in Table 1 and Fig. 1. The
arrangement of the test rig and measuring equipments are shown in Fig. 2. The DARTEC hydraulic
actuator was used to exert 2 point loads on the specimen at a distance of 1 m from the mid span of
the beam. This distance is to represent an area for a pure bending moment developed in the beam.
The LVDTs were placed at the mid span of the beam and also the loading point. Strain gauges are
also installed along the beam depth as shown in Fig. 2. An increment of 10 kN is applied to the
composite beam so that a uniform data and gradual failure of the specimen can be monitored. The
specimen is further loaded until substantial deflection of the beam can be observed. At this point,
the loading sequence is controlled by the increment of deflection as a small increment of load has
resulted to substantial increase in the deflection. The failure condition is considered to have reached
when an abrupt or significantly large reduction in the applied load.

Table 1 Details of specimens full-scale bending tests

Model Name Steel Beam Size Slab System Slab Dimension Stud Arrangement
CB SSD Steel Decking Slab thickness = 125 mm St dat187.5
CB SSS Solid Slab aggerec at 18 /.
CB SHS 400x200x65.4 kg/m Pre-cast Slab Width of Slab = 1.5 m mm
CB PSD Steel Decking
CB PSS Length=6 m Solid Slab Length of Slab=6 m Parallel along the
CB PHS Pre-cast Slab beam at 187.5 mm
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Fig. 1 Arrangement of shear studs in staggered and parallel to the beam
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Results and Discussion

The test results were presented based on the ultimate moment capacity, initial stiffness and the
maximum deflection, which derived from the moment-deflection curves as shown in Fig. 3. The test
results were summarized in Table 2 and the ultimate moment capacities were compared to the
theoretical predictions, which calculated in accordance to BS 5950: Part 1 Section 3.1 [4] and
Eurocode 4: Part 1.1 [5]. The comparison shows good agreement between experimental results and
theoretical predictions where the ratios are in the range of 1.05 to 1.11. The maximum deflection at
mid span of the beam corresponding to the ultimate moment (dmax,exp) and the initial stiffness of the
beam at linear elastic region (Siniexp) Obtained from the moment-deflection curves are also recorded
in Table 2, and the values are in the range of 40.0 mm to 125.7 mm for deflections and 30.6
kNm/mm to 48.9 kNm/mm for initial stiffness.
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Fig. 3 Moment-deflection curves for tested composite beams
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Table 2 Comparison of experimental results and theoretical predictions

Model Name | (S| M (0Nm) | Moo/ Moy T | e
CB SSD 587.6 6503 L1 93.9 48.9
CB SSS 603.0 670.1 L1l 40.0 133
CB SHS 630.5 6713 107 122.8 32.4
CB PSD 575.2 6088 1.06 85.2 36.0
CB PSS 601.5 633.9 105 459 417
CB PHS 6018 638.3 .06 1257 30.6

By observing the failure modes of the specimens, shear studs are dislodged from its position on
the specimen and showed significant deformation, which demonstrate the characteristics of partial
shear connection between steel and concrete. Slippage between steel and concrete was recorded at
about 10 mm that did not contribute significantly to the failure of the composite beam. Composite
beams with staggered’ studs arrangement are slightly higher in both moment capacity and initial
stiffness as compared to non-staggered studs. Both theoretical and experimental results showed the
performance of composite beams with metal steel decking are low in moment capacity as compared
to solid slab and precast slab system, while the composite beam with precast slab system showed
largest values in the maximum deflection as compared to the other 2 slab system.

Conclusions

The concluding remarks from the experimental results of the composite beam with 3 different slab

systems and stud arrangement are listed as follows:-

1) BS 5950: Part 1 Section 3.1 [4] and Eurocode 4: Part 1.1 [5] are suitable to be used to predict
the moment capacity of composite beams for the tested slab systems and stud arrangement.

2) No significant difference in terms of moment capacity was found between staggered and non-
staggered stud arrangement in a composite beam.

3) Composite beam with precast slab systems showed higher capacity in bending and high
ductility, but relatively low in initial stiffness as compared to solid slab system and metal
decking system.
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Abstract. To investigate the spatial performance of concrete filled steel tubular arch with corrugated
steel webs, a static loading test has been conducted on an arch with a clear span of 6m subjected to
in-plane and out-of-plane loading simultaneously. The structural behaviors such as load-displacement
relation, ductility, distribution of strains in tubes and corrugated webs, were explored. Based on the
results, it is demonstrated that the lateral deformation is the critical factor for the ultimate
load-carrying capacity of the arch. In the whole process of test for the tubular arch, material
non-linearity is dominant and geometrical non-linearity is subordinate. It could be concluded that the
CFST-CSW arch shows good structural behavior and may be applicable in practice.

Introduction

Concrete filled steel tubular structure with corrugated steel webs (CFST-CSW) is a structure which
uses both the advantages of the compressive strength of CFST and the shear strength of CSW. The
circular CFST members act as key load bearing components and the CSWs connect the CFST
members together. It is expected that CFST-CSW structures have higher resistance against axial
compression, bending moment and shear force. It not only provides a good choice for girder which is
dominant in bending and shear[1], but also for columns and arches which are dominantly subjected to
compression[2, 3]. In order to study the performance of CFST-CSW system, a trial model based on
the Wanxian Yangtze River Bridge, which has the longest span of 420m in concrete arch bridges in
the world, was designed replacing the concrete arch by a CFST-CSW system [4]. Through this trial
design, it became clear that CFST-CSW structure provides an optimized construction method,
reduces the self-weight (dead load) and the requirement for substructures. These indicate that, apart
from saving construction time and cost, the CFST-CSW structure has the potential to improve the
seismic resistance and to allow the construction of longer span concrete arch bridges. However,
arches that are subjected to in-plane loading may suddenly deflect laterally out of their plane of
loading, especially in large span arches. In order to further investigate the out-of-plane behavior of
CFST-CSW arch, a test on the arch subjected to both in-plane and out-of-plane load was conducted.
Test results and the analysis of the arch behavior are presented in the paper.

Test Preparation

Test Specimen. The detail of the tested arch is shown in detail in Fig. 1. The tubular chord is 75mm in
diameter with a 2mm thick wall. The web, 2mm thick, was welded continuously to the tubular chords
from its top and bottom sides along the arch axis to combine them into a cross-section. As for the
corrugated steel webs, the main geometrical parameters are shown in Fig. 1(c). Between the two
panels, steel tubes with 40mm in diameter and 2mm in thickness were utilized as transverse bracings,
welded at a distance of 195mm in both top and bottom chords to build a four-tube CFST-CSW arch.
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Fig. 1 : Specimen geometry (unit: mm)

Test Set-up. The arches were mounted on two stiffened steel pedestals, which were fixed at both
ends. Supports were made up of triangular steel plates placed on a reinforced concrete block anchored
to the ground. The supports restricted the horizontal displacement and rotation of the arch spring, thus

simulating the fixed support conditions. Fig. 2 shows the configuration of the test set-up.
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Fig. 2: Test set-up
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Test Results

Test Procedure. During the test, the vertical load was applied simultaneously with the lateral load at
the arch crown. The magnitude of the lateral load was 10% of the vertical load. The load step was
designed before the test according to the preliminary analysis of the arch. In the first 20 steps, the
loading and strain gauge data were recorded for every 10kN load increments, and the following steps
were SkN. The loading times were also collected. In each load step, the loading was kept constant for
at least three minutes to obtain steady data.

It is demonstrated from the test that the vertical deflection and the lateral displacement were
symmetrical, and the maximum value was located at the arch crown. With the increase of the load, the
displacement developed rapidly. When the vertical load reached 302.5kN, the screw at 2L/3 and 5L/6
came in contact with the cross beam, which lead to the interruption of the test. It is shown from the
load-displacement relationship that the stiffness of the arch nearly reached zero at this time, which
was deduced from the slope of the load-displacement curve, and the maximum vertical deflection
reached 34.2mm, and the maximum lateral displacement reached 48.2mm. Therefore, the ultimate
load of the arch was defined as 302.5kN.

Displacement. Fig. 3 shows displacement distribution along the arch at specified loading step. It is
shown that from the beginning, the lateral displacement is quite larger than vertical deflection
although the vertical load is 10 times of the lateral load. It is obvious that the in-plane stiffness of the
arch is quite larger than the out-of-plane stiffness. That is to say, the lateral load will have great effect
on the load-carrying capacity of the arch.
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Fig. 3: Vertical and lateral displacement along the arch span

Relationship between load and displacement. The load — displacement relationship of the arch
is shown in Fig.4 and 5. It can be noted that the slope of the curve in Fig. 4 is larger than that in Fig. 5,
which means that the in-plane stiffness of the arch is quite large, and the geometric nonlinearity has
little effect on the load carrying capacity. Because the interaction between out-of-plane and in-plane
displacement is not obvious at the beginning, the lateral displacement has little effect on the vertical
displacement. When the lateral load increased to some extent, the increment of the in-plane
displacement is grew rapidly. When the vertically applied load reached 260kN, there was an obvious
bend in the curve, then the displacement increased quite rapidly. Therefore, the failure mode of the
test arch was controlled by the lateral deformation, which is similar with the pattern of arch with
singular CFST rib.

It can be noted from the Fig. 5 and 6, that before the applied load reached 170kN, the lateral
displacement at each section increased linearly, with the midspan section increasing the most. After
250kN, the load vs. vertical deflection went into nonlinear development with bigger increment. At
302.5kN, the curve was horizontal, which means that the arch has reached the ultimate load. As for
the lateral displacement at midspan, it entered into nonlinear development when the applied load
reached 250kN. This validates the fact that under the applied load, the lateral displacement will
develop nonlinearly earlier than the vertical deflection.
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Strain distribution along the top and bottom chord. Fig. 6 shows the distribution of
longitudinal strain of top chord and bottom chord at each section, in which the positive value denotes
tension and negative value denotes compression, and the dotted line denotes the yield strain of the
steel. It can be noted that distribution of the longintudinal strain at both bottom chord and top chord is
toothed. Under the bending and compression, the strain distribution of the arch is symmetrical apart
from the springing section. However, at the right side of the arch, after the strain reached yield strain,
the distribution of the strain is not symmetrical anymore, even the strain at the springing is reversed
from compression to tension. When the applied load reached 250kN, longitudinal strain at most of the
section has reached yield strain in Fig. 6(a), while only the strain reached yield point at L/12 and
11L/12 in Fig. 6(b) and Fig. 7. It can be noted that during the test, the arch is mainly in compression,
though at some points, the tension strain appeared, but of very small magnitude and in elastic phase.

Strain distribution along the width of the section. The relationship between the longitudinal
strain and applied load is plotted in Fig. 8.1t is evident that the curves experienced linear and nonlinear
phase nearly in the same way. However, in Fig. 8(b), the curves present reversed development when
the applied load is larger than 250kN, which means that the direction of the bending moment changed
at this time.

Fig. 9 and 10 show the development of strain along the width of the section during the test.
Because the applied lateral load was located at the arch crown, the strains at segments between L/12
and 2L/3 in Fig. 10(b), SL/12 and 7L/12 in Fig. 9(a) are in tension and symmetrically distributed along
the arch. It is evident that most of the section are in compression, and at the late stage, the steel chord
tube yields at most sections. As a result, geometric nonlinearity has little effect on the mechanical
behavior of CFST-CSW arch, which is quite different compared to that of CFST arch with singular
tube[5].
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Fig. 6: Distribution of longitudinal strain at left side along the arch
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Summary and Conclusions

From the results presented, the following conclusions can be drawn:

(1) During the test, although the in-plane load is 10 times of the lateral load, the lateral
displacement of the arch far outweighs the vertical deflection, which demonstrates that the lateral
stiffness of the arch is smaller than the in-plane stiffness. A small lateral load will lead to large lateral
deformation.

(2) The strain distribution along the arch is of toothing shape, which is similar to the CFST arch
with singular tube subject to spatial loading.

(3) Test results indicate that corrugated steel web has larger shear stiffness and capacity to resist
local buckling. During the test, no obvious local buckling appeared. Therefore, the CFST members
and corrugated steel web can work well together and make use of their advantages.

(4) In the test of CFST arch with singular tube subjected to spatial loading in literature[5], the
displacement of the arch developed nonlinearly from the beginning. However, in the test reported in
this paper, the tested displacement curves show obvious linear stage and nonlinear stage, and have
distinct turning point. It is indicated that under the spatial load, geometric nonlinearity has less effect
on the behavior of CFST-CSW arch than on a CFST arch with singular tube.
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Abstract: With the increasingly sophisticated theory of concrete filled steel tube (CFST) and its’
wide application, how to make the CFST steel beam-column joints (SBCJS) becomes one of the
key problems in research. According to the relevant references in and abroad, types and research
done on CFST SBCIJ are introduced, including outer annular-stiffener type, Inner stiffening ring
type connection with anchorages type, beam integral breakthrough type etc. Finally the key
problems need to be further studied are promoted.

Introduction

CFST is a component in structure that is made of steel tube filled with concrete. For the interaction
of the two materials in the process of bearing, it has a series of advantages over concrete and steel
structure. During the process of bearing, the steel tube will constraint the core concrete, which will
greatly improve the strength plasticity and toughness of concrete, At the same time, the existence of
concrete can inhibit or avoid the buckling deformation of steel tube. So it has good seismic
performance, and favored by civil engineers [1-2]. But like other composite structures, the structure
of SBCJ CFST are also very complex, because they are not like the reinforced concrete connection
that can directly realize the transmission of tension, and also can’t adopt the steel connection
method. So a lot of study on them is done and a series of achievements are obtained, which will be
overviewed in this paper.

Types of CFST SBCJS

CFST SBCJ is composed of the core area of the joint, the end part of the connected beam and
column, It is used to transfer the loading on beam and slab to column [3]. In order to make this
connection strong enough to transfer the internal forces, including shear and bending moment, and
satisfy the requirement of seismic performance, different types of it are put forward.

Common Connection Types.

Outer Annular-Stiffener Type. It is one of the node types studied most maturely at present and
recommended by {Specification for design and construction of concrete-filled steel tubular
structures) (CECS28:90) . This type of SBCJ is realized through two annular-stiffener rings which
are welded on the column. These two rings are located at the upper and lower flange of the beam
respectively and connected with the flange by weld. Then vertical plate is set between the two rings.
One end of it is welded on the column and the other end is used to connect with the web of the
beam by weld or bolts [4]. This connection type is reliable for force transmission and convenient
in construction. Also it has good seismic performance because the ring is not only good for force



44 Progress in Structures

transmission between beam flange and column, but also can reduce the deformation of the column
wall, which make the principle of strong column weak beam and stronger node easily achieved. But
this connection type will spend more steel, and the adaptability and flexibility of it is limited in
construction. So it is only adopted for small diameter column and beam connection.

Inner Stiffening Ring Type. It is realized by two stiffening rings welded in the column. They
are located at the upper and lower flange of the beam. This connection type can satisfy the
requirement of stiffness with less steel than the above one, but it is difficult to complete the
alignment of the flange and the inner ring in height, and there will be a large welding area in the
steel tube after welding which will make it easy to cracked under dynamic loads [5].At the same
time, it is difficult to deal with the condition that two beams connected with column are of different
elevation while in the same direction. This type of SBCIJ is generally applied to the case that the
column diameter is greater than Im.

Connection with anchorages type. It is realized by two T-shaped anchorages welded in the
steel tube. These two plates were located at the upper and lower flange of the beam, which can be
used to transmit the tension from the flanges of the beam to the joint. The T-shaped anchorage is
made of two steel plates vertical to each other. The tensile force of the beam flange will transmit to
the steel tube by welding, and then pass to the anchorage through the groove weld; finally the
anchorage will extrude the core concrete. This kind of force transmission method can effectively
transmit tension from beam flanges to the concrete of column, which will reduce the deformation of
steel tube. The stiffness of it is less than the inner stiffening ring type, but it has its advantages, such
as simple structure, steel saving is suitable for the condition that large diameter column is connected
with beam bearing small tension.

Cross plate type. It uses the cross plate arranged in steel tube to improve the integral stiffness
and bearing capacity of the joint. The integral stiffness of it is large, but the steel consumption is big
too. And the cross plate is inconvenient to be welded. At the same time, the cross plate impacts the
pouring and vibrating of the core concrete and the wall of steel tube is affected by the welding heat,
which will make the joint easy cracked under cyclic load and the overall bearing capacity reduced.

Bar anchored type. It is made by the following steps: firstly two pieces of strengthening plate
are welded on the tube corresponding to the position of the beam flanges; secondly a ribbed slab is
welded between the two plates to connect the web of beam and column; finally a few relatively
thick bars are welded on the upper and lower plates with one end welded on the beam flange and
the other anchored into the column or linked with the bars on the other side by passing through the
hole in the tube. This type has good bearing and hysteretic dissipation capacity [6], because the bars
anchored in column will produce large frictional force with the core concrete and bear much of the
tension transmitted from beam, which will reduce the local tension on the column wall and improve
the transmission way of bending moment.

Beam flange breakthrough type. It refers to the beam flange passed through the column
section, and the beam web directly welded on the column surface. This type of SBCJ is very good
for transferring the bending moment at the beam end, but the column section is largely weakened
[4, 7].

Beam web breakthrough type. It refers to the beam web passes through the column section
while the beam flange weld on the column surface, this type of SBCJ can reduce the affection of
beam flanges on concrete pouring and vibrating, and it is reliable for shear transferring, but the
rigidity and bearing capacity decrease greatly. In addition, after the weld on the beam flange
cracked, the heated-affected web which is brittle is equally susceptible to cracking [6].
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Beam internal breakthrough type. shown as figure 8, which refers to the beam web and flange
all passing through the column. The bending moment and shear at the beam end can be directly
transmitted by the beam. This type of SBCIJ is conductive to the transmission of tension and shears
and reducing the local deformation of CFST under the tension from the beam flanges [4], so it has
good ductility and seismic performance and is suitable for rigid frame structure. But it will largely
weaken the column section at the beam breakthrough part, and the construction is complicated
when the beams of different direction are intersected at the same part of column.

New Joint Types

Bolted End Plate Connection. There are lots of weld used in the above beam-column joints, which
is easy to brittle failure under earthquake. In order to solve the problem, D.X.Zhang et al. proposed
a new connection type. The beam end and the end plate are connected by groove weld, while the
steel tube and the end plate are connected by high strength bolts, shown as figure 9. This type of
connection has high rigidity and bearing capacity and can better achieve the transmission of tension
in column. It can also save the stiffening ribs in column located at the upper and lower flange of the
beam and avoid the local deformation of steel tube wall produced from welding. Especially, this
type of connection can easily solve the problem of the equipment of beams that have different
elevation. The seismic principle of strong column weak beam and stronger node can be well
realized.

New Composite Stiffening Ring Type. Outer strengthening ring type has large rigidity and is
convenient in construction, but it affects the service function of building. Therefore some scholars
put forward this type of connection[8]. The up ring adopts outer stiffening ring to ensure the column
not be broken, and it can be set in the concrete slab, which will not affect the service function of
building. The lower stiffening ring adopts a new type ring. The column is discontinued at the lower
ring, but was directly connected by it. The welding quality and force transition are easily ensured
and the requirement of construction. It is also satisfied this type of connection has high bearing
capacity, stiffness and good ductility, and the construction is not only in accordance with the
requirements of architecture, but also simple and reasonable. It also can achieve the seismic
principle.

Development of Experiment and Finite Element Simulation

Corresponding to different CFST SBCJ types, domestic and foreign scholars have carried out series
of experiment and finite element simulation research. In the early 1992, T.Ferdinand carried out
static experimental study with 18 different types of combined joints and got the corresponding
moment-rotation relationship, formulated the structure measures on them [9]. In the same
year, Y.M.Alostaz et al. analyzed how the different factors affect the node behavior with finite
element software named Abacus, including the ratio of tube radius to thickness, axial load ratio,
beam moment-shear ratio, which lay theoretical foundation for experimental research. In 1998,
Schneider studied the behavior of 6 kinds of CFST SBCIJS under constant axial force with
pseudo-static tests The results showed that the force performance of the beam directly connected
with steel tube wall type, beam web breakthrough type and steel beam flange breakthrough type
were not good under the action of repeated stress, yet the beam internal breakthrough type and bar
anchored type showed a good hysteretic performance [10]. In 2001, E.Ahmed et al. carried out
pseudo static experimental study of on 7 CFST SBCJS [11]. It showed that the members designed
according to the principle of strong column weak beam and stronger node could realize beam hinge
failure mechanisms and has a good seismic performance. In the same year, S.P.Chiew et al.
simulated the force performance of 51 CFST SBCIJS with software MARC and put forward the
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corresponding formula for calculating the yield and ultimate bending moment according to the
results of analysis. He also carried out static tests with 8 specimens, 4 of which have no stiffening
construction measures, the rest of which have. The result showed that the bar anchored type was an
effective form of connection and the thickness of steel tube is a main parameter to determine the
bending moment [12].

The domestic study on the form of CFST SBCIS started relatively late, which began after 2000
year. In 2001, D.X.Zhang et al. carried out quasi static test with 4 normally designed CFST SBCJS
in order to study their dynamic properties and Shear bearing capacity [13]. The results showed that
the damage of joints designed according to the principle of strong column weak beam and stronger
node occurred at the beam end, and these joints have strong energy dissipation capability, which
were affected little by axial compression ratio, yet the joints designed on the opposite principle
showed opposite behavior. In 2003, H.Qu promoted a yield shear stress calculation formula by
simulate CFST SBCIJS force behavior [14]. In 2004, J.Chen et al. established entity model by
ANSYS to analyze the performance of stiffening ring type connection, and conducted an
experiment with six 1:3 joints accordingly. The result showed that for the Outer annular-stiffener
type, the ring rotated to some extend under loading at the beam end, the ring have certain influence
on the joints stiffness, and the stiffness is affected more by the height of beam than by the web[15].
In 2006, C.Y.Li et al. carried out static tests with 12 Outer annular-stiffener type CFST SBCJS and
discussed their stiffness. It was pointed out that this type of connection could be used as stiffness
node if its rigidity could be ensured. And the calculation formula for bending stiffness was also put
forward according to the finite element analysis result [16]. In 2009, F.M.Xu analyzed how the
column-beam bending strength ratio and the core concrete affect the force performance of joints
with 3-D nonlinear finite element model. The result showed that the place that plastic hinge
appeared was affected by the column-beam bending strength ratio, and this ratio should be
controlled in order to achieve strong column weak beam.

Problems need to be studied further

From the above summary it can be seen that different CFST column-beam joints are put forward
and series of achievements are also obtained through experiment and finite element simulation
study, but the research done on the stress mechanism and design method are still not deep enough.
Therefore, the fowling problem is necessary to be further studied:

(1) More work should be done on analyzing how the different factors affect the mechanical
performance of CFST SBCJS under low reversed cyclic loading through finite element simulation,
and affection of the coupling action of different main factors should also be studied.

(2) More experiment research also should be done, and it is necessary to set up simplified
calculation method for design based on the results of finite element simulation and experiment. The
relevant atlas are also should be worked out for convenient application.

(3) Improve or put forward new types of connection, which have better force performance and
are more convenient for construction. And further study is also should be done on the mechanical
properties of these joints to establish convenient design method.
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Abstract. For the structural optimization of transmission line of steel pipe poles,the structural mass
was considered the objective of the economic optimization, the taper of shaft and then the thickness
of each wall with the taper of shaft were successively regarded as the design variables, established
mathematical modal of transmission line of steel-pipe pole. Various conditions of load calculation
were accomplished. Themost unfavorable load condition founded were taken as the design load
condition.And LIN-GO is introduced to solve some optimization problems about the design variables.
From what has been analysed , it is proved using L INGO on structural optimization of transmission
line of steel pipe poles Can significantly reduce the amount of steel used.

Introduction

With China's rapid economic development,urban industrial and residential electricity consumption is
growing rapidly,High-voltage transmission lines get into the city generally,the city's original feeding
power road have to be modified[1],How to make a single column steel tower' technology more
mature,to make more rational designing,to make its shape more perfect,is the key to make the Steel
pole transmission widely used to further .Because China's power transmission steel pole R & D,
designing and using are relatively late,There is a big room for optimization.It has has been optimized
on Steel pole transmission with software LINGO specially designed for the optimization.Firstly, the
load is calculated,Practical problem is translated into a reasonable mathematical model.Using
mathematical language to describe the steel pole optimization problem,And then using the software
LINGO' unique modeling language to edit mathematical model.Entering the LINGO model window
this mathematical mode can be solved. Because LINGO software has its own unique functions and
programming languages, Itrelatively increase the design efficiency.

The optimization theory of using LINGO software to optimize Steel pole transmission

Load calculation. Firstly, it should determine the steel pole transmission' designing load
conditions,"Overhead transmission line steel pole design requirements"[3] provide that it should
consider the load of the operation of the line, breaking the case, installation conditions and special
circumstances when it do structural designing about various types of the steel pole transmission.It is
complex if each design load conditions are used to do mathematical modeling.To address this
theme,after each load condition is calculated, It need to do finite element modeling on steel pole
which will be optimized ,The finite element model is imposed by the load of each of the
conditions .By finite element analysis,The most adverse conditions is used as designing conditions.

