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1. Background 

Modem industry . development has brought massive wealth, meanwhile it has also 

caused serious environment problems such as greenhouse effect and air pollution, and 

more serious industry resource shortage. Therefore, building sustainable society which 

can save energy, consume less carbon and protect environment has gradually become 

the. consensus in the world in the 21st century. As the field consuming lots of ~esource 

and energy, researchers and designer in civil engineering are also devoting their efforts 

to make some contributions to the development of sustainable society. 

It is well known that, the thermal power generation produces huge amount of dust, more 

than 90 percent of which is fly ash, causing a series of environment problems. Therefore, 

there will be significant society meaning for the sustainable development in the use of 

the fly ash in the civil engineering construction as the substitute of othi::r resources such 

as cement and sand, since this utilization of fly ash can reduce the environment 

problems stated above and save the resources and energy. 

In the last several decades extensive researches on fly ash concrete as a kind of energy 

saving material have been comprehensively conducted in the world. Since 1950s, fly 

ash has found its wide applications in cement and concrete industries. In North America, 

fly ash has been used mainly as a supplementary cementitious material in the production 

of Portland cement concrete at replacement levels ranging from 15% to 30% by mass of 

the total cementitious material. Since 2000, high volume fly ash concrete with fly ash 

replacement level larger than 30% has gained increasing attention from the standpoint 

of reducing environmental burden caused by the production of cement. In Japan, the last 

two decades has seen the recycling ratio of fly ash increase from 67% to about 97% 

with about 65% of fly ash being used as raw material for Portland cement. On the other 

hand, while the annual domestic consumption of Portland cement declined from its peak 

of 86.5 million tons in 1990 to 43. 7 million tons as of 2013. 

However, the thermal power generation is boosted due to the security consideration 

after 3.11 Eastern Japan Earthquake in 2011, and the amount of fly ash produced by 

thermal power generation is gradually increasing, while the cement production, the 

main filed to consume fly ash now, is decreasing because of the depressed construction 

market. This fact implies that further use of fly ash as raw material for cement can no 
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longer be expected in Japan. A new application of fly ash is desirable. 

From the viewpoint of max1m1zmg environmental and economic benefits 

simultaneously, Matsufuji et al have proposed to utilize fly ash to partially replace fine 

aggregate and make ~gh-performance structural concrete. Through extensive 

experimental works, Matsufuji et al demonstrated that compressive strength of the 

concrete with fly ash partially replacing not Portland cement but sand kept increasing 

along with the fly ash content till the replacement level reached 640 kg/m3 if the 

concrete mixture met the minimum requirements prescribed in JASS5 for structural 

concrete. Matsufuji et al have also developed an empirical formula to predict 

compressive strength of the concrete with fly ash partially replacing fine'aggregate, and 

verified that the optimum upper replacement level of fly ash would be about 455 kg/m3 

without compromising workability and casting of the produced concrete. The advantage 

of the method proposed by Matsufuji et al. to largely use fine fly ash lies in that it could 

provide high concrete strength and sounder durability simultaneously, and reduce the 

atnount of sand from river, mountain and sea, which significantly contribute to mitigate 

environmental burden by concrete industry. 

As compared with steel structures and wood structures, concrete structures are still most 

widely used in the world due to good structural performances, excellent durability, fire 

resistance efficiency, and high cost performance. However, concrete structures have 

inherent shortage such as brittle characteristics. The method increasing the amount of 

stirrups in the concrete structure has been proposed in current concrete structural design 

codes in many countries to improve the ductility of concrete, and the largest spacing of 

stirrup has been limited to 100mm. 

It has been found that the performances of many buildings designed according to 

current design codes can attain the goal of life safety, but some buildings can't reach 

that goal although they were designed by ductility design method as summarized in the 

survey reports of observed damage of buildings in recent mage-earthquakes such as the 

2008 Sichuan Earthquake and the 2011 Eastern Japan Earthquake. In addition, several 

buildings which didn't collapsed during the earthquakes had to be demolished because 

the residual deformation of them was so large that they couldn't been used anymore or 

the repair costs would be very expensive. These phenomenon indicates that ductile 

concrete structures could no longer be regarded as the only solution for the buildings 
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constructed in earthquake-prone regions. From the lessons from the 1995 Kobe 

earthquake, Ohtani and K'awasima pointed out the importance of limiting the residual 

deformation in 1997, respectively. 

Based on the backgrounds described above, a new type of building structure needs to be 

developed to mitigate the environmental burden and enhance the robustness and 

reparability of buildings structures. In other words, sustainability and resilience shall be 

two key words for the next generation of building structures located in seismic regions. 

