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ABSTRACT 

In this paper, an evaluation method of earthquake resistance characteristic of a steel plate reinforced concrete wall (it is 
called SC) will be reported. An evaluation formula was studied to be simple and easy same as a rebar reinforced concrete wall 
(it is called RC) in order to develop a practical design method of SC structure building. And experimental results presented a 
paper in Part 1 were compared with calculated results, and the effectiveness of this evaluation method was confirmed. 

1. Introduction 

A few studies on SC structure were performed by the authors, and some evaluation methods to obtain a bending and a 
shear strength of SC walls have been suggested. These evaluation methods give good agreement with the experimental results, 
but it is too complicated to use for the design. In this paper, a practical design formula for the SC structures will be presented, 
just the same as RC structure's design method in common use[3]. And calculated results were compared with experimental 
results to confirm the effectiveness of those. 

2. Evaluation method of shear strength and deformation characteristic 

(1) Evaluation method 
A relationships between shear force Q and shear strain ~/ of a SC wall is defined by tri-linear skeleton curve shown in 

Fig.1 same as reinforced concrete walls[3]. Each turning point of tri-linear curve show a cracking strength, yield point and 
maximum point of a SC wall given in Eq.(1) to (6). 

@ Cracking point (first turning point) 

Q I =  ( A c + ( G s / G c ) ' A s ) "  r c r  

- / 1 =  ~:cr/Gc 

r cr = ~ O . 3 1 ~ "  ( O . 3 1 ~  + a v ) 

@ Yielding point (second turning point) 

~/2= Q2/  (K~+K/~) 

@ Maximum strength point (ultimate point) 

Q3= Ac~/(As/Ac). Gy • v. G B 

"/3 = 6.0 × 10 -3 (rad) 

(1) 

(2) 

+ K/?2).As. Gy (3) 

(4) 

(5) 

(6) 

Where, 
As 
Ac 

: Shear effective cross-section area of the surface steel plate (mm 2) 
: Shear effective cross-section area of concrete (mm 2) 



Gs : Shear modulus of a steel plate (N/mm 2) 
Gc : Shear modulus of concrete (N/mm 2) 
Es : Young's modulus of the surface steel plate (N/mm 2) 
Ec' : Young's modulus of cracking concrete (N/mm 2) 
v s : Poisson's ratio of the surface steel plate 
a v : Axis stress of a wall (+ compression ,N/mm 2) 
K~ :Shear stiffness of the surface steel plate ( = As • Gs) 

K g :Effective shear stiffness of cracking concrete 

( = l / { 4 / ( A c ' E c ' ) + 2 " ( 1 - v  s ) / ( A s ' E s ) } )  
a y • Yield strength of the surface steel plate (N/mm 2) 

a B : Compresive strength of concrete (N/mm 2) 

v : An effective coefficient of concrete compression strength in shear destruction 

(=0.7- a B/2000) 

(2) Evaluation of a cracking point of concrete 

A shear cracking strength of RC walls was evaluated with 4 a ,  generally. As results of experiments, a cracking 

strength of concrete inside SC wall could be evaluated in the same way as RC walls. Therefore, the first point (cracking 
point) of tri-liner skeleton curve is given in the sum of cracking strength of concrete and stress of steel plate that obtained 
from deformation at the time of concrete cracking as the Eq.(1). The comparison of caluculated results by the Eq.(1) and 
experimental results are shown in Fig.2. The calculated values show the average of experimental values. 

(3) Evaluation of yielding point of the surface steel plate 
A stiffness of SC walls was observed to reduce after yielding of the surface steel plate from the results of experiments. 

Based on some basic assumptions (Fig.3), yield strength of the surface steel plates of SC walls can be evaluated as follwos, 

(assumption 1) concrete and a steel plate completely deform as equal shape for a shear force. 
(assumption 2) cracking concrete resists only compression force of diagonal 45 ° . 
(assumption 3) young's modulus of cracking concrete reduce in 0.7 times. 
(assumption 4) a steel plate does not buckle by the effect of a lot of studs. 
(assumption 5) beams and columns of circumference of a SC wall resist only axis course as effective reinforced 

materials. 
(assumption 6) yield of steel plate is judged by Von-Mises yield criterion. 

Based on assumptions mentioned above, stress - strain relationship of a SC wall is pursued in the following. 