The construction of Mathematical model. Optimization goal is to make the steel pole ' weight
lightest in mathematical model,The objective function is the total weight of steel pole.Major
constraints is to consider the strength requirements, stiffness requirements and stability requirements
of steel pole.strength requirements is that maximum stress which contains Bending stress and shear
stress does not exceed the allowable stress,stiffness requirements is that maximum deflection does
not exceed the allowable value.Designing variables mainly consider shaft taper and each
thickness,According to adjust shaft taper and each thickness, to make the minimum steel pole' Shaft
weight in the condition of meeting the requirements of a variety of conditions.
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The objective function. When shaft taper C of Steel pole transmission is the designing variables :

W=nxtx(2r+hc)xsin(n/n)xhxmxp (1)
When shaft taper C and each thickness of Steel pole transmission is the designing variables :

W=pxnxsin(n/n)(t; X(2r+h;c)xh;+t,x(2r+2h;c+thyc)xhy+t3x(2r+2h;c+2hyct+hsc) xhy+a < (2r+2h c+
2h2C+2h3C+h4C)><h4 (2)
Constraints. Constraints are the same when taking shaft taper C of Steel pole transmission as the
designing variables and taking shaft taper C and each thickness of Steel pole transmission as he
designing variables ,It Only because each paragraph has different wall thickness In the case of
variable thickness,The shaft of Steel pole to be part of different sub when do mathematical model .
strength requirements : Locally stable bending, shear strength and bending strength conditions in
constraints is Calculated under the requirements of "Overhead transmission line steel pole design
requirements":

N M,
—

y <=f, (bent local stability condition ) 3)
g

X

ng-i-TXESO.nga
1 J

t (Conditions shear strength) 4)
2<y,
W, (Bending strength conditions ) (5)
Axial force:
4
N,(x)= D2G, +nx pxtx(2xr+(h—x)xc)xsin(z/n)x (h-x) (6)

=5
Bending moment:

4 N2
M) = S 2P0 —x)+ L=y
jo5i (7
Shear force:
4
O, (x) = Zzp,- +(h—x)W (8)
J=5—i
Calculation of deflection:
Y=l (Maximum allowable deflection) 9)

Analysis of Cases

Example of Engineering.The angle steel tower transmission’ height is 29.1 m,its Top diameter is
0.675 m,its Shaft were divided into four sections,its Wall thickness are 0.01 m,its Taper is 0.025, the
maximum design wind speed is 30 m / s,we calculate the operation of its lines, broken case, and
installed case of load combination (Figure 1).
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Fig. 1. a) Maximum wind speed ,not disconnect, no ice conditions; b) Lowest temperature ,calm, no
ice, not disconnection second c) Broken one ground wire conditions ; d) Within the same file broken
any two- phase conductor condition ; ¢) Installation conditions ; f) the geometry of Steel pole
transmission ;

Though finite element analysis, It can be find obviously that tower stress of any two wires is big.
Maximum wind speed did not break the ice-free relatively large deflection of the shaft to be,
respectively, as the two conditions to optimize the design load.

Built the mathematical model . Take taper C as design variables:The establishment of four
mathematical models is according to the different loads suffered, divided steel pole tower into four
parts, constraints in the shear strength, bending strength, bending formula in accordance with local
stability {design requirements of overhead transmission line steel pole) . According to the beam
deflection differential equation theory, Solving the following equation, the analytic expression of
thick steel pole tip deflection pull can be got: a mathematical model ,take maximum wind,
undisconnection,no ice as the conditions,the first mathematical model is:

Min=4625.34+195435.018xc a=c/0.665
1850(1/a°In(1+29.1a)/(1+0.1a))+(1+0.1a)/(2a’+58.2a*)-1/(2a>+0.2a*)-(1691.71a+29.1)(1691.71a+29.
1)/(2a%(1+29.1a)*)+3532(1/a’In(1+29.1a)/(1+3.1a))+1/a’In(1+29. 1a)/(1+7.1a) )+ 1/a’In(1+29. 1a)/(1+
11.1a))+(3+21.3a)/(2a’+58.2a%)-1/(2a’+6.2a%)-1/(2a’+14.2a%)-1/(2a*+22.2a%)-(4461.03+87.3)(2a*(1
+29.12)%)+401(1/a*(72.75-58.2In(1+29.1a))-1/a*(3-29.1a)In(1+29.1a)+1/2a-1/(2a+58.2a%)-29.1/(1+
29.1a)-846/(2a>+58.2a°)+29.1/(a’+29.1a*)+846.81/(2a°+58.2a%))+11669.1(1/a’In(1+29.1a)-1.5+2/(1
+29.1a)-1/(2(1429.1a2)*)<=1.445x10%
(4263.6+904.32(0.675+58.2¢-2¢x)(29.1-x))/(0.0332(58.2¢+0.665-2¢x))+(1850(29.1-x)+1850(29.1-
x)?401)(0.491(0.675+2¢(29.1-x))))/(0.0411(0.665+2¢(29.1-x7)))<=346x10°;
63.1(1850+802(29.1-x))/(0.675+2¢(29.1-x))<=200.1x10°;
1850(29.1-x)+1850(29.1-x)?401)(0.491(0.675+2¢(29.1-x))))/(0.0411(0.665+2¢(29.1-x7)))<=346x10°;

x>=26; x<=29; ¢>=0;
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Edite the mathematical models of second,third,fourth parts with LINGO software, within the same
schedule as any two-phase conductors are calculated design conditions,it can be found through the
analysis results: By optimization,the weight of steel pole reduce from 8711 kg to 8308 kg, 4.6%
reduced. The design parameters before and after optimization be showed in Tab.1.

Tab.1 Comparing Design Optimized with The Former One

Value of C (m) Weight of steel pole(kg)

Before optimization 0.025 8711

After optimization 0.018 8308

When Take taper C and wall thickness as design variables,The design parameters before and after
optimization be showed in Tab.2.

Tab.2 Comparing Parameter Optimized with The Former One

Thickness of Thickness of | Thickness of | Thickness of | Taper | Shaft
the first the second the third the fourth C weight
paragraph(m) | paragraph (m) | paragraph (m) | paragraph(m) (Kg)
Before 0.01 0.01 0.01 0.01 0.025 | 8711
optimization
The 0.006 0.006 0.009 0.007 0.020 | 5864
optimized

Through optimization, the total mass of the tower from the 8711 kg reduced to 5864kg, reduced by
32%. Optimization before and after the design parameters shown in Table 2. Optimize the effect is
obvious.

Conclusion

This work was financially supported by the Shanghai Natural Science Foundation (0666666),
Innovation Program of Shanghai Municipal Education Commission (060000) and Shanghai Leading
Academic Discipline Project of Shanghai Municipal Education Commission (0555555).
This paper describes the use of steel pole transmission LINGO optimization software to solve the
problem of basic ideas, and a specific instance of the optimization analysis, the results can be seen:
(A)A steel pole transmission structure optimization design, by optimizing the design variables, can
significantly reduce the amount of steel shaft, and thus achieve significant economic benefits.
(B)LINGO software to address the issue of power transmission steel pole optimization is a relatively
successful software, and the use of matlab for transmission steel pole structural optimization
compared to significantly reduce the difficulty of programming, to improve the design efficiency
should be increased in LINGO software engineering applications in the transmission line
extension.
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Abstract. Based on the general finite-element software ABAQUS, the FE model of 30-story SRC
frame-RC core tube hybrid structure is built up. The maximum story drift angle of the structure under
cyclic loading can effectively characterize the changes in storey damage. With the new achievements
on damage effect factors, the relation between storey damage and component damage of various types
and influence of the main design parameters on the storey damage law are analyzed. It is found that
storey damage degree is more serious with the increase of stiffness character value and shear wall
depth-thickness ratio, but the effects of both of them are gradually weakened and the change range of
it is really small. Research will provide theoretical support on the building of hybrid structure damage
model under earthquake excitation.

Damage index of SRC frame-RC core tube hybrid structure

In view of this particular substructure of the hybrid structure, the maximum storey drift angel of the
structure is used as an index to characterize the storey damage under cyclic loading. Based on the
domestic and foreign correlation research results which include the dates and conclusions got from
numerical [1] and experimental methods [2], this article proposes a proper expression function to
characterize the storey damage of SRC frame-RC core tube hybrid structure, by using the following
equation:

0
D — max, weakened (1)

max,original

Where, 0, iz 1S Maximum storey drift angel in original structure; 0, . enes 1S Maximum storey

drift angel in damaged structure.

Seven numerical calculation models ! are built to analyze SRC frame-RC core tube hybrid
structure and the numerical simulation results are regressed through a data analysis software
ORIGINS.0. The mathematic related expression between component damage value and storey
damage value is expressed as follows:

Dy =0.53¢"">? [1.4D* +1.7D, }+0.005 )
Where, D is storey damage value; D, is SRC beam damage value; D, is SRC column damage value;

D, is RC shear wall damage value.

Design calculation model

Using SRC frame-RC core tube hybrid structural system, this building contains 30 storeys which
are 3.6m uniform storey height), the plan size is 24.0mx18.0m with a uniform column spacing and
span of the column of 6m, and the total height of the structure is 108m. The plan graph of typical floor
is as shown in Figure 1. This hybrid structure is located in the region with 7 degree of seismic
fortification intensity, where soil type in site is I, seismic grade is secondary, and classification of
design earthquake is in the second group by the Chinese earthquake code.
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Fig.1 Plan graph of typical floor

Analysis of storey damage law

Structure stiffness character value

Structure stiffness character value (A ) reflects the ratio relation of frame stiffness and core tube
stiffness, which is a very important parameter for describing the distribution of structure internal force
and the displacement of structure. The A can be calculated by the following equation *!:

3)

Where, C, is shearing stiffness of frame column; E [ is shear-wall equivalent bending stiffness.

w-w

Due to the different degradation degree between shear-wall stiffness and frame stiffness at
different cyclic loading stage and different damage accumulation degree, structure stiffness character
value is the dynamic structural design parameters. Six calculation models with different stiffness
character value are analyzed to study the effect of stiffness character value on the storey damage law
of hybrid structure. The specific design parameters are reported in Table 1 and the numerical
simulation results are reported in Table 2.

Tablel Storey design parameters corresponding with different stiffness character values

SRC frame RC shear wall S .
tittness character
o Frame beam Frame column sCtrOeI;C;te}Ie st/iiflngs s thi:lticlslss Sf;(:grge st/iftin(;:gs s value 4
grade grade
X X

I wss Oxgggxgg% O (s oojggxigg 60) C45 491 400 C40 2.04 5.29
2 @s 532(;2223 5x3) (S ogiiﬁgi(iw o OO 491 350 C40 1.75 5.73
3w 53332333 5x3) (Hsog(iﬁ?ggﬁox o 04 491 350 C30 1.61 5.96
4 s 532(;2223 sx3) (S Ogiazgig oxg) 491 300 C30 1.37 6.47
5w 53332333 5x3) (Hsogg(z)t;gg?m o O 491 250 C30 1.16 7.02
6 (s 532%2223 5x3) (S Ogiazgig gy 4 491 200 C30 0.98 7.63

Note: (1) The data in the bracket is the section size of inserted steel, and the unit of section size is millimeter (mm); (2) The
stiffness character value of the original design structure is 5.18.
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Table2 Influence of stiffness character value on storey damage

Stiffness Storey damage Stiffness Storey damage
No. No.
character value value character value value
1 5.29 0.043 4 6.47 0.255
2 5.73 0.080 5 7.02 0.279
3 5.96 0.131 6 7.63 0.339

Note: Storey damage value and stiffness character value can be separately calculated by Eq. (2) and Eq. (3).
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Fig.2 Influence of stiffness character value on storey damage

The relationship curve between storey damage value and stiffness character value is shown in
Fig.2.With the increase of stiffness character value, storey damage degree becomes more serious,
while its change range is small which is between 0.043 and 0.339. The effect of stiffness character
value on storey damage value is gradually weakened with the increase of stiffness character value.
Based on the numerical simulation data of six calculation models, the mathematical relationship
between storey damage and stiffness character value is fitted out, and its equation is as follows:

D, =0.12* =2.64> +25.24° —107.421+170.3 (4)

RC shear wall depth-thickness ratio

RC shear-wall depth is far bigger than its section thickness. Due to its large plane stiffness, shear
wall bears most of the horizontal load, which decides the structure's mechanics characteristic is
inclined to frame structure or core tube structure.

In order to study the effect of shear wall depth-thickness ratio which is calculated by Eq.(6) on the
storey damage law of hybrid structure, the author presents numerical analysis for six calculation
models with different depth-thickness ratios which is between 10.3 and 36.0.The numerical
simulation result is shown in Table 3. Based on the numerical simulation data, the mathematical
relationship between storey damage and stiffness character value is fitted out, and the equation is as
follows:

Table 3 Influence of shear wall depth-thickness ratio on storey damage

No. Thickness Depth-t.hickness Storey No. Thickness Depth-t.hickness Storey
/mm ration damage value /mm ration damage value

1 350 10.3 0.042 4 200 18.0 0.247

2 300 12.0 0.111 5 150 24.0 0312

3 250 14.4 0.153 6 100 36.0 0.367

Note: (1) Storey height is 3600 mm; (2) The depth-thickness ratio of orginal structure is 9.

D, =0.26In(¢)—0.54 (5)

_h
§=" (6)

Where, # is shear-wall depth; ¢is shear-wall thickness.
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Fig.3 Influence of shear wall depth-thickness ratio on storey damage

The relationship curve between storey damage value and stiffness character value is shown in
Fig.3. Storey damage degree will become increasingly serious with the increase of shear wall
depth-thickness ratio, but the change rage of damage value is small. When¢ > 18, the effect of

depth-thickness ratio on storey damage value becomes weaker where damage value changes between
0.247 and 0.367 as the impairment of shear wall plane stiffness weakens the lateral stiffness of core
tube structure leading to the fact that contribution of the RC shear wall to storey damage value is also
reduced.

Conclusions

Based on the above numerical simulation, the following conclusions are obtained.

(1) Storey damage degree will become more serious with the increase of structure stiffness
character value, but the change rage of damage value is small. The effect of stiffness character value
on storey damage value is gradually weakened with the increase of stiffness character value.

(2) Storey damage degree will become increasingly serious with the increase of shear wall
depth-thickness ratio, while the change rage of damage value is small. Wheng > 18, the effect of

depth-thickness ratio on storey damage value becomes weaker as the impairment of shear wall plane
stiffness weakens the lateral stiffness of core tube structure, leading to the fact that contribution of the
RC shear wall to storey damage value is also reduced.
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Abstract. In order to apply the uniaxial damage evolution equation that established with the
variable of strain to the multiaxial damage quantitative analysis, this paper bases on the
Hsieh-Tang-Chen four-parameter failure criterion and adopts the way of making the triaxial
equivalent strain combining with the uniaxial damage evolution equation to analyze and deduce the
uniaxial damage evolution equation of SRHSHPC, and which is expanded to multiaxial condition
as well. A function considered triaxial stress state and a related correction value are suggested, then,
improving the damage evolution equation from triaxial to multiaxial form, finally proposing the
multiaxial damage statistic constitutive equation for concrete, taking numerical simulation with the
complete decoupling method and the result shows that the model is effective.

Introduction

The process from the generation to the development when concrete works under uniaxial stress state
is described well by the uniaxial damage evolution equation. However, in contrast with uniaxial
stress state, the most area of actual concrete structure or itself generally works under multiaxial
stress state, when stress-strain relationship, stress characteristics and material damage development
characteristics change greatly, which results in the effects of multiaxial stress state and confining
pressure on strength, poisson ratio and other mechanical properties of materials are reflected with
difficulties. In fact, it is found that damage evolution and damage threshold change greatly, in
addition to stress-strain relationship. If the approach to measuring damage value with uniaxial
damage evolution equation is still adopted, damage response obtained certainly will be different
from the actual situation. Furthermore, other mechanical responses, such as stress, strain and
displacement, will be difficult to accurately obtain.

Multiaxial damage statistic evolution equation for concrete

In order to apply the uniaxial damage evolution equation with the independent variable strain
established to the multiaxial damage quantitative analysis, the triaxial equivalent strain combining
with the uniaxial damage evolution equation is adopted to make the damage evolution process
approach to actual multiaxial stress state. Eq.(1) is one of equivalent strain expressions!'), it can be
expressed as follow:

2
k-1 1| k-1 12k
= || — 1, | ——5J (D
T 2k (1-2v) Tk {(1—21/) ‘} (1+v) °
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Where, [, is the first invariant of strain tensor, J, is the second invariant of strain deviator, v
is poisson ratio and k = f,/ f, is ratio of compressive- tensile strength.

To reflect the concrete material multiaxial stress state, considering the effects of different
hydrostatic stresses on the damage evolution, this paper adopts the Hsieh-Tang-Chen
four-parameter failure criterion combining with the uniaxial damage evolution equation of
SRHSHPC from the above paragraphs which is expanded to multiaxial form to apply it to the
analysis of multiaxial damage and failure of concrete structure. The uniaxial damage evolution
equation of SRHSHPC can be given as follow '

p=rte)=[ oo (22
(2)

3
ne—1)d ne—A1)d
L L nl 112838 e Lo 007y [ (06— A)d,
2 2 V2p V2p

Where, 4, p and d, are already known.

In fact, concrete component or structure mostly works under multiaxial stress state, while
uniaxial stress state is uncommon. Because it is not appropriate to describe damage development
with the uniaxial damage evolution equation of concrete, this paper suggests a function considering
triaxial stress state and related correction value, as well as combining with the uniaxial damage
evolution equation of concrete to reflect the influence of triaxial damage evolution, and improving
the transformation of damage evolution equation from triaxial to multiaxial form to express actual
stress state of concrete components or structures relatively accurately.

The function F (%) under triaxial stress state is considered, and the concrete expression of

F (al.j) based on triaxial failure criterion, such as the Hsieh-Tang-Chen four-parameter failure

(3]

criterion -, it can be given as follow:

F(p,&,0)=A4p* +(Bcos6+C)p+DE-1=0 (3)
Where, 4, B, C,and D are relational experimental parameters, these values are described in
literature™ | p=./2J, , 4f=11/\/§, 0 is the stress Lode's angle, 6 =arccos (30,1, )/2«/3J ,
I, J, and o, are the first invariant of strain tensor, the second invariant of strain deviator and
the first main stress respectively. A correction value r(al.j) considering stress triaxiality effect is

suggested as follow:

_|pla))p F(p.s.0)<0
F(p,/f,@)ZO

The compression meridian plane (& = 60") is taken for instance, which is shown in Fig.1. p, is

r(p,&,6) (4)

the yielding or failure radius in meridian plane corresponding to the current stress point. p(alj) is

the radius of current stress point. It is concluded that r(al.j) has a relatively intuitive physical

meaning which is a distance ratio from the current stress state to failure state under triaxial stress
state. It can also be expressed with the deviatoric plan which is shown in Fig.2.
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Fig.1 p(alj) in the failure plane Fig.2 p(o;j) in the deviatoric plane

Under multiaxial stress state, when at least two stress components must be unequal to zero, the
uniaxial damage evolution D can be expanded to multiaxial form, it can be given as follow:

D" =Dxr(o) (5)

Where, D" is the improved multiaxial damage evolution equation. The damage of principal axis
direction Dl.(i :1~3)is obtained by analyzing, then the second-order tensor of damage can be
established.

Multiaxial damage statistic constitutive model for concrete

Based on the above analysis, the multiaxial constitutive model can be established as follow:

o) [I-[o TR} =129 ®
Where, [K] is the elastic matrix of virgin material, [/] is the unit matrix, [D, ] is the variable
matrix of equivalent damage.

D, 0
[D"]= D, (7
0 D,

Based on the equation (2) ~ (7), the multiaxial damage statistic constitutive model for concrete
can be obtained

Numerical simulation for multiaxial damage statistic constitutive model for concrete

Finite element analysis method based on damage theory. The procedure of structural analysis
including damage research, strength check, life prediction and others will be more reasonable by
introducing damage variable. However, there are many disadvantages dealing with the damaged
structure on fixed solution problem, for example, the number of fixed solution equations and
damage evolution equations increases, which results in solving the problem with more difficulty.
Because of a series of problems brought by this mean, considering the computational complexity
and the precision requirement, methods which include complete decoupling, full coupling , half
decoupling and local coupling etc.are generally adopted in damage mechanics. Because of the large
computational complexity which results from full coupling and half decoupling, this paper adopts
the complete decoupling method to take numerical simulation for the multiaxial damage model.
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Numerical simulation. This paper uses the experiment data and example in the literature ! to
take numerical simulation for the model. The damage pattern under critical load for concrete is
obtained, and it is shown in Fig.3. The test specimens had a rectangular cross section of
0.85mx0.3mx1.3m, Fig.4 is the mesh and load for concrete console, the selected material property
parameters is given as follow:

v=0.2: f =226MPa;: E=2187GPa

The actual value of failure load is 740kN in the literature !, the load-displacement obtained by
using the model is close to the value above, namely 700kN. The reform was obviously different
from the result in the literature, however, due to taking the complete decoupling method for damage
problem, the result is a little conservative. It is concluded that the model is valid.

[
{ 0.4701 |
0,299 |

0.
1 10,039 |

Fig.3 Damage pattern under critical load for concrete Fig.4 Mesh and load for concrete
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Abstract. Applying FEM Analysis Software to the analysis that under the conditions of webs with
inclinations of 15°, 20°, 25°, 30°, 35°, 40°, the girders appear mid-span transformation, the concrete
stress of the base plate and the stress of the steel webs at the fulcrum. The results of the research show
that the increase of the inclination of the web can facilitate the anti-torsion performance of the
composite box girders.

Introduction

Since the first composite box girder bridge with corrugated steel webs, namely Bridge Cognac, was
constructed in France in 1986, this kind of new composite structure has been developed in many
countries, among which the development in Japan is most rapid. Since 1993, Japan has constructed a
large number of simple composite box girder bridges with corrugated steel webs, continuous girder
bridges, continuous rigid frame bridges and cable-stayed bridges. Currently, Japan is advocating
highway designer to apply this kind of composite structure.

China commenced to make a study on the composite box girder bridges with corrugated steel webs
in 1990s. The composite box girder bridges with corrugated steel webs have achieved rapid
development in China, including the Long March Bridge in Jiangsu and the grand bridge on the
Yellow River in Juancheng City in Shandong. It is very important to further make a study on the stress
characteristics of this new type composite structure and figure out the laws of its bearing capacity.
This thesis takes the composite box girder with corrugated steel webs as an example, and focuses on
the effect of the changes of the web inclinations on the anti-torsion performance of the steel-concrete
composite girders.

Characteristics of trapezoidal girders

Under the condition of terrain limit, the trapezoidal girder shall be positioned on the skewing webs,
which is not only able to reduce the width of the base plate, narrowing the breadth of the abutments,
reducing the masonry and making the bridges more nice in appearance, but also to own better
performance of wind resistance. However, the traditional trapezoid box girder of reinforced concrete
carries no convenience in construction and is rarely applied in large-span box girder bridges.
However, it is only required for the composite box girder bridge with corrugated steel webs to set the
processed steel webs aslant to form the trapezoidal girders, in which the construction is rather easy.
Most of the constructed composite box girder bridges with corrugated steel webs have adopted the
trapezoidal girders. For example, the Singkep Bridge in Japan takes an inclination of 20 °, the Tanaka
Bridge is 16 ° in inclination, and the Cognac Bridge in France adopts an inclination of 35 °. The
trapezoid girders are seldom applied in China. In the previous design cases, the inclination of the webs
is often achieved through the experiences or engineering simulation, which carried a great
randomness. The published technical materials concerning trapezoid girder are rare, hence the results
of the analysis in this article are of more instruction value.
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Project profile

One of the principal advantages of the composite box girder bridge with corrugated steel webs lies in
its light dead weight and convenient construction, which enjoys more competitive advantage in the
mountainous areas. This project is located on a secondary road in Chongqing City. The main technical
specifications include the following:

Fig.1 shown that the width of the bridge is 9m, and the height of the girder is1.6m. The bridge is
25m in length, and the steel web is 9mm in thickness, 90mm in wave length, see Fig. 2. The girders
apply C50 concrete, and the steel webs are A3 steel.

25 .75, 700 75, .25
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Fig. 1 Cross section view unit: (cm) Fig. 2 Dimensional drawing of steel web unit: (cm)

Analysis of the FEM models

In the process of FEM model analysis, six cases are selected, namely: inclination of the webs of 15 ©,
25°,30°,35 °, and 40 °. The changes of the inclinations are to keep the axis position at the joint part
of the steel webs and the roof fixed. When rotating the axis of the steel webs, the length of the
cantilever beam will stay unchanged, and the height of the girder will keep stable, only the width of
the bottom board will change.

