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Abstract

ABSTRACT

Drift limits for reinforced concrete shear walls are 90, 80, 70, 60, and 50 percent of its ultimate value, are
investigated by reviewing the open literature for obtained and converted to drift information.
appropriate experimental data. Drift values at ultimate

load are determined forwails with aspect ratios ranging up The statistical nature of the data is also investigated. At
to a maximum of 3.53 and undergoing different types of ultimate load, the median drift is 0.72 percent, and it
lateral loading (cyclic static, monotonic static, and increases to 1.84 percent when the load drops to 50 percent
dynamic), of its ultimate value. These data are shown to be

lognormally distributed, and an analysis of variance is
Based on the geometry of actual nuclear power plant performed. Median drift limit and statistical parameters
structures exclusive of containments and concerns are in reasonable agreement with those utilized by
regarding their response during seismic (i.e., cyclic) Kennedy et al. (1988) The use of these statistics to
loading, data are obtained from pertinent references for estimate Probability of Failure for a shear wall structure is
which the wall aspect ratio is less than or equal to illustrated. The fragility estimates obtained with the
approximately 1, and for which testing is cyclic in nature statistics developed in this study are almost identical to

(typically displacement controlled). In particular, lateral those developed by Kennedy et al. (1988).
deflections at ultimate load, and at points in the softening
region beyond ultimate for which the load has dropped to Finally, a brief comparison of drift limit results with

existing seismic design code requirements is presented.
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Introduction

I Introduction

The Shear Wall Ultimate Drift Limit Program is being • Establish a definition of ultimate drift limit and

carried out at Los Alamos National Laboratory (LANL) provide technical justification for this definition.
under sponsorship of the U. S. Nuclear Regulatory
Commission (NRC) Office of Nuclear Regulatory • Review existing experimental studies, screen these
Research. For a shear wall, the ultimate drift limit (also data to eliminate results from tests where questionable
referred to in the literature as drift ratio) is defined as the experimental practices were employed, and form a
lateral displacement at the top of the wall relative to its data base of drift limit values.
base, which corresponds to some definition of structural

failure, normalized by the height of the wall. When • Analyze these data and obtain statistics for the
performing probabilistic risk assessments (PRAs) and ultimate drift limit that will define this parameter in a
seismic margins assessments (SMAs), the ultimatedrift probabilistic sense.
limit is necessary to estimate the inelastic .seismiccapacity

of concrete nuclear power plant structures. In many • Analyze the sensitivity of ultimate drift limit to
investigations, loss of equipment function for equipment various parameters such as amount of reinforcement
housed within these structures has been considered to occur and types of boundary elements.
when the ultimate drift limits are reached; hence, the

ultimate drift limit is a failure parameter in these studies. • Summarize how the ultimate drift limit parameter
The analysis procedureused in the PRA of the Diablo enters into a risk calculation to show how the drift

Canyon turbine building (Kennedy et al. 1988) is the first limits obtained from this investigation would affect the
to use probabilistically defined ultimate drift limits for probabilityof failureobtained in previous PRAs.
predicting probabilitiesof failure of the structure. This

same methodology has been adoptedby the Electric Power Reinforced concrete shear(or "structural")walls possess
Research Institute's seismic margins assessment characteristics of stiffness, strength, and ductility that are
methodology, favorable for withstanding lateral seismic loads. Shear

walls used in nuclear power plant construction arc typically
The objective of this program is to establish the appropriate stiff, and therefore, tend to prevent the large deformations
values of ultimate drift limit and the associated statistics of that can be a problem for attached nonstmctural
this parameter for potential use in the PRAs and SMAs to components. However, under sufficient lateral seismic

be done in connection with the Individual Plant excitation, shear walls can fall by a variety of mechanisms,
Examinations of External Events (IPEEE) for Severe resulting in significant lateral displacements and loss in
Accident Vulnerabilities (NRC, 1991). However, it is stiffness and strength.
noted that many nuclear power plant shear wall structures,

particularly those in the Eastern United States, will not Numerous experimental studies on shear walls laterally
require a detailed evaluation such as given in Kennedy et loaded beyond the elastic range have been reported over
al. (1988), based on screening criteria given in NRC the past 40 years.(1) However, most of these studies report
(1985). only the ultimate (maximum) load capacity of shear walls.

Efforts at recording the load-displacement behavior beyond
Because the results of this work will be used to assess the this point have been more limited. Nonetheless, useful

inelastic seismic capacity of nuclear power plant structures, energy-absorption capability may exist beyond the point of
attention is focused on lightly reinforced (<1%) shear maximum load resistance; and displacements may still be

walls with low aspect ratios (less than or equal to sufficiently small that the attached nonstructural
approximately 1), though limited drift information is components do not fail.
provided for walls with aspect ratios up to 3.53 and vertical

reinforcement ratios up to 2.5%. O) Tomii (1968) has previously tabulated drift as a function of shearing

forceratiofor200 shearwalls,findingthat,atultimateload,averagedriftis

Discussions with the NRC staff and engineers familiar appmxmuuety0.4 percent.However,details suchas aspectratio,typeof

with seismic PRAs and SMAs have led to the following loading(e.g.,cyclic ormonotonic)aswell as numerousother pmwnctersarc

specific program tasks: notmentioned.Fu_r, databeyondultimateloadarenotprcsanat,

1 NUREG/CR-6104



IntroductiGn

In this report, drift values are determined from numerous the ultimate load point and at increased deformations
references at and beyond the point of ultimate lateral load corresponding to reduced load resistances of 90, 80, 70,
resistance of the shear wall. Results of the initial data 60, and 50 percent of the ultimate. Sufficient suitable data
screening are presented in Section 2. Results in Section 2 were found on low-aspect shear walls at each of the above
are restricted to drift at ultimate load only m_dinclude load points to interpret the drift limit at each point to be a
shear walls with aspect ratios up to 3.53 subjected to random variable amenable to statistical analysis, as
various types of lateral loading (cyclic static, monotonic presented in Section 4.
static, and dynamic).

Application of the drift limit statistics to probability of
Section 3 contains drift values for a more restricted set of failure estimates is illustrated in Section 5. Finally,
data from tests on shear walls with aspect ratios less Section 6 presents a brief summary of drift limits specified
than or equal to approximately 1and for which the loading in existing seismic codes, and Section 7 is a summary of
was cyclic in nature. In Section 3, results are tabulated at the results.

NUREG/CR-6104 2



Preliminary Reviews

2 Preliminary Reviews of Shear Wall References

A review formatwas established for preliminaryscreening • Reinforcement Yield Strength Range:
of the iiterature(See Appendices A andB). Thirty-nine 41.5 ksi. - 80.0 ksi.
referenceswere given "full" re,Aewsand placed in this

format. Twelve referenceswere given "brief"reviews. • ConcreteCompressive Strength Range:
Referencesgiven brief reviews were disqualified 1450 psi.- 7790 psi.
immediatelyfromfurtherconsideration (they contained no

drift data). Table 2.1 gives some basic statistics for the • Boundaryelements rangedfrom none, (i.e., a
driftlimit datapresented in Table 2.2. The 39 "full" rectangularshearwall only) to end walls whose width
reviews arepresentedin Appendix A, and the 12 "brief" exceeds the length of the shearwall.
reviews are presentedin Appendix B. A summary of this
preliminaryscreening is presented in Table 2.2. Results of Histograms showing the distributionsof each of the above
the drift limits listed in Table 2.2 arebased on the parametersare presentedin Fig. 2.2.
horizontaldeflection at ultimatestrength reportedforeach

shear wall. Note that these data are for shearwall aspect It is difficult to quantifythe influenceof the above
ratios, up to a maximumof 3.53, that have been subjected parameterson ultimate driftlimit because of the
to varioustypes of loading (cyclic stage, monotonicstatic; significant variationsbetween experimentalprograms.
or dynamic). In the cyclically loaded specimens, it was Therefore, the approachtakenin this reportis to consider
generallypossible to obtain datapoints in both the firstand the ultimate drift limit as a randomvariableand to develop

third loadingquadrantsof the load-deflection curve, the associated statistics without regard to materialand
geometric parameters. As long as the geometric and

When possible, ultimate drift limits forboth quadrantsare materialparametersfor a shear wall underconsideration

includedin Table 2.2. A plot of drift limit (at ultimate fall within the ratherwide ranges listed above, as they will
load)versus aspect ratio is presented in Figure2.1. Drift for most nuclearpower plant structures, then the drift limit

limits appearto increase forhigher values of aspect ratio, values developed in this reportand their associated
statistics will be applicable.

The 184data points presented in Table 2.2 and Figure 2.1
correspondto tests covering a wide rangeof geometrical, Table 2.1 Drift Limit Statistics for Data in Table 2.2
materialand loading parameters. Aspect ratiorange and

different types of loading have alreadybeen addressed Number of Samples: 184
above. Other ranges in potentially important geometrical
and material parameters are Sample Mean: 1.043%

• WallThickness Range: Sample Median: 0.820%
L/t: 8.00 - 53.8

H/t: 3.94 - 45.0 Sample Mean
Standard Deviation: 0.748%

• Vertical Steel Reinforcement Range:

0.0% - 2.50%. Range: 0.16% - 4.78%

3 NUREG/CR-6104



Preliminary Reviews

Table 2.2 Drift Limits At Ultimate Load - All Aspect Ratios

Loading
(C = Cyclic Static)
(M = Monotonic)

No. _ _ Sllggilllgll _ _ (D =Dynamic_

1. Wiradinata(1986) 0.50 Wall 1 1 1.04 C
2. Wiradinata(1986) 0.25 Wall 2 1 0.50 C
3. Wiradinata (1986) 0.50 Wall 1 3 1.12 C
4. Wiradinata (1986) 0.25 Wall 2 3 0.66 C

5. Saatcioglu (1991) 0.50 Wall 4 I 0.84 C
6. Saalcioglu (1991) 0.50 Wall 4 3 0.80 C

7. Saateioglu (1991) 0.50 Wall 6 1 1.50 C
8. Saateioglu (1991) 0.50 Wall 6 3 1.63 C
9. Saateioglu (1993)* 0.25 Wall 3 1 1.92 C

10. Saateioglu (1993)* 0.25 Wall 3 3 2.30 C

11. Saateioglu (1993)* ).50 Wall 5 1 2.25 C

12. Saatcioglu (1993)* L_.50 Wall 5 3 0.90 C
13. Shiga (1976) 0.68 WB-3 1 0.70 C

14. Shiga (1976) 0.68 WB.17 1 0.70 C
15. Shiga (1976) 0.68 WB-3 3 0.40 C

16. Shiga (1976) 0.68 WB-17 3 0.52 C

17. Shiga (1973) 0.68 WB-I 1 0.40 C
18. Shiga (1973) 0.68 WB-1 3 0.40 C
19. Shiga (1973) 0.68 WB-2 1 0A1 C
20. Shiga (1973) 0.68 WB-2 3 0.38 C

21. Shiga (1973) 0.68 WB-6 1 0.39 C
22. Shiga (1973) 0.68 WB-6 3 0A0 C
23. Shiga (1973) 0.68 WB-7 1 0.39 C
24. Shiga (1973) 0.68 WB-7 3 0.39 C
25. Shiga (1973) 0.68 WB-8 1 0A0 C
26. Shiga (1973) 0.68 WB-8 3 0.40 C
27. Endo (1982) 1.00 W7101 1 1.25 C
28. Endo (1982) 1.00 W7101 3 0.50 C

29. Endo (1982) 1.00 W7102 1 0A3 C
30. Endo (1982) 1.00 W7102 3 1.00 C

31. Endo (1982) 1.00 W7103 1 0.69 C

32. Endo (1982) 1.00 W7103 3 0.45 C
33. Endo (1982) 1.00 W7104 1 0.70 C
34. Endo (1982) 1.00 W7104 3 0.75 C
35. Endo (1982) 1.00 W7402 1 0A8 C
36. Endo (1982) 1.00 W7402 3 0.95 C

37. Endo (1982) 1.00 W7404 1 0.95 C

38. Edno (1982) 1.00 W7404 3 0.90 C
39. Endo (1982) 1.00 W7504 1 0.95 C
40. Endo (1982) 1.00 W7504 3 0.88 C

41. Endo (1982) 1.00 W7505 I 0.48 C
42. F..ado(1982) 1.00 W7505 3 0.35 C

43. Endo (1982) 1.00 W7506 1 0.48 C
44. Endo (1982) 1.00 W7506 3 0.48 C

45. Endo (1982) 1.00 W7606 1 0.45 C

See footnotes at end of table
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Table 2 2 (Continued) Drift Limits At Ultimate Load - All Aspect Ratios
Loading

(C = Cyclic Static)
(lVl= Monotonic)

No. Author _ Silggiillgll _ Drift(%_ 0D= Dynamic)

46. Endo (1982) 1.00 W7606 3 0.43 C

47. Paulay(1982) 0.50 Wall 1 1 0.67 C
48. Paulay (1982) 0.50 Wall 3 1 0.39 C
49. Paulay (1982) 0.50 Wall 2 1 0.59 C
50. Alexander (1973) 0.75 Panel 4 1 0.81 C
51. Alexander (1973) 0.75 Panel 4 3 0.65 C

52. Ogata (1984) 0.94 K1 1 1.00 C
53. Ogata (1984) 0.94 K1 3 1.00 C

54. Ogata (1984) 0.94 K2 1 1.00 C
55. Ogata (1984) 0.94 K2 3 1.00 C
56. Ogata(1984) 0.94 K3 1 1.00 C
57. Ogata (1984) 0.94 K3 3 1.00 C
58. Ogata (1984) 0.94 K4 1 1.00 C

59. Of,am (1984) 0.94 K4 3 1.00 C

60. Ogata (1984) 0.94 K5 I 1.00 C
61. Ogata (1984) 0.94 K5 3 1.00 C
62. Ogata (1984) 0.94 K6 1 1.00 C
63. Ogata (1984) 0.94 K6 3 1.00 C
64. Barda (1972) 0.51 B3-2 1 0.56 C
65. Barda (1972) 0.51 B3-2 3 0.75 C

66. Barda(1972) 0.24 B7-5 1 0.85 C
67. Barda(1972) 0.24 B7-5 3 1.68 C
68. Barda(1972) 1.07 B8-5 1 0.72 C
69. Barda(1972) 1.07 B8-5 3 0A0 C
70. Barda(1972) 0.51 BI-1 1 0.61 M
71. Barda (1972) 0.51 B2-1 1 0.69 M
72. Barda (1972) 0.51 134-3 NA** 0.53 C

73. Barda (1972) 0.51 B5-4 NA** 0.53 C

74. Barda (1972) 0.51 B6-4 NA** 0.61 C

75. Benjamin (1954) 0.58 R-1 1 0.60 M
76. Benjamin (1954) 0.58 R-2 1 0.49 M
77. Benjamin (1954) 0.58 R-3 1 0.50 M
78. Benjamin (1954) 0.58 R-4 1 0.53 M
79. Benjamin (1954) 0.58 R-5 1 0.71 M

80. Benjamin (1954) 0.58 lblI-2b 1 0.40 M
81. Benjamin (1954) 0.32 4bi-4 1 02.8 M
82. Benjamin(1954) 0.32 4bII-4 1 0.58 M
83. Benjamin(1954) 0.32 AI-A 1 0.31 M
84. Benjamin(1954) 0.32 AI-B 1 0.39 M
85. Benjamin(1954) 0.32 A2-B 1 0.42 M
86. Benjamin(1955) 0.58 VRR-1 1 0.30 M

87. Benjamin(1955) 0.58 VRR-2 1 1.03 M
88. Benjamin(1955) 0.58 VRR-3 1 0.51 M

See foo4nmes _ end of _e
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Preliminary Reviews

Table 2 .2 (Continued) Drift Limits At Ultimate Load - All Aspect Ratios

Loading
(C = Cyclic Static)
(M = Monotonic)

No. Author _ Sllgf.ilil_ _ _ 0D = Dvnamic_

89. Benjamin (1955) 0.58 VRR-6 1 0.53 M
90. Benjamin (1955) 0.58 VRR-7 1 0.99 M
91. Benjamin (1955) 0.50 NV-1 1 0A3 M
92. Benjamin(1955) 0.50 NV-2 1 0.61 M
93. Benjamin(1955) 0.50 NV-4 1 0.75 M
94. Williams (1952) 0.71 C-1 I 0.78 M
95. Williams (1952) 0.71 C-3 1 0.16 M
96. Williams (1952) 0.71 C-5 1 0.64 M
97. Williams (1953) 0.69 2A-3 1 1.51"** M
98. Williams (1953) 0.69 2A-4 1 0.73*** M

99. Williams (1953) 0.71 4BI-2 1 0.62 M
100. Williams (1953) 0.50 4BI-3 1 0.53 M
101. Williams (1953) 0.32 4BI-4 1 0.28 M
102. Williams (1953) 1.25 4BII-1 1 0.44 _ M
103. Williams (1953) 0.50 4BII-3 I 0.51 M
104. Williams (1953) 0.32 4BII-4 1 0.59 M
105. Williams (1953) 1.25 4BI-I 1 1.30 M
106. Williams (1953) 0.71 3A2-3 1 0.95 M
107. Williams (1953) 0.58 3BI-1 1 0.28 M
108. Williams (1953) 0.58 IBII-2a 1 0.46 M
109. Williams (1953) 0.58 1BII-2b 1 0.41 M
110. Williams (1953) 0.58 3BI-3 1 0.45 M
111. Cervenka (1971) 1.00 W2-1 1 0.93 M
112. Cervenka (1971) 1.00 W2-2 1 0.93 M
113. Cervenka (1971) 1.00 W3-2 1 0.73 M

114. Corley (1981) 3.53 B4 1 4.78 M
115. Corley (1981) 3.53 B3 1 3.94 C
116. Corley (1981) 3.53 B3 3 3.33 C
117. C_ley (1981) 3.53 B7 1 2.78 C

118. Corley (1981) 3.53 B7 3 2.67 C
119. C_ley (1981) 3.53 B9 1 2.97 C
120. Corley (1981) 3.53 B9 3 2.89 C
121. C_ley (1981) 2.69 F2 1 2.17 C

122. C_ley (1981) 2.69 F2 3 2.22 C
123. Corley (1981) 3.53 B8 1 2.72 C
124. Corley (1981) 3.53 B8 3 2.72 C
125. Corley (1981) 3.53 BI 1 2.19 C
126. Corley (1981) 3.53 B1 3 2.17 C
127. Corley (1981) 3.53 B2 1 2.17 C
128. Corley (1981) 3.53 B2 3 2.17 C
129. Corley (1981) 3.53 B5 1 2.75 C
130. Corley (1981) 3.53 B5 3 2.72 C