2. Objectives and scope 

On the basis of the above-mentioned backgrounds and reviews of previous studies, it is 

reasonable to presume that the utilization ofLQFA in concrete and the use of ultra-high 

strength SBPDN rebar as longitudinal steel in concrete columns are a feasible way to 

the development of sustainable and resilient concrete components. 

Objectives of this doctor dissertation are to develop a new type of sustainable and 

resilient concrete columns and experimentally investigate their seismic performance, to 

propose design equations for predicting ultimate shear strength and deformation of 

concrete components made of LQFA, to develop a skeleton model for the proposed 

concrete columns, and finally to propose a cyclic loop model of the proposed columns. 

The concrete contents of this doctor desertion are summarized as follows: 

1) Experimental investigation of seismic behavior of circular concrete cantilever 

columns made of LQFA and reinforced with SBPDN rebars to· clarify if the LQFA 

concrete beams can exhibit the same resilience as the conventional circular concrete 

columns and if the resilience may change due to the increased compressive strength of 

LQFA concrete. These columns simulates the columns at the lower stories of high-rise 

frame structures, which are expected to exhibit a strong column-weak beam lateral 

resistance mechanism. 

2) Experimental investigation of seismic behavior of circular concrete columns made of 

LQFA and reinforced with SBPDN rebars under double-curvature deformation. These 

columns simulate the columns in a frame expected to exhibit the weak column-strong 
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beam failure mechanism, which was well observed in low- and middle-rise building 

structures damaged during recent strong earthquakes. 

3) Proposal of design equations to calculate the ultimate shear strength and 

corresponding drift or chord rotation of LQFA concrete beams. These proposed 

equations are intended not only for LQFA concrete beams but also for LQFA concrete 

columns. With the proposed equations, one can conduct reasonable and reliable design 

of the developed sustainable and resilient concrete columns. 

4) Modeling of skeleton curve of lateral force versus drift ratio relationship for circular 

LQFA concrete columns. In this paper, the model will be referred to as capacity curve, 

which is indispensable in performance-based design of the proposed sustainable and 

resilient concrete columns. 

3. Format of the doctor dissertation 

This doctor dissertation comprises six chapters. Each chapter deals with one of the 

above-mentioned issues except chapter one and chapter six. Core points of each chapter 

are written below: 

Chapter one introduces backgrounds of this doctor dissertation, reviews previous study 

in the literature, and presents research objectives and research issues. 

Chapter two is devoted to the investigation of seismic behavior of circular concrete 

cantilever columns. Four specimens were fabricated and tested under combined 

reversed cyclic loading and constant axial compression. Experimental variables were 

the type oflongitudinal rebar and the confinement method. All specimens were 250mm 

in diameter and had shear span ratio of 2.0. Two specimens were reinforced by eight 

SBPSN (12.6mm in nominal diameter) rebars, and two specimens by eight 

high-strength deformed USD685 rebars. Longitudinal rebars were uniformly distributed 

along the perimeter of column section with concrete shell of 30mm and gave steel ratios 

of 2.05% and 2.07%, respectively. Objectives of this experimental work are to 

investigate effect of the high compressive strength of LQFA concrete on the resilience 

of columns, and to verify effectiveness of partial confinement of columns by steel plates 
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on seismic capacity of high-strength concrete columns. 

Chapter three presents experimental study on seismic performance of circular LQFA 

concrete columns under double curvature deformation. Four circular columns with 

diameter of 250mm were made and tested under reversed cyclic loading while the axial 

load was kept constant. All specimens were made of concrete with fly ash replacement 

of 455 kg/m3 of sand and partially confined by circular steel plates ;within end region of 

375mm from the column base. Experimental variables were the connecting method of 

steel plates for confinement, the type of longitudinal rebars (USD685 and SBPDN) and 

the anchorage length of SBPDN rebars within the loading stubs. The shear span ratio 

and axial load level expressed in terms of axial, load ratio were kept c9nstant for all 

specimens and had values of2.0 and 0.33, respectively. 

Chapter four describes an experimental program to investigate shear behavior ofLQFA 

concrete beams. Emphasis of the program was placed on the assessment of ultimate 

shear strength and deformability of LQFA concrete members, whose shear capacities 

have been little known because the use of fly ash in large quantities leads to high 

strength concrete that tends to fail after the yielding of longitudinal rebars. To obtain 

experimental information on the ultimate shear capacities of LQFA concrete members, 

the SBPDN rebars were used as tensile steels for all twenty specimens, all of .which 

were prismatic beams with rectangular section of 250 x 150 mm. Experimental 

variables among specimens were the shear span ratio of beams (1.0 - 4.0) and the steel 

ratio of tensile rebar (0.76%, 1.14%). Based on the test results, the equilibrium of forces 

acting on the diagonal shear plane and Mohr-Coulomb failure criterion for LQFA 

concrete, a complete shear strength model is developed and its validity and accuracy is 

verified by comparing the experimental results with the calculated results. 