Calculation hypothesis

During the analysis, it is hypothesized that the corrugated steel webs are well connected with the
concrete roof and bottom board and there is no damage from relative slip or shearing linkage; the
pre-stressed reinforcement is not considered into the function in the model; the corrugated steel webs
are provided with enough buckling strength, thus there will be no buckling failure of any kind; there is
no consideration for nonlinear effect of the reinforcing steel bars and concrete; there is no
consideration for the participation of the bridge deck pavement in the function.

Modeling of FEM

Space FEM models shall be built for the dimensions of the proposed bridge. In order to simulate
the corrugated steel webs more close to the actuality and with the consideration of the small span of
the bridge; the selected entity element doesn’t make any high standard for the computer hardware.
Therefore, the Soild Element with 8 nodal points is adopted when building models. The bridge is
divided into 26484 nodal points for 28726 elements in total. The boundary conditions requires the
degree of freedom of ux, uy, uz between two nodal points at the fixed hinged support and the degree
of freedom of ux and uy between the nodal points at the movable hinged support. See picture 3 for the
mesh of element, The element length is 25cm along the bridge length direction.

Fig. 3 Section model diagram of box girder
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Operating condition of load

The effect of the dead load and car load is taken into consideration when loading. The anti-torsion
and buckling performance of the corrugated steel webs shall be determined by means of the symmetry
and unbalance load layout of the car load. The load falls into 3 operating conditions as follows:
Operating condition I: Dead load; Operating condition II: Car load (symmetry); Operating condition
III: Car load (asymmetry).

100, 140 140 100 100, 140 310

\pqu quk\

‘quk W\ Pktak
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Fig. 4 Operating condition II ( Unit: cm) Fig. 5 Operating condition III ( Unit: cm)

Operating condition I: the dead load includes dead load of phase I and phase II, which shall be
achieved from the dead load of the model; operating II: on the two lanes cars shall be symmetrically
laid out. Lane load consists of uniformly distributed load (gk) and the concentrated load (Pk). The
horizontal position shall be laid out as per the car load. The position of load shall take the centerline
between two wheels. Therefore, the distance from position to the edge of the sidewalk shall be: 50 +
180x 0.5 = 140cm, which is shown in figure 4. The stress is concentrated in the mid-span
cross-section; operating III: two lanes are laid out in asymmetric way. The distances from the layout
position to the edge of the sidewalk are respectively: 50 + 100 x0.5 = 140cm and 140 +180 x 0.5 +
130+ 180 x 0.5 =450cm. Other cases are similar to operating condition II, which is shown in figure 5.

Results of analysis

The FEM software analysis can achieve the deflection of different web inclinations at the angular
point of the mid-span under various operating conditions, the tensile stress of concrete and the
principal tensile stress of steel webs. In order to eliminate the tangential stress and deformation of the
girder bridge, the value at angular point of the bottom board of the mid-span cross section shall be
taken as the analysis object in reading the data results.

Under the dead load, the deflection, axial stress and primary stress at each point are shown in table
1; under the symmetrical and asymmetric loads, the deflection and the enhanced coefficient of the
unbalance load at the mid-span cross-section are shown in table 2:

Table 1 Strained condition of box girder Table 2 Mid-span deflection of box girder
under live load underdead load
Inclination Deflection axial primary Inclination Deflection Deflection Unbalance
of webs cm stress stress of webs 1 1 loading
() MPa MPa () cm cm coefficient
15 1.701 7.446 75.7 15 0.6968 0.7434 1.067

20 1.722 7.785 75.0 20 0.7106 0.7565 1.065
25 1.750 7.857 72.7 25 0.7279 0.7733 1.062
30 1.796 8.129 71.5 30 0.7499 0.7947 1.060
35 1.826 8.052 70.7 35 0.7697 0.8126 1.055
40 1.887 8.861 68.5 40 0.8083 0.8385 1.037

See table 3 for the tensile stress and the enhanced coefficient of the unbalance load of the
cross-section baseboard in the box girder mid-span under the symmetrical and asymmetric loads; see
table 4 for the shearing stress and the enhanced coefficient of the unbalance load of the cross-section
baseboard in the steel webs under the symmetrical and asymmetric loads:
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Table 3 The tensile stress of the baseboard Table 4 The shearing stress of the of the box
girder mid-span under live load webs near the support under live load
Inclination Operating Operating Unbalance Inclination | Operating Operating Unbalance

of webs (° ) | condition I condition 11 loading of webs (° ) | condition I condition Il loading
MPa MPa coefficient MPa MPa coefficient
15 3.896 4.306 1.105 15 9.58 11.43 1.19
20 4.076 4.468 1.096 20 8.92 10.56 1.18
25 4.101 4.464 1.089 25 8.29 9.73 1.17
30 4.203 4.541 1.080 30 7.45 8.66 1.16
35 4.061 4.201 1.055 35 6.75 7.68 1.14
40 4.679 4.811 1.028 40 5.89 6.61 1.12

The enhanced coefficient of unbalance load of deflection of the mid-span cross section and the
tensile stress of the concrete bottom board and the tensile stress of the steel webs near the support will
change under different web inclination. See chart 6 for details.
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Chart 6 Enhanced coefficient curve of the unbalance loading

As per the results of the finite-element analysis, it is shown in table 1-4 that the deflection and the
tensile stress of the cross-section of the mid-span increases with the increase of the inclination of the
web; the enhanced coefficient of the unbalance loading of axial stress is rather small (the setting of the
diaphragm plate functions well for anti-torsion); it is worth noting that the enhanced coefficient of the
shearing stress is large.

Conclusions

In conclusion, the enhanced coefficient of unbalance for the composite box girder will get less with
the increase of the web inclination, namely the weakening of the torsion and distortion effect, which
indicates that the increase of the web inclination can facilitate the antitorque performance of the box
girder. However, the moment of inertia I of the interface will be less with the increase of the web
inclination, thus the whole resistance will be weakened.

Consequently, when designing the steel-concrete composite box girder bridges, if the convenient
construction conditions can be met, the designers shall choose a comparatively great web inclination,
which is recommended to be more than 20° , to improve the anti-torque performance of the
steel-concrete box girders , save the engineering materials and reduce the construction costs as well.
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Abstract. A macroscopic finite element model and a microscopic one were set up respectively to
simulate SRC frame with two bays and three stories under cyclic loading, by comparing the
simulation and test results, the authors find that the results obtained from the two finite methods have
few differences, and each of them can satisfy the demands of engineering, but the principles
established in simulation process were different. The macroscopic finite element model was
established by very few elements and the results data were obtained easily and quickly, however, it
just attain some macroscopic mechanics data (axial force, bending moment and shearing force etc.).
The microscopic finite element model involves complex modeling principle, not only needs more
time for dealing with the geometry model, gridding and boundary conditions and so on, but also
limited by professional knowledge, which make users establish a correct model hardly. The
comparison shows that macroscopic finite element method has many advantages in engineering
fields.

Introduction

Steel reinforced-concrete composite structure has been used as new construction for a long time,
which has a lot of features such as higher bearing capacity, outstanding durability, convenient
production and usage, so this type of structure has been widely applied. The components of SRC
composite structure is consisted by reinforcing, shape steel and concrete, due to the complexity
section type, it is difficult to determine how the internal stress transfers. So it is difficult to get exact
computation result through numerical simulate. The current SRC finite element method models can
be divided into the macroscopic model and the microscopic model. It’s hard to establish a
microscopic model to simulate a structure without finite element knowledge and enough time, so it’s
limited in the practical application. For example, it is almost impossible to simulate frame structure or
other structures, because it always consists of thousands microscopic elements, which lead to be
difficult in calculation. When whole structure analysis is needed in practical application, the model is
usually established by macroscopic model. Each finite method has its advantages and disadvantages.
In this paper, a macroscopic and a microscopic finite element model were set up to simulate SRC
frame with two bays and three stories under cyclic loading, the analytic processes were compared, and
the differences of finite-element method principles, the constitutive relation of materials, meshing,
loading control and simulation results were discussed.

Test

The SRC frame quasi-static test in this paper is referred in literature[1], the specimen is a 1:6
miniatures to a real project, the test system is shown in Fig.1, the specimen details are shown in Fig.2,
the cyclic loading scheme is shown in Fig.3. The columns at two sides were loaded 520kN in vertical
direction, and the middle column was loaded 1040kN in vertical direction. The horizontal load was
located on the top of the specimen and the lateral face of column. The horizontal loading method use
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displacement-control, take 3 loops at each loading stage, and the test stopped until specimen
destroyed. The mechanical properties of steel are shown in Tablel, and the test adopts C30 concrete to
produce beams and columns.
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Table 1 Mechanical properties of steel of test

110 Q235 114 Q235 A6 BI2 =
parameter 180 —— ay
flange web flange web HPB235 HRB335 e /\ A

fu/MPa 3210 3155 3197 3124 2975 384.0 Z A cycle maber (1)
€, /ne 1540 1503 1543 1507 1447 1863 :i?.?,i;v \/\/\/ v v v
fu/MPa 5099 4942 4915 502.5 4380 557.0 :,,,,,, i

Notes fir .yield stress; ¢ _: yield strain; f, : ultimate strength [ I S S

Macroscopic model by OpenSEES Fig.3 Load curve
The Open System for Earthquake Engineering Simulation (OpenSEES) is a software framework for
simulating the seismic response of structural and geotechnical systems, which is a open-source finite
elements software developed by University of California, Berkeley. OpenSEES has advanced
capabilities in modeling and analyzing the nonlinear response of systems with a wide range of
material models, elements, and solution algorithms.

Elements. The model in this paper is established by nonlinear beam column element, this element
model is based on nonlinear fiber element model, and it is widely used to simulate static and dynamic
nonlinear response of component and structure.

Material models. The material models in this model contain concrete, shape steel and steel
reinforcing. In order to simulate the hysteretic behavior of the test accurately, this model divide the
concrete of cross section into three areas: 1. concrete without constraint 2.high constraint by shape
steel 3.the area between the other two. This method is based on the theories of concrete under
compression which is proposed in 1982 by Mender in literature [2]. The stress-strain curve should be

defined for each area respectively. For concrete with no constraint: /' =k f,'. For concrete under
constraint: ' =k, 7, . K,, K, present the factor of constraint.

Shape steel and reinforcing bar use the same material model, which is proposed by
Giuffr-Menegotto-Pinto in literature[3], the material model expression in equation(1):

(1-d)e, £ —& o -0
O’«q = bg«q + R 1/ R ’g"‘l = ’o-ﬂl =
+e.) £, — €&, o,— 0O,
: (1)
a
R=R -—"— b=E [E,
a,+¢&

In equation (1), o,and ¢, present the stress and strain at yield point. o and ¢, mean the stress and
strain at reversal point. »is the ratio of sclerosis stiffness E to origin tangent modulus E , R is

constant which considers Baushinger effect of reinforced bar. @, and a, are material constants, & is
absolute value of the plastic strain at last cycle.
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Mesh. The section meshing type and density of fiber affect calculation precision and efficiency.
In order to get results accurately and quickly, it’s better to use 10mm for each fiber section side length,
and it should be set 5 Guass-Lobatto integral point for one element.

Loading and boundary condition. Like the test, the vertical load was loaded before loaded in
horizontal direction, and the horizontal loading method use displacement-control, Newton’s iterative
method was adopted for the solution of non-line equation with using energy principle as convergence
rule.

Microscopic model by ABAQUS

Element type. When building a microscopic finite model, thousands of solid element or other
element are used to consist a component, different material models are used to simulate different
kinds of materials. Concrete and steel are usually simulated by solid element, reinforcing bar is
simulated by truss element, and loading block is simulated by solid element with high Young
Modulus.

Material models. For each material, finite method under microscopic level has its own
microscopic constitutive equations involving damage mechanics and mechanics of materials. So the
microscopic material model can simulate microscopic mechanics properties of components, such as
fracture, stress cloud chart, strain cloud chart and so on.

For concrete material model in this simulation, it not only needs to determine the elastic and
plasticity data including elasticity model Es, Poisson v, Dilation Angle 4 and so on, but also needs to
calculate the data of compression and tensile behavior for concrete at inelastic phase. According to
code for design of concrete structures, these data are determined by equations (2) and (3):

Compression behavior: y= +,x >1 (2)
a,(x-1)"+x
y=ax+3-2a,)x +(a, -2)x’, x<1
Tensile behavior: x . 3)
= x>

’= a,(x=17+x’

In equation (2) (3), «, present descend stage of tension curve. «, and «, present ascend and descend
stage of compression curve.

The damage factor can be obtained from literature[4], express as equations (4):

= PR 4)
a, +(1- B)e"E,

In equation(4), ¢ represents tension and ¢ represents compression. B is the ratio of elasticity stress and
plasticity tress, the number always lies between 0.35~0.7 when compression, 0.5~0.95 when tension,
¢ 1s strain when exceeds elastic phase.

Material data of shape steel and reinforcing bar used in the model are in table2.

Table 2 Mechanical properties of steel for simulate

Steel f. /(N/mm?) E, /(N/mm?®) v
Shape steel 312.4 2.07x10° 0.3
Longitudinal bar 384.0 2.06x10° 0.3
Stirrup 297.5 2.06x10° 0.3

Mesh. Meshing is very important when use microscopic finite method to simulate component. If
the shape of the gridding is not fit to the rules, the results will non-convergence.

Loading. Gravity load and horizontal load are added in different loading steps. Gravity load is
added in first step by instantaneous loading; the horizontal loading still uses displacement-control.
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Simulate results Contrastive

It is shown from the results of macroscopic and microscopic model for SRC structure: when use
macroscopic model to simulate the structure, it is important to build correct mechanical model for
corresponding component, and this kinds of model make the structure excess simplify, more detail
information can not be got from the simulate result. The microscopic model has an unusually high
degree of detail, computation results are also reliable, but it spends too much time in building a model
and needs high-performance computer to calculate. Besides, it needs workers learn enough finite
element knowledge. Considering this, macroscopic model is more convenience for structure design, it
has great significance in structure design, but it needs to improve its theoretical system for more
structure.

0 imo 1:%0 150 '
e ]
Fig.4 Hysterrisis curve of test Fig.5 Simulate result of Fig.6 Simulate result of
macroscopic model microscopic model
Conclusions

The advantage and disadvantage of the two finite element methods can be categorized as follows:

About macroscopic model:

(1) It needs few elements to build these kinds of model, it just can express macro-mechanics
behavior of the component, but the precision of the result is in tolerable range.

(2) If the modularized program used for macroscopic model, the calculation and analysis for
structure becomes more convenient, and it has great significance for structural design.

(3) Macroscopic model can simulate regular shape of the component only, and it usually can’t be
qualified for simulate component with special-shaped of section.

About microscopic model:

(1) It requires user learn some professional knowledge of microscopic finite method, and take long
time to establish a model. Because of the number of the elements, it must be done right when meshing
or choosing the step length of material curve, or the results will not be converged.

(2) The stress and strain of significant details can be expressed in stress and strain curve charts. It
has great importance for structure experiments research and single material structure analysis.

(3) Microscopic model could not only simulate typical component and structure, but also could be
applied to components or structure of special-shaped or under special loading.
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Abstract: A new method tracing the load-deflection equilibrium path of a truss with doubly
nonlinearity is proposed. The total global stiffness matrix equation has been formulated in terms of
nodal coordinates, iteration formulations has been written through adopting a single control
coordinate, so that an new method tracing the load-deflection equilibrium path has been proposed.
Analysis results of Star dome truss and Schwedeler dome truss have shown that the proposed
method is stable numerically, quick in convergence, high in degree of accuracy and easy in use. The
proposed method can be used for large-scale truss structure.

Introduction

For long span structures, especially trusses, how to establish and solve the nonlinear load-deflection
equilibrium equation is very important. At present, the solution methods for the nonlinear
equilibrium equation include the incremental iteration method[1], Newton-Raphson method, arc
length method[2,3],and generalized displacement control method[4], Modified Normal Flow
Algorithm[5]. Torkamani[6] pointed out that generalized displacement control method is one of the
advanced nonlinear solution procedures and others have their limitations such as instability in the
vicinity of critical points etc. Garcea[3] adopted a mixed formulation for tracing load-deflection
equilibrium path so as to pass critical points of limit loads. In the present paper, a new method is
proposed for tracing nonlinear load-deflection equilibrium path. Star dome truss and Schwedeler
dome truss[7] are analyzed by the proposed method, and the results presents good agreement with
that of the reference[7]. The proposed method can pass limit load points easily, quick in
convergence, and high in degree of accuracy.

Nonlinear element stiffness matrix in terms of nodal coordinates

Suppose X is a set of the member end nodal coordinate vectors in the deformed configuration of
truss, the deformed member orientation vector can be written as: 1(x)= [T, | I,x, where I, is a unit

matrix of 3 orders. The deformed member stress is denoted as o(x), and the member cross
sectional area is denoted as 4. . the deformed member length is /(x). The member end force vector
under global system of coordinate is written as:
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The element stiffness matrix yields:

5. (x)= %{Iz‘lz} , ?)

Determination of member stress for ideal elastoplastic model

Suppose [, 1is the initial member length, &, and ¢, are yield strain and limit strain of material,

max

respectively. The member critical lengths corresponding to ¢, and &, are:

lb:(l_gy)IO’ lt :(1+8y)10’ lmaX:(l—'_gmax)lO’ lmin:(l_gmax)lo‘ (3)

The deformed member length is divided into four regions by the member critical lengths
[,,1.,1 and [ . the elastic, the plastic-tensile, the plastic-compressive and the failure. In fact, if

a member produces plastic deformation, then the member critical lengths will change and need to be
updated in iteration. In order to formulate iteration method, the member stress o(x) can be written

in the difference of two parts for the ideal elastoplastic model, O'(X)IO'S(X)—O'Q(X), in

which, o¢(x) and o (x) are as follow:

if I(x)<1l,, .or. ifl(x)>1,: oyx)=0, o,(x)=0
ifl . <Ilx)<l,: ox)=E-o,, aQ(X):E

y

- 4
if 1, <I(x)<1, : O's(x)zE+O'y—Eltl—l(x), O'Q(x)zE @
0
if I, <I(x)<1 . : og(x)=E+ o, O'Q(x): E
Substitution of Eq.4 into Eq.2 makes sm(x) to be form with the difference of two parts:
s (x)=3(x)-q(x)
)
The total nodal stiffness matrix equation can be expressed in the following form:
S(X)X-Q(X)X=A
(6)

Where X is the total nodal coordinate vector for the deformed truss; A is the total nodal load
vector of a truss; S(X) and Q(X) are total global stiffness matrices.

Iteration technique for proposed method

The total nodal coordinate vector X is classified as three subvectors:x,, . and Xx,. x; is a

controlling coordinate; and x, is support restrained coordinate subvector. x, is free coordinate
subvector. Through transformation, the global stiffness matrix is as follow:
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From Eq.7, the iteration formulations are written as follow:

X

-1 ¢ xf
Xe :Se Ief+[Qe Qef Qer xf _[Sef Ser]{x } ¢ (8)
X, !
1 i
le_([sfe Sp Sfr]_[ 0 O er] X (e L))
f
X

T

Steps for the proposed method

The iteration steps for the proposed method as follow:
1. Give initial structure coordinates, yield stress, elastic modulus, reference load vector;

2 Cycle start for x;;

3 Assemble S(X) and Q(X);

4 Perform iteration using Eq.8 and Eq.9;

5 max‘(xg‘) - ng—1)1 <e&? Ifyes, go step 6, else return step 3;

6 Record x*) and go to step 2;
7 Stop if all cycle for x; is completed.

Confirmation for proposed method

Star dome truss. A star dome truss is shown in Fig.1. For all members, the section A=3.17cm2,
elastic modulus E=3x10°N/m? and the yield stressc,=200 N/m’. A vertical load P is applied to the
central node(the node 1). The vertical coordinate of the central node is controlled ranging from
8.216cm to 3.216cm with step size of 0.2cm. The convergence tolerance e=10~. Using the proposed
method, relationships of Load P against the vertical displacement at the central node, are obtained
for the linear elastic material(LEM), the nonlinear elastic material(NEM) and the ideal elasto-plastic
material(EPM), as shown in Fig.2. Limit loads of LEM, NEM and EPM are 299.81N, 238.72N and
238.72N for the proposed method. The results of LEM and EPM are available in reference[7], and
the result of EPM from ANSYS software has been given in Fig.2. The results from the proposed
method are in good agreement with results of the reference[7] and ANSYS software. The relative
errors of the present obtained limit loads to those of reference[7] and ANSYS software are below
0.8 percent.
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Load-displacement curves for star dome truss
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Fig.1 Star dome truss Fig.2 Load-displacement relationship for star dome truss

Schwedeler dome truss. A Schwedeler dome truss, composed of 61 nodes and 156 members,
are shown in Fig.3. For all members, the sectional area A=0.0032m’ ,the elastic modulus E=2 X
10°kN/m? and the yield stress. 0 y=2.5X 10*kN/m?. A vertical load P is applied to the central node
of the truss. All outer edge nodes of the truss are pined. The vertical coordinate of the central node
is controlled, ranging from 4.58m to 3.86m with step size of 0.02m. The convergence tolerance ¢
=107, The relationships of the load P against the vertical displacement at the central node are shown
in Fig.4 for the proposed method. Using the proposed method, limit loads of LEM, EPM and NEM
are 30.58 kN, 19.51 kN and 19.51kN respectively. Curves of LEM and EPM are available
reference[7], The result of EPM from ANSYS software is also plotted in Fig.4. The present
obtained curves(fig.4) have shown good agreement with those. The relative error of the present
limit loads to the results of reference[7] and ANSYS software are under 1 percent.

Load-displacement curves for Schwedeler dome truss
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Conclusions

In present paper, total global stiffness matrix equation has been established using nodal coordinates
as unknowns, iteration formulations has been written through adopting a single control coordinate,
so that an new method tracing the load-deflection equilibrium path has been proposed, conclusion
are as follow:

(1)The proposed method is capable of solving the nonlinear problems in geometry and
material, and passing limit load point easily.

(2)Aanalysis results of Star dome truss and Schwedeler dome truss have shown that the
proposed method is stable numerically, quick in convergence, high in degree of accuracy and easy
in use.

(3)The proposed method can be used for large-scale truss structure.
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Abstract. Elastic-plastic properties of composite materials are an important part of the study on
micromechanics. Based on the plastic strain of matrix, the elastic-plastic constitutive model of
composite materials is presented in this paper, while considering the influence of the transient
flexibility matrix on the flexibility matrix. In comparison with the experimental results, theoretical
analysis of the presented model is validated.

Introduction

As we know, matrix plastic is the direct inducement of plastic deformation of composite [1-7]. On
the basis of the elastic matrix [8], matrix equivalent plastic strain was selected as variable for
investigating its relationship to bridging parameters, and finally determined the function expression
of parameters during plastic phase. Afterwards, plastic equivalent constant of matrix was induced to
determine the expression of current bridging matrix at plastic stage for establishment of composite
elastic-plastic constitutive model.

The constitutive equation of matrix

Without considering ductile deformation, let's assume matrix is isotropic hardening material. The
elastic-plastic problem of homogeneous matrix materials without fiber could be solved according to
the classic elastic-plastic theory. Firstly, it was assumed at t moment we have known all state

variables of pure matrix, such as elastic strain(s"l) , plastic strain(s”l )t and equivalent plastic
t
strain (E “ )t, etc. Secondly, we would calculate all state variables under known strain

increment Ab‘[j . Partial strain tensore; could be gained according to the relation between itself and

strain tensor, as follows shown.

1 el ! 1
g, =e +§5kk5i,- =e; +e +§gkk5ij, (1)
1 1
Ag, = Ae, +- Ay 0, = Aej + Ael! + A0, 2)
pl_ pl pl_ APl
& =¢;, Agy =l 3)

In the above equations, e;.’ , el.j.” is partial elastic strain tensor and partial plastic strain tensor,
respectively. o, is the symbol of Kronecker, A is limited incremental. The relation between partial

stress tensor and partial strain tensor is
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_ el el\ _ el pl
s; =2G((e; ), +Ae; ) =2G((e; ), +Ae, —Ae). 4)
Where, s, is partial strain tensor, G is shear modulus, the limited incremental of partial plastic
strain tensor Ag;/ ' is unknown. According to the yield condition, we can get the following equation.

38y 3
Ae’ =AeP'n. , n.==—-2L | g=.=s 5 . 5
ij ij ij 2 q q 2 mn* mn ( )
Where, Ae” is the equivalent plastic strain increment to be solved. Combining Equations (4)

(5), we can get

(1 " %AE”I sz = 2G((eg') +Ae, ). (6)

’ +Ae there is

In the above equation, each item multiplies itself, and let ¢ equals : .