131. C_ley (1981) 3.53 ]36 1 1.61 C

See foomo_s at endof table.
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Table 2.2 (Continued) Drift Limits At Ultimate Load - All Aspect Ratios

Loading
(C = Cyclic Static)
(M = Monotonic)

No. Anthor 2h_qlllli.]lal_ Sllgllila_ Qlladl:aat Drift(%_ m -- D__nnmi¢l

132. Corley(1981) 3.53 136 3 1.64 C
133. Elnashai(1990) 2.00 "SW2 1 1.13 C
134. Elnashai(1990) 2.00 SW2 3 1.17 C
135. Elnashai(1990) 2.00 SW3 1 0.83 C
136. Elnashai(1990) 2.00 SW3 3 0.83 C

137. Elnashai(1990) 2.00 SW4 1 1.00 C
138. Elnashai(1990) 2.00 SW4 3 0.79 C
139. Elnashai(1990) 2.00 SW5 1 0.83 C

140. Elnashai(1990) 2.00 SW5 3 0.67 C
141. Elnashai(1990) 2.00 SW6 1 1.48 C
142. Elnashai(1990) 2.130 SW6 3 129 C
143. EInashai(1990) 2.00 SW7 1 0.98 C
144. Elnashai(1990) 2.00 SW7 3 1.48 C
145. Elnashai(1990) 2.00 SW8 1 1.83 C
146. Elnashai(1990) 2.00 SW8 3 1.83 C
147. Elnashai(1990) 2.00 SW9 1 1.97 C
148. Elnashai(1990) 2.00 SW9 3 1.78 C

149. Fiorato (1976) 2.69 F1 1 2.17 C
150. Fiorato(1976) 2.69 FI 3 1.61 C
151. Fitrato (1976) 2.40 R1 1 2.17 C
152. Fi(rato (1976) 2.40 R1 3 2.11 C
153. Lefas (1990) 1.00 SWI 1 1 1.07 M
154. Lefas (1990) 1.00 SW12 1 1.18 M
155. Lefas (1990) 1.00 SW13 1 1.16 M
156. Lefas (1990) 1.00 SW14 1 1.47 M
157. Lefas (1990) 1.00 SW15 1 1.05 M
158. Lefas (1990) 1.130 SWI6 1 0.78 M
159. Lefas (1990) 1.00 SW17 1 1.44 M

160. Lefas (1990) 2.00 SW21 1 1.59 M
161. Lefas (1990) 2.00 SW22 1 1.18 M
162. Lefas (1990) 2.00 SW23 1 1.02 M

163. Lefas (1990) 2.00 SW24 1 1.41 M
164. Lefas (1990) 2.130 SW25 1 0.7 2 M
165. Lefas (1990) 2.00 SW26 1 1.62 M

166. Yamada(1974) 0.44 PW0 1 0.62 M
167. Yamada(1974) 0.44 PW3 1 0.40 M
168. Yamada(1974) 0.44 PW6 1 0.53 M
169. Yamada(1974) 0.44 PW12 1 0 49 M
170. Yamada(1974) 0.44 PW8T30 1 0.40 M
171. Yamada(1974) 0.44 PW6T20 1 0.3 2 M
172. Yamada(1974) 0.44 PW121"20 1 0.49 M

See foomo_s ,a end of table.
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Preliminary Reviews

Table 2.2 (Continued) Drift Limits At Ultimate Load - All Aspect Ratios

Loading
(C = Cyclic Static)
(M = Monotonic)

No. Alllhfl£ A._glg/d_dl/_ SDlgiIKell Qllafl£alll _ (D = Dynamic/

173. Maier(1985)+ 1.22 S1 1 1.88 M++

174. Maier(1985)+ 1.22 $2 1 0.89 M++
175. Maier(1985)+ 1.22 $3 1 1.25 M++
176. Maier(1985)+ 1.22 $4 1 0.98 M++
177. Maier(1985)+ 1.22 $6 1 1.59 M++
178. Maier(1985)+ 1.22 $7 1 0.69 C
179. Maier (1985)+ 1.22 $7 3 0.54 C
180. Maier (1985)+ 1.22 $8 1 0.80 M++
181. Maier (1985)+ 1.22 $8 3 1.67 M++
182. Maier (1985)+ 1.22 $9 1 0.78 M++

183. Maier (1985)+ 1.22 S 10 1 1.22 M++
184. Rothe (1989)+ 1.38 T01 3 0.29 D

*These results were transmitted by personal communication from M. Saatcioglu, University of Ottawa, January, 1993.

**NA = Information not available.

***Author states results should be considered as qualitative.

:'; +From Sozen (1991).

++Some reloading, but not cyclic.

NUREG/CR-6104 8
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3 Drift Limit Data Summary

Following the initial screening described in Section 2, 4. The load-deflection locus is not extrapolated beyond
those pertinentpaperscontainingdrift dataat andbeyond the last loading peak (i.e., pt. e, Figure 3. la).
ultimate load were further studied to extract drift limits at

100, 90, 80, 70, 60, and 50 percent of ultimate load. 5. Basedon the ultimate load value (pt, c, Figure 3.1b)
"Pertinent" papers are takenas those containing data with horizontal lines ate drawn (not shown) across the
shearwall aspect ratios of approximatelyI or less curve todetermine the displacement at values
undergoing cyclic loading. Loading was displacement beyond ultimate) of 90, 80, 70, 60, and 50 percent
controlled in most instances, of ultimate load. Not all values arealways available

becauseof (4.) above. As an example, in Figure
So thatdriftdataareobtainedfrom the variousreferences 3.1b, the displacement at ultimate load is 1Omm;
in a consistent manner, a data reductionprocedure, which displacementat 80 percent of ultimate load is 16
results in a lower.bound estimate fordrift atultimate load, mm;anddisplacement at 50 percent cannot be

wasdeveloped based on a few simplerules. Consider determinedfor this example.
Figure 3. la, a representative lateral load-deflection curve
basedon Wall 1 (firstquadrant)fromPaulay (1982). Note 6. Thesedisplacement values are then placed in the
that these loading paths aredisplacement-controlled. The formof percentdrift. The process is repeated for
shearwall is loaded up to a certaincontrolled horizontal the third quadrantof the same wall andresults are
displacementand subjectedto a secondcycle up to that tabulated.
same displacement. Then the wall is cyclically loaded to a
highercontrolled horizontaldisplacement, in some cases, the load cycles do not end in distinct,sharp

peaks. The situation is shown in Figure 3.2, based upon
Some observations,which typifymanyof the references datafrom Saatcioglu (1993). in this case, a straightline is
examined, areas follows: connected,as before, between the two peaks in the first

quadrant(dashed line). However, following pt. d, the load
I. Loading peaks initially increase in load (a, b, c), up decreasesmonotonically on increasingdisplacement until

to some peak (ultimatestrength) value, followed by reachingpt. e. Beyond pt. e, un]oadingis assumed to
a decrease at largerdeformation(d, e). occuras both the load and the displacementdecrease. The

load-deflectionlocus is therefore takenas the curvedpath

2. Subsequent disphcement-controlledcycling at a c-de. Again, Steps5 and6 are thenperformedto
given lateraldisplacementgenerallyare at determinethe driftvalue beyond ultimate load. The rule

lower loads, (e.g., points L g). here is thatthe load-deflection locus is terminated when
the slope of the curvebecomes less than vertical, indicating

For this type of load-displacementcurve, where the load unloading.
monotonically increases to asharppeak until the load is
reversed and deflection decreases,the following procedures One additionalsituationwas found to occurin practice, as
and assumptions aremade: depicted in the thirdquadrantof Figure 3.2. In thatcase, a

distinctpeak is present on one load cycle (pt. f). Onthe
1. The ultimate load is assumed to occur at the load- subsequentloadcycle, the peak occursat a lower

deflection point at which the load is ata maximum displacement (pt. g). In this situation, a vertical line is
(pL c, Figure 3.1a). drawn as shown between pts. f and h, as it would not be

valid toconnectpeaksaccording toprocedure2 discussed
2. Straightlines (line c-d-e, Figure3. lb) are used to above.

connectsubsequent loadingpeaks, as shownin
Figure 3.lb. The load-deflectionlocus is therefore The above process was repeatedforeach load-deflection
fully defined beyond ultimateload. curve in all ofthe "pertinent"papers described at the

beginning of this section. Sixty-nine pertinent datasets
3. Only initial loading peaks (i.e., c, d, e) are were obtained,andeach set consisted of up to six data

considered. Subsequentloading peaks at a given points, one point foreach of the percentages (100, 90, etc.)
displacement when present, (i.e., L g in Figure of ultimateload. Results for each data set arepresented in
3.1a) areignored. Table 3.1. The data sets areobtainedgraphically from ten

different references. Note that, in general, each tested

11 NUREG/CR-6104
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Table 3.1 Drift Limits at and Beyond Ultimate Load (In Percent)

Fraction Of Ultimate Load

No. Author Year _ _ _ 90% 80% 70% 60%

1. Wiradinata 1986 0.5 (Wall 1) 1 1.04 1.29 1.53 1.72 1.89 2.00
2. Wiradinata 1986 0.25 (Wall 2) 1 0.50 1.20 2.86 3.40 - -
3. Wiradinata 1986 0.5 (Wall 1) 3 1.12 2.10 2.10 2.10 2.11 -
4. Wiradinata 1986 0.25 (Wall 2) 3 0.66 0.96 1.20 2.24 4.00 -
5. Saatcioglu 1991 0.5 (Wall 4) 1 0.84 2.00 2.45 - - -
6. Saatcioglu 1991 0.5 (Wall 4) 3 0.80 .....
7. Saatcioglu 1991 0.5 (Wall 6) 1 1.50 1.75 2.00 2.10 2.18 2.25
8. Saatcioglu 1991 0.5 (Wall 6) 3 1.63 1.63 1.63 1.63 1.63 2.45
9. Saatcioglu 1993 0.25 (Wall 3) 1 1.92 2.74 3.08 3.34 3.40 -
10. Saat¢ioglu 1993 0.25 (Wall 3) 3 2.30 2.34 2.34 2.34 2.34 3.00
11. Saatcioglu 1993 0.50 (Wall 5) 1 2.25 2.75 3.20 3.65 4.20 4.50
12. Saatcioglu 1993 0.50 (Wall 5) 3 0.90 2.30 2.60 3.00 3.40 3.80
13. Shiga 1976 0.68 (WB-3) 1 0.70 0.90 0.95 1.04 -
14. Shiga 1976 0.68 (WB-17) 1 0.70 0.89 0.93 1.03 1.10
15. Shiga 1976 0.68 (WB-3) 3 0.40 0.60 0.80 1.00 -

16. Shiga 1976 0.68 (WB-17) 3 0.52 .....
17. Shiga 1973 0.68 (WB-1) 1 0.40 0.73 0.86 1.04 - -
18. Shiga 1973 0.68 (WB-1) 3 0.40 0.51 0.60 0.69 0.74 1.00

19. Shiga 1973 0.68 (WB-2) 1 0.41 0.78 0.89 1.20 - -
20. Shiga 1973 0.68 (WB-2) 3 0.38 0.80 0.88 0.95 1.02 1.09
21. Shiga 1973 0.68 (WB-6) 1 0.39 0.71 0.93 1.00 1.01 1.01
22. Shiga 1973 0.68 (WB-6) 3 0.40 0.94 1.07 - -
23. Shiga 1973 0.68 (WB-7) 1 0.39 0.82 1.00 - -
24. Shiga 1973 0.68 (WB-7) 3 0.39 0.55 0.68 0.80 0.92 1.03
25. Shiga 1973 0.68 (WB-8) 1 0.40 0.80 0.87 0.95 1.00 1.07
26. Shiga 1973 0.68 (WB-8) 3 0.40 0.49 0.58 0.68 0.77 0.85

27. Endo 1982 1.0 (W7101) 1 1.25 1.33 1.45 2.00 - -
28. Endo 1982 1.0 (W7101) 3 0.50 .....
29. Endo 1982 1.0 (W7102) 1 0.43 ....
30. Endo 1982 1.0 (W7102) 3 1.00 1.20 1.30 1.43 - -
31. Endo 1982 1.0 (W7103) 1 0.69 .....

32. Endo 1982 1.0 (W7103) 3 0.45 0.58 1.08 - - -
33. Endo 1982 1.0 (W7104) 1 0.70 .....
34. Endo 1982 1.0 (38/7104) 3 0.75 .....
35. Endo 1982 1.0 (W7402) 1 0.48 1.00 1.12 - - -
36. Endo 1982 1.0 (W7402) 3 0.95 .....
37. Endo 1982 1.0 (W7404) 1 0.95 1.20 2.50 2.85 3.43 -
38. Edno 1982 1.0 (W7404) 3 0.90 .....
39. Endo 1982 1.0 (W7504) 1 0.95 1.15 1.38 1.60 1.75 2.05

40. Endo 1982 1.0 (W7504) 3 0.88 1.10 1.35 1.60 1.75 -
41. Endo 1982 1.0 (W7505) 1 0.48 0.63 0.68 0.78 0.85 0.90
42. Endo 1982 1.0 (W7505) 3 0.35 0.58 0.68 0.83 1.40 1.88

• 43. Endo 1982 1.0 (W7506) 1 0.48 0.58 0.75 0.88 0.93 -
44. Endo 1982 1.0 (W7506) 3 0.48 0.55 0.63 0.73 0.83 0.90

45. Endo 1982 1.0 (W7606) 1 0.45 0.93 1.08 1.12 1.13 1.14
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TABLE 3.1 (Continued) Drift Limits at and Beyond Ultimate Load (In Percent)

Fraction Of Ultimat_ Load

No. ....... Author .... Year _IlggLJPdM_ _ 100% 90% _ 70% _

46. Endo 1982 1.0 (W7606) 3 0.43 0.80 0.85 0.88 0.90 -
47. Paulay 1982 0.5 (Wall 1) 1 0.67 0.99 1.11 1.21 1.32 -
48. Paulay 1982 0,5 (Wall 3) 1 0.39 0.58 0.75 - -
49. Paulay 1982 0.5 (Wall 2) 1 0.59 1.04 1.27 - .
50. Alexander 1973 0.75 (Panel 4) 1 0.81 1.00 ....
51. Alexander 1973 0.75 fl:'anel4) 3 0.65 0.96 1.04 1.09 - -

52. Ogata 1984 0.94 (K1) 1 1.00 1.18 1.37 1.55 1.73 1.92
53. Ogata 1984 0.94(KI) 3 1.00 1.22 1.43 1.65 1.87 -
54. Ogata 1984 0.94(K2) I 1.00 1.22 1.44 1.66 1.88 -
55. Ogata 1984 0.94 (K2) 3 1.00 i. 18 1.37 1.55 1.74 1.92
56. Ogata 1984 0.94 (K3) 1 1.00 1.16 1.32 1.48 1.64 1.80
57. Ogata 1984 0.94 (K3) 3 1.00 1.16 1.32 1.48 1.64 1.79
58. Ogata 1984 0.94 (K4) 1 1.00 1.18 1.36 1.55 1.73 1.91
59. Ogata 1984 0.94 (K4) 3 1.00 1.19 1.39 1.58 1.77 1.96
60. Ogata 1984 0.94(K5) I 1.00 I.18 1.36 1.55 1.73 1.91
61. Ogata 1984 0.94(K5) 3 1.00 1.26 1.52 1.78 -
62. Ogata 1984 0.94(K6) I 1.00 1.24 1.48 1.73 1.97 -
63. Ogata 1984 0.94CK6) 3 1.00 .....
64. Barda 1972 0.51 (B3-2) 1 0.56 0.61 0.67 0.74 0.89 -
65. Barda 1972 0.51 (B3.2) 3 0.75 0.85 0.92 0.99 1.10 -
66. Barda 1972 0.24 (B7-5) 1 0.85 1.12 1.65 - - -
67. Barda 1972 0.24 (B7-5) 3 1.68 1.87 2.24 - - -
68. Barda 1972 1.07 038-5) 1 0.72 0.83 0.93 1.05 1.15 1.28
69. Barda 1972 1.07 (B8-5) 3 0.40 0.75 0.99 1.31 1.56 1.73
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Limit

shearwall providedtwo datasets from a single cyclic load- • Boundaryelementsranged from none, i.e., a
deflectioncurve--one set each for f_st andthirdloading rectangularshearwall only, to substantialend walls
quadrants. (e.g., bar bell cross section).

The rangesin geometricalandmaterialparametersfor the Histogramsshowing the distributionsof the above
shearwalls included in Table 3.1 are shown below. They geometrical and materialparametersarepresented in Fig.
areconsiderablysmallerthanthose for the data(all aspect 3.3.
ratios)reportedin Table 2,2.

The readeris cautionedthatcare mustbe exercised in

• AspectRatio Range: using driftvalues beyond ultimate load (i.e., in the
0.24 - 1.07. softening region), becauserelatively little resistive energy

may remain in the structure,although the energy

• Wall ThicknessRange: remaining in the earthquakeinput may still be significant,
I/t: 16.8 - 35.0 It should also be mentioned that the limiting factorfor
H/t: 3,94 - 35.0 lateraldriftof shearwalls may be damage to attached

nonstructuralcomponents, such as piping. The driftlimit
• VerticalSteel ReinforcementRange: thatsuch nonslructuralcomponents arecapableof

0.0% - 0,86%. withstandingis design specific, and it appearsunlikely that
a meaningful generallimit could be deduced firom

• Reinforcement Yield StrengthRange: considerationof these components themselves. The drift
41.8 Ksi - 79.0 Ksi. limit at 100 percentof ultimateload therefore appearstobe
. the most appropriatedefinition of ultimate dr_ limit when

• Concrete Compressive StrengthRange: used in conjunctionwith hysteretic models fornonlinear
1450 psi. - 5075 psi. time-history analysis.

e"

NUREG/CR-6104 16



Drift Limit

Rebar Yield Stress Histogram Height.to.Thickness Ratio Histogram

so _ 30 ........i.........i.........i.........i.........i...................i.........i.........i.......=_

2s s._ 2s
t..

s..
= _ 20

20

0 15
tl, i..