(stress - strain relationship of concrete) 

f t I!  lr" t 
cox 

cCYy = "~"- • 1 

c~j  1 -1 1/L7 

(stress - strain relationship of the surface steel plate) 

fsOXts  I 1 0 lf xt Ec' 1 0 e x s(Yy - - - - - - - ~ "  1~ s 
1-V 

s 0 0 (1- Us)/2 

(7) 

(8) 

(stress - strain relationship of a column / a beam of circumference) 

f t I -lr:: 
f ~ x  1 0 0 

f(Yy = E s .  0 1 0 ,]~ 

f ~  0 0 1 

(9) 



(balance with external force) 

f oxt isoxt ff° tf° yt [Ac]. c~y +[As]. sC~y +[Af]. f G y  = 

c T s T f T  

Where, 
[Af]" Steel materials cross-section area of a column/a beam of circumference 
Ny" External force of axis direction 
Q • External force of horizontal direction 

(10) 

When the shear force which a steel plate resists is expressed with Qs (=As's v ) and the shear force which concrete 

resists is expressed with Qc (=Ac "c v ), the relationship between Qs and Qc is shown with the Eq.(11). 

Where, 

Q s ' Q c  = As ' sv  " A c ' c v -  K~ • K/~ (11) 

K~" Shear stiffness of a steel plate (=As" Gs) 

K/~" Shear effective stiffness of concrete after a cracking 

The reinforced effect of a column and a beam of circumference is ignored ([Af ]=[0]), and effect of external force of 
axis direction is also ignored (Ny =0). Kp can be expressed by the Eq.(12) simple equation that is to be shown. 

K¢~ - 1 / { 4 / (Ac-Ec') + 2"(1- v s) / (As'Es) } (12) 

Using above equations, external shear force Q2 when a steel plate yields by von-Mises yield criterion can be obtained, 
and the Eq.(3) is provided. The shear strain ~, is given in the Eq.(4). The yield strength and deformation of experiments and 
calculated result are shown in Fig.4 and Fig.5. The calculated values show the average of experimental values same as 
cracking strength. 

(4) Evaluation of a maximum strength 
In late years maximum strength of RC wall is evaluated by the sum of a resistance by truss mechanism of rebar - 

concrete and a resistance by Arch mechanism of concrete. The resistance mechanism of SC walls is the same as resistance 
mechanism of RC walls generally. And tension Arch mechanism of steel plates is added so that a steel plate can resist a 
diagonal with resistance mechanism of a SC wall. Therefore maximum strength of a SC wall can be evaluated with the 
Eq.(13). 

V= =twlwPws u wCOt 4~ +tan 0 (1-/3 C)twl w v a B/2+tan 0 (1-/3 S)twlwPwS o wy/2 

Where, 

P w s  

T w s  

tTw 

t7 w y  

v~rB 

~, 0 
/~c 

: The cross-section area ratio of steel plates (tw" lw/tws" lw) 

: The sum of thickness of two pieces of steel plates 
: Steel plate stress to contribute to Truss mechanism 

: Yielding strength of steel plates 

: Effective compressive strength coefficient 
of concrete of diagonal course in collapse 
: An effective angle of Truss mechanism 

: A ratio of concrete stress to contribute tw 
to compression Arch mechanism 
: A ratio of steel plate stress to 
contribute to pulling Arch mechanism J ]k 

~W 

m 

(13) 

I lhwi 

f i :  



Based on the lower bound theory, a value of Pws* u w and cot 4~ can be obtained by following three cases of equations 
according to steel plate strength and concrete strength. 

(case 1) In case of ~/Pws" 6wy/v" 6B ~_ tan 0,  

Pws" o w = Pws" u wy, cot 4) = 1/tan 0.  

(case 2) In case of tan 0 <~/Pws "~wy/V'c~n ~ 1/tan 0 

Pws" o w=Pws" cr wy, cot ~ = ~/v. ~B/Pws Q ~ w y  

(case 3) In case of 1/tan 0 _--< ~/Pws.6 wy B 

Pws" g w-  v"  o B/(tan 0 ) 2, cot ~ = ~/v e ~ B / P w s  Q ~ w y  

As for designing the bearing wall of nuclear power plant building, the ratio of wall thickness and steel plate thickness 
(T/t) can be designed by range of 30-200 and the shear span ratio is small comparatively. Such SC walls can be evaluated 
with case 2 that is resistance mechanism only of truss mechanism. In other words /3 c and /3 s are 1, and the maximum 

strength is given by V -  tw" lw" Pws* o wy" cot 4). The cross-section area of concrete (tw" lw) is expressed with Ac, and the 

cross-section area of steel plate (tws'lw) is expressed with As, and an Eq.(13) is rewritten, an Eq.(5) is provided. The 
maximum strength of experiments and calculated result are shown in Fig.6. The equation gives approximation to the 
experimental result, and the calculated result is bottom of experiment values is shown. 