1+£AE”’ q=q+3GAe” =\ﬁ20\ﬁ zé,-.é,-. =3G
q 2 2 3 oY

Tidying up Equation (7), we can obtain the following equation.
2. . .,
3G —e.e. —Ae” |—qg=0
3 gy

Plastic properties of matrix in unidirectional composite materials

(7

(8)

The predictive value of strain of matrix is
m, pr m,pr m,pr

T
> > > m, pr
{gxx Ey 8 2 Ey }n+l

T -
_ m,el m,el m pr m ,pr m,el m
—{(f% ) +Agxx,< e ) +Agyy,f( & ),(gxy ) +A5xy}

n

)

According too!” =0, use the constrains of plane stress as follows

m
v
m,pr __ m,pr m,pr _ m,pr mpi
o —f(gm € )__l—v ( +e) ) (10)

So, the elastic stress prediction of matrix is
{"m’pr}:[Lﬂ{ m’pr} (11)
According to ™" =3u"AZ"" = ¢q (E P! ) , we get the iterative equations.
R=5"" -3G"Az"" —q(z"")
(AE”M)MI:(A§””)H+R/CM?m+hm)

(12)
By calculating the above simultaneous equations, matrix equivalent plastic strain of matrix Az’
can be obtained.
The direction of plastic flow: 77, = S;""" / """ (13)

. . . m,pl _ = m.pl
The plastic strain increment of matrix: Agij = 5 771-,~A5 . (14)
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. . m, pl _ m, pl m, pl
The renovated matrix strain: (5 i )m =& )"' Ag;™ (15)
m,el _ m,pr m, pl
(gz} )n+1 =¢ Agij
|
The renovated matrix stress: (O',;" )n+1 =1,0, + 3 0,04 . (16)

The strain matrix: ~ (&]'),,; = (&]"") . + (&) ) =57 (17)

It can be seen from the above Equations (13), (14), (15), (16), (17) that in the whole calculation
process the total strain remained unchanged while the proportion between the elastic strain and the

plastic strain changed. Through the equivalent strain of matrix we can get hardening modulus 4" .
The formulas through which Tangent modulus £, Poisson's ratiov, and Shear modulus G, can
be gotten are as follows.

E,mzh—E . (18)
h" +E"

/ 1 1 m Ezm

Vo= (CoymyEe 19

=GV (19)

G -t (20)
2(1+v,,)

The current flexibility matrix has the same form with the flexibility matrix of elastic phase, we
substitute Tangent modulus, Poisson's ratio and Shear modulus with the parameters in the above
three formulas.

Calculation examples and analysis

According to the above calculation model, we will calculate the shear properties of unidirectional
composite materials. In the example, E/ =74GPa , i/ = 0.2, the stress-strain curve is shown in Fig.

1, the equivalent stress-strain curve of plasticity is shown in Fig. 2. For convenience, eight fold
lines are used to simulate this curve. The numerical values of stress, strain and hardening modulus
in the endpoint of fold lines can be seen in Tab.1. The initial value of the parameters,, £, 1s 0.35

and 0.45, respectively.
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Fig.1 The stress-strain curve
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Fig. 2 The equivalent stress-strain curve
Tab.1 The elastic-plastic parameters
Break point 1 2 3 4 5 6 7 8 9
number
Stress (MPa) 0.0 30.0 42.2 50.2 57.35 65.37 71.0 76.06 80.0
Strain (%) 0.0 0.898 1.394 1.768 2.214 2.879 3.471 4.184 5.0
Equivalent -, , 0.0 0134 0269 0502 0928 1351 1914 2612
strain (%)
Hardening
modulus 0.0 9.104 5.926 3.069 1.883 1.331 0.899 0.564
(MPa)
Ox 0.35 0.35 0.533 0.64 0.76 0.844 0.915 0.96 0.96
P 0.45 0.45 0.609 0.716 0.820 0.893 0.958 1.0 1.0

According to eight fold lines and nine end points of matrix, we could calculate relevant values of

ox, Bx, which are shown in Tab. 1.

The shear stress-strain curve of unidirectional composite materials is shown in Fig. 3. It could be
seen that the calculation curve was roughly the same with the experiment curve. Before ¢ is equal
to 1.32%, the three curves were almost in the same locus; when the shear deformation of
unidirectional composite materials reached 4%, the estimated ax and Px changing linearly is
78.2MPa, which was 7% higher than the 73 MPa as the experimented value while the expected
curves of 4x and Bx changing nonlinearly were almost the same with the experimented curves. Fig.
4 showed the crosswise s pressure tress-strain curve. From Fig. 4 it can be seen that the curve was

basically the same with the experimented curve.
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Fig. 3 The curve of shear stress-strain of unidirectional composite materials
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Conclusions

The paper establishes of the elastic-plastic constitutive model of composite materials. By
comparison with the experimental results, it can be seen that the method which the paper presents is
feasible.
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Abstract. This paper discusses results of experiments on blind bolted end plate joints to
concrete-filled thin-walled steel tubular (CFTST) columns. Four exterior joints to CFTST columns
subjected to cyclic loadings. A feature of this novel joint is the use of the blind bolts and extensions to
these bolts into the concrete-filled square steel tubular column. Failure modes, moment-rotation
hysteretic curves and energy consumption of the connections were analyzed. Further, the connection
rigidity and ductility were also elevated by present specifications. The test results showed that the end
plate type and the steel tube thickness affect the seismic behaviour of the typed blind bolted end plate
joints. The proposed joint has reasonable strength, stiffness and ductility by taking reasonable end
plate type, steel tube thickness and blind bolt anchorage; its ultimate connection rotation satisfies the
ductility design requirements, and could be reliably and safety used in low-layer or multi-layer
composite frames

Introduction

Concrete-filled steel tubular (CFST) columns exhibit excellent structural and constructional
benefits. The steel tube provides confinement and thus increases the stiffness and strength of the
concrete, and eliminates the use of the framework during construction. Meanwhile, the concrete
reduces the possibility of local bucking of the tube wall. Concrete-filled thin-wall steel tubular
(CFTST) column, which consist of very thin steel tubes and concrete, is a novel type of structural
member and was developed based on the traditional CFST columns. Due to the merits of both
thin-walled steel structures and reinforced concrete structures, there has been a growing research and
interest in this area.

Previous investigations on the static behaviour [1-2] and the hysteretic behaviour [3] of CFTST
columns have been conducted. However, research work on the mechanical behaviour and design
method of the joints to CFTST columns seems to be lacking, so that it limits application of this novel
structure. After the 1994 Northridge earthquake and the 1995 Kobe earthquake, growing interests are
given to semi-rigid connection which involves energy dissipation and ductility. Wang et al [4-5]
proposed an innovative approach of blind bolting a flush end plate to concrete-filled circular or square
hollow columns. They suggested that the blind fasteners could be used in the CFTST column
connections to resolve the installation difficulty.

Scant attention has been paid to considering the seismic behaviour of the blind bolted end plate
joints to CFTST columns. This paper presents an experimental study on four specimens of CFTST
column connections under cycle loadings. The failure modes, hysteretic performance, ductility and
energy dissipation capacity were evaluated in this paper.
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Experimental Program

Specimen Design. Four test specimens were designed and fabricated to study the hysteretic
performance of the CFTST column joints. Table 1 and Fig.1 provides the design details of specimens.
The specimen DTE1 and DTE2 are extended end plate connections, while the specimen DTF1 and
DTEF2 are flush end plate connections. These square tubes were all manufactured by seam welding
together four pieces of lipped angle, which made from cold rolled thin steel sheet with nominal wall
thickness 1.5 mm or 3 mm. Meanwhile, the beams are commercial H-shape steel sections of a
cross-section HN300x150x6x10 mm for all test specimens.

Table 1 Information of the test specimens
Specimen Column section Beam section Endplate thickness

number BorD hpxbgx typX L [ No Entc}l}l))leate
mm mm mm mm
DTEI 200x1.5 300 x150x 6x10 12 703 Flush end plate
DTE2 200x3.0 300 x150x 6x10 12 911 Flush end plate
DTF1 200x1.5 300 x150x 6x10 12 703 Extended end plate
DTF2 200x3.0 300 x150x 6x10 12 911 Extended end plate

The end plate connections were adopted by using blind bolts with extensions to connect the steel
beams to CFST columns. The blind bolts used in the tests were Grade 10.9 M20, which were a
nominal ultimate and yield stress of 1000 N/mm? and 900 N/mm?, respectively. The extensions to the
bolts were 20 mm diameter 50 mm length reinforcing bars. These reinforcing bars were welded to the
head of the bolt to form a complete unit.

!'I Square CFTST column ] i Square CFTST column
' -200x200x¢ i 200x200x¢
i
| End plate 340x200x12 it 1 End plate 340x200x12
Al & gL =
i il i =
i il ==
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i
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il ]
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Il = % o ].}AE( 3 %
P T
al naEa i
A-A ! g:’ﬂ B-B !
(a) DTE1 and DTE2 (b) DTF1 and DTF2

Fig.1. Details of blind bolted specimens to CFTST columns

Table 2 summarises the results of the material tests of the steel coupons used in the specimens. The
compressive cube strength (i) of the self-consolidating concrete was found to be 44.34 N/mm? at 28
days. On the day of testing, the compressive strength from cube samples was 48.27 N/mm” and the
modulus of elasticity was 33,521 N/mm?.

Table 2 Material properties of steel

. Steel wall thickness ~ Yield stress  Ultimate stress Elastic modulus Elongation at
Specimen number

(mm) (N/mm?) (N/mm?) (N/mm?) fracture(%)
Steel beam flange 10 3493 492.0 1.87x10° 16.5
Steel beam web 6 312.5 508.3 2.16x10° 17.4
steel tube-1 1.5 236.7 307.2 1.71x10° 20.1
steel tube-2 3 267.2 368.3 1.86x10° 23.4

Endplate 12 3233 436.7 1.98x10° 31.0
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Experimental Setup and Loading History. The experimental setup photo is shown in Fig. 2.

The loading history of the specimens was generally based on the ATC-24 [6] guidelines for cyclic
testing of structural steel components. The adopted loading history is shown in Fig.3. The magnitude
of the displacement increases gradually until the testing specimens are damaged or have larger
deformations. The beam tip displacement was automatically recorded by hydraulic actuator acting on

each beam tip. In addition, non-linear variable displacement transducers (LVDTs)

were mounted to

measure the connection rotation, shear displacement in the panel zone and side-sway of the
specimens. For the composite joint specimens, a total of fifty-five strain gauges were employed in

each specimen. Strain gauges were used to monitor the strains in the beam flanges and webs, end plate

and the steel tube. All readings were recorded using a microcomputer.

Fig. 2. Experimental setup photograph

Experimental Result Analysis and Discussion

Failure Modes. In the case of the blind bolted end plate connections to CFTST columns, failure (seen
in Fig.4) occurred in the following modes: (1) deformation of the end plate; (2) outward deformation
of the column flange; (3) anchorage fracture of the tensile bolts with extensions in the square
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Fig. 3. Loading history

columns; (4) crushing of the core concrete due to the larger connection rotation.
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Moment-Rotation Hysteretic Relationship. Moment-rotation hysteretic curves of all specimens
are shown in Fig.5. It was demonstrated that strength and stiffness of the blind bolted end plate joints
may be affected by the end plate type and the steel tube thickness. An increased the steel tube
thickness enhanced stiffness and strength of nominally identical connections. Moreover, the
maximum strength and initial stiffness of the extended end plate joint is more than that of the flush
end plate joint.

Energy Dissipation. Table 3 illustrates the total dissipated energy capability of the CFTST column
specimens. Table 43 indicates that: (1) At ultimate limit state (ULS) and failure state (FS), the
dissipated energy capability E., the equivalent damping coefficient & and the whole dissipation
energy Wiol of specimen DTE2 are larger than those of specimen DTE1, similar with specimen DTF2
and DTF1. (2) At ultimate limit state (ULS) and failure state (FS), the dissipated energy capability E.,
the equivalent damping coefficient & and the whole dissipation energy Wi, of extended end plate
connections are larger than those of flush end plate connections.

Table 3 Energy dissipation parameters

Srlfsgggn Limit state A/4, (kII:IV.t;)S;n) ¢ E.
ULS 15 2759 0.175 1.097
DTEL FS 2. 4898 0.218 1.367
ULS 15 3286 0.265 1.662
DTE2 FS 3 9726 0.297 1.867
ULS 1 388 0.096 0.601
DTF1 FS 15 835 0.160 1.005
ULS | 690 0.117 0.735
DTF2 FS 1.5 1961 0.262 1.645

Note: Ultimate Limit State and Failure State are respectively the limit state corresponding to P=P,x and P=0.85P .

Ductility. The displacement ductility coefficient and angular ductility coefficient can be used to
estimate the ductility of the joints in seismic loading. The displacement ductility coefficient, u, is
defined as the ratio between the failure displacement, 4,, and the yielding displacement, 4. It can be
expressed as u=4./4y. The angular displacement ductility coefficient, up, is defined as the ratio
between the failure angular displacement, 6,, and the yielding angular displacement, 6. It can be
expressed as ug=0./0,. Table 4 gives the displacement ductility coefficient and the angular ductility
coefficient of the test specimens.

Table 4 Ductility coefficient of the test specimens

Specimen A,(mm) A, (mm) 0,(mrad) 0,(mrad) u e
DTEI 732 44.18 4.65 28.05 6.04 6.04
DTE? 8.55 5127 5.43 32.55 6.00 6.00
DTFI 9.67 58.20 6.14 36.95 6.02 6.02
DTE2 13.47 96.09 8.55 61.01 7.13 7.13

The Chinese building seismic design code GB50011 [7] give the detail ductility regulation for the
steel frame structures: the elastic layer angular displacement [£.]=1/250=0.004rad=4mrad, and the
elastic-plastic layer angular displacement [6,]=1/50=0.02rad=20mrad. However, presently it is lack
of the detail ductility regulation for the CFTST structures. From Table 4, it is concluded that the
displacement ductility coefficient of the test specimens x=6.00~7.13, the elastic yielding angular
ductility coefficient 6,=1.16[0.]~2.13[0.], and the elastic-plastic angular ductility coefficient
0.=1.40[0,]~3.05[6,]. Through comparison with the steel frame in the elastic and elastic-plastic layer
angular displacements, the result showed the blind bolted end plate joints to CFTST columns have
excellent ductility and can satisfy the request of the structural seismic design.
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Rigidity Elevation. In order to assert the connection rigidity in the moment-rotation curves for the
end plate connections to CFTST columns, the typed connection may be classified by EC3 Part 1-8[8].
The analysis results showed that the blind bolted end plate connections in the specimens presented
herein may be classified as semi-rigid and partial strength, except that specimen MTF1 with 1.5 mm.
It is also found that the rotation capacities of the specimens satisfy the ductility requirement of no less
than 30 mrad for earthquake resistance, suggested by FEMA-350 [9].

Conclusions

The following observations and conclusions can be drawn within the limitation of the experimental
research reported in this paper:

® The strength and stiffness of the blind bolted end plate joints to CFTST columns may be
influenced by the end plate type and the steel tube thickness, so that they will be considered in
the design of CFTST frames.

® The test results demonstrated the strength and stiffness of the connections can be improved by
providing anchorage extensions to the blind bolts, according to failure modes and stain
response.

® The blind bolted end plate connection to CFTST columns is classified as semi-rigid and partial
strength by EC3 specification, except that the square CFST column connection with thinner
steel tube behaves in a semi-rigid and simple manner.

® The proposed CFTST column joint with moderately thick steel tube exhibits reasonable
strength and stiffness, while its rotation capacity satisfies the ductility requirement for
earthquake resistance in seismic region.
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Frame column of the limit value of axial compression ratio of
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Abstract: In the current specification of the pressure ratio limit requirement is not specific, not fully
consider the impact of seismic design of frame column ductility of other factors. According to the
influencing factors of column ductility analysis, reached standard of axial pressure ratio limit values
in most cases are conservative, may be appropriate to do the relaxation adjustment conclusion.

Preface

General building after the first phase of seismic design can satisfy the first second standards, the
requirements of seismic fortification, when more strong earthquakes, hard to avoid loss. The main
goal is to prevent building collapse, must make the structure in the serious damage of the remains of a
stable system, requires structural member and node has better ductility, using components of the
plastic deformation of the seismic energy consumption as much as possible, so that the structure can
bear large deformation and not collapse. So, in seismic design, ductility and seismic capacity of equal
or greater importance. Especially for large earthquake resistance, must be taken to increase the
ductility of measures, which is a reinforced concrete structure seismic design provisions relating to
the starting point.

The ductility of the structure generally includes structure and ductility. The ductility of the
structure is divided into general ductility ductility and floor. The ductility of the structure is realized
by the ductility. Ductility requirements than the ductility of the structure to high. The relationship
between the two and the structure of the plastic hinges formed after the destruction mechanism.
Ductility by ductility of section to ensure. Although the ductility of many experimental studies, but it
is difficult to make accurate calculation, so the standard is based on the experimental results,
theoretical analysis and engineering experience from the concept of qualitative rules of various
structural measures, in order to ensure the structure has enough ductility. Structure on the ductility and
energy dissipation of the strict degree is divided into four levels: ( 1) is very strict, strict ( class of
two), a strict (level three ) and general ( four ), specification called structure seismic grade. The
seismic intensity is higher, the greater the structure deformation, ductility demand strict. So the
structure of the fortification intensity is high, aseismatic grade is high.

Seismic design principles

According to the standard determined by the effect on the structure of the earthquake action,
actually is not the biggest. Seismic and dynamic analysis calculation, structure the actual earthquake
may be much larger than the standard. But the earthquake action such as too large, will increase the
seismic fortification investment; too small, cannot guarantee the reliability, standard determined by
the earthquake effect is often considered the two aspects of the technical policy the acceptable
minimum effect. Other possibilities for some of the excess energy dissipation mechanism of some
structural portion is formed to absorb and dissipate energy as compensation.

The frame structure is a statically indeterminate structure. If some parts of plastic hinge without
generating member of local brittle failure, then the frame structure under strong earthquake has
become a larger deformation capacity of the structure, the structure deformation to absorb and
dissipate energy, thereby reducing the seismic responses of structures, the seismic control of structure
subjected to strong earthquake, providing, to prevent collapse ability. Therefore, frame structure must
assume in the fortification intensity of earthquake occurrence, structure in some parts of the bar will
yield, can be formed with sufficient rotation capacity of the plastic hinge, to ensure that the structure
has enough ductility.
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Axial compression ratio on ductility of frame column

Main beam subjected to bending moment, yield much energy dissipation, hysteresis loop and
stable. To press column, less energy consumption, the hysteresis loop of narrow pillar has a high
ductility, requirements are not easy to achieve. In addition, collapse of buildings is the most direct
reason of vertical load force decreases with pillars. Column end plastic hinges, the vertical bearing
capacity will decrease, when the bearing capacity decreased to below the column should carry axial
forces will endanger the safety of the whole structure. Engineering practice shows that the earthquake
damage, axial compression ratio on seismic behavior of reinforced concrete frame columns of great
influence, in the framework of the numerous factors affecting the ductility of columns ( longitudinal
steel reinforcement ratio, stirrup reinforcement ratio, steel grade, the grade of concrete strength, axial
compression ratio, shear span ratio, section shape ) to axial compression ratio, distribution steel ratio
and shear span ratio has the most significant effect.

Experiments show that, axial pressure ratio is directly related to the size of the failure pattern of
the column. Axial compression ratio refers to the column axial force N and according to column full
section concrete compressive strength design value calculation of pressure ( fcbh ) ratio. The axial
force N is considering earthquake action combination of axial force design value. Axial compression
ratio is relatively small, under the horizontal earthquake action, will have large eccentric compression
column of flexural failure, column section compression zone between smaller, the reinforced concrete
into the stress state before, which has better ductility. Axial compression ratio, small eccentric
compression column will occur the compressive failure, the column height of compression zone
between large, yet yield tensile reinforcement, concrete has been crushed. The brittle failure almost no
displacement ductility. As with frame deformation capacity is closely related to the column ductility
along with the increase of axial compression ratio and a sharp decline (see chart ), but also in high
axial compression ratio of column stirrup deformation capacity influence also will be more obvious.
Therefore, anti seismic frame column section size must be reasonable, to control the axial
compression ratio, so that the frame column constraints in large eccentric compression range, to
ensure that the column has certain ductility. Specification given in article 6.3.7 of frame column limit
values of axial compression ratio, see the table below 1-1 and axial compression ratio and ductility of

diagram.
Table 1-1 Limited Coefficient of Axial Compression

Aseismic grade | 1 | 2
Frame column | 0.7 0.8 0.9

—
=S
1

Displacement ductility
ratio

0 0.2 0.4 0.6 0.8
The axial compression ratio and N/f.A
ductility of the relationship

Relationship of Axial Compression & stretch
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The size of eccentric compression at the junction of the limit values of axial load ratio
corresponding to I, II grade of approximately 0.8 and 0.75, taking into account the column section is
the influence of architectural layout and use requirements, so the axial compression ratio and should
not be too severe. So, in addition to a standard 6.3.7 seismic grade frame column strictly limited to the
boundaries of axial compression ratio, level two or three earthquake resistant frame column of limit
values of axial compression ratio of 0.8 and 0.9, slightly higher than the limit values of axial
compression ratio. Three level earthquake intensity of frame column is mainly used for low, housing
is not high and the shear wall as a first line of defense structure, it may be appropriate to increase the
axial compression ratio. On the two grade earthquake grade column, should adopt strong column and
weak beam, strong shear weak bending, reinforcing stirrup favorable measures.

In the actual design work, with the structure calculating software on high-rise structural seismic
analysis, often appear column section consists of limit values of axial compression ratio to determine,
column reinforcement for structural configuration, it is not reasonable. The column is too large, not
only reducing the use of space, and decrease column shear span ratio, increased stiffness, seismic
response is increased, thereby causing the brittle failure of columns, seismic unfavorable. Therefore,
in aseismic design, should be integrated into the influence factors of the column ductility, should not
care for this and lose that.

Impact ductility of columns of the frame structure of other factors

4.1.Shear span ratio

Shear span ratio is a reflection of the column under bending moment and shear force of the ratio of
a parameter, expressed as: A =M/Vhc=Hn/2hc

Test results show that the shear span ratio can roughly reflect the bending normal stress and shear
stress ratio, is to determine the frame column is ductile failure or brittle fracture is the dominant
factor, column shear span ratio is larger, better ductility. When the shear span ratio is more than 2 for
the long column, column failure mode for bending type, as long as reasonable structure, generally can
meet the column oblique section shear is larger than that of the normal section bearing capacity
requirements, and have certain deformation capacity. When 1.5< A <2for short column, column
will produce mainly shearing destruction, when increasing concrete strength or with insufficient
stirrups, may also occur with certain ductility shear compression failure. When A < 1.5, for short
columns, column failure patterns for the brittle shear failure, poor seismic performance, general
design should be avoided. If unavoidable, axial pressure ratio limit should be devoted to the study and
take special measures to ensure its oblique section bearing capacity. Therefore, norms of A <2 short
columns axial compression ratio limit values than columns limit decrease 0.05.

4.2.Stirrup

Frame pillar damage except for bending strength caused by the lack of end column horizontal
crack, damage is more common, due to lack of stirrup or unreasonable structure, body appear inclined
crack, end column concrete crushed, cleft oblique or longitudinal reinforcement pop-up node.
Theoretical analysis shows that, in the concrete core column of stirrups on plays an effective role in
binding, can significantly improve the ultimate strain of concrete under compression, block column
oblique crack development, thus greatly improving the ductility of the column. Therefore, the column
of various parts of the rational allocation of the hoop is very necessary.

Experiments show that with the axial pressure increases, the ductility of the member in the fall.
With the stirrup spacing decreases, the ductility increases. This shows, the axial compression ratio of
high component needs to be configured in order to ensure adequate stirrup ductility. When concrete is
subjected to compressive ultimate strength of pressure, the transverse deformation of concrete to
increase sharply. Stirrup presence limits the transverse deformation of concrete, thus improving the
ultimate deformation capacity of concrete, served to strengthen the role of ductility. Stirrup spacing
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number, density, the restriction to concrete effect is big. The amount of available volume
reinforcement ratio table. On the different axial compression ratio should be used in different
minimum stirrup ratio. The stirrup ratio equal situation, different forms of stirrup, concrete core area
constraint is not the same. Rectangular band only in the four corner areas of concrete to produce
effective lateral pressure, whereas in the straight section steel hoop, or heave, constraint effect is not
big. Double cross compound spiral hoop hoop, the stirrup without supporting length decreases, each
in a stirrup intersection point has a longitudinal bar, longitudinal reinforcement and stirrup constitute
a grid framework, greatly increase the hoop constraint, the ductility of the column profile than the
ordinary rectangular stirrup is improved.

4.3.The longitudinal reinforcement ratio

Studies have shown, column longitudinal reinforcement yielding angle deformation, mainly by
the longitudinal tensile reinforcement ratio, and generally along the longitudinal reinforcement ratio
increased linearly increasing, in order to avoid the earthquake post prematurely enters the yield stage,
as well as increasing the yield pillar deformation ability, improving column ductility and energy
dissipation capacity, all longitudinal steel reinforcement ratio should not be too small. Frame column
of longitudinal reinforcement of the minimum reinforcement ratio in accordance with the static
calculation based on numerical be properly increased by raising the minimum reinforcement ratio, the
aim is to improve the ductility of the columns of frame, the yield moment is far greater than the
column of the cracking moment, assurance framework in column yield have larger deformation
ability, while the maximum reinforcement ratio than the static calculation the maximum
reinforcement rate to be low, this is to make the pillar has better ductility, and indirectly limit column
under shear value.