E lo _ ! ! i _ S 1o
Z : i i : Z

5 5

0 0
o :o,ooo 4o.ooo so.ooo so,ooo zoo,ooo o ,o :o so ,o so

Yield Stress (psi) H/t

Concrete Ultimate Strength Histogram Length-to-Thickness Ratio Histogram

30 $0

Dm

i |
m

s- Im

= =t
cJ

........ •......... ",......... _......... _......... _......... _.......... _......... _......... :........ _ 2020¢j

k, : ! Im

E zo | _o _ i
: =

Z Z _ :
S S

0 0 0_,ooo _,ooo s,ooo _,ooo s,mo s,ooo to _o so 4o _o
• Lit

Concrete Ultimate Strength (psi)

Vertical Reinforcement Histogram Aspect Ratio Histogram
351, • : • _ • i " _ • _ - _ • _ • _ , _., ; 345

i i ! i i i i i ! " ........":.........":........._........_---l[.........i........._.........i.........i........
SO I_-....... ;......... _......... ;......... ;......... ;......... _......... i ......... _......... ;........

"[ ........................................................................................_ " ........i.........!.........!.........!.............!.........i.........!.........i........

: ,o _ ,o........i........._........._........_............_........-........i........._.......
i _. 1

_s .......•.............,.........,.........,.........,.........,............._....... • " ........_"........':"........_........"............I _........._.........r........r......Ill'[ _o _e - ........i............. i.............i...................i........._........
_ S S ......................................................

0 L_
_.o o= o.4 o.e o.s Lo o.o o.4 ,.s L_ Le _.o

% Reinforcement, Vertical Aspect Ratio

Figure 3.3 Histograms Showing the Distributions of Geometrical and Material Parameters

for Low.Aspect.Ratio Shear Walls

17 NUR_G/CR-6104



Statistical

4 Statistical Analysis of the Data

Basic statistical results obtainedfor the data in Table 3.1 3. Notwithstandingthe above observations, thedrift limit

aresummarizedin Table 4.1, where, for instance, the data utilizedby Kennedy et al. (1988) and those shown
samplemedian drift limitat ultimateload (" 100 percent") in Table 3.1 arereasonably consistent, based on the
is 0.72 percent,increasing beyond ultimateload to 1.84 measuresused in Table 4.2.
percentat the point where the load has droppedto 50
percentof ultimate load. Results f_3mTable 4.1 are 4.2 Combined Drift Limit Statistics
plottedin Figure 4.1, where the sample mean,median, and
rangeincrease monotonically as the lateralload _es The results of an analysis of variance for the data in Table
beyondits ultimatevalue. 3.1 arecomparedwith results reported by Kennedyet aL

(1988) in Table 4.3. The standarddeviations for the data

4.1 Drift Limit Statistics By Experimenter fromTable3.1 arecalculated based on a logarithmic
transformationof the data, for consistency with Kennedyet

Moredetailed statistical analyses were then performed al. (1988). Note thatdirectcomparisonsof the first two

usingthe SAS software package (SAS User'sGuide, 1985). rows is appropriate.However, for completeness, statistics
The first studycompares thedrift limits obtainedby each forotherfractionsof ultimate load arealso shown in Table

experimenterfor the case of driftat 100 percentof ultimate 4.3. Mediansare also presented in Table 4.3, because the
load. Results presentedin Table 4.2 include the mean medianis suppliedby Kennedy and because the median is
drift,coefficient of variation,and the approximatelower95 a bettermeasureof central tendency for the lognormal
percentconfidence limit foreach of the experimenters distributionthan the mean.
listed in Table 3.1, a_well as the correspondingstatistics

for the threesets of experiments given in Kennedy et al. InTable 4.3, _ standarddeviations area weighted
(1988) averageof those within a given investigation (i.e.,

"Experimenter,"Table 4.2). Weights areassigned based
InTable 4.2, the Coefficient of Variationis the standard on the numberof experiments performed using a procedure
deviationdivided by the mean, (i.e., a relative standard describedby Graybill(1961). They are ameasureof the
deviation useful for comparingdistributionswhen thereare average variationof the drift It,nit about the mean of the

differencesamong means). The Lower95 percent datafor a particularexperimenter. _ standard
Confidence Limit (one tail) is thatvalue of driftfor which deviations area measureof the average variance of means
one is 95 percent certainthatthe actual mean is greater, betweenexperimentersandare assumed to correspondto

"uncertainty"reportedby Kennedy et al. (1988). When

Note that in constructing Table4.2, all results of a given calculating the systematic standarddeviation the weighting
experimenter,as taken fromTable 3.1, have been schemedescribedby Graybill (1961) was again used.
combined(e.g., the Shiga dataarea combinationof data Systematicvariationis attributedto bias causedby the
fromboth his 1973 and 1976 papers. Further,the inabilityof experimentersto establish their experimental
experimentsreportedby Witadinata(1986) and Saatcioglu programand measurementprocedures in precisely the
(1991 and 1993) are related andwere thereforecombined same way. It is realized that the randomstandard
as if performedby a single experimenter. Finally, as noted deviationas defined above will havea systematic
on Table 4.2, the Ogata (1984) driftlimit at ultimate load component. However, the statistical models used makethe

was 1.00 percent forall tests (see Table 3.1) because of the idealizationthatwithin a given investigator's set of
displacement-controllednatureof his test procedure, experimentsno systematic erroroccurs. The systematic
Inspectiop_of Table 4.2 reveals the following observations: errorwithina given investigation is believed small in

comparisonto the systematic errorbetween investigators.
1. With the exception of Ogata (1984), and Comoositestandarddeviations areobtained from the

Wiradinataand Saaticoglu(1986) and Saaticoglu squaremot of the sumof the squaresof randomand
(1991, 1993), the meanand 95 percentconfidence systematicstandarddeviations.
limit values are in reasonableagreement.

Also shown in Table 4.3 are upperand lower 95%
2. Barda(fromKennedy et al. [1988]), LANL (from confidence limits on the composite log standarddeviations.

Kennedy et al. [1988]), andAlexander (1973) give low The limits were obtained using theorem 17.1 in Graybill

coefficientsof variation. (1961) andusing Welch (1956). The limits were computed

19 NUREG/CR.6104



Table 4.1 Drift Limit Data Statistics

100 p_t. 90 pct. _ 70 Pct. 60 pct. 50 Pct.

Number of

Samples 69 59 58 49 40 26

Sample

Mean 0.802 1.118 1.342 1.521 1.710 1.813
t_

o Sample

Median 0.72 1.00 1.24 1.48 1.64 1.84

Sample
Standard

Deviation 0.422 0.521 0.631 0.723 0.868 0.870

Range 0.35-2.30 0.49-2.75 0.58-3.2 0.68-3.65 0.74-4.20 0.85-4.50



Table 4.2 Drift Limit Statistics By Experimenter For Drift At Ultimate Load

Source gx_nerimenter Mean Drift (_) Coefficient of Variation 95% Confidence Limit (%)

Table 3.1 Shiga (1973, 1975) 0.45 0.25 0.40

Table 3.1 Endo (1982) 0.68 0.40 0.58

Table 3.1 Paulay (1982) 0.55 0.26 0.41

Table 3.1 Alexander (1973) 0.73 0.15 0.60

Table 3.1 Ogata (1984) 1.00 * *

Table 3.1 Wiradinata (1986)

Saatcioglu (1991, 1993) 1.29 0.48 0.99

Table 3. I Barda (1972) 0.83 0.54 0.53

Kennedy et al. (1988) Barda (from Kennedy et al. [1988]) 0.62 0.16 0.48

Kennedy et al. (1988) Shiga (from Kennedy et al. [1988]) 0.55 0.31 0.33

Kennedy et al. 1988) LANL (from Kennedy el ai. [1988]) 0.54 0.11 0.45

*Always repotted as 1.00% drift.



Table 4.3 Comparisons Of Median and Associated Logarithmic Standard Deviation: Kennedy et al. (1988) Vs Table 3.1

.Uncertainty in Composite Log
Fraction of Random Log Systematic Log Composite Log Standard Deviation

Source Ultimate Load (%) _ _ _ _ _

Kennedy(1988) 100 0.70 0.15 0.30 0.335 ....

Table 3.1 100 0.72 0.35 0.13 0.373 0.330 1.04

t,J
t,,3

Table 3.1 90 1.00 0.28 0.33 0..437 0.286 0.919

Table 3.1 80 1.24 0.29 0.35 0.452 0.297 0.949

Table 3.1 70 1.48 0.28 0.37 0.464 0.304 0.986

Table 3.1 60 1.64 0.30 0.43 0.524 0.370 1.34

Table 3.1 50 1.84 0.24 0.51 0.566 0.332 1.59



Statistical

as a function of the random and systematic standard The acceptance criterion (for normality of the original or
deviations as well as tabulated values of the Chi-Square the log-transformed data) is taken at the 5 percent level for
distributions with degrees of freedom given as a function of less than 30 samples and at the I percent level for 30 or
the number of experimenters and the number of data greater samples. The appropriate results are shown in bold

points, italic in Tables 4.5a and 4.5b. These results confirm that,
with the exception of the 100percent load point, these data

Observations from Table 4.3 are as follows: consistently follow the lognormal distribution and that the
log transformation should be used (as was done in

1. The median and the composite logarithmic standard Kennedy et al. [1988])].
deviations for drift at ultimate load for Kennedy et al.

(1988) and the present study (Table 3.1) are nearly An additional investigation of data distribution for the 100
identical, notwithstanding substantial differences in percent load point was performed. A relative cumulative

the random and systematic log standard deviations, frequency curve for all data corresponding to the 100
percent load point from Table 3.1 is shown in Figure 4.2

2. The systematic log standard deviation for drift at along with the corresponding cumulative lognormal (least
ultimate load (100%) for Table 3.1 data appears low in squares) fit. These data are reasonably lognormally
comparison with data at other fractions of ultimate distributed, except for the very low drift values and near
load. the drift value of 1.0. The deviation at 1.0 is attributed to

the Ogata (1984) data which, by the nature of the

3. Composite log standard deviation monotonically experiments, was displacement-controlled to a drift at
increases as the load fraction decreases beyond ultimate ultimate load of 1.0 without exception. In Figure 4.3, a
load. similar cumulative frequency plot and comparison with the

lognormal fit are shown with the 12Ogata (1984) data
For comparison, combined statistics for the original data points deleted. A significant improvement is seen in the
from Table 3.1 (i.e., without the log transformation) are region of 1.0, although deviations from lognormality are
shown in Table 4.4. All standard deviations are seen to increased somewhat at higher values of drift.
increase monotonically as the load fraction decreases
beyond ultimate load. An additional comparison of the data for 100 percent load

with the lognormal fit is shown in Figure 4.4 (a plot of the
No direct comparisons with the results of Kennedy et al. drift limit data [in log form] as a function of the number of
(1988) can be made from Table 4.4. Note that the standard deviations from the mean). The straight line

composite standard deviation is calculated from its random shown in Figure 4.4 corresponds to the lognormal fit in
and systematic components and for that reasondoes not Figure 4.2 (for all data). Again, deviations from the
agree precisely with overall sample standard deviation lognormal distribution are observed at the lower tail. The

values presented in Table 4.1. corresponding plot with the Ogata (1984) data removed is
shown in Figure 4.5. The conclusion here is that the data

4.3 Investigation of Distribution Type appear to be reasonably lognormally distributed, except at
the lower tail, and the lognormal assumption appears

The Wilk-Shapiro W,Test (Shapiro and Wilk [1965]) was reasonable. For most seismic zones, the lower tails of the
used to determine whether the data (from Table 3.1) were fragility curve will have less than a 5 percent effect on the

normally or lognormally distributed. Results of the W-Test overall probability of failure estimate (Ravindra et al.
on the original data are shown in Table 4.5a. Results for 1984). Therefore, the lognormal assumption is reasonable
the log-transformed data are shown in Table 4.5b. for the 100 percent load data despite the lack of fit at the

lower tail.

Because the best fitted points are at upperand middle data
points, a truncation of the data is not necessary.
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Table 4.4 Mean and Standard Deviations (Without Log Transformation)

Source Fraction of Ultimate Load(_) _ Randmn Std, I)ev, Systematic Std. Dev. Comaosiic Std. Dey,*

Table 3.1 100 0.80 0.33 0.30 0.445

Table 3.1 90 1.12 0.34 0.43 0.547

tO

-_ Table 3.1 80 1.34 0.43 0.52 0.67 l

Table 3. l 70 1.52 0.48 0.61 0.776

Table 3.1 60 1.71 0.63 0.75 0.975

Table 3.1 50 1.81 0.54 0.96 1.099

*Calculated from random and systematic components. Therefore, composite standard deviation values do no! precisely agree with overall sample standard
deviation values presented in Table 4.1.



Table 4.$a Wilk Test for Normality on Original Data

Accent or Reiect Normality

Fraction of Ultimate Load (_) No. of Nam_nle._ Wilk Test Probability Leypi 5 Percent -

100% 69 <0.0001 Reject Reject

90% 59 <0.0001 Reject Reject

80% 58 <0.0001 Reject Reject

70% 49 <0.0001 Reject Reject

60% 40 <0.0001 Reject Reject

50% 26 0.0007 Reject Close Call

t,o
tl_

Table 4.5b Wilk Test for Normality on Log Transformed Data

Accent or Reject Normality
Fraction of Ultimate Load _%) No. of Sam_n_$ Wilk Test Probability Level 5 Percent LPercent

100% 69 <0.0001 Reject Reject

90% 59 0.0234 Reject Accept

80% 58 0.0496 Accept Accept

70% 49 0.0669 Accept Accept

60% 40 0.0326 Reject Accept

50% 26 0.0674 Accept Accept
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Application

$ Application Of Results To Probability of Failure Estimates

To incorporate the ultimate drift limitdata into seismic wherex = the numberof standarddeviations from the

pmbabil/sticriskassessment or seismic marginassessment, median,8c = the maximumcalculated story drift,and 8m
the drift limit statistics must be transformed into a fragility the median ultimatedrift limit.
curve. This curvegives the structure'spmbabUityof

failureas a continuousfunctionof some measure of ground Pfi can now be determinedfrom the cumulative
motion level, typically peak spectralacceleration,and is d_tribution functionfor a normallydistributedrandom
sWacturespecific. In this section, the shearwall ultimate variableas
drift limit statisticssummarizedin Section 4 will be used

in conjunctionwith nonlineartime-history analyses
reportedin Kennedyet al. (1988) to demonstratehow these x

statisticsare usedto develop a fragilitycurvefor a shear Pfi(x)_ - 0'5t2
= e dt (5.2)

wall s_mctm'e.Kennedy et al. (1988) presenta _,_
probabilisticevaluationof the seismic capacityof the

Diablo Canyonturbinebuilding, where t is a variableof integration. Note thatfor negative

valuesof x, Pfi (-x) = 1- Pfi(x). The values of Pfi can be
The first step in this procedureis to establisha probability found m astmidardtableo_normal probabilityfuhctions
distributionfunction for failureas a functionof maximum (Beyers, 1981).
story drift. A lognormaldistributionwas assumed in

Kennedyet al. (1988). As discussed in Section 4, The median probabilityof failure fromall analyses
statisticalanalysis of the data summarizedin the current

studyshows thatthis assmned distributionis valid. Table correspondingto a particularSO is
4.3 summarizes the statistics used with this distribution, as
presentedin Kennedyet aL (1988) and those determinedin n

thecurrentstudy, for various fractionsof the ultimate load. _ P/_

Next, the probabilityof failure,Pf, is estimatedusing a Pf = i = nl (5.3)
logarithmicstandarddeviationbased solely on random

variabi_tyof the shearwall ultimate driftlimit, _R. wheren = the numberof analyses performed.
Randomnessof groundmotion is incorporatedby using

results from Kennedyet al. (1988) for25 nonlinear, Tables 5. I through5.3 estimate the probabilitiesof failure
deterministic, time-historyanalyses, with different inputs
scaled to the sameaverage 5 percentdampedspectral for the threevalues of $a considered in Kennedyet al.

- 1988). Table 5.1 presentsresults only for the analyses with
acceleration, So, in the 3 to 8.5- Hz range. Three the threelargestpercentagedrifts because all other

- analyses with smallercomputed ultimatedrifts show
differentvalues of Sa were used: 2.25 g; 3.0 g; and 6.0 g. essentially zero probabilityof failure. Includedin these
All analyses used median structuralproperties, tables areresults determinedusing the statistics for

To estimate Pfi' the probabilityof failure for the ith ultimatedrift reportedin Kennedy et al. (1988) and the
analysis, driftvalues for all walls were screened to results determinedusing the correspondingstatistics

determine the maximumcalculatedpercent story drift, developed in the currentstudy.
The numberofstandarddeviations that the calculated

maximum story driftis from the median ultimate drift limit A median fragilitycurve, based on randomvariabilityonly,
can be computedas cannow be developed. First, theassumptionismade that

thecurveis lognormallydistributed. A lognormal

n/ ._m,/_ distributionis fit tOthe values of Pf determinedfor the

8c three spectralaccelerationlevels. This distribution
I provides a continuous function for the probability of failure

versus the peak spectralacceleration. From this fit a
x = - (5.1)
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median spectral acceleration level that will produce _u = _c 2 -I_? (5.4)
structural failure and a logarithmic standard deviation that
considers random variability only can be obtained. Using

the drift limit statistics reported in Kennedy et al. (1988), For Kennedy et al. (1988) 13R and 13c values, a 13U of 0.29the results of this fit are
- is determined.

Median Sa ---4.60 g, corresponding to 50 percent

probability of failure and 13R - 0.23. The lognormal fragility curve based on the drift limits
statistics developed in the current study has the following

When the drift limit statistics developed in the current fragility statistics:
m

study are used to predict probabilities of failure, the results Median Sa = 4.63 g, (corresponamg to 50 percent

of this fit are_ probability of failure), 13c = 0.375, and I]U= 0.27.