A skeleton envelop curve is developed in Chapter five for circular LQFA concrete 

columns. The capacity curve model is developed on the basis of the test results 

described in Chapters two and three of this dissertation. The proposed model takes 

effect of slippage of SBPDN rebars on capacity curve into consideration. Test results 

described in this study are used to verify validity and accuracy of the developed model. 

Chapter six summarizes all findings and observations obtained through Chapters two 

and five, and presents several future issues concerning with the proposed sustainable 
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and resilient concrete components. 

4. Conclusion 

1. In chapter 2, four circular concrete cantilever columns were tested to investigate 

effects of combination of·a large quantity of fine fly-ash, ultra-high-strength re bar with 

low bond strength, and confinement by thin steel plates, on seismic behavior of concrete 

columns under single-curvature deformation. From the experimental results described in 

this chapter, the following conclusion can be drawn. 

(1) Combination of a large quantity of fine fly-ash, ultra-high-streIJ.gth rebar with 

low bond strength, and confinement by thin steel plates is a simple but effective method 

to create robust and resilient concrete components. The circular LQFA concrete 

cantilever columns with SBPDN rebars and under axial compression with axial load 

ratio of 0.33 showed higher resilience than the columns with USD 685 rebars. 

(2) While high compressive strength of concrete due to high fly ash replacement 

level of 455 kg/m3 reduced deformability or stability of LQFA concrete columns, 

utilization of SBPDN rebars as longitudinal rebars and proper confinement by spirals 

could ensure stable increment of lateral resistance up to the drift level of 0.04 rad. 

Confinement by steel plates in lieu of spirals could further enhance that drift level up to 

0.05rad. 

(3) Utilization of USD 685 rebars could ensure LQFA concrete columns stable 

response and higher early lateral resistance until R=0.025 rad. The high bond-strength 

of USD rebar, however, tended to cause yielding of it earlier than SBPDN rebar, 

resulting in degradation of lateral resistance of the columns after R=0.025 rad. Even the 

confinement by steel plates could not enhance this critical drift level. 

(4) Residual drift angle, a well-known and adopted indicator for the reparability of 

concrete components, was primarily dependent upon if the longitudinal rebars yielded. 

Confinement method exhibited little, in any, influence on the residual drift angle. Once 

longitudinal rebars commenced yielding, tensile or compressive, the residual drift 

would increase at a much higher rate than that before the yielding, which implies that 

delay of the yielding of longitudinal rebar is crucial to the resilience of concrete 

members. 
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2. In chapter 3, four circular columns were fabricated and tested to investigate 

robustness and resilience' of circular LQFA concrete beam-columns reinforced with 

SBPDN rebars and confined by thin steel plates. From the experimental results 

described in this chapter, the following concluding remarks can be made. 

(1). Combination of a large quantity of fly-ash, ultra-high strength rebar with low 

bond strength and confinement by thin steel plates is a simple.and.effective method to 

make sustainable and resilient concrete beam-columns. 

(2). While compressive strength of LQFA concrete was beyond 70MPa, 

combination of SBPDN longitudinal rebar and pprtial confinement by thin steel plates 

could ensure circular LQFA concrete beam-columns sufficient resilience until drift 

angle reached 0.05rad even when the columns were under relatively high axial 

compression with axial load ratio of 0.33. 

(3). Uniting steel plates by bolts and nuts to form a steel tube could provide high 

strength concrete the same confinement effect as the welded steel tube. When using thin 

steel plates to confine high-strength concrete, the bolted tube can work more reliably 

that the welded tube, which has a risk of rupture near the welding portion at large 

deformation. 

(4). To ensure LQFA concrete beam-columns a resilience up to 0.05 rad, the tie 

plate should be embedded at the contra-flexure section of column to anchor SBPDN 

rebars and reduce their slippage. 

(5). Shorting the anchorage length of longitudinal bar within beam-column joint 

had little, in any, influence on the overall seismic performance of LQFA columns. 

3. In chapter 4, twenty concrete beams were tested under combined shear and bending 

in order to obtain basic information on the shear behavior ofLQFA concrete beams with 

emphasis placed on the evaluation of ultimate shear strength and deformability. The fly 

ash was used to primarily replace fine aggregate and the replacement level of fly ash 

was 455 kg!m3 for all specimens. Based on the test results, a complete shear capacity 

model were developed to trace the variation of shear resistance of LQFA concrete 

members along with deformation ( chord rotation or drift ratio). From the experimental 
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and analytical works described in this chapter, the following conclusions can be drawn: 

1) While the compressive strength of LQFA concrete was beyond 70 MPa, shear 

failure of LQFA concrete beam occurred along a primary diagonal plane by about 

45-degree with respect to :the beam axis as observed in general normal-strength concrete 

beams despite the difference in the shear span and the steel ratio of hoop. 

