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ABSTRACT

This paper describes the experimental and analytical results of the steel plate reinforced concrete structure(SC) having
a opening, for the purpose of confirming the fundamental behavior of SC shear wall. Six specimens having a opening were
loaded in cyclic in-plane shear, and were compared with the results of the specimen having no opening. FEM analysis was
done for the making up for the experimental data. Finally, we proposed the reduction ratio by the opening for design.

INTRODUCTION

The SC structure consists of a flat composite plate made by connecting a pair of surface steel plates in which stud
bolts are built with partitioning webs and filling the boxes so-formed with concrete. The stud bolts operate as shear
connector between steel plate and concrete.

The SC structure has several merits from the points of view of the structural aspects and the efficiency of execution
works;

1) As the surface steel plates be the form work in the execution work, the execution works periods will be reduced.
2) No wooden form work is used, the destruction of the environment will be reduced.
3) They will be able to set up the mechanic support after concrete casting. And it has flexibility to set up supports.

Previously, several papers for the study of SC structure were presented [1],[2],[3],. One of the authors presented the
experimental results of the panels of SC structure[4]. But the response of SC panel having a opening had not been studied
yet. Having a opening, the strength of the panel may be reduced. And stress concentration makes the surface plate yield
earlier. The effect of the stress concentration may change the response of the panel having a opening.

The investigation of the reduction ratio of SC panel having a opening is beneficial for the design of SC structures.
This paper provides new test data pertaining to the behavior of SC panels having a opening. And the reduction ratio for the
opening was proposed for design.

EXPERIMENTAL PROGRAM

The experimental program involved the testing of six SC panels having a opening and one SC panel having no
opening. The latter specimen may call the standard specimen after this. These panels were subjected to cyclic loads of in-
plane shear. The test panels were 1200 X 1200mm in plan dimension, with a thickness of 200mm.Typically, the panels had a
opening in the center of the panel. There were two types of the opening; a circular opening and a square opening. Whichever
the type of the opening, the square root of the ratio of the opening area divided by the area of the SC panel was 0.15 in
common. The corner of the square opening had small curvature.

The reinforcement around the opening had two variations made of steel plate; sleeve reinforcement and plate
reinforcement. The plate of the sleeve had 4.5mm thickness for circular opening and 2.3mm thickness for rectangular
opening. The plate reinforcement has common thickness of the surface plate (3.2mm). The reinforcement area had a half of
the opening diameter width,

The reinforcing steel plate was 3.2mm in common. Details pertaining to the panel construction were shown in Fig.1.
Specimen test parameters are given in Table 1.

The concrete for each panel was hand-batched using 10mm stone. The panels and test cylinders were sealed and cured
for 7 days and tested at approximately 80 to 180 days of age. The properties of concrete, determined from cylinders tested at
the time of the panel tests, are listed in Table 3.
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Fig. 2 Load Setup

Table 2 Loading Stages

Tondingstages | @ | @B (@0 [ ©® | @ | 8@ O B0 ®

Shear strain -
(X107 0.5 ‘ 1.0 2.0 1.0 3.0 4.0 2.0 6.0 12.0 17.0

Uniform in-plane forces were applied to the panels using the shear bolts test facility(Fig.2). The facility was
- comprised of a self-reacting frame containing 4 hydraulic jacks. The loading stages are shown in Table 2. To investigate the
" condition under large scale deformation, three loading stages were added for the loading stages of three specimens having a
! square opening (S3-00RN, S3-00RR, S3-00RP) and one of the specimens having a circular opening (S3-00HP).

. The wire strain gage was used for the investigation of strain concentration near the opening and the inclination to
decrease of strain concentration from the edge of the opening.
) Electric strain gage measurements were made in the X-, Y-, and diagonal directions on both sides of the steel plate’s

surface.

TEST RESULTS

A summary of test results is given in Table 3. In all specimens, the cracking strength and the yield strength each
" appeared at almost same shear strain.

The shear strain at the cracking strength of the standard specimen was almost equal to those of the specimens having a
opening. And the shear strain at the yield strength of the standard specimen was almost equal to those of the specimens
having a opening, too. However the shear strains at the maximum strength of the specimens having a opening were almost
twice or three times as large as those of the standard specimen. Therefore the discussion of the reduction ratio of the
maximum strength , which is based on the standpoint putting only the strength in question not the shear strain, is not good



for the determination of the skeleton curve of SC panels having a opening.