Median S a = 4.62 g, corresponding to 50 percent

probability of failure), and 13R --"0.26. Table 5.9 compares the calculated probabilities of failure
and those predicted by the lognormal fit that considers

These results show that more than doubling the random composite variability for both sets of drift limit statistics.
variability associated with the median failure drift limit
value (as shown in Table4.3. were randomlog standard A spectral acceleration value corresponding to a high
deviations for Kennedy et al. (1988) and the present study confidence of low probability of failure (HCLPF, 95

are compared) has negligible efi'ect on the median (random percent confident that there is less than a five percent
variability only) spectral acceleration level that produces probability of failure) can be determined from the assumed
failure. Table 5.4 compares the calculated probabilitiesof lognormal distribution as

m i

failure with those predicted by the lognormal fit to these HCI.,PFSa = Median (S a) e-1.65 (I]R+I3U), (5.5)
data based on both sets of drift limit statistics.

m

The probability of failurebased on the composite The HCLPF Sa determined in Kennedy et al. (1988) was

lognormal standard deviation which considers 1.95 g. Based on statistics developed in the current study,
both randomness and uncertainty is determined in a

similar manner as the probability of failure that considers an HC'LPF Sa of 1.93 g is obtained.
random variability only. The analyses performed in

Kennedy et al. (1988) account for uncertainties in Finally, the fragility estimates are revised to reflect other
structural properties such as shear wall stiffness, strength, sources of variability related to modeling, directional
and damping. Kennedy et al. (1988) provide results from effects, and incoherence of ground motion not accounted

- for in the nonlinear analyses. When these sources of
50 analyses at four values of Sa • 2.25 g, 3.0 g, 4.0 g, and variability are accounted for in a manner similar to that
6.0 g. Tables 5.5 through 5.8 summarize the estimates of presented in Kennedy et al. (1988), the following fragility
the probabilities of failure determined from these analyses, estimates are obtained for the statistics developed in the

current study:
Again, a lognormal fragility curve, this time based on
composite variability, is developed by fitting a lognormal

distribution to the probability of failure data that is given Median Sa -- 4.91 g,

as a function of Sa . Using the statistics in Kennedy et al. 13r--"0.29,

(1988), the results of this approximation are I_U= 0.31,m

Median Sa = 4.59 g (corresponding to 50 percent HCI.,PFSa -- 1.83 g.

probability of failure), mad 13c = 0.37. For comparison, the corresponding statistics developed by
Kennedy et al. (1988) are

Using the previously determined 13R, the value of the

iognormal standard deviation that considers systematic Median Sa -- 4.87 g,

variability only. 13U. can be determined as 13r-- 0.26,
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[_U= 0.33, verylimitedamountofshearwalldriftlimitdata,is
similartothefragilitycurvebasedondriftlimitstatistics

HCLPF Sa = 1.84g. developedinthecurrentstudy.

Theseresults show thatthe fragility curve obtainedby
Kennedyet al. (1988) for a shearwall structure,based on a

Table $.1 Probability of Failure Estimates From Diablo Canyon Turbine Buildin8 Nonlinear Analyses* Considering

Random Variability Only, Su = 2.25 g.

Wall 19 Wall 31

Max. Story Max. Story Probability Probability
_ of Failure+(% ) Of FRilure++(_)

15 0.24 0.26 0.0 0.2
18 0.15 0.15 0.0 0.0
20 0.19 0.24 0.0 0.1

25 25

Pf = "=_ = 0.% Pf =_= 0.%25 25

+u_ gm_ rwomd inKe_y et4.(I_, Sm =o.v,PR=o.ls.

"_sinff mtttsttcs reported Inthis study, 8m = 0.72,liR = O.lS.

"Kennedy et sl.(19U).

**There are • totalof 25 trials. All trials not listed have lower story drifts, resulting in essentially zero probabilities of failure.
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Table 5.2 Probability of Failure Estimates From Diablo Canyon Turbine Building Nonlinear Analyses* Considering

Random Variability Only, Sa = 3.0 g.

Wan 19 Wan 31

Max. Story Max. Story Probability Probability
_ of Failure.( %_ of gailu re..(%'b

1 0.18 0.18 0.0 0.0
2 0.35 0.42 0.0 6.2
3 0.09 0.18 0.0 0.0
4 0.04 0.06 0.0 0.0
$ 0.17 0.26 0.0 0.2

6 0.26 0.26 0.0 0.2

7 0.04 0.11 0.0 0.0
8 0.04 0.05 0.0 0.0

9 0..30 0.38 0.0 3.4
10 0.20 0.22 0.0 0.0
11 0.16 0.24 0.0 0.1
12 0.10 0.17 0.0 0.0
13 0.18 0.18 0.0 0.0
14 0.06 0.05 0.0 0.0
15 0.43 0.61 17.9 31.8
16 0.35 0.37 0.0 2.9
17 0.20 0.28 0.0 0.3
18 0.53 0.69 46.0 45.2
19 0.04 0.05 0.0 0.0
20 0-ql 0-q9 12.7 28.5
21 0.03 0.15 0.0 0.0
22 0.11 0.19 0.0 0.0
23 0.21 0.32 0.0 1.0

24 0.43 0.29 0.0 7.0
2S 0.04 0.19 0.0 0.0

25 25

i=I i=I

Pf= 25 Pf= 25 =5.1

+UsingstatisticsreportedinKennedyetJd.(1988),8m=0.7,J_n=0.15.

""UsingstaUmicsreportedinthisstudy,8m: 0.72,liR: oJ$.

*Kennedyet81.(1988).
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Table 5.3 Probability of Failure Estimates From Diablo Canyon Turbine Building Nonlinear Analyses*Considering

Random Variability Only, 50 = 6.0 g.

Wall 19 Wall 31

Max. Story Max. Story Probability Probability
_ _ of Failure+¢%) of Failure++(%)

1 0.89 1.46 100 97.8
2 0.97 2.05 100 99.9
3 0.59 0.97 99 80.3
4 0.66 0.90 95 73.8
$ 0.84 1.20 100 92.8
6 0.82 1.50 100 98.2

7 0.48 0.65 31 38.5
8 0.43 0.64 27 36.8
9 1.16 1.89 100 99.7

10 0.71 1.13 100 90.1
11 0.48 0.57 9 25.2
12 0.81 1.45 100 97.7
13 0.74 1.41 100 97.3
14 0.73 1.21 100 93.1
15 1.05 2.08 100 99.9
16 1.00 1.67 100 99.2
17 1.09 1.72 100 99.4
18 1.82 2.86 100 100.0
19 0.55 0.95 98 78.6
20 1.23 1.91 100 99.7
21 0.55 0.65 31 38.5
22 0.77 1.33 100 96.0
23 0.82 1.45 100 97.7

24 0.81 1.33 100 96.0
25 0.68 1.28 100 95.0

25 25

i=1 i=1

pf- 25 -s7.6 pf= 25

+ustassmttsee,report,dinKenm_y,t ,i. (Xm), am=0.7,Pit=O.lS.

++Ustugsmttsecsreportedinthisstudy,8m=0.72,Pit= O._S.

*Kennedyetal.(19M).
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Table 5.4 Comparison of the Calculated Probabilities of Failure and the Probabilities of Failure Predicted by a
Lognormai Fit (Considering Randon Variability Only) to These Data

Randomness Predicted Pf (%) Randomness Predicted Pf (%)
Spectral Only Pf* From Only Pf* * From

Acceleration (_'s) (%_ Lo__normaiFit* (%_ Lo__normaiFit**

2.25 approx. 0 0.1 approx. 0 0.3
3.0 3.1 3.2 5.1 4.8
6.0 87.6 87.8 84.8 84.1

*Based on Kennedy et al. (19B), drift limit statistics.

**Based on drift limit statistics developed In the current stndy.

Table 5.5 Probability of Failure Estimates From Diablo Canyon Turbine Building Nonlinear Analyses* Considering

Composite Variability and Uncertainties in Structural Properties, Sa = 2.25 g.

Wall 19 Wall 31

_.r.iaJ.]Sfl.._ Max. Story Max. Story Probability Probability
_ of Failure+(%_ of Failure++(%

2 0.08 0.15 0.0 0.0
13 0.19 0.22 0.0 0.1
15 0.32 0.41 5.5 6.6
16 0.27 0.33 1.3 1.8
17 0.39 0.56 25.1 25.0
18 0.02 0.03 0.0 0.0
20 0.16 0.16 0.0 0.0
26 0.06 0.14 0.0 0.0
31 0.06 0.16 0.0 0.0
40 0.47 0.61 34.1 32.8
41 0.U 0.11 0.0 0.0

42 0.63 0.94 81.1 76.3
43 0.11 0.22 0.0 0.1

50 50

LEA___
pf = i= I = 2.90/0 Pf = - 2.9%50 50

+Using statistics reported In Kennedy et al. (19U), 8m = 0.7, PC = 0.33S.

++Using statistics reported |n this study, 8m = 0.72, PC = 0.373.

*Kennedy et al. (19U).

**There are a total of 50 trials. All trials not listed have lowerstory drifts, resulting In essentially zero probabilities of failure.
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Table 5.6 Probability of Failure Estimates From Diablo Canyon Turbine Building Nonlinear Analyses* Considering

Composite Variability and Uncertainties in Structural Properties, Sa = 3.0 g.

Wall 19 Wall 31

Max. Story Max. Story Probability Probability
_ _ of Failure+(% _ of Failure++(_)

1 0.19 0.15 0.0 0.0
2 0.45 0.37 9.3 10.4
3 0.19 0.23 0.0 0.1
4 0.04 0.05 0.0 0.0
5 0.02 0.04 0.0 0.0
6 0.19 0.33 1.3 1.8
7 0.03 0.09 0.0 0.0
8 0.02 0.05 0.0 0.0
9 0.06 0.31 0.8 1.2

10 0.03 0.06 0.0 0.0
11 0.22 0.19 0.0 0.1
12 0.14 0.16 0.0 0.0
13 0.42 0.71 51.6 48.5
14 0.09 0.06 0.0 0.0
15 0.72 0.96 82.6 78.0
16 0.45 0.63 37.8 36.0
17 0.51 0.83 69.5 64.8
18 0.45 0.26 9.3 10.4
19 0.02 0.04 0.0 0.0
20 0.40 0.46 0.6 11.5
21 0,24 0.31 0.8 1.2
22 0.33 0.52 18.7 19.2
23 0.01 0.01 0.0 0.0
24 0.05 0.24 0.0 0.2

25 0.31 0.43 7.4 8.3

Footnotes at end of Table.
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Table 5.6 (Continued) Probability of Failure Estimates From Diabio Canyon Turbine Building Nonlinear

Analyses* Considering Composite Variability and Uncertainties in Structural Properties, Sa = 3.0 g.

Wall 19 Wall 31

Max. Story Max. Story Probability Probability
_ _ of Failure.(_ } of Failure,+{ %

26 0.17 0.41 5.6 6.6
27 0.37 0.17 2.9 3.7
28 0.18 0.20 0.0 0.0
29 0.05 0.18 0.0 0.0
30 0.06 0.11 0.0 0.0
31 0.14 0.45 9.3 10.4
32 0.03 0.12 0.0 0.0
33 0.33 0.30 1.3 1.8
34 0.08 0.09 0.0 0.0

35 0.12 0.15 0.0 0.0
36 0.19 0.23 0.0 0.1
37 0.16 0.28 0.3 0.6
38 0.25 0.36 2.4 3.2
39 0.04 0.05 0.0 0.0
40 0.75 1.10 91.1 87.3
41 0.31 0.43 7.4 8.3
42 0.67 0.98 84.1 76.6
43 0.41 0.67 44.8 42.4
44 0.08 0.06 0.0 0.0
45 0.11 0.13 0.0 0.0
46 0.06 0.15 0.0 0.0
47 0.35 0.25 1.9 2.7
48 0.15 0.36 2.4 3.2

49 0.27 0.29 0.4 0.7
50 0.11 0.22 0.0 0.1

50 50

E'i,.
pf = i= 1 = 11.1% Pf = i= | = 10.8%50 50

+Uzin8statistics reported in Kennedy et ai. (1988), 8m = 0.7, PC = 0.335.

++U_ingstatistics reported in this study, 6m = 0.72, PC = 0.373.

*Kennedy et al (1988).
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Table S.7 Probability of Failure Estimates From Diablo Canyon Turbine Building Nonlinear"Analyses*Considering""
..,...

Composite Variability and Uncertainties in Structural Properties, Sa = 4.0 g.

Wall 19 Wall 31

Max. Story Max. Story Probability Probability
_ _ of Failnre.(%_ of Failnre..(%)

1 0.29 0.64 39.4 37.6
2 1.10 0.65 91.1 87.2
3 0.40 0.46 10.6 11.5
4 0.18 0.25 0.0 0.2

$ 0.06 0.11 0.0 0.0
6 0.47 0.52 18.7 19.2
7 0.16 0.29 0.4 0.7
8 0.05 0.09 0.0 0.0
9 0.24 0.40 4.7 5.8

10 0.06 0.20 0.0 0.0

11 0.75 0.35 58.3 54.4
12 0.29 0.44 8.2 9.3
13 0.67 1.24 95.6 92.7

14 0.28 0.40 4.7 5.8
lS 1.18 1.84 99.8 99.4
16 0.87 0.99 84.8 80.3

17 0.73 0.96 82.6 78.0
18 0.38 0.79 63.7 59.8
19 0.20 0.17 0.0 0.0

20 0.45 0.70 50.0 47.0
21 0.45 0.45 9.3 IOA

22 0.$8 0.74 56.8 52.9
23 0.02 0.03 0.0 0.0

24 0.32 0.36 2.3 3.2
25 0.49 0.82 68.1 63.6

Footnotes at End of Table.
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Table 5.7 (Continued) Probability of Failure Estimates From Diablo Canyon Turbine Building Nonlinear

Analyses*Consldering Composite Variability and Uncertainties in St.'uctural Properties, Sa = 4.0 g.

Wall 19 Wall 31

Max. Story Max. Story Probability Probability
_ _ of F'ailure+(%_ of Failure+_(%_

26 0.69 0_5 71.9 67.2
27 0.30 0.40 4.7 5.8

28 0.43 0.46 10.6 11.5
29 0.06 0.13 0.0 0.0
30 0.25 037 0.2 OA

31 0.79 1-37 97.7 95.8
32 0.17 0.29 0.4 0.7
33 0.40 0.51 17.1 17.8

34 0.35 0.40 4.7 5.8
35 0.27 0.39 4.0 S.O
36 0.30 0.35 2.0 2.7
37 0.51 0.90 77.3 72.5
38 0.51 0.99 84.8 80.3
39 0.13 0.27 0.2 0.4
40 1.20 1.70 99.6 98.9
41 0.53 0.90 77-3 72.5
42 1.50 1.72 99.6 99.0
43 0.74 1.20 94.6 91.5

44 0.14 0.20 0.0 0.0
45 0.2,2 0.39 4.0 S.0
46 0.22 0.32 1.0 1.5
47 0.80 0.92 79.4 74.5
48 0.51 0.79 63.7 59.8

49 0.58 0.Sl 28.8 28.1
50 0.43 1.04 88.1 83.8

50 5O

pf = i = 1 = 37.2% _ = i -_ = 36.0%
50 50

+UslugsmUmJcsreportedinKemmedyetaJ.(I_U), am=0.7,PC= 0.337.

++u_ql snm_ttcsreportedin tl_ mudy, 5m = 037., PC = 0.373.

"Kennedy et al. (1988).
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Table 5.8 Probability of Failure Estimates From Diablo Canyon Turbine Building Nonlinear
.,.m..

A *
nalyses Considering Composite Variability and Uncertainties in Structural Properties, Sa : 6.0 g.

Wall 19 WaU 31

Max. Story Max. Story Probability Probability
_ _ of gallnre.¢ q__ of Pallure._( %

1 0.94 1.27 96.2 93.6
2 1.76 1.62 99.7 99.2
3 1.23 0.99 95.4 92.4
4 0.63 0.86 72.9 68.3
5 0.37 0.60 67.4 1.3
6 1.68 0.92 99.5 98.8

7 0.42 0.66 _/.1 40.8
8 0.27 0.44 8.2 9..3

9 1.15 1.09 93.1 89.5
10 0.47 0.66 42.9 40.8
I1 0.72 0.86 72.9
12 0.53 037 83.4 78.8
13 1.20 1.97 99.9 99.7
14 0.53 0.90 773 72.5
15 1.97 2.81 100.0 100.0
16 1.44 1.51 98.9 97.6
17 I.II 1.42 98.3 96.6
18 1.46 1.15 98.6 97.1
19 0.45 0.71 $1.6 48.5
20 0.80 1.21 94.8 91.8
21 0.69 1.02 86.9 82.5
22 0.84 1.25 95.8 93.0
23 0.24 0.35 2.0 2.7

24 0.86 0.78 72.9 68.3
2.5 0.71 1.15 93.1 89.$

Footnotes at Emi of Table.
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Table 5.8 (Continued) Probability of Failure Estimates From Diablo Canyon Turbine Building Noaliaear Analyses

ConslderJnll Composite Variability and Uncertainties in Structural Properties, Su = 6.0 g.

Wall 19 We1131

Max. Story Max. Story Probability Probability
_ i2dft.L_ of Fan.re._ _ _ orF_tnre4.+(_

26 1.36 1.76 99.7 99.2
27 0.57 0.76 $9.9 $$.8

28 0.79 1.12 6S.S 88.2
29 0.35 0.43 7.4 8.3

30 0.87 1.e7 89.8 85.6
31 1.71 2._ 100.0 100.0
32 0.41 0.62 35.9 34.4
33 0.50 0.66 42.9 40.8

34 0.80 1.11 91.6 87.7

35 0.70 0.67 $0.0 47.0
36 0.Sl 0.61 34.1 33.3
37 1.31 1.99 99.9 99.7

38 2.11 1.90 100.0 99.8
39. 0.91 1.17 93.7 90.3
40 1.70 Z20 100.0 99.9
41 1.03 1.41 98.2 96.4
42 2.86 3.14 100.0 100.0
43 1.69 2.30 100.0 99.9

44 0.35 0.46 10.6 11.5
45 0.51 0.67 44.8 42.4
46 0.57 0.76 59.9 5S.8

47 1.7.3 1.42 98.3 96.6
48 0.59 1.15 93.1 89.5
49 1.14 1.73 99.7 99.1
50 1.49 2.00 100.0 99.7

50 50

Pf = =5'_'0 = 76.7% pf =.L.e.L._..5074.2%

+Usingmttsties reported _ iOmaedyet al. (19U), am = 0.7,PC = 0.335.

++Usiasmttstics reported In this mudy, am ,, 0.72,pC= 0.373.