2) The shear resistance by the' concrete in LQFA concrete beams was strongly 

affected by the shear span (aid) ratio, a factor indirectly accounting for the so-called size 

effect of structural member on the concrete strength. For the short LQFA concrete 

beams with the aid ratio of 1.0, the ultimate shear strength and chord rotation depended 

more upon the shear span ratio than the steel ratio of hoop. Increasing the steel ratio of 

hoop from 0.19% to 0.76% only brought about 10% increment in ultimate shear 

strength and chord rotation. On the other hand, for the LQFA concrete beams with the 

aid ratio larger than 1.5, the ultimate shear strength and chord rotation increased 

significantly along with the steel amount of hoop. 

3) Based on the equilibrium of the forces acting on the diagonal shear plane and 

Mohr-Coulomb criteria for LQFA concrete, equations (Eq. (4-7) and Eq. (4-8)) were 

developed to predict the ultimate shear strength of rectangular and circular LQFA 

concrete members, including beams and columns. These equations can reasonably and 

accurately account for effect of the shear span ratio on the shear resistance by LQFA 

concrete, and give more accurate prediction of the measured shear strength than the 

equations prescribed in current design codes. The ratio of the experimental/calculated 

shear strength has a mean value of 1.02, and a standard deviation of 0.14. 

4) The ultimate chord rotation or drift ratio of LQFA concrete members exhibited 

very strong correlation with the factor p, which is the ratio of the calculated shear 

strength to the calculated flexural strength. A linear equation (Eq. (4-9)) was proposed 

to predict the ultimate deformation. The proposed equation gives a relatively accurate 

prediction of the measured results. The ratio of the experimental/calculated deformation 

has a mean value of0.99, and a standard deviation of0.21. 

5) On the basis of test results of LQFA concrete beams which failed in shear, a 

complete shear capacity curve for LQFA concrete members was developed. The 
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proposed model defines. the shear resistance of LQFA concrete members as a 

multi-linear function of drift ratio or chord rotation, and hence can trace the change or 

degradation of shear strength along with deformation. The predicted shear capacity 

curves exhibited fairly good agreement with the measured results of both rectangular 

LQFA concrete beams and circular LQFA concrete columns, which implies reliability 

and accuracy of the proposed model. 

· 6) Due to their simplicity and accuracy, the proposed equations enable structural 

engineers to conduct reasonable and reliable shear design of LQFA concrete members, 

promoting the application of LQFA concrete to building structures and contributing to 

reducing environmental burden by concrete indus~ry. 

4. In chapter 5, in order to develop a simple model to depict the capacity curve of 

circular LQFA concrete columns reinforced by SBPDN rebars that are expected to 

behave in a stable manner till large drift under seismic loading, an analytical method is 

proposed. This method can distinguish contribution of potential displacements to the 

total deformation of concrete columns, either made of deformed re bar or SBPDN rebar. 

Based on the proposed method, the monotonic lateral resistance versus drift ratio 

relationships are investigated. In addition, to help structural engineers to obtain prompt 

and reliable capacity curve for the LQFA concrete columns, a simplified semi-empirical 

model is proposed. From analytical works described in this chapter, the following 

conclusions can be drawn. 

1. Based on the assumption that the displacement due to slippage of tensile 

SBPDN rebar is primarily induced by the elongation of the tensile rebars within the 

loading stub or beam-column joint, the proposed analytical method to depict the 

capacity curve of LQFA concrete columns can give very good prediction of the 

experimental curves up to large deformation. 

2. The displacement due to slippage of tensile steels varies along with the bond 

strength and confinement degree. For the columns with deformed rebars, the 

displacement due to slippage of tensile steels occupies 10% to 40% of the total 

displacement. The stronger the confinement by transverse steels, the smaller the 

displacement due to slippage. On the other hand, for the specimens reinforced by 

SBPDN rebars, the displacement induced by the slippage of tensile steels may reach 
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60% - 70% of the total one before SBPDN rebar yields. Confinement degree has only 

little influence on the displacement due to slippage because of the inherent low bond 

strength of SBPDN rebar. 

3. The simple semi-empirical multi-linear model involves an important 

presumption that the peak lateral resistance of LQFA concrete columns will be reached 

when the tensile rebars commences yielding, which coincides with the experimental 

observations of the test specimens described in chapter two and chapter three of this 

thesis. The model can account for effects both of confinement by transverse steels and 

of slippage of tensile steels. The calculated capacity curves by the model agree 

satisfactorily well with the measured curves till large drift level. 

4. Due to its simplicity and accuracy, the proposed model can help structural 

engineers to give a prompt and reliable prediction to the failure mode and ultimate drift 

level of LQFA concrete columns, promoting the application of LQFA concrete into 

building structures and contributing to the reduction of environmental burden by 

concrete industry. 