Therefore we will determine the nominal ultimate- strength. Other experlmental study which planed for H shaped
specimen constructed by SC shown the shear strain of 6.0 X 10 at the maximum strength[5]. Considering the results of this
experimental study and the result of the standard specimen from this study, we determine the ultimate strength at the shear -
strain of 6.0 X107, ‘

By the reinforcement around the opening, the strength of the specimens having a opening tend to increase in
comparison with the strength of those without reinforcement. ‘

Load Deformation Relationship ;

Shear load — deformation response are given in Fig, 3. The load — deformation response were very ductile. Except for
the standard specimen, ultimate response of deformation for six specimens having a opening, were determined the -
limitations of the deformational capacity of the facility (around 17.0X10? ). The specimens which reinforced with steel :
plate had small cracking on surface plate at the loading stage at the shear strain of 12.0 X107, But the cracking had not ..
immediately grown at the end of the all load stages.

The comparisons of the responses from the point of view of the load — deformation envelope are shown in Fig. 4. In
the range of the reinforcement of this experiment, the plate reinforcement was more effective than the sleeve reinforcement.
The discussion of the relationship between the amount of the reinforcement and its effectiveness will be made after.

~ Ultimate Condition of Concrete
Ultimate condition of concrete is shown in Fig. 5. After all loading stages, the surface plate was driven from the
specimen to observe the ultimate condition of concrete. Fig. 5 shows that the cracking of SC panels is very sparse.

Strain Near Opening

Strain distribution near opening ( € €) is shown in Fig. 6. The strain distribution in this figure was selected as shown
in Fig. 6. In this figure, the dotted line shows the distribution of the calculated result in elasticity. This distribution was fitted -
at the point of the distance of 530mm from the opening’s center. This figure shows the strain near opening exceeded after
yielding of the surface plate. Strain concentration near opening and shear strain relationship is shown in Fig. 7.

Table 3 Experimental Results

Material properties Experimental results
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Fig. 4 Comparison about Envelopes

The strain near opening of the specimen having a opening without reinforcement increased almost linearly by the shear
strain increase. But, the strain of the specimen with reinforcement checked the increase of the shear strain.

"CONSIDERATION OF THE EXPERIMENTAL RESULTS

Reduction Ratio due to opening for Stiffness or Strength
We determine the reduction ratio due to opening for tangential stiffness, yield strength and ultimate strength (K1,K2
and K3). Fig. 8 shows the determination of each of them. In the experiment, the property of concrete was deviated.
- Therefore we tried to standardize the reduction ratio by way of the multiplication of the square root of the concrete strength
of the standard specimen divided by that of the specimen having a opening. Fig. 9 shows the results of the calculation for
the reduction ratios. The results of the calculation were based on the reduction ratio for reinforced concrete wall. That is,

2500 — : 1 8000 T ‘ ; .
2000 !‘ Before yielding . !o After yielding
SR (Q=1180kN) | 6000 .. .. (Q 2230kN) ]
3 1500 A % .13 : . _ :
= ~ 4000
o 1000 ©
500 2000
0 |<—— Edge of the openmg 0
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Distance from center of the opening Distance from center of the opening
20000 N 40000 L ——
o After yielding | . at Ultimate strength
« i o ;
15000 .. . §.....1. .. (Q=2710kN) | 30000 [ ...if (Q=2920kN)
3 i 3 | A
Z10000 .. . < 20000 .. |
o T A ° i
' * 5000 b1 " 10000 | ,
Fig. 5 Ultimate Condition !\ T Y
of Concrete 0 ! b ! “
0 100 200 300 400 500600 0 100 200 300 400 500 600
Distance from center of the opening Distance from center of the opening

Fig. 6 Strain near Opening



100000 fll . 100000 e,

L Ci penin 1 I eni J
Circular open & Wlthout remforcement Square Op,enlng i i
80000 80000 :
T 60000 £ 60000
X - : X
@ 40000 oo : ., 40000
A ; i Plate reix?lforcement
20000 § L R ; 20000 . ,
! i Sleeve remforcement 5 ) ;
(Standard spemmen) (Standard specimen)
p———9 | H
0 L , PR L‘ N 0 PR WO S S S S S Y VU S
0 15 20 10 15 20
7 (X107 . ,‘( 7 (X107
Fig. 7 Strain near Opening and Shear Strain
R Y S R :
o f Ultlmate strength : : @  Experiment
2 1.2 g ; X Egq(1) |
g i 1+ Eq)’
2 :
o] 1 .
% =
=l N 4
%08 g KRR Ko
0.6 Lo i i i L]
_ 83 OOHN 83 OOHR 33 OOHP 33 OORN 33 OORR S3 UORP
1 Having no opening Specimen
T Y | Yield stre;lg‘tllll T B
T =T TR B S SOUU e, e X Eq.(
A S Having B : : : : +  Eq(2)
aopenmg g 1 | | .
; = i ;
" kaq KISGAYGA Ks-Qu Soaf g Mk om % %
Qe fil s K2=Qy*Qy | i . : P : :
i : K3=Qu*/Qu : 0.6 Lo v i v v v w v b e
,/R:\Kl - GA ; : S3-00HN S3-00HR $3-00HP S3-0ORN S3-00RR S3-00RP
; » : ; ‘Specimen
Te Ty Tu L
. [ Tangential stiffness | ; ] A Experiment
. . . . . D=I I I i e [P N X Eq(1)
Fig. 8 Determination of Reduction Ratios = ‘ ;o A : : A y
g £ A
£ : A
& 0.8 [ b S Ko A T S >;< ........... 3
R IR APV ETE BT U N R
S3 00HN S3-00HR S3- OOHP S3 O0RN 33 OORR S3 OORP
Specimen’