*Kmmedyetal. (19U).
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Table 5.9 Com_n of the Calculated Probabllfles of Failure and the Probabilities of Failure Predicted by a
Lcw_rmal Fit (Conslderiq Composite Variability) to These Data

Composite Predicted Pf(%) Composite Predicted Pf(%)
Spectral Pf_* Frmn Only Pf++ From

Aeed_ratlnn (_! _ Laannmnal Fit. _ Laannrmal Fit4.t,

2.25 2.9 2.7 2.9 2.7
3.0 II.I 12.5 10.8 12.4
4.0 37J 35.$ 36.0 34.8
6.0 76.7 76.5 74.2 75..5

+heedonKemmyetat.(ttS8)driftlimitmttm_

++ lJamdon drift limit 8talM_ developedin the curr_t study.
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6 Drift Limits in Existing Earthquake Design Codes

Beslem et al. (1991) reviewed existing earthquake.resistant areprobablymoreappropriateto medium-or high-rise
buildingdesigncodesforavarietyofdifferentcoun_es, structm'esthantoalowaspect-ratioshearwallstructure.
Drift _its specifiedarein termsof InteretoryDrift Index Thecodestypicallydonotdistinguishbetweenlow,
ODD, which, fora single story structure,reduces to the medium, orhigh rise structures. FromTable 2.1 (Aspect
definitionof Drift Limitused in this report, ratios in the range 0.24-3.53), the mean and median drifts

uitim load _re

Results arepresentedby Benero et al. (1991) for two limit
states: ServiceabilityLevel andSafety (Collapse)Level. Mean: 1.043%
At the ServiceabilityLevel Benerb et al. (i991) indicates Med/an: 0.820%.

thatpresentseismic codes give maximumIDFs in the
range0.06 percent- 0.6 percent. As this limit state is not Forthe squatwalls in Table 3.1 (Aspect ratios less thanor
of particularinterestin thepresentstudy, the readeris approximatelyequal to 1) the drift limitsare determinedat
refen'edto Benero et a/, (1991) for detailson the codes andbeyond ultimate load. The resultsat ultimate load are
reviewed and the resultsfor the variouscodes.

Mean: 0.802%

Results in Benezo et a1.(1991)at the Safety Level are, Median: 0.72%.
however, of particularinterest. Maximum acceptableIDI

values at ultimate limit stales (collapse) areobtainedfrom Coffeslxmdingresults (weUinto the softening region) for
Benem eta/. (1991) as listedin Table 6.1. Berteroet al. the case whenthe load has dropped to 50 percentof the
(1991) furtherstates that the usual variationof IDFs for ultimatevalue are

present seismic codes are in the rangeof I to 3 percent,
varyingwith the type of structureand its function. Mean: 1.813%

Median: 1.84%.

It is interestingtocomparetheresultssummarized in
Table 6.1 withthe driftlimits foundfor shear walls in this It is clear thatcode drift limits reportedby Benero et al.
study,althoughit is acknowledged thatcode dflft limits (1991) are generallyunconservativefor low aspect ratio

shearwa/ls.
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Table6.1CodeDriftLimitsatUltimateState

Masu

USA UBC 1988 l.q Implicit for buildings with short period (<65 ft. high).

1.125 Implicit for buildings > 65 ft. high.

USA ATC 3-06 1978 l.O0 Recommended value for "Essential Facilities" (SHEG HI)

I.$0 Recommended value for SHEG I and SHEG IL

2.00 Recommended value for SHEG I C Structures of Ordinary
Importance") when height is less than 3 stories and no
brittle-type finishes,

Mexico Mexico DF 1987 0.60 or

1.20 Value depends on whether or not the nonstructuurai
components can be damaged.

Japan BSL N/A 1.00 In practice. No code limit specified.

New Zealand NZS 1984 1.00 Value from Fig. $.2, Bertero et ai. (1991).

Europe CEB ' 1987 2..50 Value from Fig. $.2, Bertero et al. (1991).
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Summary

7 Summary and Recommendations

7.1 Summary with the statistics developed in the present studyas
withthosedeveloped by Kennedy et al, (1988).

1. A review of shearwall referencesfromthe open
literatureresulted in aset of 190 drift limitsat 6. Ultimatedriftlimit results were compared with
ultimateload for shearwalls with aspect ratiosup to building design codes (as summarizedby Bertero,et

3.53 subjectedto differenttypesof loading al. (1991). Code drift limits were found to be
(monotonic static,cyclic static,and dynamic). Drift generallyunconservativefor the low-aspect-ratio
at ultimate load did appearhigherat the higher shearwalls investigated herein, althoughsuch code
aspect ratios. However, it was found tobe infeasible driftlimitsare likely more directed towardhigh.rise
to quantify the influenceof various geometricaland structuresthan squatshear walls.
materialparameterson ultimatedriftlimit because
of significant simultaneousvariationsin numerous 7.2 Recommendations
parametersbetweenexperimentalprograms.

The following recommendationspertainto the appropriate
2. Furtherscreening of referencescontaining shear values of ultimatedrift limits to be used in seismic

wall experimentaldataled to theselection of ten probabilisticrisk assessments and seismic margin
referencescontainingrelevantdataforshearwalls assessments done in conjunctionwith 1PEEE(NRC, 1991):
with aspect ratiosof approximately1 or less
undergoingcyclic loading. These low aspect ratios 1. The most appropriatedefinition of ultimatedrift
arecommon forshear walls used in NuclearPower limit is the drift limit at 100 percent of ultimate
Plant structures.Further.cyclic loading is relevant load. (See discussion in Section 3.)
to seismic response.

2. Forreinforcedconcrete shear walls with aspect
3. A totalof 69 datasets were obtainedgraphically ratiosof approximatelyI or less undergoingcyclic

from these papersusinga set of rules established in loading, the recommended ultimate drift limit is
Section 3. The rulesprovide lower-bound 0.72 percent (Medianvalue). Corresponding
estimates for driftat ultimateload. Drift limits at recommendedvalues in the softening regionbeyond
ultimateload and beyond (at 90, 80, 70, 60 and 50 ultimateload (where their use can be justified) are:
percent of ultimateload) were determinedandtheir

statisticalpropertieswere examined. Fraction of Median Drift
Ultimate Load (%_

4. The datawere found to be lognormallydistributed,
andan analysis of variancewas performed. Median 90 1.00
drift limit and statisticalparameterswere foundto 80 1.24
be in reasonableagreementwith those used by 70 1.48
Kennedyet al. (1988). 60 1.64

50 1.84
5. Theshearwallultimatedriftlimitstatisticswere

used in conjunction with nonlineartime-history 3. Code driftlimits were found to be generally
analysis resultsreportedby Kennedy,et al (1988) to unconservativefor the low-aspect-ratioshear walls
demonstratehow these statisticsare used to estimate investigatedherein. Such code driftlimits appear

the probabilityof failurefora shearwall structure, moreappropriateto high-rise structures thanto the
Almost identical fragilityestimatesareobtained squatshearwalls investigated herein, however.
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AUTHOR

C, Alexander, A. Heidebrecht,W. Tso (1973).

TITLE

"Cyclic Load Tests on ShearWall Panels."

SOURCE

Proceedingsof the 5th World Conferenceon EarthquakeEngineering.

TEST STRUCTURE DESCRIPTION AND SCALE

Five single story isolated shear wails with top beam and foundation beam. 2-D structures.

WALL THICKNESS, ASPECT RATIO
t = 4.0 in. (10.2 cm); AR = 0.5, 0.75, and 1.5.

BOUNDARY CONDITIONS (initial stresses)

Structurewas bolted to test facility floor. No details are given about methods to avoid initial stresses.

TYPE OF LOADING (monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Static-cyclic loads (displacement controlled) applied to the reinforcement in the top beam. Normal load varied (0 -
278 psi).

REINFORCEMENT (type, amount)
0.125 in. (3.2 ram) bars,0.3% reinforcement,no column steel in ends of the walls.

CONCRETE (properties, aggregate size, curing, etc.)
No information given.

INSTRUMENTATION

No details given.

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Very few details concerning the experimentalportionsof this study.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
Panel4 (AR = 0.75): 0.65% - 0.81%.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
2.
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AUTHOR

Felix Barda (1972).

TITLE

"ShearStrengthof Low-Rise Walls with BoundaryElements."

SOURCE

Ph.D. Dissertation,Lehigh University,Bethlehem, PA.
i i,

TEST STRUCTURE DESCRIFHON AND SCALE

Eight low-rise shear walls with boundaryelements. Scale - 1/3.

WALL THICKNESS, ASPECT RATIO
AR = 0.25 to 1. t =4 in.

BOUNDARY CONDITIONS (initial stresses)

Base was prestressedto the laboratoryfloor.

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Two specimens subjected to loads in one direction. Six specimens subjected to load reversals. Displacement -
controlled loading.

REINFORCEMENT (type, amount)
Grade 60 reinforcement(60,000 psi yield). Vertical wall reinforcement: 0.0 to 0.5%.

CONCRETE (properties, aggregate size, curing, etc.)

3000 psi design compressive strength. Maximum aggregate size = 3/4 in. Mix details given.

INSTRUMENTATION

Potentiometersused to measureslip at constructionjoints. Load ceils used to measureapplied load. Strain gages
attached to reinforcement. Lateraldeflections were measured with electrical resistancepotentiometers and one
DCDT. LVD'r'susedtomeasurerotationofthetopslab.

DEFINITION OF ULTIMATE DRIFF LIMIT
Notgiven.

i

PURPOSE OF TEST (hystereticmodel,strength)
Quantitativeevaluationoftheeffectofverticalandhorizontalshearreinforcementinwallswithlowaspectratios;
also,theeffectofreversalson loading.

COMMENTS

Contains deflection informationbeyond ultimate load.
,,

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
0.61% - 0.69% (Monotonic loading) AR - 0.5.
0.53% - 0.75% (cyclic) AR = 0.5.
0.85% - 1.68% (cyclic) AR = 0.25.
0.40% - 0.61% (cyclic) AR = 1.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
I: Very Useful.

,,
- ,,,
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AUTHOR

F. Barda,J. M. Hanson, and W. G. Corley (1976).

TITLE

"Shear Strengthof Low-Rise Walls with Boundary Elements."
i

SOURCE

In ReinforcedConcrete Structures in Seismic Zones, SP-53, American Conc_te Institute,Detroit, MI.
i i , i

TEST STRUCTURE DESCRIPTION AND SCALE

Shearwall with massive base, two vertical boundaryelements and top slab. Scaled, but scale factor unknown.

WALL THICKNESS, ASPECT RATIO
AR = 0.25 to 1.0.
t=4 in.
_

BOUNDARY CONDITIONS (initial stresses)

Massive base bolted to floor. Initial stresses probablyminimal.
i lll|l i

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Some static, 2 specimens subjected to cyclic loading. Tests displacement - controlled using two hydraulic rams.
Systematicpatternof kcreasing alternating force or deflection used for the load program.

REINFORCEMENT (type, amount)
Horizontaland vertical wall reinforcement was varied from 0% to 0.5%.

Grade60 deformedbars: 60,000 psi design yield stress.

CONCRETE (properties, aggregate size, curing, etc.)

"normal-weight"concrete with 3,000 psi compressive strength. (Measured strength was 2,400 to 4,200 psi).
Maximumsize of coarse aggregate was 3/4 in.

INSTRUMENTATION

Strain gages were applied to reinforcing bars. Lateraldeflections were measured using electrical resistance
potentiometer, a dial gage and theodolite sighting.

DEFINITION OF ULTIMATE DRIFT LIMIT

Loading was continued until a deflection of 3" was achieved.

PURPOSE OF TEST (hysteretic model, strength)
To determine the effect of load reversals.

COMMENTS

Shear strength increased significantly with added vertical wall reinforcement. Specimens subjected to load reversals

had a shear strength about 10% less than similar specimens subjected to loading in one direction. The load-carrying
capacity beyond maximum load was found to depend primarilyon the ability of the boundaryelements to act as a
frame. The frame action provided a gradual, rather thaa sudden, failure mode.

ULTIMATE DRIFT RESULTS (AT MAXIMUM REPORTED DEFLECTION)

Monotonic: 4.6% (Arbitrarilycarded out to 3 in. deflection). Cyclic: 0.6%.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
1' Very useful.

NUREG/CR-6104 56



Appendix A

AUTHOR

J. R. Benjamin and H. A. Williams (1954).

TITLE

"Investigationof ShearWalls, Part6."

SOURCE

Departmentof Civil Engineering, StanfordUniversity, Stanford,CA, Technical ReportNo. 4, August 1, 1954.
i i ii iiii ii i ii

TEST STRUCTURE DESCRIPTION AND SCALE

Four types of specimens loaded in two types of fixtures.
iiii i i i iiii i iiiiiii i

WALL THICKNESS, ASPECT RATIO
AR = 0.32 and 0.58. t = 1.75 - 2.00 in.

BOUNDARY CONDITIONS (initial stresses)
Two test fixtures.

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Monotonic, static loading. Force control initially, then effective displacement control.

, J, i, ,i . i ,,,

REINFORCEMENT (type, amount)

Yield point in the range 42,000 psi - 52,000 psi. 1.0 to 1.5% steel ratio.
i

CONCRETE (properties, aggregate size, curing, etc.)
Mix details are provided. Compressive strength in the range 2800 psi - 3800 psi.

INSTRUMENTATION

Ames dial for lateral displacement measurement. Strain gages were attached to panel andreinforcement.
ii i ii iiii i iii

DEFINITION OF ULTIMATE DRIFT LIMIT

None given.

PURPOSE OF TEST (hysteretic model, strength)

Influence of reinforcement on wall strength. (Earlierwork used steel ratios of 0, 0.25, and 0.50 percent. The range
of steel ratios is extended to 1.0 and 1.5 percent in this report).

COMMENTS

Shows influence of steel ratio on UD.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
(AR = 0.32) 0.28% - 0.58%.
(AR = 0.58)0.40%-0.71_.

,, , ,,, , ,,, , ,, ,

PAPER USEFULNESS TO OUR STUDY (I= VeryUseful;$ = NotUseful)
3: Monotonicloadingonly.However,showsinfluenceofsteelratio.

-- , [: _ _l ,¶'",' , , i ,, , ,,,' T .,,, ii ' ,,! .,,,, , ,,
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AUTHOR

J.R.BenjaminandH.A.Williams(1957).
-- -- I II - IIIIIII II1,1 . I I II II II III I II I Imllll III IIII] I II I II IIIII1[1111 I[] ] ] I I I I ,FI I IIIIII, I II __ I

TITLE

"TheBehaviorof One-StoryReinforcedConcreteShearWalls."
- " i,i ,ii, , , i i , ,,,,,,,,,,,,,,,,,,,, , i i i,,iii ,,, ii, _

SOURCE

JournaloftheStructuralDivision,ASCE, Vol.83,Paper1254,pp.1-49,May 1957.(AlsoappearsaspaperNo.
2998,ASCE Tra_.._ctions,Vol.124,pp.669.708,1959).

I II IIIIII I ,111 IIII II II I • II I I, - - i I1,1,[ II

TEST STRUCTURE DESCRIPTION AND SCALE

One-Storyplainandreinforcedconcmm shearwallswithoutopenings.Scale:I/8to3/8._
i i i i i i _ ,11,1 i,, i . i i i i , ill iiii i ,,,,,,,,,,,,,,,

WALL THICKNESS, ASPECT RATIO
t= l in-3 in(scalingstudy).
AR = 0.667(scalingstudy)
t ffi2 in. (AR study)
AR = 0.32 - 1.25 (A.R study)

BOUNDARY CONDITIONS (i-ltlal sn-,,.m_)
Two different fixtures used.

,i Hi ., ,Hi ii i i ii i , , H,,.--

TYPE OF LOADING (Monotonic, cycUc, static, dynamic, force or displacement controlled, etc.)
Two methods of monotonic,static loading. Load-controlled tests, then combinationof load/displacementcontrol
following cracking of concrete.

-- nl , ,,,,,|, , ,,,,, in,Ill I ,l II ,l,

REINFORCEMENT (type, amount)
Structuralorintermediategradebars.

,,, H, , ,i,,, , --lJ,, , i ,i

CONCRETE (propertie& aggregate size, curing, etc.)

Type I Portlandcement with compressive strengthsin the range 2300 psi. 3800 psi.
, i i Jil_ll , i i ii ill i i , _

INSTRUMENTATION

Not given.
,,, , - ii , ,, , , , ,,, ,, ,i , ±

DEFINITION OF ULTIMATE DRIFT LIMIT

None given.
,Hi , =,|, , , ,

PURPOSE OF TEST (hysteretic model, strength)
Investigateaspectratioandreinforcing;andboundaryelementsandreinforcing.

,,, , ,, J

COMMENTS

No scale effect observed in the range 1/8 to 3/8 scal_. Contains the effect of scale and aspect ratio on ductility, at
least for monotonicloading.

, ,,,,,, ii i ., , .H i

ULTIMATE DRIFt RESULTS (AT ULTIMATE LOAD)
(AR = 0.50) 0.43% - 0.75%.
(AR = 0.58) 0.30% - 1.03%.

,..H, __ i . i .i ,

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)

2-3: (Good aspect ratio, but monotonic loading only).
.... ,,,, . L ' ' .... ,, ' , ' l , ,,,,,, , ,, ,,,,,T " ,,I,,, r I, ,, ,,,, ,, , ,, ,, ,,,, ,, -
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III II I I l'fll + , .,,,.............,,i. ,, "'""'""'"" HllI'II + I ......................... I[ I --

AUTHOR

V.V.Bertero0957)
i i i i l_ll i ii 1,11 i -: ......... 111i iHirll i 111 i 11,11

TITLE

"TheR_ponseofShearWallsSubj_mdm DynamicLoa_."
....... JUIII I I IIIIII +-- I I ] ..... I IIIIIIIIII ....

SOURCE
Diction, MJ.T.,June1937.'

.... . iii|il i i Hi il i rlliHi HHIII! Ill, H i,,

TEST STRUCTU_ DESCRIPTION AND SCALE

Fourspecimensidenticalineveryrespectexcepttheslmngthofconcmm weretested.ScaleI/4.
ii Jt ii lill I I i i 111111111 II i !ll iii ii i ..... lll|lllll it iii i Hllll I I I I I I

WALL THICKNESS, ASPECT RATIO
AR = 0.74.
t=2in.

iii ii iii I i|l iii iiiii ii ii I ii i i i111 iii i II irlll i ....

BOUNDARY CONDITIONS (initial s_)

Load cells at base are used for support,. Deflections am signifmanL
i i,ii i i i Jl i ii t l i !1 i i, i i i

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

1 wall: Static loading.
3 other walls: Force-time pulse applied (non-cyclic).

iii m i i ,! iiii i i H im, i i i i ii i f - : if

REINFORCEMENT (type, amount)
Yield point = 39.300 PSL Ultimal¢ strength= 52,000 psi. Reinforcement details given.

i , i i ,,, i i i i ii i i ii ,

CONCRETE (properties, aggregate size, curing, etc.)
3000 psi - 6300 psi concmm strength. Full deUtilsof concretemix are given.