' 

(lJ1UJ.1;1) 

~4', f;E ~~ 

ffiti>C.ffl!:'l 
Seismic Behavior and Evaluation of Concrete Members Made of A Large Quantity ofFly Ash 

('7 ':M 7 ~ ~.:o.~;l;::flti'icil' L.i:: RC &fl;f;tO)iloflltM;~-:gHj!ilJi;/Jf;I:) 
Iii: ~ ffi 4', ~ ~ 

:t :!!l: jlJI{ ~ !¥. :li!JZ 
$, BjtJ :lli 1;Jc tf ~ IJ/l!W! :!li: 
~ m11 ~ ~ ~ ~)II ~Jl4 ffel. 

j/;lj 3!l: 11:f;jlJ/{~ ,j,llJ ~* 
mrJ :i!f 

w "" !Si 

ml!:! 
19704¥-ftn,;, Mtt~itJ;ftj'j::r~~ !J- I- (v..t'fRCc!:m-r) fi'lli£!:l'i:tWfti1iil~t/l/~c!: V(, JmmtoJ:tJ:± 

;lcmi!!t~1.:mm c!!tt, "C"~ "(l,'o. t.,n, t.,ttnI;. 1005 4f.C7)JVJtNi~ffi::kmt~. 200s 4f.C7)1!9J1,1::11:itllt.it. 2011 &r-
C7).Jl:i: a**m~. :td.J: V 2016 &j!C7)fl~*!1llz..tC7)WttJi:t;,;, ~HIIC7)Mi1:@t,Y/~!ffaf;J:, J;l!~;J;\;211!1:l:"'C.':\1\l'i: c's:11, "(1,, 

of.itilt!t!lr&!ll/Jl.:rlVl':l-rM·,u:.. }i)lll!l-r olil'[.\f1ns,1,~ 1,, t C7)C7), tt~Watt c!:'C1)W/~l)fl;t;t1:.1$m"'C.'~ tt1, ,11 c!:''° 
*~ tt1Jawm:11~ils~o:::. c!:. llJitJ!!C1)!.L\:ii:~,m*-o~t1,,J:tllm!WJa-~1t :> o:::. c!:. toJ:vi!l!m-r7.>tiiJ@Jn,C7)~jp 
±!!!mi!l/Jl.:~:bh,7-, !J 7-.tl 7JS,b7.,.:, c!:ftl!, :fil:~ftif!,cf/1[7)S~!};t1,"(l,\,0 0 ::,tl,&;,C7)~ffj1)7)>&;,, :::.hll>&;,q:,jlijt~ 
ftl'li!!11'1. VEfi1JC1)!1!l~P!f1;::}i)lf.!it..tt1,,c!:1,,;~~(l{Jtt r~~ttJ 1.:1Jn*-."C", !1t1&1.:J:0~~~~1,,7Js1tJ:1,, rm:n 
i'J:J c!:±!!!mi&'° r~&ttJ a"«nvt1tn1vt;tt1,,:::.c!:1t1B~"'C.'tttP. ;J:.t;:., 2111t*2.1.:1:1:1,,oc!:, Mc!i 
F.f/W-q:,j.ij:;1JJH~Wkt-:Ja-ii!i I;-"C, 13 t1.ii11l!ft,.,,q:,:£-\wC7)ffl':l);}(l±kl!~ • ±*lr.i!!i:!l&Jl.:X!i! t.,t.: t ;---:>C7)ttzy{-tqj~ff11 
'"C'a;;,o. --:>;J:. l'.l. il!!f;!tq&q:,,tt~~{;li:'°1P;ll}J-l.!lJ!llc!:ffi~:¼fnfffl':~1.:~~"'C.'~ olrll~ • ±*m~!fefa1:.1-1. ~~tt, 
W5ct'.:h • f1J&i'!~:"21m L.t:: r vV !J .:r.~ 7-.ttJ c!: rr1U:fl:tlrtot£J C7)f.F.i;/i7J!;Rl:I.> &;,ho. 