4.4.Concrete strength, steel grade and column cross section shape

Concrete strength grade on the seismic behavior of members has a great influence on. Low
intensity concrete, the bond between the steel and concrete strength is poor, reinforcement stress after
prone slip. The strength of concrete is obviously too high, brittle, impact ductility. The present study
is that, more than C50 concrete column of limit values of axial compression ratio should be more than
standard corresponding limit reduction of 0.05.

Reinforced the level of structure ductility have great influence. The ductility of the member with
the reinforced level decreased, the main reason is the reinforced plastic index with the reinforced level
decreased. In order to make the structure satisfy certain ductility requirement, should use the hot
rolled reinforced bar, namely the member in the longitudinal reinforcement should choose the II, 111
reinforcement, stirrups should choose I, II grade steel.

Column cross section shape, will directly affect the column cross-section balanced failure of
reinforcement and concrete stress strain distribution, will seriously affect the ultimate compressive
strain of concrete in compression edge test values of € ° cu. The analysis shows that the circular
section columns, limit value of axial compression ratio of concrete filled steel tubular column can
reach more than 1.0; the compressive and shear properties, high bearing capacity, due to compression
of high bearing capacity, used in high-rise building in the column can control the slenderness ratio and
does not limit the axial compression ratio, thereby section can also be greatly reduced.

Conclusion

In the current code, the limit values of axial compression ratio is not specific, no comprehensive
considering the effects of column ductility of other factors, in the vast majority of cases is
conservative, that is to say, in the current code, the limit values of axial compression ratio, under
certain conditions can be appropriately relaxed. For different stirrup ratio, different shear span ratio,
different shapes, different location of the post, just take some measures, even if the column axial
pressure ratio than allowable limits, its ductility and can guarantee.
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Frame shear wall structure is a multi-line seismic structure, shear wall is a main lateral resisting
structure, lateral stiffness greater than the pure frame structure, the deformation of the whole structure
is reduced, the framework of the deformation is correspondingly reduced, also can say to frame shear
wall into plastic stage and a delayed effect, so the wherein the frame ductility requirements can be
reduced. Therefore the structure of axial pressure ratio limit values can be further relaxed.

In the actual design work, you can use the following method to meet the relevant provisions of the
ductility of columns:

(1)Applying high strength and light weight materials reduce deadweight of the building, is to
reduce the axial compression ratio of column effective method, should be used.

(2)Increase of stirrup ratio, stirrup or spiral configuration complex, using small diameter
longitudinal ribs, improvement of cross section shape.

(3)Allow the limit value of axial compression ratio under certain conditions relaxed range.

(4)Using strong flexor ratio above 1.25, high ratio of less than 1.25 ( I ) or 1.4 (II ) of steel.

(5)Appropriately increasing the strength grade of concrete, while improving the stirrup forms and
column cross section shape.
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Abstract. This paper describes the results of a furnace test conducted on two-way concrete slab with
clamped edges. The details of clamped support condition, arrangement of reinforcement, position of
displacement transducers and thermocouple trees are described. Detailed experimental data in the
form of describing slab cracking, the temperature distributions within the slab, vertical deflections
and horizontal displacements are presented. The experimental results show that the temperature
distribution along the slab depth was nonlinear and the temperature gradients in the slab were large.
Extensive cracks occurred on the top surface of the slab and formed in an elliptical pattern. It is shown
that two-way concrete slab with clamped edges has good fire resistance.

Introduction

The natural fire tests on the eight-storey building at Cardington show clearly that there was no sign of
collapse in any of the tests, despite the fact that the temperature of unprotected steel beams exceeded
1000°C [1-4]. The analysis made after Cardington fire tests shows that this excellent fire behavior is
due to both membrane and diaphragm effects of the reinforced composite slab together with steel
beams once the steel beams attain temperatures at which they are no longer capable of supporting the
applied load alone. However, the experimental results can be applied only to buildings of the same
form as the test building. In actual engineering, there are many other types of two-way concrete slabs.
How is the real behavior of two-way concrete slabs in fire? Three reinforced concrete flat slabs were
tested using the BRANZ fire resistance furnace [5]. The slabs were simply supported on all four sides
above the furnace. The slabs were horizontally unrestrained and were loaded with a constant
uniformly distributed load. The slabs were all heated from underneath with the ISO 834 standard fire
curve for three hours. In addition, small-scale tests were carried out, both at ambient and elevated
temperatures [6-9]. The elevated temperature tests [6] were loaded significantly above the yield-line
load, before the slabs were subjected to heating. It concluded that the failure mode witnessed from
their tests did not conform to that assumed in the simplified design method comprising of fracture
across the shorter span of a rectangular slab or one of the spans of a square slab. Bailey’s experimental
results [7] showed that for the elevated temperature tests all failure modes comprised fracture of the
reinforcement, due to the reinforcement’s high temperatures which reduced its strength. However,
testing at small-scale will result in unrealistic temperature distributions through the thickness of the
slab for the heated tests.

Most of tests of the two-way concrete slabs subjected to fire mentioned above were mainly
simply-supported. Two-way concrete slabs have many different support conditions in actual
construction. Only a small number of research reports on their behaviors in fire that have been
presented so far. In this paper, the fire behavior of two-way concrete slab with clamped edges
subjected to fire is described.
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Design of the Test

Slab Properties. A flat slab with clamped edges subjected to fire, were tested at Shandong Jianzhu
University, Jinan, China. The slab was measured 6060 mm wide by 9200 mm long and the thickness
was 120 mm. The clear span of the slab was 4500 mmx6000 mm, giving an aspect ratio of 1.33.
Commercial normal weight concrete was used for the slab and the specified compressive strength was
30 MPa. The actual cubic compressive strength was 33.5 MPa. Grade 3 hot-rolled reinforcing bars of
8 mm diameter were arranged at 200 mm spacing both along long direction and short direction. The
clear concrete cover was 15 mm for reinforcement. The details of dimensions and reinforcement
arrangement of the slab are shown in Fig. 1.
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Fig. 1 Arrangement of reinforcement in slab

Support Conditions. The slab was supported with clamped edges (refer to Fig. 2). The slab was
supported by long knife supports along each support axis, over the furnace on four reinforced concrete
furnace walls lining the internal perimeter. The knife supports composed of angle steel of 40 mm
height. There was a long 120 mm wide and 12 mm thick steel strips between concrete slab and knife
supports continuously, and the same steel strip was arranged between knife supports and four
reinforced concrete walls. The clamped condition was achieved by reaction space steel frame and a
total of 14 screw jacks and 14 H-section steel beams. Each screw jack was applied at the mid-span of
one H-section steel beam. The H-section steel beam contacted the concrete slab edge at two points
with steel plate, and split one point load applied by screw jack into two equal point loads on the
concrete slab. The loads were predefined and recorded by load-cell, they are shown as Fig. 2 and 3.
There were 4 screw jacks and 8 point loads with spacing of 1150 mm applied on each long concrete
slab edge. Meanwhile, there were 3 screw jacks and 6 point loads with spacing of 1010 mm applied on
each short slab edge. The loads were arranged in order to simulate conditions close to line-distributed
loading.

— Reaction space frame

= Load-cell
Screw jack
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Screw jack
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™ Concrete slab” Knife suppo
Furnace wall Furnace wall
53

f 623 Knife support \225\ 1375

Clamped edge along longer side Clamped edge along shorter side

Fig. 2 Details of clamped edges Fig. 3 View of the clamped edges
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Loading of the Slab. In addition to the self weight of the slab, a uniformly distributed load was
applied on the slab, to simulate live loads. Dead weights (each weighing 0.2 kN) were placed on the
slab to simulate the uniformly distributed load, and the applied loads were equivalent to a uniformly
distributed load of 2.0 kN/m”.

Instrumentation. Type K thermocouples on the thermocouple trees were used to measure the
concrete temperatures across the thickness of the slab. The arrangement of thermocouple trees and its
details are shown in Fig. 4. Each thermocouple tree consisted of seven thermocouples distributing
vertically and the distance between them was 20 mm. The thermocouple trees were positioned at the
mid-span and quarter-span of the slab. Type K thermocouples were also used to measure the
reinforcing steel temperatures. Displacement transducers (LVDT) were used to measure vertical
deflections and horizontal displacements of the slab. The vertical deflections were measured at the
mid-span and quarter-span of the slab, and the horizontal displacements were measured at the four
edges of the slab. Fig. 5 shows the positions of displacement transducers for the test.
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Fig. 4 Positions and details of thermocouple trees ~ Fig. 5 Positions of displacement transducers

Test Results

A two-way concrete slab with clamped edges was tested under furnace condition. The furnace
shut-off for the Test occurred at 247 min after ignition. At the end of the test, the furnace gas
temperature reached 1141°C and the central deflection of the concrete slab reached 232 mm, which
was equivalent to approximately 1/20 of the short span-length.

Cracking of the Slab. Fig. 6 shows the top view of the concrete slab after fire, the surface cracks
formed in an elliptic pattern. Two large cracks spacing at 150 mm were located approximately 1250
mm from the AD axis. Five cracks spacing at 200-250 mm apart were located 1200 mm from BC line,
reaching a maximum width of 8 mm. Two cracks spacing at 300 mm were located 1700 mm from AB
line. Two cracks spacing at 200 mm were located 1650 mm from CD axis, and reached a maximum
width of 2 mm. In addition, finer surface cracks from the corners towards the centre region of the slab
and cracks along the support axis could also be seen. Fig. 7 shows the view of the bottom of the slab
after fire. It shows that severe spalling occurred and large portion of reinforcing bars were exposed.
Examination of the reinforcing bars showed that the bars at the bottom did not rupture.

Fig. 6 Top view of the slab after fire Fig. 7 Bottom view of the slab after fire
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Temperature in the Slab. Fig. 8 shows the temperatures of the thermocouple tree embedded in
the slab. The maximum temperature at the bottom of the slab reached 1120 °C, due to the severe
concrete spalling, and the maximum temperature on the top of the slab reached 152°C by the end of
test. The graph shows a clearly plateau in the temperature rise at about 100 °C level. This is attributed
to evaporation of water in the concrete slab. Fig. 9 shows the temperatures of the thermocouples
attached to the reinforcing mesh. There is a pronounced plateau in the temperature rise for the
reinforcing bars in the graph, and it is also attributed to evaporation of water in the slab. The
temperature of the bottom bar was higher than that of the top one. The maximum temperature of the
bottom bar reached 1132 °C, while the maximum temperatures of the top bar was 717 °C at the
shut-off point.
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Fig. 8 Temperatures of thermocouple tree Fig. 9 Temperatures of reinforcing bars

Vertical Deflection and Horizontal Displacement. Fig. 10 shows the variation of the vertical
deflections of the slab during the test. It shows that the slab deflected downwards more rapidly in 10
min after ignition, reaching 23 mm at mid-span, equal to a rate of 2.3 mm per minute. After 10 min,
the deflection rate of the slab decreased and the slab deflected at a constant rate of approximately 0.88
mm per minute for the remaining duration of the test. When the test was stopped at 247 min, the
mid-span deflection reached 232 mm. Fig. 11 shows the measured horizontal displacements of the
slab. The horizontal displacements were due to the expansion and downward deflections in the centre
region of the slab. H1 and H2 measured the horizontal displacements in the transverse direction of the
slab, while H3 and H4 measured the displacements in the longitudinal direction (refer to Fig. 5). The
edge connected to LVDT H1 always moved outward, and reached a minimum value of -1.38 mm. The
edge connected to LVDT H2 always moved outward, and reached a minimum value of -6.28 mm.
Along the long direction, the reading of H3 shows that the slab expanded at a linear rate of 0.04 mm
per minute until 215 min and then malfunctioned. The reading of H4 shows that the slab expanded at
a rapid rate of 0.25 mm per minute until 55 min and continued to increase at a slower rate. The
outward displacement of H4 reached -11 mm at 185 min and malfunctioned until the end of the test.
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Conclusions

A furnace test was carried out on two-way concrete slab with clamped edges. Experimental results
including cracking of the slab, temperature distributions within the slab, vertical deflections and
horizontal displacements were presented and discussed. Extensive cracks occurred on the top of the
slab during the test, and formed in an elliptical pattern. Under 247 min duration of heating, the central
deflection of the concrete slab reached approximately 1/20 of the short span-length. The test results
indicate that the fire resistance of the two-way concrete slab with clamped edges is good, and the
provided detailed experimental data will serve as a database for validation of numerical models.
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Abstract. Based on the Voronoi diagram of some nodes, the natural element method (NEM)
constructs the shape functions by the natural neighbor interpolation method, and its shape functions
satisfy the Kronecker delta property, which makes it impose essential boundary conditions easily.
Based on the geometrical nonlinear relations and material nonlinear constitutive relations, we extend
the NEM to material and geometrical bi-nonlinear problems in this paper. Numerical examples show
that the NEM is effective, rational and feasible in dealing with problems of both material and
geometrical bi-nonlinear.

Introduction

The natural element method (NEM) pioneered by Braun and Sambridge [1] is a popular mesh-less
method. It is based on the well-known natural neighbor interpolation which uses the concepts of
Voronoi diagrams and Delaunay triangulation to construct the shape functions. Now, the NEM has
been widely applied to many fields [2-7]. Sukumar et al. [2-5] had applied the NEM to many
problems, such as 2D small displacement elasto-statics, gradient problems and static crack problem.
Through the 2D large deformation analysis of nearly incompressible bodies, Cho and Lee [6]
explored the applicability of the NEM to the non-linear solid mechanics. Recently, Ding et al. [7] had
researched the ela sto-plastic natural element method and used this method to research the concrete
filled steel tubular columns.

The characteristic of NEM

The NEM is a numerical method, which constructs shape functions based on the Voronoi diagram of
a set of nodes. The Voronoi diagram and its dual Delaunay triangulation are two important concepts
in the NEM. Mathematically, the Voronoi diagram can be described as follows. Set P={x,,---,x,} are

n distinct nodes in space R", we can define the Voronoi diagram of node x, as
T, ={xeR":d(x,x,)<d(x,x,),VJ #1}. (1)
where d(x,,x,) is the Euclidean distance between the node x, and x, .

Set x is Lebesgue measure (length in 1D space, area in 2D space, and volume in 3D space,
respectively. ). Set «_ is Lebesgue measure of the first Voronoi structure 7., (Eq.(1)) of interpolation

points x' in space R". Set x, is Lebesgue measure of the second Voronoi structure 7,, of
interpolation points x'for node x,, where,
T,={xeR":d(x,x")<d(x,x,),VI}N{xeR":d(x,x,)<d(x,x,),VJ #1I}. 2)
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According to the Sibson interpolation[11], the shape function is the ratio of the Lebesgue measure
x,, and the Lebesgue measure «,_, namely,
Ky (x)
¢ (x)= K (%) ° (3)

The displacement «° of any point in the solution domain can be obtained by the following linear
combination of displacement of the natural neighbor nodes,

u’ = Z":u,¢, =du. 4)

where u, is the displacement vector of node x,. n is the total number of nodes in the solution
domain. ¢, is the shape function of the interpolation point with nodes x, .

Governing equations

Let Q< R? be a body enclosed by boundary I'. The static equilibrium equation can be given as
o,,+b=0 (i,j=12) inQ, (5)
accompanied with boundary conditions
u,=u, onl,
{o-,jnj =7 onl,’ ©)

where o, and b, are the stress and physical stress, respectively, », is the cosine outside normal

direction of the stress boundary, #, and 7 are the boundary of displacements and tractions,
respectively.
Based on the static equilibrium equation Eq. (5) and the stress boundary conditions Eq. (6), we
can get the equivalent integral form of the Galerkin method
[ ooy, +b)dQ=[_Su(om, ~7)dT =0. (7)

g
Integration by parts Eq. (7), we get
[ (02,0,)dQ = subdQ+ L, Sutdrl . (8)
It is convenient to write the above equation into matrix form
[ 08" 0d =] ou'®"bdQ+| Su'@"ar . 9)

In the 2D small deformation geometrical nonlinear problems, the geometry relation between
strain and displacement can be given by Green strain theory

e e e, o
o 2|\axr) Tlax ou Qv o™
, , ox ox Ox @
0
P CCUAUOL Y U B U Y LA T O L LN Il P S N U LV R PTG 1)
v 2|y dy dy 2 dy oyl ou 2 2
Ou Ov Oudu OvOov 6_u+@ ou v ou o %
5+§+55+55 Loy x| |dy dy ax x| v
L i Oy
where
ou Ov
— — 0 0
¢ O ¢ 0 . ¢ O ax ax ¢1,x 0 ¢2,x O o ¢n,x 0
h 2 " ou v 0 ¢, 0 ¢, - 0 4,
B=|0 ¢4, 0 ¢, - 0 ¢, [;4=0 0 — —|;G= .
b b b, b o b b I A P R S A
Ly 1,x 2,y 2,x n,y n,x a_u Q a_u @ 0 ¢1,y 0 ¢2,y eee 0 ¢n,y
oy Oy Ox Ox|

de =(B+ AG)du . (11)
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Subsititute the geometrical relation into Eq. (9), then
[ou" (B+AG) 6dQ = [ou" ®"bdQ+ [ Su’@"#T . (12)
Q Q r,

Since the displacement su of any nodes varies randomly, we could get the static NEM governing
equation for the problem of geometrical nonlinear as
[(B+A4G) 6dQ = [®"bdQ+ [#"dT . (13)
Q T,

Q

For the material nonlinear problems, the relation between the stress and strain can be given by the
constitutive relation with stress, i.e., the constitutive equation

do = D(6)de = D(6)(B+ AG)du . (14)
where D(s) is the constitutive matrix for an isotropic material corresponds with the stress o . The
modulus can be represented by the tangent modulus £, with the stress ¢. D(s¢) is a matrix with the
tangent modulus E, and Poisson's ratio v .

If the difference between the stress ¢ and ¢, is very small, then the difference between D(s) and
D(s,) is small, and Eq. (14) can be written as

a=aO+D(a)(B+%AGj(u—uo). (15)

By substituting constitutive relation Eq. (15) into Eq. (12), the following equations can be
obtained

[(B+4,G) 6,d0=[®"bd+ [@"7,dT . (16)
[(B+46) |:0'0 +D(a)(B +%AGJ(u—uO)}dQ = [@"bdQ+ [ @' 1T . (17)
[(B+46) D(a)(BJr%AGJ(u—uO)dQ =[@" (t-1,)dT - [G" (4-4,) 6,dQ2. (18)

where 4, euqals to 4 with u=u,,then 4- 4, can be written as

Bu-uy) 8(v—v,)
ox Ox

0 0

Ou—uy) O0(v-v,)
oy oy
o(u—uy) O0(v-v,) Ou-u,) O(v-v,)
oy oy Ox Ox

A-A, = 0 0 = A(Au) . (19)

It is convenient to write K:J(B+AG)TD(0-)(B+%AdoQ ., AF=[&'(f-%)dl
Q T

SF = IGT [4(Aw)]' 6,dQ, then Eq. (19) can be written as

KAu=AF - SF . (20)
Numerical examples
Geo. nonlinear anal. We consider an unit thickness cantilever beam with uniformly distributed
vertical load (as shown in Fig. 1(a)), whose length and height are L =100 mm and H =10 mm
respectively. The Elastic modulus for this problem is £=1.2x10° N/mm’ and the Poisson's ratio is
v =0.2. The cantilever beam is discretized with 65 nodes as shown in Fig. 1(b). Node A is the middle
point of the right edge.

Fig. 2(a) reveals the deflection results of node A for the NEM. The Holden’s results [8] is
provided in Fig .2(b) for comparison. We find that numerical results for the NEM with nonlinear
geometrical property coincide very well with Holden’s results. However, if we just consider the linear
geometrical property, the NEM results differ from the Holden’s results with the increasing paprameter
k. Thus, we will use the NEM to investigate the material and geometrical bi-nonlinear problems in the
next example.
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Fig. 2 Deflection results of node A

Analy. both mat.and geo. bi-nonlinear problems We consider an unit thickness cantilever beam with
uniform horizontal load (as shown in Fig. 3(a)), whose length and height are L=100mm
and H =10 mm , respectively. The constitutive relation is given in Fig. 3(c), where E, =1.5x10° N/mm’ ,

E,=0.6x10° N/mm*>, v=02, o,=0.5 MPa is the yield stress limit. The cantilever beam is discretized
2 0 y

with 65 nodes as shown in Fig. 3(b).
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Fig. 4 describes the horizontal displacement-load curve of node A. For the uniform load ¢

between 0 and 490 N/mm, we observe that the linear results coincide very well with the material
nonlinear results. For the uniform load ¢ between 490 and 534 N/mm , the results for material

nonlinear problem are a curve. This may partially due to that when ¢ =490 N/mm , parts of the yield

stress is larger than the yield stress limit, and the tangent modulus for this part is 0.6x10° N/mm® . For
g >534 N/mm, the yield stress of all regions is larger than the yield stress limit and the tangent

modulus is 0.6x10° N/mm*. Numerical results for the geometrical nonlinear are a curve, and it is
smaller than the linear one. During the uniform load ¢ between 0 and 490 N/mm, results for both

material and geometrical bi-nonlinear coincide very well with the geometrical nonlinear solutions.
Then the difference between the result for material and geometrical bi-nonlinear and the result for
geometrical nonlinear is much more large. The main reason is that the region where the yield stress is
larger than the yield stress limit be much more with the increasing load ¢ .

Conclusions

An application of the NEM is extended to solve both material and geometrical bi-nonlinear problems
based on the Green strain theory and material nonlinear constitutive relations. Two numerical
examples are given to show the model’s rationality and feasibility. Numerical results of the NEM
show that the NEM is suitable for analyzing the material and geometrical bi-nonlinear problems with
the merits of no need to regenerate grid, easy to impose essential boundary conditions and so on.
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Abstract. A nonlinear 3D solid model of hybrid coupled wall system with steel boundary elements
has been founded by using FEM software ABAQUS to study its hysteretic behavior under cyclic
loading, which considering the geometric large deformation and materials nonlinearity. To verify the
efficiency of the model, two specimens with various coupling ratios of 30% and 45% are analyzed,
and the results of analysis are compared with test ones. As the bearing capacities of both agree well in
different loading stages, so the FEM model has enough accuracy and could be used to study the
seismic behavior of hybrid coupled wall system with steel boundary elements. In addition, the results
show that this new system dissipates energy by shear deformation of steel beams along and plastic
hinge deformation at the bottom of wall, so it has better seismic performance.

Introduction

The concept of hybrid coupled wall system was put forward in early 90’s in the United States and
Canada [1]. Under the support of U.S.-Japan cooperative research program and the U.S. National
Science Foundation, the researches on this system have been carried out from the properties of
connection and the overall performance [2, 3, 4]. Research results show that this kind of new
structural system has better energy dissipation capacity by comparing with the traditional reinforced
concrete coupled wall, so it is more applicable in zones of high seismic risk. In these studies, the detail
of connection adopted is that steel beam is directly embedded through reinforced boundary elements
of shear walls. As a result, the detail is very complicate, and damaged seriously. In order to improve
its seismic performance and simplify construction, the task groups put forward an innovative detail:
arranging the shape steel column in the boundary element of shear wall, which is named as hybrid
coupled wall system with steel boundary elements [5].

Previous studies have shown that coupling ratio (CR) is an important parameter and a reflection of
shear wall integral working performance [6], which represents the proportion of system overturning
moment resisted by the coupling action. In coupled walls, the transfer of shear forces through the
coupling beams induces tensile and compressive forces between adjacent walls.

In order to study the effect of coupling ratio (CR) on hysteretic behavior of innovative hybrid
coupled wall systems with shape steel boundary elements, two 1/3 scale 5 storey models with
CR=30% and CR=45% have been tested under cyclic loading[7][8]. The test models are designated as
CR-30 and CR-45, respectively. However, the finite element simulation is particularly important due
to the limits of experimental site and equipment ability, so a nonlinear 3D solid model has been
founded by using FEM software ABAQUS and verified based on the test results.