',lll I 11111111 I I IIIIIL I II I I I I Illllllll II I I I I'

INSTRUMENTATION

Loadcellsforloadingandreactions.Deflectionsmeasuredby LVDT's. (Amesdialdeflectiongagesusedonstatic
test.)

i ,, i , i i iiii ,i,i,,, i1,1 ii, . i

DEFINITION OF ULTIMATE DRIFT LIMYr

None given.
_ -11 l 11+i,,, , . , . l , i i i ,11 , ,,,,,,,, ,, , l

PURPOSE OF TEST (hysteretlc model, strength)
Shearwall behaviorunder dynamic (sin_e-pulse) loads.

,1,1 ,, l _ ,, 1,1,, l 11 l . , l , l

COMMENTS
,,,, ,, ii, ,, , , ,,,,, , J ,

ULTIMATE DRIFT RESULTS (AT MAXIMUM REPORTED DEFLECTION)"
0.32%- 1.36%.

,,, i i , ,,m,,,i , , i, ,, i i ,,,

PAPER USEFULNESS TO OUR STUDY (i= VeryUseful;$ = NotUseful)
4: Non-cyclicloading.

II J Irll III II III_ IIIII II II I I ]I[II :_ : _ i --
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_ ] I -- I_ II ' '1 I I ' '...............

AUTHOR

V.V. Benero et al. (July 199i). All authors are listed on others.
iiiiiTInmnHi I IIIllll i I II L .... j i lUl I IIII111 I IIII III II I II III I IIIII i iiiiii I i111]

TITLE

"DesillnGuidelinesfor Ductility andIkift Limits."
" I LI IIIIJ I IHII i IIIIII Ii I ill Ill I I -- II ,,ill I I , ....illii --- _ .............. :.:: -- ,............

SOURCE

Report No. UCBF_C-91/15, University of Californiaaz Berkeley, Berkeley, CA.

TEST STRUCTURE DESCRIPTION AND SCALE

No experiments.
i, i IN U_ lllmH i H f _ __ Iml i , H,, i,i i i ,,,,H i,

WALL THICKNESS, ASPECT RATIO
Noe_ents.

HH i HHi i II II ,, _................, , , ...... , ..... -°- ,......................... ......

BOUNDARY CONDITIONS (Initialstresses}
No experiments.

- l lrllllmll, III I I llJll I I I II I . IIIII IIIIIIIII II111 I I I III III , |1 11 111 ,,alto,....

TYPE OF LOADING (Monotonic, cycIlc, Italic, dynamic, force or displacement controlled, etc.)
No experimenu.

I II Ill lie I I I[I III III t l Ull l[l II I I l II .. ii iii i iiiiii i i

REINFORCEMENT (type, amount)
No experiments.

- '' ! II ill ii . II i11 llllll IIII III|I I III I II lillE|Ill I __

CONCRETE (properties, asiresate size, curing, etc.)
Noexperiments.

i ii ,i l lull . i f I i ;iiiii1111 ll, llll i iii 111 i i iiii

INSTRUMENTATION

No experiments.
........ i| I I i . i i i • ii _ i, ,ll i i i L i, •

DEFINITION OF ULTIMATE DRIFT LIMrr
Seismic-Code-Based.

: II lllll II . ii ii ! ii i fill II llll i i i i i i

PURPOSE OF _ (hysterelic model, strenith)
Noexperiments.

l i i ,,III,H I l II l l l l l II l lHl -- J ....

COMMENTS

Reviews and comments upon driftand intemorey drift index.
I..... ._ iiiii IIIIIL i i - - -- i ii i . llllll .,- : l III I I

ULTIMATE DRIFF RESULTS

Interstoreydriftindex: Acceptablemax/mum tocontroldamageliesintherangeI-3%(baseduponcurrent
seismiccodesinvariouscountriesforultimatelimitstates).
Mexico DF Code: 0.6%. 1_%.
UBC: 1.125%. 1.5%.

BSL: In practice 1%.
I ii llll llllllllqll III I II IHII l II I II I I I I I I

PAPER USEFULNESS TO OUR STUDY (I = Very Useful; $ = Not Useful)
4: Contains no ex_dmental data; only seismic code requirements.

"'! I , _ITT|TT] LL r"l 'N I 111[ llll ' I Jll i[_ IIIII 17, I !H,,, ] II ...... _1 _jj _'-- .......
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..... I II I I III I I I' ' I I I I I'lfl I "'1"11 III II IIIII ......._i_........... . ' ' I _

AUTHOR

A. E.Cardenas,H.0.Russell,andW. O.Corley(1980).
II .............. :.... mm .... : ............................................... i __ II [I

TITLE

"StrengthofLow-Rim StructuralWalls."
IlJl Illl I Ill Ill Illl I el el I el -- - [ l[ l iiiiiii illlllili iii iliilili II I ii il i __ --

SOURCE

SP 63-10, AmaricanConcreteInstitute.

TEST STRUCTURE DESCRIPTION AND SCALE

Seven large specimens. No boundaryelements.
• i t t ull i , i , ii i ii |it - -- ii r , i i .___ liH,i

WALL THICKNESS, A_PECT RATIO
All,= 1.0.
t= 3 in.
. ill,i i H i i i i T_l i, i ..... i...,

BOUNDARY CONDmONS (initial _)
Thickbaseblockposttomionodto laboratory floor. Rotationsnearthe base ofthe wall weremeasured.

H

TYPE OF LOADING (Monotonic, cycUc_static, dynamic, force or displacement controlled, etc.)

Static in-plane horizontal loads. (One specimen subjected to ten cycles of load reversals). No vertical load applied.
,,H , . , ,,! , H, , , ,, , , ,H ,,r .... ,H, r ,, I __

REINFORCEMENT (type, amount)
Vertical reinforcement: 0 - 0.5%.

Orada 60 bars. (60,000 psi . 67,.q)0 psi).

CONCRETE (properth_ sggregam size, curing, etc.)
Compressive design strength= 6000 psi. (Mcastm_ 3_,0 psi - 6300 psi). Other details not given.

i i i i r H , ,|Hi i i i ii Hm i i ii i i j, ,, _

INSTRUMENTATION

Straingagesplacedon mlnfosccmentandconcrete.Rotationsneartheba_ ofthewallweremeasuredwithLVD'I"s.
Loadcellswereus_ tomonitorloads.

DEI;'INITIONOF ULTIMATE DRIFT LIMIT

None given.
::-- III II III III I I III IIIIll I I I IIIII III I ---- I . . --

PURPOSE OF TEST (hysterefie model, strength)
Effectofverticalandhorizontal_inforceanenton strengthanddsfonnation.

COMMENTS

Load reversals had very little effect on the load-deflectionrelationship.

ULTI? _.A'rEDRIFT RESULTS (AT MA_MUM REPORTED DEFLECTION)
1.86% (SW-8). 2.07% (SW-9). 2.27% (SW-12).

III Imll I I III I I ....... III --

PAPER USEFULNESS TO OUR STUDY (I = Very Useful; $ ffiNot Useful)
3: Specimens barelytaken to ultimate load.
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....... I I Is II s I I sss s II r = mi I i_,ls/_sss s=rsss r_r_ -- hsr_r ' r _s s, I ,,_

AUTHOR

V. Cervenkaand K. Oersde (1971).
I I [ I II I]11 ] I IIII I I I III II II I I I I I I I

TITLE

"Inelastic Analysis of Reinforced ConcretePanels: ExperimentalVerification and Application."
I I IJ II!1 I I HI I I III IIIIIIl|ll I . I I

SOURCE

Journalof the InternationalAssociation of Bridgeand StructuredEngineering, Vol. 32-II.
- i llama Illlllll -- i I I I I I II I II Jl I ]111 III I IIII I IN Ill III

TEST STRUCTI_E DESCRIPTION AND SCALE

Two panels were combined during testing, thoughpanels act independendy.
[ I ............. i* ** lil i I II IIIli ] I I [ II lUll I I I I II __

WALL THICKNESS, ASPECT RATIO
tz 2or3 in.
AR- 1.0

I1 II I I I I III I IIIII IIII IIIIIII I I IIII I I I I I ii iii I

BOUNDARY CONDITIONS (initial stresses)
Details not given.

_ I I "_ I nllll IiliIIlll rl I I I I I I SHill IIIII II

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Monotonicandcyclicloadinghistories.
............. .... i i llll i i H HJl i

REINFORCEMENT (type,amount)
0.92%to1.22%reinforcement.
ii i | llill i i II i ! i llll

CONCRETE (properties,aggregateslze,curing,etc,)
Notgiven.

INSTRUMENTATION

Notgiven.

DEFINITION OF ULTIMATE DRIFT LIMIT
Notgiven.

PURPOSE OF "rEST(hystereflcmodel,strength)
Load.displacementres43onse;crackpatternsandcrackpropagation;failuremechanisms.

COMMENTS

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
0.73% - 0.93%.

llllll IIIll II II ,_ I I I I I I I

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)
3: Monotonic loading only. Details are limited.

I 01 L J ii I I[ I i ]JI ii II [ Ill[HI[ II II II II1[ I I Illl I ii II Ii I I I [ i I I [ I1[ .......... I I
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AUTHOR

W. G. Corley. A. E. Horato°and R. G. Oesterle (1981).
II I I IIIII I I IIIIII I I IIII I IIIIIII III I II1[1111 I ]]IU011111 II I I ___ I I II 111111 II

TITLE

"StructuralWalls."
III IIII I III I I I IIIi I II III I II _ II II I -- iiiiiiiiii ill i iiiii_111111111

SOURCE

In: Significant Developments in EnRin.eerin_Practice and Research, SP-72.4. American Concrete Institute,pp. 77.
131.

I I I - i i Illll I Illlll I ] III I[11 II ............. _7

TEST STRUCTURE DESCRIPTION AND SCALE

Hanged,b_bellandrectangular.crosssections,15'x 6'.
...... i ,,,, , , ,,, , i N i,, , i i,

WALL THICKNESS, ASPECT RATIO
t = 4.0 in (102 ram). AR = 2.40.

..... i ill iIiii III I I I Illlll I II I I I II I I III I IIIIIIII Ill I

BOUNDARY CONDITIONS (initial stresses)
Base block used. Connection of test specimen to base block not given, but looks like specimen may be bolted.

I[I .......... II I II II III I [I IIIIIIII | I III I I I I I I I[ I1[ II I I II III1|11111

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Force applied laterallywith hydraulicram throughtop slab. Vertical load applied to top slab by hydraulicram.
Three lateral loading historiesused (Monotonic and reversed).

I I IIIII I I L III II IIII J I I I i I

REINFORCEMENT (type, amount)
Vertical: 0.20% - 0.31%.

, ., i i i , .,.,., H, , ., i , i

CONCRETE (properties, aggregate size, curing, etc.)
Not given.

,,, j . ., , |, , , , , |, , , ,. ., ,

INSTRUMENTATION

Notgiven.

DEFINITION OF ULTIMATE DRIFT LIMIT

Not given.
, ,., ,, ,,, H., , , _ ,, =, , ,, ,., ,,m, ,,. , ,

PURPOSE OF TEST (hysteretic model, strength)
Strengthand deformationcapacity.

_

COMMENTS

Paper relates damage to displacements. No correctionfor Rigid Body Rotations.
i .. •, _ _ , =,= , .,., , i = .

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
1.61% - 4.78%.

I II I IIIII III I II I IIIIIIII I II I III _ IHII IIIIII IIII IIII

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)

3: Aspect ratio of 2.4 puts wall in bending regime.
.... - .......... iiiiiii _ L .__ III I ....... iii•i ....... I, _ I_IIiiIIii , ,,it, If _ ,_ II,[ I I II IIII II - I I ]
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AUTHOR

A. S. Elnashai, K. Pilakoutas, and N. N. Ambraseys (1990).

TITLE

"ExperimentalBehaviorof Reinforced Concrete Walls Under EarthquakeLoading."

SOURCE

EarthquakeEngineering and StructuralDynamics, Vol. 19, pp. 389-407.
,,r--

TEST STRUCTURE DESCRIPTION AND SCALE
Nine isolated "flexural"walls. Scale: 1/5, 1/2.5.

i ,i

WALL THICKNESS, ASPECT RATIO t = 32 mm, 60 mm. AR = 2
,,H i

BOUNDARY CONDITIONS (initial stresses)

Base rotationsof concrete beam and test rig are shown to be insignificant. Platformrotations arebelieved to be
insignificant.

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Static cyclic and shake-table loading.

REINFORCEMENT (type, amount)
All reinforcement details given. Walls were designed in pairs, each pair having equal flexural reinforcementbut
differentshearreinforcement.

CONCRETE (properties, aggregate size, curing, etc.)
Same concrete mix is used throughoutexperiments. Specially manufacturedmodel reinforcement is utilized.
Maximumaggregate size = 10 mm.
28-day cube strength= 46N/mm=.

INSTRUMENTATION

Accelerometers;displacement transducersfor measurementof verticaland horizontalaccelerations;displacements at
top beam; and accelerations at bottom beam. Strain gages at bottom main reinforcementbars. Frequencyanalyzer
fordominantresponsefrequency.

DEFINITION OF ULTIMATE DRIFT LIMYr None given.

PURPOSE OF TEST (hystereticmodel,strength) Strength.
i| ,|

COMMENTS

Containscomparisonof shal_-table and static results. Containsliterature review, but does not emphasize "squat"
walls. Shake table: Shows reduction in natural frequencybefore and after testing.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
0.67%- 1.97%.

,,, H

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ =Not Useful)
3: Aspect ratio a little high, but good data.

,
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AUTHOR

T. Endo (1982).

TITLE

"HystereticBehavior of Reinforced ConcreteShearWalls."

SOURCE

MemoirsofFaculty ofTech.TokyoMetropolitanUniversity,No.32,pp.3195.3206.

TEST STRUCTURE DESCRIPTION AND SCALE

Single and multi-story models. Scale 3:1. Boundary elements and thick beams interior to shear wails are included.

WALL THICKNESS, ASPECT RATIO
t= 5 cm - I0cm.
AR = 0.5- 1.0.

BOUNDARY CONDITIONS (initial stresses)
Initial stresses possible because of bolting of _en base to test frame.

TYPE OF LOADING ('Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Monotonicorcyclichorizontalforce,constantverticalforce.

REINFORCEMENT (type,amount)
0.23%-0.70%inwallpanel.

CONCRETE (properties,aggregatesize,curing,etc.)
Notgiven.

INSTRUMENTATION

Straingagesonreinforcingandconcrete.

DEFINITION OF ULTIMATE DRIFT LIMIT

"LimitDeflection"wasdefinedasthetophorizontaldeflectionattheloadstepwherethehorizontalloaddropped
suddenlyordecreasedlowerthan75% ofitsmaximum.

PURPOSE OF TEST (hysteretic model, strength)
Obtain shear f_,'ce-displacementcurves and ductilities of shear walls.

COMMENTS

Load-displacement curves are different between monotonic and cyclic loading. Thick beams are contained inside
continuous shear walls. Some multi-story models.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
For AR = 0.5: 0.35%-1.25%.

PAPER USEFULNESS TO OUR STUDY (I= VeryUseful;5 - NotUseful)
2: Thickbeamsarecontainedinsidecontinuousshearwails.
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AUTHOR

F. Esaki, M. Tomii, M. Setoguchi, and Y. Ma_uishi (1981).

TITLE

"Statistical Investigationof Angular Shear Distortionof Framed Shear Walls in Which the First Shear Crack
Occurredin PanelWalls."

SOURCE

Transactionsof the Japan Concrete Institute,Vol. 3, pp. 273-280.

TEST STRUCTURE DESCRIFrION AND SCALE

No tests performed. Data are summarizedfrom numerousotherreferences on drift of shear walls at first shear
cracking. All are l-story, 1-bay, framed shear walls.

WALL THICKNESS, ASPECT RATIO
Not given.

, i !

BOUNDARY CONDITIONS (initial stresses)
Not given.

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Static shear force.

REINFORCEMENT (type, amoun0
Not given.

CONCRETE (properties, aggregate size, curing, etc.)
Not given.

INSTRUMENTATION

Not given.

DEFINITION OF ULTIMATE DRIFT LIMIT

Paper addressesdrift at which fu_t shear crackingoccurs.

PURPOSE OF TEST Cnystereticmodel, strength)
Statistical investigationof drift of shear walls at the f'n'stshear crack.

COMMENTS

Paper only considers drift at first shearcracking.

ULTIMATE DRIFT RESULTS (AT FIRST SHEAR CRACKING)

Considering dam from numerousreferences probabilisdcaUy,the drift at the point of shear cracking has a maximum
probabilitydensity at .022% for concrete shear walls.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
5: paperonly considers crack initiation, not ultimate drift.

,, ,,,, , _:
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AUTHOR

C. R. Farrar,J. G. Bennett, W. E. Dunwoody, and W. E. Baker (1989).

TITLE

"Static-LoadCycle Testing of a Low-Aspect-Ratio Six-Inch Wall TRG-Type StructureTRG-4-6."

SOURCE

NUREG/CR-5222, LA-11422-MS, Los Alamos National Laboratory, Los Alamos, NM.

TEST STRUCTURE DESCRIPTION AND SCALE

Reinforcedconcrete shear wall - TRG structure. "Prototype"structure.

WALL THICKNESS, ASPECT RATIO
t= 6in.

AR= 1.0.

BOUNDARY CONDITIONS (initial stresses)

Model constructedin place on the base of the load frame.

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Staticcyclic. Loading by hydraulicactuator. Force-controlled.

REINFORCEMENT (type, amount)
0.25% in each direction.

CONCRETE (properties, aggregate size, curing, etc.)
Propertiesandmix details given. Compressivestrength was 3936 psi - 4562 psi.

INSTRUMENTATION

Straingages attached to reinforcement. Relative displacement gages. Fixed reference displacement gages. Force
inputmonitoredby load cell.

ii i i i ,i , i,

DEFINITION OF ULTIMATE DRIFT LIMIT

Cyclic loading history (force controlled) applied and continued until the structurewould no longer hold the applied
load.

PURPOSE OF TEST (hysteretic model, strength)
Stiffness reduction determinationduring static cyclic testing.

, i i i i

COMMENTS

Relative displacementreadings were independentof any rigid body rotationor translation. During the failure cycle,
the deformationshown by the externalgages is substantiallygreaterthan that shown by the internalgages.

i

ULTIMATE DRIFT RESULTS (AT MAXIMUM REPORTED DEFLECTION)
0.38% - 0.44% LTD.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
3: Limited data to failure.