Fig. 9 Experimental Results and Calculative Results

1) Design recommendation in Japan for the wail having opening[6] is,

7 rc=min (1—170‘ 1- h:?)) (1)
in except that the term \/h:? shall not exceed 0.4,
2) Ono and Tokuhiro[7] proposed as follows,

Tor= 22 @



where, h is the height of wall and | is the length of wall. And ho is the height of opening and lo is the length of opening. Ae
is the compression field area of the wall.

The results of Eq. (1) and (2) show the good agreement with the experimental results. So, for SC panels, these
equations for RC walls represent good applicability. :

Effectiveness of the amount of reinforcement

The effectiveness of reinforcement in terms of the total amount is shown in Table 4. The effectiveness for yield
strength and ultimate strength is focussed here in. We consider the effectiveness as the amount of steel reinforcement.
Hence,

Strength per total amount of reinforcement = A q./'gs (3)
where, A q is the difference in strength between the reinforcing specimen having a opening and the specimen having a
opening without reinforcement. gs is the total amount of the reinforcement.

Table 4 shows the effectiveness of the reinforcement of the steel plate is more effective than that of the sleeve
reinforcement. So, finite element analysis describes in next chapter for the reinforcement used the steel plate.

Table 4 Effective Strength

Concrete Yield Ultimate Amount Effective
) strength strength | of steel strength
Specimen | strength
(Mpa) Qy Aq Qu Aq ds For For
(kN) (kN) (cm’®) Qy Qu
S3-00HR 424 2710 | 74 3060 | 22 599 124 37
S3-00HP 31.7 2510 | 104 | 3470 | 168 701 148 240
S3-00RR 321 2170 6 2930 | 29 173 35 168
S3-00RP 32.7 2500.] 60 | 3060 | 47 680 88 69

FINITE ELEMENT ANALYSIS

Basic response subjected in plane shear of SC panels having a opening was investigated by the experience described
before, But experimental data had limitation. Then the finite element analysis was planed for the investigation of the
relationship between the reinforcing area and reinforcing thickness. Loads were monotonically increased in constant ratio

_until failure occurred.

Analytical Model

The analytical models were 1200X1200mm in plan dimension with a thickness of 200mm as the same to the test
panels. But in this analysis, using symmetry, one-quarter the test panel was modeled(Fig.10). The thickness of the one side
surface plate was modeled as 2.00mm. The scale of the opening was the same for the test panels. The partitioning web plate
was modeled as the rod element because of the partitioning web plate to be shouldered mainly nodal force. The stud bolts
were not considered for the analytical model.

Analytical model parameters are opening types(circular opening, square opening), thickness of the reinforcement steel
- plate(a half, equal, twice of the surface steel plate thickness )and the width of the reinforcement(0.25,0.50,0.75,1.00 times of
the diameter of circular opening or the side of square opening).
‘ Before the analysis described, the test analysis was done for evaluate the accuracy of this method.

“Constitutive Relations

Constitutive relations generally used for RC structures were applied in this analysis. The stress-strain relationship in
compression was modeled after Fafitis-Shah[8] and Darwin-Pecknold[9]. In tension, tension stiffening was considered after
Izumo et al. (parameter ¢=0.8)[10]. Shear transfer on crack surface was considered after Al-Mahaidi[11]. Stress-strain
.relationship for steel plate was modeled in bi-linear.



ANALITICAL RESULTS

The load-deformation relationship of the test analysis was shown in Fig.11 in comparison with the experimental
_results. They were in good agreement. Therefor, the constitutive relationships described before have good accuracy for SC
panels not only for RC structures.

" The reduction ratios due to opening derived by the analysis are shown in Fig.12. This figure shows the reduction ratio
can be represented only as the amount of the reinforcing steel plate. The vertical axes show the quotient of strength or
stiffness, which the reduction ratio, given from the finite element analysis, divided by the reduction ratio calculated from
Eq.(1). The horizontal axes show the quotient of reinforcing area, which the reinforcing area in section divided by the lost
area of the surface steel plate for opening(Fig.13). The figure shows that the quotient of strength or stiffness increases
linearly as the quotient of reinforcing area increases. Especially, the quotient of the yield strength and the ultimate strength

. show the same manner. These analytical results show the quotient of strength or stiffness depends only on the quotient of the
reinforcing area, not on the width of the reinforcing area.