;;j;:J&ix"'C.'1-1. :mitm!!!m!lJJi~i!l!m t.. t::3m~!WJ:a:~1t"C" t, !1!!~1:..tl;~-r 7-> c!: ~ C7)fJl:!ll!JC7) rJ<:ll:i'!J c!:'i!!!,m 
;q&,'° r~$mttJ H~-ttl'1id';,tJ:ns;, m~IJ>!,1C1)ll;ltJli'tlllf'°j.\\;/l1ll::'li'.lj-'"C'i!o rvV!J.:r.:,., t-J tt-li'l/il!tfl-11*1·q:,r,n~ 
HH/i L. "C, lliil/,1:td J; v~ l:J ~ L.!l'~fnr~W:1;: J:-:, "C, '7 ;i 1 7 :;, V' .:r. a-::k:ffl:l::!71-~J l:J m,g. L. t:: (LQFA) ::r ~ 
ti))- rttC7)iffi"fi!¥flic!:~C7)it/vWrmtt4<'fi'J:a-f!J'J &;,7),f;:: t..t;:.? .:t, LQFA ::r :,.,p !J-1-a'J!'n'i::::r ~p !J-

HM.:t'°~mn1t1.:!1'n•-tttt•'-ttlv1trrmmdlt~c!:tre1Jdbtli!'°'E-¥1vfl::Hr;:::. c!: ia: I'! tt.:Jc!:-to. 
;;j;:Rf.Jtli 6 'fft:t;,; tt-:, "(I,, o. 
m 1 itf:l:/t:r,,;"'C.' ii? ~ , ;¢;:liJF,cC7)'/!j'f.c, ~fl (7)Mi1:lli:to J; V v V !J .:r. ~ HM~lil!tJ'C1):{l1Jt1:1ttffiC1)liJf,c!ll,t';: 'a' 

.l'l-~1: v t:' .:o.- L.t::; .:t. :1:1.:*JJ~~mn,t;,:llr.l±l c!!hofiiJ.rfg1Jtn:i!?o 7 "717 ~ V'.:o. a-::k:lii:I:: ::r ~~ !J -
H.:;HiH> 71?,fi-1"0;:. c!: c!:, N~51il!!:C7)j.\\;i,,tfj~~ff£!t1<ft1i (SBPDN) a-:tli1il:.Jf)1, 'c:::. c!: l.:J:-:, "C", vV !J 

.:r.:,.,Ai'.£J c!: rv;t!flf;ll:foi'J:J >a:{ititf.'i-?RC!'lM.:tH~!l'l.c!!itoc!:l,\?~;\!\l:.sfot::,li£:~c!:. ,tC7).): ,ttlil!U 

'°~fllfl::m';q:,aJ!!Ma-Mlll.T7-> c!: c!: t 1:., ;;j;:liJF,c(7) ~ tt.:J c!: ll.U:WtiJF~P'l$a-izu~n 'o, 
m 2 :!lti."1'1, i'!li?k-c-- f-'C1)~~~~1t"C". ljidb$m;M1.:~m1,, ;nom~1in11~ll!r'°.1&rroon'°imtffitp!Ilh 

ia:-~mi(l{J1.:ljij ;t;,1:.-ro t::ao, ;7..,.~,171v;J:. t::1±Jil1~flllt&:"'C.'fnJ*c!!ht.:Ji'f.'ii:>tttA:~f*'a' 4 f*~f'l! t.., -~ 
!wnrl.::tdlt 0~ ~ ~ L.dlt !fit lvltJij/.ma-fi'-:, t::. fil:~{4=1:!:~1f 250mm C7)fIJ~tt"'C.', th-t'hl:. 8 *'° 
SBPDN1275 ~lll'iaE t::l;l:~~mm:~,r~fJ<l!i'i USD685 'a:.:EMi c!: L. "(ffi!ft L. "(l,'o. ::r ~ti !J - f-1;1:, *t ;<:,., I-
J:t (65%), lfiflZ*:lil: (185kg/m3) :td.l:Vlji{Jr-e;<~J-:lil: (285kg/ms) a"JASS5-c.'tJl,:li:c!!tl,"C"v'o:li/c:kflii 
~t::l:!:iiluNi/il:. L. "C", kJil'lltU'°? i:,(7) 455 kg/m3 HttIIfill7 :117::, ~ .:r. "'C.'{-t~c!!itt:: °t>C7)'a:,tili!:> ilHft;:.. 
:::.q:,J:? ft::r ~~ !J - H:!: LQFA ::r ~~ !J - r c!::f*T. ~!!i1!m:~1'1:tl!i'iq:,ft,{B~/.ll'.c!:ttC1)ti/lj,{;JJR;/ii:1:q:,=-:> 
a-J&-:,t.:. ,tC7)t;s,W:, LQFA ::r~t, !J- J-q:,~J!i1!R##tliPC7)fE~~/3Cl';I: 70MPa HiI*-. "C11l1i\'1:.t!i,,t,l, i@:!il; 



O)Al't{ 7 /vM;l-:J:of.JJlU:: SBPDN~~a-JHv,t::R CP3%ttl:1:$ro.1JJ;~ 0.33 (i\'-ii3!ll/j'{: RC ttO)H!H/0 0) 