,, ,, , ,,,, ', ,,,,, , ,,,
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AUTHOR

C. R. Farrar,J. G. Bennett,W. E. Dunwoody, and W. E. Baker (1990).

TITLE

"Static Load Cycle Testing of a Low-Aspect-Ratio Four-Inch Wall, TRG.Type StructureTRG-5-4."

SOURCE

NUREG/CR-5487, LA-11739-MS, Los Alamos National Laboratory,Los Alamos, NM.

TEST STRUCTURE DESCRIFrION AND SCALE

Reinforced concreteshear wall - TRG structure. "Prototype"structure.

WALL THICKNESS, ASPECT RATIO
t=4 in.
AR= 1.0.
,, , ,,,

BOUNDARY CONDITIONS (initial stresses)

Structure was bolted to the load frame base in an attempt to obtain a fixed boundarycondition.

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Static cyclic testing. Loading was by a hydraulic actuator- force controlled.

REINFORCEMENT (type, amount)
See TRG-4 review.

i

CONCRETE (properties, aggregate size, curing, etc.)
See TRO-4 review.

i

INSTRUMENTATION

Ono-Soldd displacement transducersto provide relative displacement readings. Load cell used to measure force
input. Strain gages used on rebar.

,,,

DEFINITION OF ULTIMATE DRIFT LIMIT

None given.

PURPOSE OF TEST (hysteretic model, strength)
Determinationof stiffness reduction duringstatic-cycle testing.

COMMENTS

Relative displacement measurementswere independentof rigid-bodyrotationand translation. See TRG-4 review.

ULTIMATE DRIFT RESULTS (AT MAXIMUM REPORTED DEFLECTION)

0.339%-0.484%.(Basedon internalandexternalgages.)

PAPER USEFULNESS TO OUR STUDY (I= VeryUseful;5 = NotUseful)
3: Limitedfailureinformation.

"' ' ' , '- "i"
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AUTHOR

J. M. Ferritto(July 1982).

TITLE

"An Economic Analysis of EarthquakeDesign Levels."

SOURCE

TN No: N-1640, Naval Civil Engineering Laboratory,PortHueneme, CA.

TEST STRUCTURE DESCRIPTION AND SCALE

Shearwall system in which the walls are combined with a steel frame which carries the vertical load. Analysis only,
no testing.

WALL THICKNESS, ASPECT RATIO

t --14in. AR = 0.37.AnalysisOnly

BOUNDARY CONDITIONS (initial stresses)

Analysis only.

TYPE OF LOADING (Monotonic, cycfic, static, dynamic, force or displacement controlled, etc.)
Base cyclic acceleration.

REINFORCEMENT (type, amount)
Not given as a percentage.

i

CONCRETE (properties, aggregate size, curing, etc.)
Not given - Analysis only.

INSTRUMENTATION

Analysis only.

DEFINITION OF ULTIMATE DRIFT LIMIT

Providesdamage ratiosas a function of shear wall interstorydrift: A drift of 7% correspondsto complete
destruction. 50%destructionoccurs at about 2.6% U.D. (See Table 1). This is related to a "costof repair" based
definition of U.D.

PURPOSE OF TEST (hysteretic model, strength)
Analysis only.

COMMENTS

Analysis only. DcUdlsand assumptions of analysisarc sketchy. See Fertile (1983).
,, ,,,,,

ULTIMATE DRIFT RESULTS ("COST OF REPAIR" DEFINITION)

7% - Complete destruction. 2.6% - 50% destruction.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
3: Analysis only - no testing. Gives drift guidelines. "Damageratio"not defined.

, i
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AUTHOR

J. M. Ferritto (July 1983).

TITLE

"AnEconomic Analysis of 'Earthquake Design Levels for New Concrete Construction."
, , ,, 1,,,, -- , , ,

SOURCE

TN No: N-1671, Naval Civil Engineering Laboratory, Port Hueneme, CA.
ii i i ii [11 iiiii

TEST STRUCTURE DESCRIPTION AND SCALE

Shearwall stiffened RC structure. _ no testing.

WALL THICKNESS, ASPECT RATIO

t = not given. A.R. = 0A3.

BOUNDARY CONDITIONS (initial stresses)

Analysis only.

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Cyclic seismic - Analysis only.

111 [ [ i _ i[i [ i1[111i i i i i i [i -_ iii [

REINFORCEMENT (type, amount)
No information given. Analysis only.

CONCRETE (properties, aggregate size, curing, etc.)
No infom_ationgiven. Analysis only.

INSTRUMENTATION

Analysis only.

DEFINITION OF ULTIMATE DRIFT LIMIT

Provides damage ratios as a function of shear wall interstoreydrift: A drift of 7% corresponds to complete
destruction. 50% destructionoccurs at about 2.6% U.D.

PURPOSE OF TEST (hysteretic model, strength)
Analysis only.

COMMENTS

See Ferritto (1982). Details of analysis sketchy. Analysis only.

ULTIMATE DRIFT RESULTS ("COST OF REPAIR" DEFINITION)
7% - Complete destruction. 2.6% - 50% destruction.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)

3: Analysis only. No testing. Gives drift guidelines. "Damage Ratio" not clef'meal.
iiii i i Ilmll i i _ i i _ i1[11 iipil[i ii i [ IIIII i i _11 [ I_ iI [ i i
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' ' " ' '"'q" ,''" '" ,'I,, ' ,,i, , ,, ,,, ,, ,,,, _ i _ =i , ,i,, , ,,|,l i, ''

AUTHOR

A. E. Fiorato,R. G. Oesterle, andJ. E. Carpenter(1976).

TITLE

"ReversingLoad Tests of Five Isolated StructuralWalls."
i

SOURCE

InternationalSymposium on EarthquakeStructuralEngineering,St. Louis, MO, August 1976.

TEST STRUCTURE DESCRIPTION AND SCALE

Five structuralwalls with three cross-section shapes (flanged, bar bell, andrectangular)and different reinforcement.
Scale - 1/3.

WALL THICKNESS, ASPECT RATIO
t--4 in.
AR = 2.40.

BOUNDARY CONDITIONS (initialstresses)
Large base block used to post-tension specimens to test floor using bolts.

i i ,.i

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
In-planehorizontalreversing loads using hydraulic rams. Loadcontrol to yielding; then displacement control.

i i i

REINFORCEMENT (type, amount)
Grade60. Yield strength = 69.4 - 77.2 ksi.
Vertical reinforcement = 0.25 - 0.30%.

Deformed wire was used to representsmaller bar sizes.

CONCRETE (properties, aggregate size, curing, etc.)
Concrete compressive strength = 5575 psi - 7775 psi. Maximum aggregatesize of 3/8 in. Mix details are given.

INSTRUMENTATION

Applied loads were measuredby load cells. Linearpotentiometers and DCDT displacement gages measured
horizontal,vertical and diagonal displacements. Straingages were placedon reinforcement. Dial gages measured
relative slip at constructionjoints.

i i,.

DEFINITION OF ULTIMATE DRIFT LIMIT

None given.

PURPOSE OF TEST (hysteretic model, strength)
Information on ductility,energy dissipation, andstrength.

COMMENTS

Reference planes fordisplacement measurements were themselves checked for displacements. Rotations in lower
portions of specimens were recorded.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
1.61% - 3.89%.

PAPER USEFULNESS TO OUR STUDY (1,= Very Useful; 5 = Not Useful)
3: Aspect ratio high, but good data.

= ' ,"" ' ',, i " i ,,,,., ,, m
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AUTHOR

A.E.Fiorato,R.G.Oesterleetai.(1976).Mostothersarelisted.
i iii . i l,

TITLE

"HighlightsofanExperimentalInvestigationof:JleSeismicPerformanceofStructuralWalls."

SOURCE

Proceedingsofthe ASCE/EMD SpecialtyConference,DynamicResponse ofStructures,UniversityofCalifornia,Los
Angeles,CA,March30,1976.

TEST STRUCTURE DESCRIFIION AND SCALE

Isolated walls (partD. Scale = 1/3.

WALL THICKNESS, ASPECT RATIO
AR-- 2.5
t=4 in.

BOUNDARY CONDITIONS (initial stresses)

Massive base block, bolted to frame or laboratoryfloor.
i

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
In-planelateral reversing loads. Several walls were subjectedto monotonic loading.

REINFORCEMENT (type, amount)
No details given.

CONCRETE (properties, ag_gate size, curing, etc.)
No details given.

INSTRUMENTATION

No details given.
i i,l., i., J i

DEFINITION OF ULTIMATE DRIFT LIMIT

No details given.

PURPOSE OF TEST (hysteretic model, strength)
Ductility, energy dissipationcapacity, and strength.

i i, i i .i

COMMENTS

ULTIMATE DRIFT RESULTS

Paper contains no drift dam.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)
5: No drift data.

, ,,, ..... , ,,,
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AUTHOR

M. Yamada,H.Kawamura,andK,Katagihara(1974)._

TITLE

"ReinforcedConcrete ShearWalls with Openings; Test and Analysis."

II III II I IIIlUlII I I I I II I III _ III _ [11 I

SOURCE

SP 42.25, American Concrete Institute, Detroit,/vii.
I II Ill IIIIIIIIIII i II I II I II inlll I I i i

TEST STRUCTURE DESCRIPTION AND SCALE
i i ,= i i ,,i , i , , , i

WALL THICKNESS, ASPECT RATIO

BOUNDARY CONDITIONS (initial stresses)
............ ii iiii II I I I II I I I I] III IIIII I I I

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or dlspiacement controlled, etc.)

REINFORCEMENT (type, amount)
III I I II Ill II I III I

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFT LIMIT
:7: ,, , ii , Ill,mill , ,I IIII

PURPOSE OF TEST (hysteretlc model, strength)
I I III I I I II III IIII I III II i I

COMMENTS

Paper not reviewed because wall contains opening. Companion paperwithout openings included elsewhere,

ULTIMATE DRIFT RESULTS
,, , ,,, ,,, H,,, ....

PAPER USEFULNESS TO OUR STUDY (1 ffiVery Useful; $ = Not Useful)
5: Not useful.

I

I I IIIIIIIll I ] I f I i]I IIII I I I III!1111111 i _ . II I I ii I r i i ii IU i ] I I i
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_ I I I I ' I IIIII 111 II ......................... . ,, .

AUTHOR

A.E.PioratoandW. O. Corley(Junei978).
---- _ i i] i ill i ii i iiiii1,111i i i iii1[ i i ,,lllll II II Illlllllll II I II I IIII l| H I III IIII • -- i[ i iii Hiiiiin ]]

TITLE

"La_ratory Tests of Earthquake-ResistantStructuralWall Systems andElements."
-- - ii i i I I i ill ii i II II I I I __l I II Illl I ii[lllllllll ---- i __Jl , i ,

SOURCE

Proceedings of "Earthquake-ResistantReinforced ConcreteBuilding Construction,"Berkeley, CA.
,,i _ i I ii I i ii I t H __ LI, ,, ,, ,, ,, ,

TEST STRUCTURE DESCP.IFrION AND SCALE

Oesterle (1976): Shearwall with "bar_ll" cross section.
UC (Bm'tero):3 storey; 1/3 - scale.

-- i mill ,1,11,, ii ii I iii lllll iiiiiii i I i I ii ii i i1[ i iiii1,1111 -- iii i I i i

WALL THICKNESS, ASPECT RATIO

Oesterle (1976): t =4 in (102 ram); All. = 2.39.
U.C. (Benero): t =4 in (102 mm); AR = 1.7 (overall).

_- iii l IIiii I III _ ljilll l I II llllil i i i ii illlli ii

BOUNDARY CONDITIONS (Initial stresses)

Oesterle (1976): Base block cI_ped to test floor.
U.C. (Benem): Base block, connection not given.

_- _, i ii HI .... till [ i i IIIIIIIII I i ii i i i

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Oesterle (1976): Cyclic loading. U.C. (Bertero): Cyclic loading.___

i i[ iii i illili[ i II i iiiiii i i ii i iiii i illl i [Hill L__ I i

REINFORCEMENT (type, amount)

Oesterle (1976): No information given. U.C. (Bertero): No informationgiven.-- ._
tt i i tel I I I II I II I • II I I II |11111 I

CONCRETE (properties, aggregate size, curing, etc.)
Oesterle (1976): No informationgiven. U.C. (Bertero): No informationgiven.

II i ii iiiiiii i ._ iii i i

INSTRUMENTATION

Oesterle (1976): No information given. U.C. (Benero): No informationgiven.
: ,, , l, i , i i ,, i,, ,, i i,,,i i i i i _, ,

DEFINITION OF ULTIMATE DRIFt LIMIT

Oesterle (1976): No information given. U.C. (Benero): No informationgiven.
-- ii ii iiii i_ ii lliiil ii i iiii _ ii in

PURPOSE OF TEST (Hysteretic model, strength)

Oesterle (1976): Hystereticand strength. U.C. (Bertero): Hystereticand strength.

COMMENTS

Provides good summaryof types of shear wall tests with advantages/disadvantages.
Oestcrle (1976): PCA Tests. No comment on Rigid body rotations.

U.C. (Benero): 3 storey. No commem on Rigid body rotations.
H ,H i , ,, ,i, i HI _ H H

ULTIMATE DRIFT RESULTS (AT MAXIMUM REPORTED DEFLECTION)
Oesterle (1976): 2.77 - 4.44%.
U.C. Be.nero):

Wall specimen 2 2.50%.
Wall specimen 3 5.92%.
Wall specimen 4 3.00%.

,, ,,, i ,,, ' ,, , , i H, ± , , =.j,

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
Oesterle (1976): 3: Aspect ratio high.

I _I II III ii iiiiiiii i T IIIll I II llr ] T [; 11_i IL llllll i[ illll i - _"_ IIiiiiiiii IIIii IiiiiI iiiI ii {iii I iiii
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.................. I If'l ......... III I I'1111I I I HII' I' I I I' '11 IIII III ' II1' I IIIHIIIF II 'If'Ill I I I1' I III I IIl,.m ._........ ' II1'

AUTHOR

O. D. OaUeiley (1952).

TITLE

"An Experimentaland Analytical invasdgation of Reinforced Concrete ShearPanels."
......................................... ii

SOURCE
M.I.T.Ph.D.Diss_m_on.

TEST STRUCTURE DESCRIPTION AND SCALE

Twin concme framu encasing single-story sh_m"walls. 2-D structure.
(: II III I II II I II I IIIIIIIII III IT I I IIIIIIII III Illl IHlllgl I I I

WALL THICKNESS, ASPECT RATIO
1.75 in. (4.445 cm), 0.72.

_-- ilill[ I III rill r III1 I _ _ Hill II Ill I I

BOUNDARY CONDITIONS (Initial strex_)

Teat setup preventedthe introductionof initialstressea from mounting in the test frame.
-- I [ 1 I [ . Illl I _ll I III I IIII I II I II Illl [

TYPE OF LOADING (monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Static, monotonic.

] ] I ] III] I IIIIIllll II ] I II IIIIIIIII1111 ] ] ] ] ] ] [ I

REINFORCEMENT (type, amount)

3/8 in. dia. (10 mm), amountvaries (see attachedsheet), yield strengthvaries from43-53.5 ksi (296-367 MPa). no
ductility information.

I I I III I IIIllllllll IIIII Illllnql r I II 1 II . Ir

CONCRETE (properties, aggregate size, curing, etc.)
Modulusof elasticity, ultimatecompressive strength,and modulus of ruptureare tabulatedfor each specimen on
attachedsheet. No details of aggregate size, placement, or curing.

II III III1|1111 I I III I ] III I • I I

INSTRUMENTATION

A single Ames dial gage m_m_rcd top beam lateraldeflection.
H,, i i i ll,i . i. i i i,.,H ,,,

DEFINITION OF ULTIMATE DRIFT LIMIT
i , i ill|,| i i i i ,ll, ll,ll _ L

PURPOSE OF TEST (hysteretic model, strength)
I II I I I [ I I I II Illlllll III III I I I J I I IIII IIII II ._

COMMENTS

Ultimate load is not well det'medin the plots; dataappeartohave been stoppedjust prior to the displacement

softening region. Single (nonsymmetric)point loading. Single displacement reading.
II I II I I II I IIII I I I I II I

ULTIMATE DRIFT RESULTS (AT MAXIMUM REPORTED DEFLECTION)
A-8 = 0.69% B-8 = 0.75% C-8 = 0.65%
A-4 = 0.69% B-4 = 0.82% C-4 = 0.63%
A-2 = 0.58% B-2 = 0.98% C-2 = 1.10%

Specimens A had more frame beam steel than B and C.

Specimens C had smaller frame beam than A and B.
I I I II I II II I

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)
4.

II I .............. I i i IIIIII.IIIH m. rlllllllT T lu irl.r.lrlllll|| I ± : : T" IILL_
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I ' IIIIII II _ I rl'!_ I I II Irl II ']L L' ' '11111 ,,.i _ H"' '"_' ' " '1 .... ,,r,,_.... , .........

AUTHOR

F. Gantenbein,J. Dalbera, C. D_tz, J. C. Queval, and A. Epstein (1991).
[ I i i1111 iiii i 1 T II II III ![ i iiii iiiIi i iiiiii [ III I1_1111 ] III iiiiii 1111i iin[I

TITLE

"ExperimentalStudy on ConcreteShearWall BehaviorUnder Seismic Loading."
: i iiii i i iiiii iiiiifl i iiii i i i iii if]l _[ II iiJ ii i ill i [ll iiiiii i i i i i i i i i iiiiiii Jii lull I I I .

SOURCE

Proceedings of the 1lth SMIRT Conference,Tokyo, Japan.
.... I!! I[Ij ]1111 ]1 I - i illllll i i iiii iii i ii iii i iiiii 11111 ii ii ii j i i i ii ii [ iiii i i i

TEST STRUCTURE DESCRIPTION AND SCALE

13 squat shear walls with and withoutopenings were tested up to collapse. Seven were without openings, three with
a centered opening, and threewith a comer opening.

I I I I I Ill I I Ir I i I Ill Ill Illlll I Illll 'I Illl Ill I Illll I IIH I

WALL THICKNESS, ASPECT RATIO
t =0.05 m.
AR = 0.5.

I llll l! I Ill I I I II I I ! I II II I I I I Ill Ill [I Ill I Ill I

BOUNDARY CONDITIONS (Initial stresses)

Lower beam supportingshear wall "fixed firmly to floor."
iiiii iiilll i I i i I I II i i II II III I Illlll II I II ,lllllll I I Illlll I ±

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or dlsplacement controlled, etc.)
Constantcompressive loading. Dynamic loading is applied horizontally using an actuator. Sinusoidal force with

linearly increasing envelope was applied. Different frequencieswere applied to different walls. One wall was
statically loaded.