Test model descriptions

The test model, whose scale is 1:3, is selected from the tests mentioned above. The elevation view of
the structure CR-30 is given in Fig.1. The structure is 5-storey, with a symmetric configuration of
100mm thick by 3,350 mm wide, 6,545mm high. Two individual shear walls are coupled in series by
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steel beams, and steel columns are arranged as the boundary elements of the wall. In order to achieve
different coupling ratios, CR-45 increase the size of coupling beam. Sectional dimension of members
is given in table 1 and table 2. The structure is designed in terms of current Chinese code with the
assumption that all coupling beams would yield in shear other than in flexure and will behave in a
ductile manner through plastic hinge, and all coupling beams would yield prior to the shear walls fail.
Strength grades of steel and concrete are Q235 and C35, respectively.
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Fig.1 Main view of the structure

Table 1 Dimension of steel column Table 2 Dimension of steel coupling beam

test H tw b ts test H tw b tr
model (mm) (mm) (mm) (mm) model (mm) (mm) (mm) (mm)
CR-30 80 6 60 10 CR-30 74 3 60 12
CR-45 80 6 60 10 CR-45 154 4 60 12

Finite element analysis model

The nonlinear 3D solid model which considering the geometric large deformation and materials
nonlinear are founded by ABAQUS. In the model, elastic-plastic 3D solid element C3D8R in
ABAQUS element library is adopted for simulating shear walls and steel coupling beams, and
one-dimensional truss elementT3D2 for reinforcing bars. Following criteria are assumed in the
analysis:

(1) The steel follows kinematic bilinear hardening criterion which considered Bauschinger effect
and Von. Mises yield criterion.

(2) Damaged plasticity model of William-Warnke five- parameter failure criterion for concrete is
used for simulating shear walls, which takes into account the biaxial behavior of the material [9].

(3) Material properties of steel and concrete are obtained from coupon test, as shown in table 3.

(4) The interface slip between steel and concrete is ignored.

The finite-element models are shown in Fig.2.
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Fig.2 The FEM mesh generation

Boundary condition is set as same as in experiment, i.e., constrained all of six degrees of freedom at
the bottom of the structure (Uy, Uy, U,, UR,, URy, UR,), and three degrees of freedom out of plane at
the fifth floor (U,, UR,, URy) in FEM model.

In accordance with test loading scheme, vertical load is applied in the first loading step and kept
constant, and then cyclic horizontal load is added in the fifth floor till the structure fails. The loading
zone of the model is defined as rigid body in order to avoid the destruction caused by stress
concentration.

Table 3 Material properties

Materials Diameter/thickness Yield tress Ultimate  Elongation Ultimate/ vield Elastic
(mm) (MPa) stress(MPa) (%) Y modulus
3 353 505 34 1.43
6 330 453 42 1.37
Steel plate 10 319 456 44 142 2.1x105
12 377 532 46 1.41
i 6 505 605 6 1.19
Reinforced 2 0%105
bar 10 439 481 6 1.12

Analysis results

Hysteretic curves and skeleton curves. The comparison of hysteretic curves and skeleton curves of
FEM analysis with test ones are shown from Fig.3. to Fig.6. Both of them exhibit excellent energy
absorption and stable hysteretic response loops. The curves of CR-30 show evidence of “pinching”,
while those of CR-45 appear typical stable "shuttle" form with no signs of significant “pinching”, so
the latter have better energy dissipation. However, the hysteretic curve of FEM result is plumper than
that of test due, in part, to neglect of the slip between the reinforcement and concrete of the former.

Comparison of loads of test with FEM at each stage is given in table 4 and table 5. It can be seen
from the tables that the analytical models are able to predict the ultimate strength within an average
error of 10% and the yield strength within an average error of only 5%.

In general, the results of FEM have certain accuracy and could provide a good prediction of
seismic behavior.
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Table 4 Comparison of results of CR-30 at each stage

) ) Yield load Ultimate load failure load
Analysis  Loading
method  direction  p7(kN.m) 6,(10°rad) My(kN.m) 6,(107 rad) M{(kN.m) 6107 rad)
FEM Forward 1988 7.49 2119 12.2 1952 18.2
Backward -1726 5.92 -2043 12.2 -1826 17.5
Test Forward 1703 8.27 2017 154 1757 20.6
es
Backward -1832 8.45 2187 154 -1869 25.6
Forward 0.86 — 0.95 —_— 0.90 —
Test/FEM
Backward 1.06 S 1.07 — 1.02 —
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Table 5 Comparison of results of CR-45 at each stage

Analysis Loading Yield load Ultimate load failure load
method  direction A7 (kN.m) 6,(10°rad) My(kN.m) 6,(10°rad) M{kN.m) 6{10°rad)
CEM Forward 2904 2.46 3412 7.32 3164 19.2
Backward ~ -2603 4.03 -2925 14.5 -2740 18.6
Test Forward 2722 5.01 3168 8.66 3012 17.3
Backward ~ -2788 7.29 -3293 -13.2 -2799 18.9
Forward 0.94 — 0.93 — 0.95 —
Test/FEM
Backward 1.07 — 1.12 — 1.02 —

Development of plastic hinges. Plastic hinges developed in hybrid coupled wall system during
loading are shown in Fig.7. It is more intuitive and easier-to-use to analyze the development of plastic
hinges by finite element analysis, making up for the deficiency of the test.

Generally speaking, the coupling ratio of the structure directly affects the plastic hinge development,
for shear yield of the beam is not simultaneously. The plastic hinge formed firstly in the fifth floor for
CR-30, while formed at the third floor for CR-45. Along with the increase of the lateral load, beams at
other floors yielded in shear manner subsequently, and then plastic hinge formed. During strong
seismic shaking, coupling beams at each layer become energy dissipating damper set along the entire
height of the wall, expand the scope of the energy dissipation through the ductile deformation. At last,
the bottom of wall developed plastic hinge in tensile region.
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Fig.7 Sequence of plastic hinge development

Failure mechanism. As observed in FEM, destruction of model can be divided into four stages:
concrete shear wall cracking, steel coupling beam at each layer yielding in shear manner,
reinforcement in tension at the bottom of shear wall yielding, concrete in pressure area at the bottom
of shear wall crushed.

Based on results of FEM analysis, it can be seen that failure of both specimens belongs to the beam
hinge mechanism, dissipating energy by shear deformation of steel beams till plastic hinge formed at
the bottom of wall, so the seismic behavior of shear walls can be significantly improved.
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Conclusions

(1) The results of FEM have certain accuracy and could be used to study the seismic behavior of
hybrid coupled wall system with steel boundary elements;

(2) The coupling ratio of the structure directly affects the plastic hinge development, for shear yield
phenomenon on the beam is not simultaneously.

(3) Based on the sequence of plastic hinge development, it can be concluded that the structural
system is a multiple anti-seismic system, dissipates energy in a ductile manner, and satisfies the
demand of seismic ductility design.

(4) The hysteretic curve of CR-30 shows evidence of “pinching”, while that of CR-45 appears
typical stable "shuttle" form with no signs of significant “pinching”, so the latter has better energy
dissipation, and provides an efficient structural system for the resistance of seismic effects.
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Abstract. The safety of dynamic characteristics plays a very important role of underwater structures
today. In this paper, in order to analyze the dynamic characteristics of structures we have done
several groups of experiments and tested the dynamic characteristics of the models in air and water
respectively, then we calculated the natural frequency of the suspended-span structures in water
using Additive Mass Method and compared with the experimental data. The results showed that the
comparison between the experimental and calculated data is accordant, contemporaneously we
tested the natural frequency in water with in air to the same specimen , it shows that the frequency
of structure in water is lower than in air, but only little difference.

Introduction
Along with the land and sea traffic connected more and more closely, more cross-sea bridges and
the cross-harbour tunnels have achieved rapid development,especially the suspended-span
structures in water such as spanning section of submarine pipeline, ocean floating structures, the
mooring cable of submerged floating tunnel structures etc. These suspended-span structures are
easily led to damage and even destruction under the influence of large deformation from the wave,
vortex, impact, earthquake and other dynamic factors. Therefore,it is very important for the security
of suspended-span structures to research the dynamic characteristics of structures.

In order to study the dynamic characteristics of suspended-span structures in water, this paper
designed some different size groups of rebar instead of suspended-span structure, and we tested the
dynamic characteristics of the models in air and in water respectively for comparison.

Experimental Results
The experimental condition can be seen from figure 1,it shows the condition of 2-metre-long rebar
in the air and water respectively.The down deflection is not obvious when the two ends of the steel
bar are fixed on the pedestal when its length is 1m and 2m respectively. After the incentive by
force-hamme, the rebar vibrates in the horizontal position while the length is 4m, especially its
diameter is 10mm or 16mm, the down deflection is obvious when the two ends are fixed.After the
incentive, it vibrates nearly on the equilibrium position after deformation.

T —

a)in air b)in water
Fig.1 Dynamic experiment of 2-metre-long rebar
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After repeated testing, the vibration frequency results of the rebar are relatively stable and the
results of spectrum analysis are shown in table 1~table 3.

Table 1 Experimental results of 1m-long rebar in water and air

Steel Specifications | Order Frequency in water(Hz) Frequency in air(Hz)
1 21.00 22.50
P10 2 78.00 82.50
3 119.00 128.00
| 31.25 32.50
P16 2 92.50 130.00
3 253.53 294.35

Table 2 Experimental results of 2m-long rebar in water and air

Steel Specifications | Order Frequency in water(Hz) Frequency in air(Hz)
1 5.25 5.75
@10 2 20.75 21.50
3 54.30 56.35
1 7.75 8.00
D16 2 30.50 32.00
3 68.75 74.40

Table 3 Experimental results of 4m-long rebar in water and air

Steel Specifications | Order | Frequency in water(Hz) Frequency in air(Hz)
1 1.26 1.52
®10 2 5.95 6.38
3 12.85 13.50
1 1.95 2.12
dl16 2 7.63 8.25
3 17.38 18.50

A method for natural frequency of structures in water

This paper introduces a method of structure’s natural frequency calculation.

Additive Mass Method

When you calculate the natural frequencies of structures in water, using the water attached to the
structure surface with some mass instead of water dynamic effect, this approximate algorithm is
called Additive Mass Method.This method assumes that the water is inviscid, irrotational and
incompressible ideal fluids, and assuming the structure in water is rigid. Because the calculation is
simple, Additive Mass Method and its application in the engineering field is also very widespread.

The key solving problems by Additive Mass Method is to calculate the mass of attached
wate.According to the literature[1-3], about the mass of attached wate of cylinders in water, can be
calculated as follows.
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Fig.2 The infinite long cylinder submerged in water

Assuming an infinite cylinder ( rigid ) embedded in the whole space waters, choosing the axial

direction as Z axis, supposing the speed of horizontal direction as v(¢), the unit long cylinder

quality of attached wate is m  ,as shown in Figure 2.

Within the unit length, the fluid particles’ total kinetic energy in outer domain of cylinder is
r-[, [( : % } (1)

Since all of the physical quantity is independent of the z coordinate, this has become a
two-dimensional potential flow problem. Introducing Hamilton operator V. ( Defined as

Vg= ?j +7 ff ) ,and we can get:

T:jng(v¢'v¢)d9 2)

According to Green's first identity and v 24 = ‘f o’ ‘f 0, equation (2) can be written:
Ox oy

T=[atVpevhrd, =L, ¢r v2f 2 3)

For (3), I' stands for the cylindrical boundary, I', stands for the outside boundary of flow

o0

field Q.In infinite distance, according to the boundary condition that the radial velocity of
water particles is zero on the flow field.

_0¢ _ 4
Vrrg,w_ar VA)OC_O ()
_.D o¢p 5
r= 2Ir6r¢dr ®)

Solving the two-dimensional potential flow velocity potential ¢(r,8,¢)

vigo 00 106 1% (6)

or: ror''7"  r?06*?

Letbe ¢(r,0,t) = p(r)cosOv(t)

d*¢ 1lde 1 —0
JLldo 1 o @)
dr® rdr r?
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The general solution of equation (7) is

o(r) = Ar + B (A, B, are undetermined constants) (8)
r

Two given boundary conditions:

r—>o: v :%=@c056’v(t)=0 9)

" or dr

So A=0,by coupling conditions, namely the radial velocity(v,) between cylindrical particles in

the fluid-solid interface and water particles is equal,so

r=R: v = fl—(ocos Ov(t) =v(t)cos O (10)
r
do B 2
-2 -1,B=-R 11
dr R’ ()
Taking A, B values into ( 8), then the expression of velocity potential is gainable:
2
p(r.0.1) =~ —cos v (1) (12)
r
Taking ( 12) into the total kinetic energy of flow field ( 5):
JolrvLs R? R? P 21,2
T'=—"—=| | —=cosOv(t) (———cosbv(t))Rd, =—nRV 13
ZO{RZ ()}(R (O)Rd, =~ (13)

Letbe the total kinetic energy is equal to unit length quality of attached water, we can obtain
equivalent quality of attached water:

m, = pR’ (14)
m, is the quality of attached water, equal to the quality of discharged water by the cylinde exactly.

The results using Additive Mass Method is shown in table 4~ table 6.

Table 4 1m-long rebar’s calculation results

Steel Specifications Order Frequency in water(Hz) Frequency in air(Hz)
1 19.12 20.30
®10 2 76.48 81.20
3 172.08 182.71
1 30.59 32.48
P16 2 122.37 129.93
3 275.32 292.33
Table 5 2m-long rebar’s calculation results
Spec?fgi(;ltions Order Frequency in water(Hz) Frequency in air(Hz)
| 4.78 5.08
10 2 19.12 20.30
3 43.02 45.68
1 7.65 8.12
P16 2 30.59 32.48
3 68.83 73.08
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Table 6 4m-long rebar’s calculation results

Steel Specifications Order Frequency in water(Hz) Frequency in air(Hz)
1 1.19 1.27
@10 2 4.78 5.08
3 10.75 11.42
1 1.91 2.03
D16 2 7.65 8.12
3 17.21 18.27

Results analysis

Under the same conditions,we compared the experiment results with Additive Mass Method,the
percentage of frequency relative difference by experiment and Additive Mass Method is shown in
Table 7.

Table 7 Comparison between experimental results and Additive Mass Method
Im(the first order) | 2m (the first order) | 4m(the first order)

in water | inair | in water in air | in water in air

Relative difference (%)

®10 8.95 9.78 9.29 11.65 5.56 16.4
®l6 2.11 0.06 1.29 -1.50 2.05 4.25

We can come to the conclusion from table 7,with the increase of the rebar diameter, two curves
trend the same change and the results of experimental data are close to another one using Additive
Mass Method.To the specification of @16 rebar,the percentage of relative difference is less than
5%, only the rebar whose diameter is 10mm, the experimental result is slightly larger than another,
because the experimental device is not strictly fixed as requested. The above analysis shows that
Additive Mass Method is reliable and accurate, and it can be used for the analysis of structural
dynamic characteristics in the water.

In order to find the vibration characteristic difference in air and in water, we compare each rebar
the first order frequency of each condition, Figure 3 shows the frequency curves of the same
specification rebar with different length and different media.

a0 [ —*— inwater 10 |

’ L .- -E--- in air 35 [
N 25 ~ r
S 8 I
> 20 95 |
§ 5| é 20 |
53 - g 15
Lg 10 g 10 |

| =
5 =i 5 L
0 0
1length (m) 2 4 L' length (m) 2 4
a) P10 rebar b) ®16 rebar

Fig.3 Comparison of rebar’s first order frequency in water and in air

We can see from Figure 3,the first order frequency in air is greater than in water under various
working conditions, the reason is that structural mass is increased through fluid effecting on the
structure in the process of vibration,so the vibration frequency is decreased.The first order



Applied Mechanics and Materials Vols. 166-169 109

frequency of Im-long rebar is relatively big,so the difference of the frequency in air and water is
more visible as the diagram shown. But the relative difference of vibration frequency is very
close,less than 5%, when the rebar with different lengths are offered in the water and air.As
structur’s vibration frequency is different in water and in air, this will affect the dynamic response
of structures in water,so fluid-solid coupling effect should be considered for accurate dynamic
analysis of underwater structures[4-6].

Conclusions

We can come to these conclusions from the paper as follows.

(1)Experimentally measured data is is compared to the results of Additive Mass Method, they
are similar,so the method is reliable and accurate, and the method can be used for the analysis of
structural dynamic characteristics in the water.

(2)The first frequency of rebar in air is greater than in water but the difference is small.

(3)The vibration frequency of structur is different in water and in air,and it will affect the
dynamic response of structures in water,so we should consider fluid-solid coupling effect.
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Abstract. Two full-scale specimens of angles steel using H-section member had been conducted. The
specimens were subjected to cyclic reversal loading simulating earthquake effects on a steel
moment-resisting force. The objective of the work is to determine the behavior of these connections
under cyclic reversal loading well into the inelastic range and to ascertain the effect of design
parameters such as column flange stiffener, pre-tension of bolts and the angles flange thickness on the
overall behavior. Observations were made concerning the response of the connections and its
elements in terms of strength, stiffness and energy dissipation. Information on the design of these
connections is presented. The hysteretic behavior of angles beam-column connections under cyclic
loading is presented in this paper. Rotational stiffness, the carrying capacity and ductility of top-seat
angles connections are analyzed. It is concluded that angles connections can possess the relative high
stiffness, strength and excellent ductility as moment-resisting components in the seismic design of
frames. Most of the input energy was dissipated in the flange of angles while the column participated
a little in the energy dissipation process in the test.

Introduction

Beam-to-column connections are integral element of a steel frame, and their behavior affects its
overall performance under loading. Vulnerability of welded moment connections in steel
moment-resisting frames subject to severe cyclic loading was demonstrated during the 1994
Northridge Earthquake. Since then, a lot of connections have been proposed for the retrofit and the
new design of steel moment frames in high seismicity areas. Among the proposed connections are
those with high strength bolts[1][2]. Top-seat angles connections is regarded as one of the most
typical semi-rigid connections. This connection type offers several advantages such as low cost,
simple and convenient erection procedures, and good quality control since field-welding in adverse
environment is undesirable in the best of connections[3][4][5].

To obtain the data about the response of top-seat angles connection under cyclic loading, this study
will be conducted. Special attention is paid to the behavior of the individual components comprising
the connection and to their effect on the response. The important factors that influence the behavior of
the connection, such as angle thickness, bolts’ pre-tension forces, column flange thickness and
column flange stiffeners, are examined. Recommendations for designing the connection’s
components to achieve good performance during severe earthquakes are provided. The performance
of the connections under conditions of cyclic loading in terms of stiffness, ductility, strength and
energy dissipation, are investigated. It is planned to assess the following:

(1) The behavior of column flange stiffeners;

(2) The behavior of top-seat angles connections;

(3) The failure models of top-seat angles connections;

The energy dissipation systems and capability of top-seat angles connections.
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Experiment program

In the design of moment-resisting frames under severe lateral loads, it is reasonable to assume that
the points of inflection are located at the mid-span of the beams and the mid-height of the columns. A
simple cantilever type beam-column connection, such as the one shown in Fig.1, was chosen as the
specimen for this study. The cantilever length represents approximately one-half the length of typical
beams in a moment-resisting frame. For simplicity of testing, no attempts were made to simulate axial
force in the column. Attention was mainly concentrated on the study of the behavior of the connection
itself.

28l

1700 100

T—
-

Figure2: General view of test arrangement
Figurel: Typical top-seat angles connection

The material used for two test specimens including beams, columns, continuity flange stiffeners,
top-seat angles was in accordance with Q235 steel. Beams and columns were manufactured with
rolling H steel. The sizes of beam and column were H300x200x8x12 and H200x200x12x12
respectively. The high tensile bolts used are specified as 20mm diameter, grade 10.9. They were full
preloaded according to the China Code. The contacting surfaces between connections components
were treated according to China steel design code (GB50017). An average value of the cyclic friction
coefficients measured from the cyclic tested was about 0.40.

The main geometrical dimensions are indicated in the table 1.

Tablel Details of the test connection

Specimen Top-seat angles Column flange stiffener
No. Size(mm)
D1 110X 12X12 yes
D2 140 X16X 14 yes

All specimens attached through the connection to be test to a “rigid” counter-beam, as shown in
Fig.2. The loads are applied to the free end of the specimen by means of a device that transfers
horizontal forces only. Testing conditions hence approximate quite closely the case of beam-column
joints with negligible column deformability.

For monitoring the actuator load, load transducers was loaded in the front of jack. The load
transducer was calibrated after each test on a multipurpose test machine. For measuring the
connections rotation, electron centigrade instrument was used. The curves of connections rotation and
the load were drawn by X-Y function enregistering instrument. Strain gauges were used to monitor the
onset of beam flange local bucking and to determine initial yielding of the beams.

All date from strain gauges and transducers were scanned by a multi-channel DH3815 scanner
system. The readings were recorded using a microcomputer system.

To simulate seismic forces the test specimens were subject to a quasi-static cyclic loading. The
loading history may be considered one of the most important factors affecting the significant of cyclic
tests.

Before reaching the yield point, an individual specimen was first subjected to two load cycles of
20% the expected yield value, then the load was increased 20KN and the two load cycles was also
adopted. The load was then increased until the initial beam yielding was recorded by the strain gauges
or the apparent turning point was turned out in the curve of connection M- ¢ . Then for subsequent
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loading cycles, the rotation of connection was incrementally increased by the yield rotation up to the
failure of connections. The models of the failure of connections included top and seat angles
fracturing, local flections of column flange and the looseness of bolts. In reaching either of failure
modes, the test would be terminated.

Experimental results and discussion

The connection’s rotation was the result of top-seat angles and column flange deformation and bolt
extension. No panel zone deformation was observed, since the column flange stiffeners were
designed and the rigid of top-seat angles was very weak. Fig.3.and Fig. 4 showed the moment-rotation
hysteretic curves for connection JD1 and JD2, respectively. As can be observed, all the connections
showed stable hysteretic behavior up to the fracture of the connections. In the latter cases, significant
degradation occurred in the connection strength after severe distortion and/or crack initiation
developed. During latter cycles of the test severe distortion to the column flange was observed. It was
evident that column distress could have been avoided with the use of column stiffeners. Failure of the
specimen was attributed to severe distortion of the flange of top-seat angles.
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Figure3: Hysteresis curves for JD1 Figure4:Hysteresis curves for JD2
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Figure5:Envelope of the cyclic response of JD1  Figure6:Envelope of the cyclic response of JD2

Fig.5 and Fig.6 were the envelop of the cyclic response of JD1 and JD2 respectively. The relations
of moment and rotation were outlined. The line relations of moment and rotation were showed in the
initial phase and the phase was very short. With increasing the load, the non-line relations of moment
and rotation became very apparent. The fluctuating phenomenon of the relations was revealed. The
main reason was that the bolts lost their pretension forces significantly in the later stage of loading.

In seismic design, cyclic energy dissipation is of great important, since it expresses the ability of the
members and their connections to dissipate earthquake input energy. Generally, sufficient energy
dissipation without substantial loss of strength and stiffness constitutes desirable behavior for
beam-column subassemblages[3][4]. It was confirmed that most of the energy was dissipated in the
flange of top-seat angles while the column participated a little in the energy dissipation process in this
test.

The main parameters that describe a connection’s behavior are (1) the connection yield moment,
M,, (2) the initial stiffness of the connection, Ry, (3) the connection strength, M, and (4) the
connection rotation capacity (i.e.ductility), ¢,[5]. Table 2 shows these parameters for some of the
tested specimens. As expected, the initial stiffness of a connection increases as the top-seat angles
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flange thicknesses increase. This is evident when connections JD1 and JD2 are compared where the
column flange thickness differ, while the stiffness of JD2 is greater than that of JD1 because of the
former’s greater top and seat angles thickness.

Table2Joint capacity and ductility

Specimen Ry M, M, 0, Ho
JD1 0.58 51.01 51.01 0.0544 32
JD2 0.78 79.34 79.34 0.0614 4.6

R, the initial stiffness of connections, 10°KN * mrad’
M, yield moment of connections, KN *m
M, maximum moment of connections, KN *m
0 , maximum rotation of connections, rad
L, the ductility coefficient of connections, 1 »=0 /0
0y rotation corresponding to yield moment of connections, rad

Conclusions

Based on the experiment work, the following preliminary conclusions and design code
implications can be made about beam-column top-seat angles connections.

(1)AIl two tested connections showed degradation in stiffness with load cycles due to diminished
bolt pre-tension forces and inelastic deformations. Pre-tension forces in all the bolts showed
degradation with repeated load cycle. The drop in the pre-tension force continues with increasing the
load. To ensure that the bolts do not fail and do not lose their pre-tension forces significantly even
during moderate earthquake excitation, it is suggested that the bolts be designed to sustain a force
corresponding to beam moment of 1.3Mp.

(2)In all the tests, the connections were not able to sustain moment higher than the beam’s nominal
plastic moment capacity. The main reason was that the stiffness of top-seat angles was too weak.

(3)If the stiffeners of the column flange were designed, the most possible failure mode is the
fracture of top or seat angles.

(4)Most of the energy was dissipated in the flange of top and seat angles while the column
participated a little in the energy dissipation process.

(5)When properly designed and detailed, the top-seat angles connection can be considered suitable
for moment-resisting frames in areas of high seismicity.
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Abstract. CL (composite light-weight) building structural system is a new composite shear wall
structure, which is light, good integrity, excellent seismic performance, insulation and structure of the
body of the same life, good fire performance, increased use of area, and other advantages, this paper
studies the structural properties of CL on the basis of case through the construction of affordable
housing in advantages in the application.