"f"l'M'!ltt~ 0.035rad ':l;-eWt.1Jil>...clt t...t'Mr.i c•'? v~!J ;r.:.,,;;,¥.!;_~:frt..., ~ &::>l;::GJJ;rJ;~ so,1m;O)p,i;it:J 

ffi'if"t'f.JJR-thlt, ttO) v~!J ;r.:.., Alt!:!: 0.05rad *"t'JAJ..l:.To:. c!: a-l!Jl t>iJ,1;: \...t::. -;JJ, j1;1jv1{tJ-ltHM!: 
~l'!f-::> USD685 ~%£1!1ma-Jllv't.::.~.g., tlO),!\l.PJj;>J(.ljtilitf.1il•i\9i1,,7),, ~;j:;tjfj;,), 0.03rad JiiIU/:1:.~L,7'::ff#R.\ 

»' t>~Mii1•11-H1t t.,¥,s!b, ;>J(IjZffi:titt.1i1•~% cc t l:.f.li"f t.,, ii:/vWi3!1l1~U:: C1)~ifS"t':k~W~-et1)ii:/vWil'i!li!lli 
'a:'51 t:g:. Vet.,*? m,ti,7),~7.J:. c ~l!Jle:iil'I:. L,J'::. 

ffi3lll:"l'l:l:,Jl§!tititlJJM/H:~i"o'ltfJl.;tJ.t/;il!10)ff,~Jll,1'0);j:iO)jmf~~iW.J:a:~~ft.ll:.~~7),l:.i"ot.:."VJ,LQFA 
;:, !/!/ JJ-1-, SBPDN1275 £',l;M; cfflt&:f.JJll:HtJH t.,t.::., ~M:t?J;~,ff'FO)R CP3%tta- 4 i*!/Hr-1.,, a IJ lo!& 
1.,~l\lr~~'S;-fj'-::, t::. f;t~{,$:t1)ttJrjjjji[1!J± 250mm "C.'it/vltfr7,l~!/U:7)t 2.0 -C:, ttl::fpffli"oiJ!h:t.11:1:f~jJ);~ 

7), 0.33 cttoJ: ,1::::-,i::1:.1.,t.:.. ;Jl;~l/l:!l:lcl±ffl.tli:O)W,5Jt:;1;tt;, SBPDN il?<1m0)1J0.7J7.~:fp;iO);lE~*~­
:13 J: "CJtt&d!l,c)j;iJi~l:.:131H> !£/mO){.J-~'A:'.!tf.tli:O)~~O)=:-::>a-l&-::i t::. aw:~;1, 156 0) PlW~.tli:l"irnAA ~ti 
"t"°•'ti1,,0)-e, .IJZ:t!i::a:!fiP31::tfr ~ t111111::; .:t, ;f-1v 1- c-r ::- 1-1.:J: o~.g. c mm0)=-?0);1Jtl:-e~~~wi5lt 

\...t.::.. ~!UtH!!:J: IJ, -r::, 1- c ;Y-1v I- "t'*a.g. L t;::f'lWffi"lfl:1:li~illJ''I c 111tlliJ~O)~J!l:W1N:Hr \..., ?,Jiil.JIJ.1J 
"fl;::t,Htottl;: 0.05rad "it"l'(I) v1/!J ::i:::.,,;:1.{!J:HtW:-et: o:. c, l@t;t€t,]JW~Mtjl±i~m~-el;t/it£€~7), 

T$ilt!r t.,, t.ta-itlvWrli.!ll!lli~itt t., ;t? m<M>il?o;: c, ;i.J1111J!t!m:1ffft1)ttt1)1itJ!lliliff-c;3:.1m(7)~KstiH~lt 
ti1thl;f, ,ti:(7) V1/ !) ;r.:.,, 7,f!E;,)t 0.05rad ;,),~ 0.035rad 'll: "t'ft'fTo:. c ti c':a:fJ,EJ t,il>I.: l.,f.:. 

ffi 4:i';'t"l'l:I:, LQFA ::i ::,,!J !)- }-0)1£.fl§~&lleil~ 70MPa =a::M!.:l t, -'t:h.'a::ffi•'t::ttl±itlvWi~ffi t...l:.< •' 
:. c H:!nl:.:t, LQFA ::i :.,,!J !J- l-~m.,t.::flJWJm:t;tQ)lt;m£f,fiffil:. ti@Jtl-e~ o J:? ti, §~Wt LQFA ::i 

:..,!J !J-1-mJtJ"(l)it/vlt'i~!lllla-~VJl;ToJ'::!OO) r;t/vt_tfrffi:titllll~J Hill;T!To.::. C Hl ft.ll:., LQFA::, !/!/ 