On a deformation, specimen of SC walls reaches maximum strength with bigger shear deformation angle 5000-8000 ~t 

for RC wall being 4000 ~t. And a SC wall maintains high resistance ability against the load after having reached maximum 
strength, and has a better ductility compared with RC wall. Therefore, specification of maximum deformation of a SC wall is 
regarded as uselessness, but a maximum deformation value is established for comparison with RC wall. This tendency is 
considered for the effect that brittleness destruction of concrete is restrained by surface steel plate. A good ductility is 
confirmed from compression test of the SC wall which the authors performed. Compressive fracture of concrete materials 
occurs usually when compression strain reached about 2000 ~t. However, a SC wall is not fractured it till compression strain 

reaches 3000 ~t. Deformation ability improves in about 1.5 times. So shear deformation angle 6000 # (equivalent to concrete 
diagonal compressive strain 3000 ~t ) was defined as maximum volume of deformation as had shown in an Eq.(6). Maximum 
deformations of experiments and evaluation value are shown in Fig.7. 

(5) General comparison with experimental results 
The comparison of load-deformation relationships given by evaluation method with some experimental result is shown 

in Fig.8. The curve given by the suggested equations almost agree with experimental results. 

3. Evaluation method of bending strength and deformation characteristic 

(1) Evaluation method 
The relationship between bending moment M and curvature 4) of a SC wall is also defined by tri-linear curve shown 

Fig. 1 same as RC walls. Each turning point of tri-linear curve show a cracking point, yield point and maximum point of a SC 
wall. Bending characteristic of a SC wall were reported in Part 1 to be similar with RC wall's one. Therefore, the equations of 
each turning point are defined by rewriting the equation of RC wall's to replace the rebar factor to the steel plate factor as 
follows• 

(~ Cracking point 

M I = Z e "  (0.38 ~/a B + Ov)  

4) 1 = M1 / (Ec ' Ie )  
(~) Yielding point 

M2 = My 

4)2= Oy 
(~ Maximum strength point 

M3 = Mu 

(14) 

(15) 

(16) 

(17) 

(18) 

4 

,i~ ̧ " 



3 = 0.004 / Xnu (19) 

Where, 
Ie : Second moment of inertia (mm4) 
Ze : Section modulus (mm3) 

0.38 ~ 8  " Bending pulling strength of concrete (N/mm 2) 

a v : Axis stress of a wall (+ compression ,N/mm 2) 
My : Bending moment of steel plate yielding on the basis of an assumption of strain remaining 

in-plane (N" mm) 
¢ y : Curvature at reaching bending moment (1/mm) 

Mu : Bending strength on the basis of full-plastic cross-section assumption (N-mm) 
Xnu : Distance from compression edge to a neutral axis in full-plastic cross-section (mm) 

(2) General comparison with experimental result s 
Experimental curve of relationship with horizontal load and shear and bending deformation angle regarding the 

experiment that bending yield appeared in and calculated curves by evaluation equations are shown in Fig.9. That calculated 
values are similar by experimental results generally can be realized. Up to shear and bending yielding point, that calculation 
curves and experiment curves are similar smartly can be realized. And maximum load of experiment agrees with either small 
value of calculated shear strength and bending strength. Differences are found in deformations of neither in maximum load, 
but, about the whole deformation which added bending deformation to shear deformation, experiment value and calculation 
value are almost equal. In evaluation method of shear strength and bending strength of statement above, those destruction is 
treated as independence phenomenon. Interaction by those destruction needs to be considered, but, from comparison result 
shown by Fig.9, the influence may think that it can be ignored usually. 

4.Summary 

A practical evaluation method of shear and bending strength and deformation characteristic of SC walls was presented. 
Through simulation analyses of the experimental result, and availability of this evaluation formula was confirmed. 
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(c) Bending failure 
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=~ II V~ II =I 
- -  : Experiment (Part 1) 
- - -  : Calculation 
• : Cracking by shear stress 
A : Yielding by shear stress 
• : Maximum strength 

M/QD = H/L 

y = a / h  

Fig.9 Calculated Shear/Bending Skeleton Curve and Experimental Curve 
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