Introduction

Affordable housing and commodity housing are concept that corresponds to, affordable housing
refers to the government for low-income housing for needy families provided by the limited
standards, limit price or rent of housing, from low-rent housing, affordable housing and policy form
of rental housing. To further improve the living conditions of people, affordable housing plays an
important role. CL structural system is a set of shear wall structure with load-bearing and thermal
insulation in one of the composite concrete, owing to its light weight, good integrity, seismic
performance, insulation and structure with the same body of life, fire performance, increase the use of
space etc., in the construction of affordable housing, with the application of CL structural system, we
can better improve the quality of affordable housing and social benefits.

CL building structural system

CL building structural system belongs to composite concrete shear wall structure, for a variety of
different thermal design seismic level partition of the new civil construction. Its core components -
CL composite wall panels composed by CL grid (a grid of welded steel sandwich panel insulation) on
both sides to form a pouring concrete and load-bearing, insulation, sound insulation in one wall. The
three-dimensional diagram shown in Figure 1 (a), the cross section is shown in Figure 1 (b).

(a) three-dimensional structural (b) cross section
Fig.1. CL system of three-dimensional structural and cross section
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CL structural system is a set of shear wall structure with load-bearing and thermal insulation in one
of the composite concrete, compared to the ordinary brick and shear wall structure, CL mainly has the
following advantages: (1) CL building structural system’s weight (average weight (800-900) kg/m") is
less than the brick weight (average weight (1800-2000) kg/m") and frame weight (average weight
(1300-1500) kg/m*); (2)The integrity of CL building structures is fine, and has an Excellent
mechanical properties of the structure, seismic performance is better than brick and frame structure;
(3) a good solution to the current existence problem that Externally bonded insulation has a short life
(=< 10 years), poor fire performance, and achieve the same life of insulation and structure with the
body; (4) increase the use area, compared with the brick, CL building structural system (the room with
an area factor of 85% -90%) can be 8-10% increase in the room . Compared to the frame structure
(room area index using 80% -85%), it can increased 5-8% of use area, cost-effective upgrade housing.

Performance analysis of CL building structures system

1. Analysis of the main raw material usage: Table 1 shows the main raw material of the CL building
structures system and Brick architecture and shear wall structure, it can be seen from the table that the
amount of CL building structural system’s steel and cement is slightly lower than the wall structure,
higher than the brick architecture. Amount of block is less than the brick and wall structure.

Table 1 Statistics of three structures System in the main raw material

Structure form Steel (kg/m*) | Cement (kg/m*) | Block (m'/m*)
Brick structure 28.1 136 0.35
Shear wall structure 49.2 170 0.27
CL structural system 46.6 168 0.19

2. Analysis of the structural weight: Table 2shows the average weight of the CL system and brick
structures and shear wall structure. As can be seen from Table 2 that the weight of CL structural
system weight is much smaller than brick structure, is about 45% of brick structure, while the weight
is less than the shear wall structure, about 90% of its weight.

Table2. Average weight of three structures

Structure form Average weight (kg/m") Co\;}ng igr}llion
Brick structure 1800-2000 2.2
Shear wall structure 850-950 1.1
CL structural system 800-900 1.0

3.Analysis of the use area: Compared to brick (with an area coefficient of 75% -80%) and
framework (coefficient of 80% -85%), CL building structural system (factor of 85% -90%) has a
5-10% increased use area, greatly enhance the housing cost-effective.

4.Analysis of energy efficiency standards and operating costs: (1) CL wall’s heat transfer
coefficient (0.65),is less than 370 brick wall (0.9-1.0) and 300 ceramic wall filled with thick (about
0.8) overall heat transfer coefficient, building structural system insulation, heat insulation
performance are better than in brick and frame structure, it can meet residential buildings’65% energy
efficiency standards. CL structural system is a composite insulation system; energy efficiency
standards can reach 65%. (2) Achieve the same life of insulation and structure, 50 years without
replacement.

5.Structural measures to improve the seismic performance: CL structures system consists of
reinforced concrete pouring a whole, unique structure, the three-dimensional composite wall tilt steel,
connect both sides of the steel welded wire mesh into the space grid, the slenderness ratio and the
number on both sides concrete can pull up together into one carrying purposes. And light weight,
small force by the earthquake, structural integrity is good, force structure has a good performance, and
the principle is similar with ordinary reinforced concrete shear walls, seismic performance is better
than brick and frame structure.
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Case study

The following two examples of affordable housing, respectively, compared with CL building
structural system and brick building structural system and shear wall structure.

1.Comparative analysis of CL building structural system and brick building structural system.
Figure 2 shows the units of a 6-layer instance affordable housing.
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Fig.2. 6-layer instance affordable housing units Fig.3. 12-layer affordable housing units.

Table 3 shows comparative analysis of the performance of the affordable housing showed in figure
2. which uses CL building structural system and brick building structural system.

Table 3. CL building structural system and brick structure system comparison tab (6-layer)

Building Use area wei
Structure form Wall thickness (mm) 2 2 self-weight
area (M ) (m- (kg)
Brick structure Wall 370 (not including the insulation layer),
(6-layer) Interior wall 240, partition120 68.6 33.17 740880-823200
CL building Wall 370 (including the insulation layer),
structural system Interior wall 240, partition120 68.6 6072 330240-370440

(1) Comparative analysis of the main weight: Table 3 shows that, if we use brick architecture, the
6-layer self-weight goes up to 740880kg-823200kg (not including insulation). If use the CL building
structural system, 6-layer weight is 330240kg-370440kg (including insulation), the weight reduced by
55% -58% than brick structural system, Savings on raw materials and building seismic performance
improvement is significant.

(2) Comparative analysis of the use area: As table 3 shows, in the same premise of building area, the
use area of two different structural systems will show different results, the brick structure, with the use
area of 53.17, the CL architecture ,with an area of 60.72, increase the use area by 14%.
(3)Comparative analysis of energy performance standards: In CL structures system, insulation and
building are of the same life, 50 years without replacement, without insulation maintenance,
replacement. The potential cost of post-costly of the insulation material which has been used in China
are very highly, and if use the CL structural insulation system, there is no such costs.

2. Comparative analysis of CL building structural system and shear wall structure. Figure 3 shows the
units of a 12-layer instance affordable housing.

Table 4 shows comparative analysis of the performance of the affordable housing showed in
figure 2 which use CL building structural system and shear wall structure.
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Table 4. CL building structural system and shear wall structure comparison tab (12-layer)

Building area | Use area - wei
Structure form Wall thickness (mm) 5 5 self-weight
(m”) (m°) (kg)
shear wall structure | Wall 370 (not including the insulation layer),
(12-layer) Interior wall 240, partition120 703 5976 717060-801420
CL building structural Wall 370 (including the insulation layer),
system Interior wall 240, partition120 703 62.2 674880-759240

(1) Comparative analysis of the self- weight: As table 4 shows, if we use shear wall structure, 12-layer
self-weight is 717060kg-801420kg (not including insulation). If we use the CL building structural
system, 12-layer self-weight is 674880kg-759240kg (including insulation), it has a 5.2% -5.8%
reductions in weight. Savings on raw materials and building seismic performance improvement is
significant.

(2) Comparative analysis of the use area: It Can be obtained from Table 4, in the same premise of
building area, ordinary shear wall structure, with the use area of 59.76, CL building structural system
with the area of 62.2, increase the use area by 4%.

(3) Comparative analysis of energy performance standards: In CL structures system, insulation and
building are of the same life, 50 years without replacement, without insulation maintenance,
replacement. The potential cost of post-costly of the insulation material which has been used in China
are very highly, and if use the CL structural insulation system, there is no such costs.

Conclusion

CL structural system is a set of shear wall structure with load-bearing and thermal insulation in one of
the composite concrete, owing to its light weight, good integrity, seismic performance, insulation and
structure with the same body of life, fire performance, increase the use of space etc., in the
construction of affordable housing, with the application of CL structural system, we can better
improve the quality of affordable housing and social benefits.
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Abstract. Discrete complex method is used in genetic algorithm(GA) and a mixed genetic algorithm
called complex genetic algorithm(CGA) is formed. The complex method used here increases the
quality of species groups, and improves the searching efficiency. The mixed genetic algorithm
method is used in the shape optimization for mixed discrete variables. The integration and coding of
the shape variables and the cross-section variables in genetic algorithm can not only solve the
coupling problem of two kinds of variables, but also avoid the partial optimum solution resulting
from the separation of the two kinds of variables. The result of the exemplification indicates that the
complex genetic algorithm for structure shape optimization design of mixed discrete variables is
effective.

Introduction

Structure shape optimization design includes shape design variables and cross-section design
variables. As shape optimization is added with shape design variables describing geometrical
structure, better design results can be obtained from it than pure cross-section optimization. However,
difficulty of optimization design increases accordingly. This not only increases the number of design
variables, but also can result in convergence difficulty for the coupling of two kinds of variables as
cross-section design variables and shape design variables have different nonlinear qualities on the
part of target function and constraint function and generally different dimensions and orders. Besides,
introduction of shape design variables can increase nonlinearity of constraint function and it is more
difficult to structure effective algorithm [1]. In particular, it is more difficult to solve structure
optimization problem of mixed discrete variables, i.e, continuation of design variables and
quantization of cross-section variables. Therefore, hierarchical design optimization method [2,3] that
takes shape design variables and cross-section design variables into separate consideration is adopted
in shape optimization design. Although this method can reduce the difficulty in solving, optimal
solution can not often be obtained owing to reduction of feasible region of solution space. In recent
years, people become more and more concerned with shape optimization method taking two kinds of
variables into united consideration [4,5]. This paper, taking two kinds of variables into united
consideration, tries to solve structure shape optimization problem of mixed discrete variables with
complex genetic algorithm (CGA) and obtains relatively satisfying results.
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Mathematical Model for Structure Shape Optimization Design of Mixed Discrete Variables

Design variables of structure shape optimization design of mixed discrete variables include two kinds
of variables among which cross-section design variables (viz., sectional area of member bar) are
discrete variables and shape design variables (viz., coordinates of nodal points) are continuous
variables. Target function is generally the overall weight of structure and constraint conditions are
stress constraint, displacement constraint etc.

With the example of structure of bar system receiving both stress constraint and displacement
constraint, mathematical model for structure shape optimization design of mixed discrete variables
can be expressed as:

Calculate 4, X

min W =Y p,A4, > LX) (1)
i=1 JjeG;

st. g7(4, XD =[o,]-0,20 (i=12,---,n) ()

gi(A, X)=[u;l-u; 20 (j=12,---,m, I=1,--,nl) 3)

A.eS(i=12,,n) 4)

Ek Sxk Sxk (k :1727“'7nk) (5)

In the above formulas, 4=[4,,4,,---4,]" is cross-section design variable, X =[x, ,x,,---x,]" 1S

design variable of coordinates of nodal points after variable connection; 7 is class number of member
bar after variable linking of cross-section design variables, nk is number of variables for coordinates

of nodal points. G, is a collection comprising member bar in Groupi,L; (X) is the length of
No. j member bar, 4., p, are respectively sectional area and density of member bar in Group i
and I is weight of structure. g7 (A4, XD is stress constraint and g% (4,X) is displacement
constraint. [o;] and o, are respectively allowable stress value and most unfavorable stress value

under various working conditions of member bar in Groupi;[u ;,Jandu , are respectively allowable

displacement value and most unfavorable displacement value under various working conditions of

specific nodal point j in the given direction /;m is total number of nodal points and »/ is number of

dimensions of nodal displacement constraint; § ={§,,S,,---,S,,} is cross-section discrete set, and it

B

generally stipulates that S, < S, <---< §,,, nl is number of discrete values in S . Cross-section design

variable A4 can only obtain discrete values in.§ . x, and X are respectively top and bottom limitation

of No. k coordinate variable and coordinate variables obtain values within this range.
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Complex Genetic Algorithm

Set up Optimal Individual Bank. Optimal individual of each generation group is not protected in
genetic algorithm(GA) and crossover and heteromorphosis operation may cause damage to optimal
individual, thus the phenomenon will appear as inferior descendants displace superior parents.
Therefore, this paper specially sets up an optimal individual bank for storage of optimal individual of
each generation group, but optimal individual is still put into the group for such genetic operations as
crossover, heteromorphosis etc.. After completion of genetic operations, the individual in the optimal
individual bank is put into next generaton group; this metod, on the one hand, enables optimal
individual to participate in evolutionary process and take full advantage of its good genes; on the
other hand, can avoid damge caused to optimal individual owing to crossover and heteromorphosis
operation and thus missing of possible optimal solution.

Improve Group Quality with Complex Method. Species groups randomly generated by genetic
algorithm contain feasible and infeasible individuals. As to feasible individuals, a part of good ones
can be selected from them for optimization with discrete complex method, thus generating better ones.
As to a good deal of infeasible individuals, discrete complex method is adopted to establish a
mapping relationship from infeasible region to feasible region, enabling them to get closer to feasible
region.

The way to improve group quality with complex method is specified as follows:

Select a part of good feasible individuals in the species groups as complex vertex, work out centre
of figure Xc of these complex vertexes and first optimize it once with traditional discrete complex
method so as to obtain better individuals X1 New individuals are put into the species groups with
genetic algorithm again in place of original ones if the former is superior to the latter. Then make each
infeasible individual X, move towards centre of figure Xc, which can turn them into feasible
individuals or enable them to get closer to feasible region. Overall quality of the species groups is
improved through the above two measures.

Structure Shape Optimization Design Method of Mixed Discrete Variables Based on Complex
Genetic Algorithm

Taking shape design variables and cross-section design variables into comprehensive consideration
can obtain better target function value in structure shape optimization design, but difficulty exists in
coupling of two kinds of variables. Genetic algorithm conducts no direct operation towards real
variable of prolem to solve in the operational process and its operation object is only bit string after
coding of design variable. Therefore, this paper encodes shape design variables and cross-section
design variables in the same chromosome in a united way and two kinds of variables are both
expressed as operable form of bit string for genetic algorithm. Through conducting such genetic
operation as replication, crossover and heteromorphosis etc. onto individual coding bit string, genetic
algorithm continuoulsly searches individuals of high fitness and finally works out optimal solution or
approximate one. Hence, working out optimization design of structure shape with genetic algorithm
can well solve coupling problem of two kinds of variables.

Binary coding is adopted in this paper. Binary substring of certain length stands for a design
variable. There are two kinds of variables for shape optimization design; a bit string with n; shape
design variables of m; substring length and 7, cross-section variables of m, substring length end to
end form a chromosome in coding, expressing an individual.

In decoding, dividing binary bit string expressing an individual into m;n; and m;n, according to
total bit string length of shape design variables and cross-section design variables; then divide bit
string expressing shape design variables into n; sections and that expressing cross-section design
variables into 7, sections; finally obtain decimal number from corresponding relation of binary bit
string and decimal number, mapping discrete value or continuous value of variables.
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Exemplification of Optimization Algorithm

This example is taken from literature [6]. Truss bridge structure receives the effect of uniformly
distributed load. See Fig. 1 for initial design. Sectional areas are all 8cm”. Hypothesize nodal points in
lower chord of the structure remain fixed with nodal load P=10kN. Nodal points in upper chord can
move along vertical direction. Vertical displacement of nodal point 10 is restrained for less than 1cm
(1/1000 span). Structure symmetry remains unchanged and minimal sectional area is 0.5cm’.

Elasticity modulus of material E=210GPa, density p =7800kg/m’, and admissible stress of all

member bars is 240MPa.

The original question is about optimization problem of continuous variable, requiring minimal
sectional area is 0.5 cm?; this paper selects 29 numerical values from the table of standard steel
section and discrete collection composed of sectional area of each pole is §= {0.503, 0.636, 0.785,
0.950, 1.131, 1.327, 1.539, 1.767, 2.011, 2.270, 2.545, 2.835, 3.142, 3.464, 3.801, 4.155, 4.524,
4.909, 5.309, 5.726, 6.158, 6.605, 7.069, 7.548, 8.042, 8.553, 9.079, 9.621, 10.18}cm’. Top and
bottom limitations of nodal point coordinates in upper chord of the structure are 0.2m and 6.4m.

10x1m

Fig.1 Truss bridge

Considering requirement for structure symmetry, divide cross-section design variables into 19
groups and coordinate design variables into 5 groups. Grouping situation is shown in Tab. 1.

Optimization results obtained from simple genetic algorithm and complex genetic algorithm are
shown in Tab. 2. The unit of coordinates design variables is meter. All constraint conditions meet
requirements.

It can be seen from Tab. 2 that the weight decreases by 4.05% with the method adopted in this
paper compared with simple genetic algorithm; compared with the result after optimization of
literature [ 6 ], the weight drops by 4.38%. Structure weight in initial design of literature [ 6 ]is 256.73
kg, 1.e. 2515.954N, it is 475.50N after shape optimization with complex genetic algorithm, reducing
by 81.10%. Thus, it is very effective for this paper to take two kinds of variables into integral
consideration for structure shape optimization design of mixed discrete variables with complex
genetic algorithm.

Conclusions

This paper mixes discrete complex method and genetic algorithm combining advantages of each,
improving group quality of genetic algorithm with discrete complex method, adopting the measure of
setting up optimal individual bank and constituting complex genetic algorithm of better properties.
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This paper applies complex genetic algorithm into structure shape optimization design of mixed
discrete variables, takes shape design
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Abstract. Friction-type high-strength bolt connectors are widely used in steel structure. However
there has only general description for connection plate surface treatment method in the current
Chinese design standards. Some research tests have been designed for different connection plate
surface treatment method, which include different painting thickness and different blasting method.
The results show that different treatment method has different anti-sliding coefficient. The
anti-sliding coefficient would decrease with the surface coating thickness increase. The anti-sliding
coefficient would less than 0.50 which the Chinese design standard required when some surface
treatment methods are used, such as using steel wire section or using mixture of steel wire section and
steel shot to sand blasting. So procedure qualification test is necessary to guide processing in order to
ensure the quality of the products. It has certain conference value for practical engineering.

Introduction

The connections of the steel structure must comply with some principles, such as safety and
reliability, clear force transmission, simple construction, convenient manufacturing, steel saving and
SO on.

Bolt connections are one of the most commonly steel structure connections, which include
ordinary bolt connection and high-strength bolt connection. The high-strength bolt connections
include pressure-type bolt connections and friction-type bolt connections. Pressure-type bolt
connections allow sliding of contact surface and take the ultimate bearing capacity as the design
criteria. Pressure-type bolt connections have high bearing capacity but have large shear deformation.
So pressure-type bolt connections are unsuitable for dynamic loading structures. Friction-type bolt
connections transfer force relying on frictional resistance and take shears not more than frictions as
the design criteria. Friction-type bolt connections have some advantages such as small shear
deformation, good flexible performance, simple construction procedure, removable, fatigue
resistance. So friction-type bolt connections are suitable for dynamic loading structures. Therefore,
friction-type bolt connections are widely used in steel structures.

Normal pressures of connecting plates contact surfaces of friction-type high-strength bolt
connections are provided by the tightening bolts. Prestress of bolts, anti-sliding coefficients and steel
type are major factors which influence the bearing capacity.

Anti-sliding coefficients of high-strength bolt connections are relative to steel type and connecting
plate surface treatment methods. Test results show that anti-sliding coefficients would decrease with
prestress reducing which are different from physics friction coefficients [1,2,3].

The commonly surface treating methods include sand blasting, painting inorganic zinc after sand
blasting, rusting after sand blasting, removing rust by wire brush, no treatment and so on. Anti-sliding
coefficient u design values are shown in table 1 in different processing methods according to Chinese
design standard [4]. There has no more description about sand size, painting thickness and so on in
Chinese design standard. Some tests have been done in order to study the influences of different sand
blasting method and different painting thickness on anti-sliding coefficients.
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Table 1 Anti-sliding coefficient u values of friction-type in Chinese design standard

Processing method Q235 steel Q345 steel | Q390 steel Q420 steel
Sand blasting 0.45 0.50 0.50 0.50
Painting .1n0rgamc zinc after 035 0.40 0.40 0.40
sand blasting

Rusting after sand blasting 0.45 0.50 0.50 0.50
Removing rust by wire brush 0.30 0.35 0.35 0.40
No treatment 0.30 0.35 0.35 0.40

Test samples

Double bolts joining tension samples have been used in anti-sliding coefficient test. Sample shape is
shown in figure 1. The material of the sample is Q345 steel. The sizes and quantity of samples are
shown in table 2.
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Fig.1 Test samples

Table 2 Test samples sizes and quantity

Plate thickness(mm) bxL(mm) Quantity Bolts (mm) do(mm)

t1=16 (core plate)  110x389 54 M24x90 10.9S D26

=16 (cover plate)  110x369 54 M24x90 10.9S D26

Three treating methods S, H and D have been used to the samples.

Method S is copper ore sand blasting treating. The grain size of copper ore is less than 2.5mm and
without impurities. The water ratio of copper ore is not more than 2 percent. The pressure air which is
used to sand blasting is dry and non-oily by cooling devices and oil-water separator processing. The
working air pressure is from 5.5 standard atmosphere pressures to 7.0 standard atmosphere pressures.
The distance between nozzle and steel plate surface is from 100mm to 300mm. The included angle
between spray direction and plate surface normal direction is from 15 degree to 30 degree. The
coverage ratio of sand blasting is more than 200 percent.

Method D is steel wire section shot blasting treating. The grain size of steel wire sections is from
0.8mm to 1.2mm. The hardness of steel wire section with 1.0mm grain size is from 41HRC to
45HRC. The rest requirements are the same as method S.
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Method H is mixture sands of steel wire sections and steel shot blasting treating. The mixing ratio
of steel shot and steel wire section is one to four. The grain size of steel shots is from 0.6mm to0.8mm.
The hardness of steel shots is less than SOHRC. The grain size of steel wire sections is from 0.8mm
tol.2mm. The hardness of the steel wire sections with 1.0mm grain size is from 41HRC to 45HRC.
The coverage ratio of shot blasting is more than 200 percent.

The surface dust of samples should be cleaned by vacuum cleaner or clean pressure air after sand
blasting or shot blasting finished. The surface derusting grade of sample should be Sa2.5 and the
surface roughness of sample should not less than Ra 50um.

Inorganic zinc silicate paints (Interzinc 22 silicate QHA028/QHA027) should be painted in 2 hours
after the steel surface roughness qualified.

There are three kinds of coating thickness Opum, 30um and 60pum in the test. The allow deviation of
the coating thickness is plus or minus Spum. Test would be done seven days later after painting
finished.

Test method

Test temperature is (23£2) °C in air and the environment humidity is (60+2) percent. Strain gauges
have been pasted on the high-strength bolts as force sensor which is shown in figure 2. The bolt force
sensor should be calibrated by test machine before use. The bolt force can be obtained by resistance
strain gauge.

The samples are assembled through drill nails first. Then those drill nails are replaced with bolt
force sensors, as shown in figure 3.

There are two steps to make the bolt force sensors tightened by ND-1000 torsion testing machine.
The first step should reach about half of the bolt standard tensile value P. The second step begins after
all bolts finish the first step. Each bolt tensile force P; should be equals to the bolt standard tensile
value P and the allow deviation is plus or minus 5 percent. The standard tensile value P of M24
high-strength bolt is 225kN.

A line has been drawn on the sample side in order to observe the relative sliding, as shown in figure
3. UHP-1000 test machine has been used to test these samples. The loading speed is from 3kN/s to
5kN/s. The test would stop and record the sliding load value Ny when some phenomena happens such

Fig. Bolt forcé sensor Fig.3 Mark line distortion on sample side
Anti-sliding coefficient can be obtained according to formula (1).
,u=NV/ (2P1+2P2) (l)

P, and P; are bolts tensile forces on the sliding side of sample.
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Conclusions

Anti-sliding coefficient test results are shown in figure 4 and table 3.
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Fig.4 Anti-sliding coefficient test results

Table 3 Anti-sliding coefficient average

Plate treating Plate Coating thickness ~ Anti-sliding coefficient
method thickness(mm) H(um) average

0 0.516

S 16 30 0.472

60 0.448

0 0.487

D 16 30 0.461

60 0.446

0 0.480

H 16 30 0.433

60 0.420

Anti-sliding coefficient decreases with coating thickness increasing in the same surface treatment
method according to table 3. And anti-sliding coefficient under method S is greater than under method
D. Anti-sliding coefficient under method D is greater than under method H.

All the anti-sliding coefficient test results are greater than 0.40, and the anti-sliding coefficient test
results under method S without painting are greater than 0.50, which is Chinese standard design value
as shown in table 1. But the anti-sliding coefficient test results under method D without painting and
method F are less than 0.50. Therefore, procedure qualification test is necessary before designing and
manufacture. It has certain reference value for engineering application.
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Abstract. The analysis rule of geometry composition analysis in building structure must rely on
geometry theory, while the traditional Euclidean geometry theory can not solve some building
structures problems of the geometry components. This problem can be solved in the use of projective
geometry theory. In this paper we introduce the proof of projective geometry in the geometry
composition analysis and we discuss the application of this theory.