!J-1-a-iflv't.:.mm!:!l::a: 20{;!;:ll\\!fr-l.,"C', ljl.'l\lJJIIJlj'it/vWr~~Hr-::it.:. !:/l;(l)Wi"iliil± 160mmX250mm i:, 
~~~;!l:l'iit MTr ;;,,~::,,J;t c 51 ~!tl;AAJ;t0)=-:>Hi1.-::i it. ;.!.~i-11:lr:c ~O)it 1v1trrr,1UU·.f lliil.::131t 7-,jJO)jlj.g. 
t'k{lt-1;:~-:51,,"t", LQFA ::i ::,,!J !J- HlJl:f;tO)Rit-f.'JitMfrilitt.10)~J:E:it:loJ:tF-ttlvWiffl;tit:1J cJm:f;tffJ0)(!,!1{.Jt-.;:-

7"1v~ffl~t.,;t. ~ !:,I.:, .:tt1)-tt/vWrffl;titJIIJNi!l±LQFA-::i:.,,? !J- HJ/iO);lJ.tti:,i'ffi2$:cffi31'/f"l'i!tt'"'t.: 
;ltO)it/vll'Jiini'.ttJC1)W,:i!a-J:1:;~ft.ltllli'.J: < fHil!i"t't! o.::. c =a::lj)j !:,;0,1.: L.t::. 

ffi 5 ~"t'l:I:, ffi 2 i\i c ffi 3 :1;t-c,>l1f!~t;::~~r.;*, !J!.:(£(7)*1fitt.1Pl'.~~J: IJ t11:;m1,~~mt~(l);;tri1• 
SBPDN ~1m~m1,,j::,ltO)itJ1Ull:tt1:.im l.,°t"\,'o;: C a-WJlll;;t, SBPDN ~/mO){i~l-:J:ott~m,-...(!)~'Jll 
'a:''A:'.i!11'lBM"t'O)!tl;Jl1iO)i!f$()(:m:a-t-::i"t"i/if!il."t't! o c {&J:ia t...t::? ;t, ;ttt1);m.1Jllbf,U:fl?i{i!!l.:1'1f.tff-r o ft:!011) 

;JJ~tm~1.,, .:r:.-O)/l1t'.t'f;IJ#lt1)~l/ci1tcffl1tH~iiE 1.,t::, ~ 1:,1.:, ;:11)/l~:tlf-=F~l-:J: oill!diliJ/~m<1.l~*c~ 
~~:JJH.:~,:Si,,t, tt~a!ili~~imtJtmt1.:;;i-ii]"7't.J! LQFA -::i !/? !J- l-tt<1.lii~.1Jllllil!'E-7/Va"W/m 1.,f.::.. ffi 2 
l\:f ~ffi 3 j/I"t'~~l'::~W;!i*c Jt~L,1::ttlll:, ;;t;:~"t'ffl~ l.,f;::'E-7M;l: v1/ !) ;r.::,, }-t.J! LQFA P3% RCf!C1)~ 
W!1r.i*~~~5U¥.Jffll31:J: < ~{iffi"C.'! 7->.::. c ~tl!)l l::,il>l;:t.-:-:it::0 

in:U/:1:., ffi 6 ~-el:I:, J;J..!:*~17.)li/F~~:lr:Htt.5 t., "t", ;;t;:li/F~O)~fali c L.t.:. U::, *1~-ellll~ t...t.:!f\'::i:: 
;t-~O) V1/ !! :r.:.,, 1-tiR c fllmttti c'Q)~J!la/i1.::td1t o.&,U/:O)li/F~l!i!Ma-ff. t...t.:. 

i;,....1:-e~~t.:J:; 1.:, ;;t;:liJf~l'"if!!l1RieyC1);tc~tt, f!!lffl~O)ll5ctt • 1~mtt, :tdJ:arem1\l'tf0)~~1.:'$15-
-c.<~ o rra~ttfAt!EJ t.dJHtt\1-::>, Wi 1.,1,, i.,~ !! ::i:::.,, 1-tiimtiH//!illrl!ilttl-:-::>v,t, -'£:(l)J:; tii1ilt;J"t1)iilitm~ 
!llb:loJ:V~}HR#l.:&:,~:f"iiJ7'7'tit/vWinimll!l~~;mt.1dll;f$i!O)fi'li~HJf,:e L,t.::. °{)O)"t'il? ~, lk1!t{-'\:O)t'r 1.,1,\iilif 
itm~llfl;j:;tt1)f!E~c!:Rll:fttl:l:.-::>v\"'(1a~tt~Jl.Hl·t:: t,11) C 1.,-C{d!i{i{Ii!? MU.l'l"t'il?o. 'Wlli ~ht.:l!lili:SCl±I 
9'liJf~:pJ.9'{J'l:Mii:SC1¥ftllj1£2J!l:a:mlt.: 1.,-C:1'3 IJ, ~{J'l:~?N~C1)&~1itl'i, !W-± (~ffi) (7)~-{li:a:~IJ.o~J!!7)!;!;).:S 
ci'&"VJ7->. 