' CONSIDERATION OF THE ANALYTICAL RESULTS

“ Reduction ratio considering reinforcement
If we were able to evaluate the strength or stiffness by the calculation method based upon rational theory, the effect of
reinforcement could be considered for the reduction ratio for opening.
Practically, the calculation method for SC structure was based upon rational theory (truss mechanism) and the results
of the calculation method are in good agreement with the experimental results[4].

Therefor, the reduction ratio for SC panel could be considered the effect of the reinforcement. The reduction ratio
considering reinforcement is given by the recursion formula of the results of the finite element analysis.
Hence,

In case of circular opening ; K’ =0.0651s + K

In case of square opening ; K’ =0.0571s+K

where, 15 is the quotient of reinforcing area, which the reinforcing area in section divided by the lost area of the surface steel
plate for opening. K is the reduction ratio for the panel without reinforcement. The results of these equations shall not
exceed 1.00.
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* Reduction ratio by analysis

Reduction ratio by analysis
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Reduction ratio by Eq.(1)

Reduction ratio by Eq.(1)

Reduction ratio by Eq.(1)

1.5 T T T T T T T T

- . Circular opening ] ‘é =
4= . N
' gsPlate reinforcement: K1 ) g E
1.3 - E ; >
s o
L2 b 4 e %
al 1.0t series 2 Ot series 1=
' [1/2t series’ .y --a- -7 7T Els
10 o83 EIE
2 5 =]
b5 2]
0.9 ,“ o 4
0.8 | § 1 I I I . it |
0.0 05 L0 L5 20 25 30 35 40 45
Reinforcing area/ Lost surface plate area
1.5 - T — T T T T
- Circular opening 2l
!4 I Plate reinforcement: K2 B =+
r
1.3 - ) 0 . = g Di
. — e
ol , LOtseries ~Utseries - 2z
. Lot — ol
11/2t series " TR .= { €i%s
11k s S 4 2l
L - gle
1.0 Bl 5|8
=R =]
=3 51
[Pl
0.9 B o 4
0.8 N | I It L 1 1 !
0.0 0.5 1.0 1.5 20 2.8 3.0 35 4.0 4.5
Reinforcing area” Lost surface plate area
1.5 T T T — 7 T T T
- Circular opening 2l
4T Plate reinforcement: K3 1 2=
g |m
1.3 o E 5
// -
el 1.0t series 2. Ot serles 12 =
. e T 7 Q.=
L 1/2t series - T3-— 215
A 2=
1.1 L k7 - alg
e 1 gi.8
Lo e ElE
g 3 g
0.9 - 1 gl
0.8 ] i ! 1 L R DU .
0.0 05 Lo 15 20 25 30 35 40 45

Reinforcing area,” Lost surface plate area

Reinforcing area” Lost surface plate arca

@, A Analytical results
" ;Experimental results
(OS ; Sleeve reinforcement)

Fig. 12 Reduction Ratios and Reinforcement

- Square opening
I-4 I Plate reinforcement: K1 ]
S ]
1.3 % .
s b 4
12| ° §
2.0t series
1o 1.0t series o -a 4
1/2t series’ I R
10 o= -
e
09 | 4
0.8 | 1 Il 1 - i | 1 I
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
Reinforcing area” Lost surface plate area
25 i T T T T T T T
A Square opening
“* [ Plate reinforcement: K2 ]
S s
I 2.0t series _ —
2 b . 1.0t series e ETA
1/2t series I -
1 / ) R
0 bt /
.8 1
.8 1 { 1 | L 1 i1 4
0.0 0.5 1.0 1.5 2.0 2.5 30 15 4.0 4.5
Reinforcing area” Lost surface plate area
.5 T T T T T T T T
N Square opening
| Plate reinforcement: K3 1
I A
2.0t series , |
2 1.0t series  _ _,-:=- A
o -
o ey S-S
1 7 5 . 1
NP e
1/2t series
9 b i
. 1
. 8 A L ! i 1 [ L |
00 05 1.0 1.5 20 25 30 35 40 45



CONCLUSIONS

The experimental and analytical study of the steel plate reinforced concrete structure (SC) having a opening was

carried out for the purpose of confirming the fundamental behavior of SC shear wall. The conclusion is mainly bellow,

1) Although specimens have a opening, the responses under loading were very ductile.

2) Strain near opening increase linearly as the applied load increase. But the reinforcement kept the strain in lower value.
3) The reduction ratio for the panel having a opening can be estimated by the calculation method for RC structure.

4) The calculation formula for the considering reinforcement was proposed.
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