Introduction

When we study the geometric composition analysis of structure and if we ignore the deformation of
the studied object which can be considered as a rigid body or rigid piece in the plane. Through the
studying the geometric structure of the composition form, we can determine the geometry nature of
stable or unstable under the action of any loads. When we study the rigid body motion , must follow
the geometry principles. For example, as of a three edge of triangle length of a side once identified
then the triangle is unique. That is to say, as long as the setting of a triangle of the three side of the
triangle, the geometry is determined only, In turn, such as the lack of any of these conditions, the
triangle cannot be uniquely determined. In the geometry structure of the composition analysis, if the
three connection links which are connection each other with hinges are not on a straight line, we think
it as hinge triangle. As the length of connection link is immutable. And therefore determine the
length of triangle's three sides, then the hinged triangle is uniquely determined, so the hinged triangle
is the simplest geometrically stable system with no superfluous constraint, it is known as the hinged
triangle principle. This principle can be extended out several major rules of geometry composition
analysis and constitute the basis for structure geometric composition analysis.

The defects of Euclidean geometry theory

Traditional Euclidean geometry can not explain several special issue of the geometry composition
analysis. In the analysis of geometry composition , if we connect the two rigid pieces using two
connection link and the two rigid pieces can rotate each other on the point of two extend connection
link line’s intersection and we can think this point as a virtual hinge. If the two parallel chains rods
connecting two rigid pieces can also motion, do you think where is the virtual hinge?

In accordance with the Euclidean geometry principle, two beelines only a point of intersection, 1f
two parallel beelines have a point of intersection, there are two opposite directions, so no point of
intersection of parallel beelines. So the two parallel chains have no virtual hinge. As the two parallel
connection links rods can not restrict the movement in the vertical direction, so the two rigid bodies
also can do the planar motion. At this point the traditional Euclidean geometry theory shows its
theoretical defect, however projective geometry makes up for the lack of Euclidean geometry.

The intersection of parallel to the line in projective geometry

Now there is a straight line named “a” and point named “O” outside the line a and if we draw a line
named “p” pass through the point O, the line p and the line a intersect at the point “P” and let the line
p rotate around the point O then the point P only move on the line a ,so we can determine the position
of the point P by the azimuth of straight line p, such as the Fig. 1 . Draw a straight line named “a’”
pass through the point O and parallel the straight line a, when the included angle of the straight line p
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with the straight line a is more and more small, the point P on the straight line @ is more and more far.
When the straight line p rotate to the straight line a’, the point P is at infinity; If the straight line p
continues to rotate, the straight line p left the line a’, the point P is appeared in the distance at another
port of the straight line a. So all the straight line pass through the point O composed of a straight line
group, all the P of points of intersection of the straight line group with the line a form a set. The set
and the straight line group has one by one corresponding relationship, the point corresponding the
straight line which included angle with the straight line a’ is zero ,is named “infinity point” on the
straight line a, using P, express. In this way, infinite point P, has a corresponding direction, thus all
the infinite point P, of the straight line p with all other lines of parallel the straight line a are the same
point. This point is same other points to be determined by two geometry parameters, also has two
degrees of freedom.

Y

Fig. 1 Intersection point of parallel straight lines

In the same plane, each straight line on the different direction corresponds to a different infinity
points and this special points have only one different parameter. The group of all the infinity points P,
can form the axis which is named as infinity line-co line. It can be said that all the infinity points P, of
the plane are on the line - oo line, while all the other points with limited length are not on this line.
Summarized as follows:
® Each direction has a P, point which is the intersection of all the Parallel straight lines on this

direction.
® Different directions have different P, points.
® All the infinity points P, of the plane are on the o line
® All the limited distance points are not on the oo line.
The application of projective geometry in the geometry composition analysis
There are two parallel connection links connecting two rigid pieces can be thought as a virtual hinge.
This virtual hinge is at infinity and its azimuth has the same direction as the connection c¢ links.
Meanwhile all the infinity points of the plane are in a general straight line.

For example, Fig. 2 shows that rigid pieces II andlll are connected by two parallel connection
links. Four connection links forming virtual hinges 4 and B are parallel. Hinges 4 and B with the same
azimuth intersect at an infinity point. This point and hinge C which connects rigid pieces Il andlIll is in
the same line meanwhile if the four connection links with different length motion a little then they will
become wunparallel so we think this system as an instantaneous unstable system.

Another example is shown in Fig. 3. From this Fig. we can see that rigid pieces I (1,2)II(3,5)and
pieceslll(4, 6)connected by two parallel and unequal length Connection links constitute three virtual
hinges 4, B and C at infinity of three azimuths. As we all know that all the infinity points are in the
infinity straight line so point 4 point B and point C are in the same line. As the length of connection
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links forming the virtual hinges is different if a little motion happens then the three virtual hinges will
be not in the same line in the limited distance so this system is also thought as an instantaneous
unstable system.

; A . A
Instantaneous unstable system [ngtantaneous unstable system :
Instantaneous unstable system

The same problem, if we select rigid pieces 1 '(1,2)II'(3,4) and pieceslIl’(5,6)in Fig. 3 connecting by
several connection links to constitute three virtual hinges which are in the same line in the limited
distance then this system can be regard as an instantaneous unstable system. From this example we get
the same conclusion as the previous example and they verify the correctness of projective geometry
and the defects of Euclidean geometry theory.

There is a class of special problems in geometric composition analysis. Now two (or more) parallel
connection links with the equal length connect two rigid pieces and if we connect the four hinges with
straight line one by one, then we can get a parallelogram. If the length of the parallelogram is
unchanged, the parallelogram always is a parallelogram in the motion process, so the virtual hinges
formed by two (or more) connection links always intersect at same infinity point(same direction P.,)
.So this system can be thought as a geometric unstable system.

Fig. 5
Unstable system

Fig. 6
Unstable system

Fig. 5 shows that tow rigid pieces connected by three parallel and equal length connection links
constitute, after the tow rigid pieces is the relative moving, the three connection links is still parallel,
and Intersect at the point at infinity, the motion may continue to occur. This system is a geometric
unstable system.

Fig. 6 shows that rigid pieces 1, II and pieceslllconnected by two parallel and equal length
connection links constitute three virtual hinges at the infinity of three different directions. Because all
the infinity points are on the same infinity line so the three virtual hinges are on the same straight line.
As the virtual hinge’s connection links has the same length if the displacement occurs so the three
virtual hinges are still at infinity and the motion can always continue. This system is also a geometric
unstable system.



130 Progress in Structures

Conclusions

As the two parallel lines intersect at infinity and all points at infinity are on the same straight line
which is a general line, however all the finite distance points are not on the line. This view is not easy
to express intuitively but we can use some evidence to the contrary to prove this conclusion. Fig. 3
shows that if we use another three Connection links meanwhile (1,2),(3,4)and(5,6)are three rigid
piece. We can easily determine that this three virtual hinges which connect the three rigid pieces are
on the same line. If this system has a little shape change they will be not on the same line so the system
is also a transient system. This conclusion is the same as the previous conclusion which is got from
three virtual hinges in the infinite line. We can also use the flexibility of the system showed by Fig. 5
to prove this conclusion by contradiction.

Due to the two parallel lines intersect at P,, point and all P, point for all in ccline, all limited far
points are not in this coline. That is not easy to intuitive expression, more abstract, and is important
difference of projective geometry and the traditional Euclidean geometry. The above is to some
special problems for judgment, such as not involving these particularities, the tradition Euclidean
geometry analysis of the geometric composition is still correct.
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Abstract. The pre-stressed concrete composite slab, which combines the advantages of cast-in-place
slabs and precast slabs, has promising development prospects. In the paper, according to structural
integrity, bond performance, sound insulation, thermal preservation and construction techniques, four
categories composite slab, such as the composite slab with flat bottom panel (including the composite
slab with bar truss reinforced precast concrete bottom panel), the concrete composite slab with precast
ribbed panel, the composite slab with hollow bottom panel and the composite slab with sandwich
bottom panel are studied. The composite slab with flat bottom panel has poor structural integrity, and
its bond performance and crack resistance of edge joint details need to be improved; the composite
slab with bar truss reinforced precast concrete bottom panel has enough bond force, but its storage and
transportation are inconvenient; the concrete composite slab with precast ribbed panel has good
structural integrity and convenient construction procedure; the composite slab with hollow bottom
panel and the composite slab with sandwich bottom panel have functions of sound insulation and
thermal preservation, however they are inadequacy to resist bending moment and have complex
construction procedure. The concrete composite slab with precast ribbed panel is provided with good
mechanical behavior, economy and practicability, and is worth further researching and promoting.

Introduction

In all kinds of floors, concrete slabs occupy the dominant position. Concrete slabs can be divided into
two major categories, the cast-in-place slab and the precast slab. The cast-in-place slab has good
structural integrity, however it needs on-site concrete pouring procedure, large concrete wet
construction, instable construction quality, more scaffolding and templates, high costs and long
construction period. The precast slab is produced in the factory and has advantages of less concrete
wet construction, stable construction quality, less scaffolding and templates, low construction noise,
reducible engineering cost and short construction period. But its structural integrity needs to be
improved.

Therefore, composite slabs which combine the advantages of cast-in-place slabs and precast slabs
become popular. Its bottom panel is manufactured in factory and assembled on the spot. Then the
concrete is poured in place to form the composite slab. This slab is provided with advantages of good
structural integrity, less scaffolding and templates, short construction period, good economical
efficiency, so it has promising development prospects.

Overview of pre-stressed concrete composite plate

The composite slab with pre-stressed bottom panel is the most widely used composite slab. In China,
the pre-stressed thin slab was produced up to 1957. In 1970s, the pre-stressed composite beam and
slab was produced with cold-drawn low-carbon steel wires. In 1980s, the standard drawing of
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pre-stressed composite slabs was compiled [1]. Nowadays, the composite slab has been widely used
in the housing construction [2]. Integrated prefabricated hyperstatic structures with composite
components, formed by pre-stressed composite slabs and pre-stressed hollow composite beams, have
been applied in tall buildings [3].

The bottom panel of composite slabs mostly employs the first-tensioned pre-stressed panel. The
bottom panel can also be used as permanent formworks. According to whether or not the braces are
set under bottom panels, the composite slab can be sorted into one-stage loading composite slab and
two-stage loading composite slab.

The one-stage loading composite slab has slender bottom panel, so it should be supported by
temporary braces before the bottom panels are assembled. The post-poured concrete layer and bottom
panel begin to work together after post-poured concrete is hardened. The one-stage loading composite
slab is similar with the cast-in-place slab in mechanical behavior.

The bottom panel of two-stage composite slab has enough bending stiffness and needs no
temporary braces during construction. So construction duration can be shortened and the project cost
can be reduced. Different from the cast-in-place slab, the cross section dimensions and reinforcements
of the composite slab is decided by construction stage, not by service stage. Before the post-poured
concrete layer is hardened, it bears no loads. In the meanwhile, the bottom panel itself bears its dead
weight, post-poured concrete’s dead weight and construction loads. After the post-poured concrete
layer is hardened, it begins to work together with bottom panel to form composite slab, which bears
the dead weight of post-poured concrete layer, floor surface and ceiling and live load during service
stage.

The combined interface is the interface between old and new concrete, which determines whether
two concrete layers can work together. It has been specially focused on in the research and
engineering application. Swallowtail grooves were used to increase bond strength between old and
new concrete in England. In 1960s, artificial rough surfaces were adopted in the top surface of the
bottom panel in the former Soviet Union. In 1970s, shear reinforcements were embedded in the
interfaces in the France and West Germany. In 1990s, grooves were set in the top surface of hollow
panel to enhance the bond strength by Wang Xizhe [4]. Mechanical behavior of smooth surfaces,
indentation surfaces and binding reinforcements were researched by Hou Jianguo [5].

In addition, edge joints between the precast bottom panels may affect the integrity of composite
slabs. Edge joints disposal has always been focus in the research and engineering application.

The Research and application of pre-stressed composite slabs

To take full advantage of the pre-stressed composite slab and to make up for its shortages, scholars
have improved traditional composite slabs in material, bottom panel pattern and edge joint details.

To reduce slab weight, Wu Jin et al. studied the lightweight ceramic reinforced concrete composite
slab and find out its shear performance [6]. Xu jien researched bearing capacity and crack resistance
of pre-stressed composite slab by introducing steel fibers [7~9].

The bottom panel pattern determines the bonding behavior of the composite slab and the edge joint
details influences its crack resistance.

The roughness of bottom panel surface can affect the bond force of composite slabs. According to
roughness, the bottom panel can be divided into natural rough bottom panel, artificial rough bottom
panel [10] and shear-resistant reinforced bottom panel [11,12].

According to cross section, the bottom panel can be classified into flat bottom panel, precast ribbed
bottom panel, hollow bottom panel and sandwich bottom panel.

Concrete composite slab with flat bottom panel. The bottom panel of the composite slab with
flat bottom panel is pretensioned prestressed solid slab [13], which is the earliest type of composite
slab.



Applied Mechanics and Materials Vols. 166-169 133

Its bending stiffness is inadequacy and needs temporary braces to support during construction.
Additionally, the edge joint detail is main factor in crack resistance and integrity for composite slabs.

Vanke Company places steel wire gauze on the edge joint to increase the crack resistance of the
composite slab [14].

Ding Yongjun [15], Xu TianShuang [16] and Shen ChunXiang [17] respectively carried out
experimentally study of integral panel joint pattern (shown in figure 1). This kind of panel joint
widens panel gaps and allows panel reinforcements bent and embedded into the upper post-poured
concrete, in order to improve crack resistance of composite slabs.

Fig. 1 The integral panel joint pattern

Xue Weichen proposed tie bars in the panel joints to increase integral mechanical behavior of the
composite slab [18] (shown in Figure 2). Trapezoid grooves were designed in the bottom panel,
perpendicular to panel joint direction. Closed rectangular tie bars were placed in the trapezoid
grooves to connect two adjacent panels. This technical treatment enhances integrity and crack
resistance of the composite slab and increases its sectional effective height where positive moment
acts on.

1 |
S — 1

1. tiebar 2. groove 3. edge joint
Fig. 2 Arrangement of tie bars

Generally speaking, this composite slab has slender bottom panels and cracks tend to form in the
panel joints. Furthermore, the bond force in concrete is small. Two concrete layers are easily
uncoupled under improper construction. So application of composite slabs with flat bottom panels is
seldom nowadays.

In order to increase bending stiffness of bottom panels, Liu Bin put forward fish-belly pre-stressed
two-way composite slab [19], combined with the concept of beam string structure, shown in figure 3.
This type of composite slab adopts pre-stressed concrete slab as bottom panel. Fish-belly bar
skeletons are installed on the concrete supports which erect on the bottom panel. Pipelines can be free

laid on the bottom panel during construction.
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(a) along the bottom panel’s short edge (b) along the bottom panel’s long edge
1. concrete support 2. fish-belly pre-stressed bottom panel 3. fish-belly bar skeletons

Fig. 3 Fish-belly pre-stressed two-way composite slab

In order to enhance bond force of the composite slab and increase its bending bearing capacity,
shear connector and bar truss are adopted in the bottom panels.
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Wu Xiangguo employed shear connectors on the bottom panel to propose a composite slab with
ultrahigh-strength ultra-thin bottom panels [20]. The bottom panel is made of fibre reinforced cement
composite material and bar meshes are embedded in it.

In order to enhance bond force of composite slabs and increase bending stiffness of bottom panels,
bar trusses are placed in the bottom panels to form bar truss reinforced precast concrete bottom
panels. This kind of composite slab includes German composite slab [21], truss sandwich composite
slab proposed by Salmon [22] and composite slab with a special bottom panel proposed by Qiu Zeyou
[23].

The bar truss reinforced precast concrete bottom panels of the German composite slab is fabricated
by welding elevated tie bars fixed in the bottom panel and longitudinal bars in the post-poured
concrete layer (shown in figure 4). The bars form integral bearing truss and provide high bearing

capacity for composite slabs.
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(a) along the bottom panel’s short edge (b) along the bottom panel’s long edge
1. truss bars 2. post-poured concrete layer 3. pre-stressed bottom panel

Fig. 4 Concrete composite slab with bar truss reinforced precast concrete bottom panel

Based on the German composite slab, Tong Genshu [24] and Ye Xianguo [25] carried out
experimentally research. Li Wenbin, Yang Qiangyue [26,27] and Dou Lijun [28] proposed optimal
improvements. This type of composite slab has large bending stiffness and therefore can be used as
long-span slab. Enough shear resistance performance in the combined interface allows the slab
support vibrated loads. However, its storage and transportation are inconvenient.

The bar-truss sandwich composite slab adopts lightweight laminboard layer between pre-cast
panel and post-poured concrete. The two concrete layers are connected by bar truss. Lu Fengxu
conducted theoretical analysis on the bar-truss sandwich composite slab to indicate that bar truss is
bearing skeleton of the composite slab and proper bar truss pattern can guarantee slab stability and
force transferring uniformity [29]. Qiu Zeyou proposed a composite slab with two series of bar trusses
at longitudinal edges of bottom panel, which can be applied as hollow girderless floor.

The above-mentioned fish-belly pre-stressed two-way composite slabs, composite slabs with
ultrahigh-strength ultra-thin bottom panel and bar-truss sandwich composite slabs are inconvenient
for storage and transportation. Therefore, the concrete composite slab with precast ribbed panel has
such advantage.

Concrete composite slab with precast ribbed panel. The concrete composite slab with precast
ribbed panel enhances bending stiffness by introducing ribs on the plat bottom panel. Fewer
temporary braces or even no temporary braces are necessary. Therefore, it can facilitate the
construction and can reduce construction period and costs.

According to the rib pattern, bottom panels can be divided into one-way rib bottom panels and
two-way ribs bottom panels.

Jiang Qingqing carried out research on the inverted T-type composite plate, shown in figure 5.
Ribs are installed longitudinally and have the same height with the composite slab [30~32].

1. longitudinal rib

1 2
| | 2. cast-in-place concrete
3

3. inverted T-type bottom panel

Fig. 5 Inverted T-type composite slab
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The inverted T-type composite slab has enough bending stiffness in bottom panel. However,
cracks tend to form in the interface of old and new concrete. In addition, the top distributing bars and
fulcrum negative bars in the composite slab are inconvenient to arrange.

Zhou Xuhong, Wu Fangbo, et al. put forward one concrete composite slab with precast ribbed
panel [33~38], shown in Figure 6.
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(a) along the bottom panel’s short edge (b) along the bottom panel’s long edge

1. cast-in-place concrete 2. longitudinal rib 3. transverse bar
4. bottom panel 5. reserved rectangular holes

Fig. 6 Concrete composite slab with precast ribbed panel

The bottom panel of this composite slab is inverted T-type or I-type pre-stressed panel.
Rectangular holes were reserved at certain intervals for transverse bars and pre-buried pipelines to
pass through. Negative bars were allowed to place in the post-poured concrete layer. Two-way
reinforcement arrangement and pin key function (the post-poured concrete was located and fixed in
the rib holes) guarantee teamwork of old and new concrete. This concrete composite slab is provided
with convenient construction method, short construction period and low engineering costs. In order to
promote and popularize the concrete composite slab with precast ribbed panel, Zhou Xuhong, Wu
Fangbo, Zhang Jingshu, et al. have drafted Technical Specifications for Concrete Composite Floor
with Precast Ribbed Panel [39].

Qiu Zeyou proposed a composite slab with longitudinally and transversely ribbed bottom
panel[40], shown in figure 7. Longitudinal ribs and transverse ribs are installed on the bottom panel.
Convex panel area and concave panel area are enclosed by longitudinal ribs and transverse ribs to
increase bond strength. Transverse ribs have cross sections of rectangle, taper, T type and dovetail
type. Rectangular transverse ribs are showed in Figure 7. Reinforcements or steel wire mesh are
placed in the concave panel area and pass through the holes in the longitudinal ribs. The composite
slab has large interface area and high bond strength. However no engineering application has been
promoted.

4 1. concave panel area
+— 3 2 - 2. convex panel area
3. transverse rib
I 4. longitudinal rib

Fig. 7 Composite slab with longitudinally and transversely ribbed bottom panel

Wu Junxi proposed composite slab with dovetail-type ribs on the bottom panel [41] (shown in
figure 8). The dovetail-type ribs help two concrete layers work together better. However, the bending
stiffness of bottom panel is inadequacy and needs temporary braces during construction.

e E—

Fig. 8 Dovetail-type ribbed bottom panel
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The concrete composite slab with precast ribbed panel mentioned above has solid bottom panels. It
is limited within small and medium span slabs due to its large weight.

Composite slab with hollow bottom panel. The composite slab with hollow bottom panel is light
enough for large span slabs. Prestressed hollow panel is usually used as bottom panel.

Wang Jun et al. carried out experimental research on the composite slab with prestressed
circular-hole bottom slab [42]. The bottom panel has large bending stiffness, but increases the
thickness and weight of the composite slab. Moreover, edge joint problem and bonding problem of
concrete are worthy of consideration.

Wu Fangbo et al. proposed WFB integrated precast composite slab with prestressed hollow bottom
panel [43~45] (shown in figure 9). The thickness of bottom panel is the final thickness of composite
slab. Concrete is poured in the grooves between two adjacent bottom panels. This composite slab
needs no temporary braces to support and has sound insulation function.

Fig. 9 WFB assembled monolithic pre-stressed hollow slab

Chen Hongliang, Zhao Chengwen et al. studied hollow composite slab with prestressed U-shaped
bottom panel [46,47] (shown in figure 10). The U-shaped bottom panel facilitates pipeline
installation. However, this hollow composite slab is inadequacy to resist shear load and seismic load.
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(a) along the bottom panel’s short edge (b) along the bottom panel’s long edge
1. cast-in-place concrete 2. hollow core
3. prestressed U-shaped bottom panel 4. pre-stressed reinforcement

Fig. 10 Hollow composite slab with prestressed U-shaped bottom panel

Composite slab with sandwich bottom panel. The composite slab with sandwich bottom panel is
fabricated by filling with lightweight materials into the composite slab with hollow bottom panel.
This lightweight composite slab has functions of sound insulation and thermal preservation.

Zhu Maocun, Chen Zhonghan et al. carried out study on the construction techniques and
mechanical behavior of the composite slab with sandwich bottom panel [48,49] (shown in figure 11).
Cylinder lightweight mandrels are buried in the bottom panel, which improved sound insulation and

thermal insulation property.
1 2

1.cast-in-place concrete
2. cylinder lightweight mandrels
3. sandwich bottom panel

3
Fig. 11 Composite slab with sandwich bottom panel

Zhou YouXiang et al. studied RC hollow laminated slabs with two-way dense ribs [50] ( in Figure
12). The bottom panel is fabricated by fillling with lightweight infilled blocks into the concrete slab
box. Reinforcements are installed in the grooves between two adjacent slab boxes and afterwards
concrete is poured to form composite slab. The hollow laminated slab facilitates pipeline installation
and has functions of sound insulation and thermal preservation. However, its bending stiffness is
inadequacy and cracks are prone to emerge. Besides, its construction procedure is complex.
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3 4
(a) along the bottom panel’s short edge (b) along the bottom panel’s long edge
1. post-poured concrete layer 2. lightweight infilled blocks
3. hollow bottom panel with two-way dense ribs 4. reinforcement installed in grooves

5. reserved slots for transverse ribs 6. reserved hole
Fig. 12 RC hollow laminated slabs with two-way dense ribs

In summary, pre-stressed composite slabs have many patterns and a large number of studies have
been carried out. There is still room of improvement for the majority of composite slabs. From
perspective of rational mechanical behavior and convenient engineering application, the concrete
composite slabs with precast ribbed panel, which is proposed by Zhou Xuhong, Wu Fangbo, shows
some advantages. Up to now, technical specifications [51] and construction methods have been
drafted. In Hunan, Shandong and Gansu provinces, several production bases have been established
and products have been commonly applied in engineering projects. The concrete composite slabs with
precast ribbed panel has not only reaped significant economic benefits, but also resulted in social
benefits.

Conclusion

Review, the following conclusions can be drawn.

(1) The composite slab with flat bottom panel has inadequate structural integrity. Its bond
performance and crack resistance of edge joint details need to be improved; the composite slab with
bar truss reinforced precast concrete bottom panel has enough bond force, but its storage and
transportation are inconvenient; the concrete composite slab with precast ribbed panel has good
structural integrity and convenient construction procedure; the composite slab with hollow bottom
panel and the composite slab with sandwich bottom panel have the function of sound insulation and
thermal preservation, however they are inadequate to resist bending moment and have complex
construction procedure. It is considered in this paper that among composite slabs mentioned above,
the concrete composite slab with precast ribbed panel has more advantages for improvement.

(2) The concrete composite slabs with precast ribbed panel, which is proposed by Zhou Xuhong
and Wu Fangbo, is provide with the outstanding advantages of good structural integrity, wide
engineering application and economy of labor, time and money. Technical specifications have been
drafted and the construction methods are completed. Production bases have been established and
products have been commonly applied in engineering projects. For these reasons, it is worth further
researching and promoting.
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