1 1 f ,!,u,,,L 11 L 11111 ,,, ,,,,ml, ,, , ,m, 1 11 i i i 111 11

REINFORCEMENT (type, amount)
Welded lattice, leading to a 0.28% steel ratio.

I I I I Ill I I Illl Illl Illlll II I I I I I I Ill Ill I I II I ]l [ __

CONCRETE (properties, afgregate size, curing, etc.)
Details not given.

i i illllll ii i i i i i i H I I I II II II m I I ill I ill IIH

INSTRUMENTATION

Forceanddisplacement sensors andaccelerometers.
i i i j i • I i i ii i llll i ..... illl i iron in

DEFINITION OF ULTIMATE DRIFT LIMIT

None given.
n. , , Hn| 111, ,L

PURPOSE OF _ (hysteretic model, strength)
Stiffness of walls with and withoutopenings.

Hm , , i, i , _ , i , , i, ,,. ,, i , . i

COMMENTS
,,,,, H , , i , i 11 H, . , i ,u , ,.

ULTIMATE DRIFT RESULTS

None given, except for wall with opening.
iiiiii i i,ii _ II i llll iii l i iiii ii i i

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
5: Not Useful.

: _: i ir....... .... ] ii_........... I [ II ....... [ I I ....... IJ.J I_ I J[ iii [ [I I i IIII i I 11111111111 II I

NUREG/CR-6I04 76



Appendix A

_ " _ "111 Jl [ [ I I I [I i I I[ I i_ i ................. I !!UJli i,Y_'l ' LIH n ii,!v.Lj _ /,11,,

AUTHOR

Carlos Graham(1987).
..... ]flit IIIII il I II ' IIIIIII I I I I I I 'II I IU III I

TITLE

"Testson ShortColumnsandStructuralWallsUnderCyclicActions."
- i,,ll ii ii ii i ---,,

SOURCE

Darmstadt Concrete, Vol. 2, pp. 89-102.
i , Iii ii , i i .... , , , , . ,,,H ,, ,, , .....................

TEST STRUCTURE DESCRIPTION AND SCALE

Dynamic (earthquakesimulator)and cyclic.static tests on a shear wall. Rectangular and "barbell"cross sections. 1 l
walls.

, H ii i Hill l i li,,,,,,, r, , .,,,.,.,.Ill i , i i aHil li,,ll i | ,i ,,,,.. i,

WALL THICKNESS, ASPECT RATIO
t=8 cm. AR- 1.5.

i ii i iii ii

BOUNDARY CONDITIONS (Initial stresses)
"Specimensare mounted to the base of the steel frame."

i i i i[1|1iiii

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
DynamicTest: Hydraulicsystem using 'El Centro' loading history. Then harmonicsinusoidal loading to maximum
capacity. Cyclic.static: Displacementcontrolled using hydraulicjack. Forces recordedwith load cells. Horizontal
andvertical displacements measuredat top of wall.

i i ii iiiiiiii i iiiii1[ i i iiii i i ii i

REINFORCEMENT (type, amount)
Horizontaland vertical reinforcementshown, but percentagenot given. Horizontaland vertical reinforcementwas
variedbetween tests.

iiiii i

CONCRETE (properties, aggregate size, curing, etc.)
Not given.

INSTRUMENTATION

Not given.
i ii lira| I IIII II II I roll

DEFINITION OF ULTIMATE DRIFT LIMIT

Not given. Tests were taken to "maximumcapacity"(maximumshear force).
i i iiii ii ii iii iiii ii _ ii

PURPOSE OF TEST (hysteretic model, strength)
Hystereticand strength.

L ,,'.', H I , I I I ", H.,, ,

COlVlIVlENTS

Relates static.cyclic and dynamic (seismic) loading results. No mention of cm'ection for Rigid body rotations.

ULTIMATE DRIFT RESULTS (AT MAXIMUM REPORTED DEFLECTION)
Wa_.lloaded to maximumcapacity (Maximum shear force).
Test TO 6 LID= 1.50%; Test TO 7 _ = 1.42%.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
3: Aspect ratio too high (1.5).
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I! AUTHOR_ D. Lefas, M. D. Kotsovos, and N. N. Ambraseys (1990) (1).

i 'LE

"BehaviorofReinforcedConcreteStructuralWalls:Strength,DeformationCharacteristics,andFailureMechanism."

SOURCE

ACI StructuralJournal,pp. 23-31_January-February1990.

TEST STRUCTURE DESCRIPTION AND SCALE

Thirteenlarge scale wall models.

WALL THICKNESS, ASPECT RATIO
AR varies fzom 1 to 2.
t = 76-70 mm.

BOUNDARY CONDITIONS (initial stresses)

Base rotation values during testingwere negligible.

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Combined action of a constantaxial load and a horizontalload monotonically increasing to failure.

REINFORCEMENT (type, amount)

2.4% - 2.5% vertical web reinforcement. Propertiesof reinforcementbarsgiven.
i,,i

CONCRETE (properties, aggregate size, curing, etc.)
Concrete mix given.

INSTRUMENTATION

LVDT's used for deformationresponse. Strain gages were used to measuresteel strains.

DEFINITION OF ULTIMATE DRIFT LIMIT
Drift at ultimate load.

PURPOSE OF TEST (hysteretic model, strength)
Investigate the effects of aspect ratio,axial load, concrete strengthand reinforcementon wall behavior.

COMMENTS

Differences in concrete strengthas highas 35% resulted in almost negligible variationin wall sU'ength,suggesting
strengthand deformafionalcharacteristicsof walls arenot significantly affected by variability in concrete strength.
Axial load appears to reducerecorded values of horizontal displacementat the ultimate state.

H ii

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
0.72% - 1.62% (AR = 2).
0.78%- 1.47% (AR = 1).

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)
I: Very Useful.
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AUTHOR

I. D. Lefas, M. D. Kotsovos, and N. N. Ambraseys(1990) (1).

TITLE

"Behaviorof ReinforcedConcreteStructuralWalls: Strength,DeformationCharacteristics, and Failure Mechanism."

SOURCE

ACI StructuralJournal,pp. 23-31, January-February1990.

TEST STRUCTURE DESCRIPTION AND SCALE

Thirteen large scale waftmodels.

WALL THICKNESS, ASPECT RATIO
AR varies fix)m1 to 2.
t = 76-70 mm.

BOUNDARY CONDITIONS (initial stresses)

Base rotationvalues duringtesting were negligible.

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Combinedaction of a constant axial load and a horizontal load monotonically increasingto failure.

REINFORCEMENT (type, mount)
2.4% - 2,5% vertical web reinforcement. Propertiesof reinforcementbars given.

CONCRETE (properties, aggregate size, curing, etc.)
Concrete mix given.

INSTRUMENTATION

LVDT's used for deformationresponse. Strain gages were used to measure steel strains.

DEFINITION OF ULTIMATE DRIFT LIMIT
Drift at ultimate load.

PURPOSE OF TEST (hysteretic model, strength)
Investigate the effects of aspect ratio, axial load, concrete strengthand reinforcement on wall behavior.

COMMENTS

Differences in concrete strength as high as 35% resulted in almost negligible variation in wall strength, suggesting
strength and deformationalcharacteristics of walls are not significantly affected by variability in concrete strength.
Axial load appearsto reduce recordedvalues of horizontal displacementat the ultimate state.

ULTIMATE DRIFT RF.,SULTS(AT ULTIMATE LOAD)
0.72% - 1.62% (AR = 2).
0.78%- 1.47% (AR = 1).

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
1: Very Useful.

' !" '" ' , ,, , : '"" ' H , , ,,,,,, , , , , "
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AUTHOR

K. Ogataand T. Kabeyasawa(1984).

TITLE

"ExperimentalStudy on the HystereticBehaviorof Reinforced Concrete Shear Walls Under the Loading of Different
Moment.to-ShearRatios."

SOURCE

Transactionsof the JapanConcrete Institute,Vol. 6, pp. 717-724.
i ..,ll i ii ,ll ii ..........

TEST STRUCTURE DF.SCRIPTION AND SCALE

Six shearwall assemblies with boundarycolumns, in which the ratio and the detail of reinforcement were varied;2/5
scale.

WALL THICKNESS, ASPECT RATIO
t=8cm.
AR = 0.94.

|. i i|l ,..| i i i , i , .

BOUNDARY CONDITIONS (initial stresses)

Base plate (massive) bolted to fixture. Possibility of initial stresses.
i, J,,| , ii . H

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Cyclic horizontalloading with actuator:,Constantvertical load. Variable moment/shearloading applied by using the
two verticaloil jacks to apply bending momentaccording to shear forfe level. Tests appearto be displacement-
controlled.

i. i,,,, H ii ii , ,N .i .,,, i i ill

REINFORCEMENT (type,amount)
Wa_lpane!shearreinforcementvariesfrom .27%to .83%.

CONCRETE (properties,aggregatesize,curing,etc.)
Concrete compressive strength = - 200 Kg/cm2.

Tensile strength = - 16 Kg/cm_.

INSTRUMENTATION

Strain gages on reinforcing bars; Displacement gages at various locations for measuringdisplacements relative to the
base and local deformations.

i i ,i

DEFINITION OF ULTIMATE DRIFt LIMIT

Not given.
i

PURPOSE OF TEST (hysteretic model, strength)
Hysteresisand energy dissipation capabilities of shear watts with different flexuraland shear reinforcements and
loading with different moment-to-shearratio.

i i i. i

COMMENTS

7trstpaper that independentlycontrols moment and shear loading of shear wall.
i i i

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
1%in all cases (displacement-controlled).

PAPER USEFULNESS TO OUR STUDY (1 - Very Useful; 5 = Not Useful)
1: Very Useful.
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AUTHOR

T. Pauiay (1972).
l

TITLE

"Some Aspects of Shear Wall Design."

SOURCE

Bulletin of N.Z. Society for Earthquake Engineering

TEST STRUCTURE DESCRIPTION AND SCALE

Threesingle-story isolated shearwails. 2-D structures.

WALL THICKNESS, ASPECT RATIO

6.0 in. (15.2 cm), 1.0.

BOUNDARY CONDITIONS (initial stresses)

Loads are applied in a manner such that initial stresses are not introduced.

TYPE OF LOADING (monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

Static-cyclic loads (displacement controlled) applied to the reinforcement hathe top beam.

REINFORCEMENT (type, amount)
0220 - 0.31% reinforcement.

CONCRETE (properties, aggregate size, curing, etc.)
No information given.

INSTRUMENTATION

No details given.

DEFINITION OF ULTIMATE DRIFr LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Very few details concerningthe experimental portions of this study.

ULTIMATE DRIFt RESULTS AT MAXIMUM REPORTED DEFLECTION)

Wail 201 = 0.95%
Wall 202 = 1.24%
Wall 203 ffi1224%

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 -- Not Useful)
3.
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AUTHOR

T. Paulay, M. J. N. Priesdey, and A. J. Synge (1982).
•, , --. , ,i

TITLE

"Ductility in EarthquakeResisting Squat Shearwalls."

SOURCE
ACI Journal

TEST STRUCTURE DESCRIPTION AND SCALE

Four single-story shear walls with top beam and foundation beam. Two of the structureswere built with flange wails
at either end of the shear wall. Constructionjoint at the topof the foundationbeam. 2-D structure.

WALL THICKNESS, ASPECT RATIO
3.94 in. (10 cm), 0.5.

BOUNDARY CONDITIONS (initial stresses)

Structuresappearto have been bolted to a load frame or strong-floor,but details of tests setup are not given.

TYPE OF LOADING (monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Static-cyclic point load (displacement controlled) applied to the top beam.

REINFORCEMENT (type, amount)
Two structureshaddiagonal reinforcement. Range of yield strengths are given.

., i

CONCRETE (properties, aggregate size, curing, etc.)
Ultimate compressivestrength given.

INSTRUMENTATION

No details given.

DEFINITION OF ULTIMATE DRIFT LIMIT
,,,,,,

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Very few details concerning the experimentalportionsof this study.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
Wall 1 = 0.67.

Wall 2 = 0.59 (diagonal reinforcement).
Wall 3 ffi0.39 (flanged).

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
1.
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AUTHOR

Murat Saatcioglu (1991).

TITLE

Hysteretic Shear Response of Low-Rise Walls.

SOURCE

Concrete Shear in Earthquake,Proceedings of the InternationalWorkshop on Concrete Shear in Earthquake,
University of Houston, Houston, Texas, Elsevier, 1991.

TEST STRUCTURE DESCRIPTION AND SCALE

Large scale, low rise shear walls. 3 specimens tested. (Wall 1 was previously reported - See Wiradinata [1985]).

WALL THICKNESS, ASPECT RATIO
AR-- 0.5
t-- 100mm

BOUNDARY CONDITIONS (initial stresses)

Foundationbeam was bolted to the laboratorystrong floor.

TYPE OF LOADING (monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Slowly applied lateralload reversals. Displacement-controUed. Load applied by a hydraulicjack, supportedby a
reaction frame.

REINFORCEMENT (types amoun0
Vertical and horizontal reinforcementboth 0.8%.

CONCRETE (properties, aggregate size, curing, etc.)
fct= 33-35 MPa

H i,

INSTRUMENTATION

LVDT's and strain gages were used to measure deformationscaused by shear, flexure, bar extension and sliding
shear.

DEFINITION OF ULTIMATE DRIFT LIMIT

Not given.
ii i

PURPOSE OF TEST 0aysteretic model, strength)
Shear response of walls, particularly with respect to different modes of shear behavior. Also, characteristics of
hysteretic shear response.

COMMENTS

Continuation of work by Wiradinata (1985). Wall 6 had special sliding shear reinforcement.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)

Wall 4 - Large portion of lateral deflection due to shear sliding.
0.80%-1.63%.

PAPER USEFULNESS TO OUR STUDY (1- VeryUseful;$ = Not Useful)
I - Very Useful.

i : H,H|ll ill H ' ...... i
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AUTHOR

T. Shiga, A. Shibata,andJ. Takahashi (1973). ,

TITLE

"ExperimentalStudyon DynamicPropertiesof Reinforced Concrete Shear Walls"

SOURCE

Proc. 5th World Conferenceon EarthquakeEngineering.

TEST STRUCTURE DESCRIPTION AND SCALE

Eight single-story isolatedshear walls with boundarycolumn, top beam and deep foundation beam. 2-D structures.

WALL THICKNESS, ASPECT RATIO
1.97 in. (5 cm.), 0.68.

BOUNDARY CONDITIONS (initial stresses)

Structurewas bolted to the test facility floor. No details are given about methods to avoid initial stresses.
i illl ii HIIII

TYPE OF LOADING (monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Static.cyclic loads (displacementcontrolled) applied to the reinforcementin the top beam. Axial load applied to
boundarycolumns.

REINFORCEMENT (type, amount)
0.125 in. (3.2 mm) bars in walls, 0.25% and 0.5% reinforcement, yield and ultimate strength given.

i i ii i i illll i i i ii i

CONCRETE (properties, aggregate size, curing, etc.)
3/8 in. 10 mm aggregate;average ultimate compressive strengthgiven.

INSTRUMENTATION

Mechanicaldial gages with a resolutionof 0.01 mm.

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Very few details concerning the experimentalportionsof this study.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)

WB. I (0,25% reinforcement, no normal force) ffi0.40%.
WB-2 (0.25% reinforcement,no normal force) = 0.38% - 0.41%.
WB-6 (0.50% reinforcement,no normal force) = 0.39% - 0.40%.
WB-7 (0.50% reinforcement, normal force = 20 tons) = 0.39%.
WB-8 (0,50% reinforcement, normal force = 40 tons) ffi0.40%.

ii

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)
1. Very Useful.

I I II I - i I I III ] I
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AUTHOR

T. Shiga, A. Shibata, and J. Takahashi (1976).

TITLE

"HystereticBehavior of Reinforced Concrete Shear Walls."

SOURCE

Proceedings of the Review Mooting U.S.-Japan Coopea'ativeResearch Program in EarthquakeEngineering, August
18-20, 1975, Honolulu, pp. 107-117.

TEST STRUCTURE DESCRIPTION AND SCALE

17 "Medium-size" shear walls subjected to static loads representing gravity loads and earthquake forces (Cyclic

loading tests).

WALL THICKNESS, ASPECT RATIO
t = 50 ram. A.R. = 0.6.

i i, i,, ii ,, ..|,

BOUNDARY CONDITIONS (initial stresses)

Concrete base block "firmly fastened" to rigid testing floor. Wall cast into base block. Should be no initial stresses.

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or d|splacement controlled, etc.)
Cyclic loading. Oil jacks used for loading. Differentcyclic loading programs used. Displacement-controlled tests.

REINFORCEMENT (type, amoun0
0.25% - 0.50% (Same in vertical and horizontal directions).

CONCRETE (properties, aggregate size, curing, etc.)
Not given.

ill i . ., ,,||ll i i,ll

INSTRUMENTATION

Load cell, mechanical dial gage.

DEFINITION OF ULTIMATE DRIFT LIMIT

Not given.

PURPOSE OF TEST 0tysteretic model, strength)
Hystercticbehavior when subjected to various loading histories.

COMMENTS
Total axial load was varied in tests.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
0.52% - 0.70%.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)
2: Good aspect ratio. Might give influence of axial load.
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AUTHOR

BorisSimeonov(1984).

TITLE

"ExperimentalInvestigationofStrengthandDeformationofReinforcedConcreteStructur'_lWalls."

SOURCE

Proceedings of the EighthWorldConferenceon _quake Engineering, SanFrancisco, pp. 387-394.

TEST STRUCTURE DESCRIPTION AND SCALE
Scale: 1 to3.

Lower3 st_'iesofa 9-storeybuilding.
Hangedandrectangularwallcrosssections.
Loadingby hydraulicjacks.

WALL THICKNESS, ASPECT RATIO
t--7cm.

AR = 1.63(totalof3 shearwalls).

BOUNDARY CONDITIONS (initialstresses)
Detailsnotgiven.

TYPE OF LOADING (Monotonic,cyclic,static,dynamic,forceordisplacementcontrolled,etc.)
Cyclichorizontalloadwithconstantverticalloadandmoment.

REINFORCEMENT (type,amoun0
0.16-0.28%verticalreinforcemenL

CONCRETE (properties,aggregatesize,curing,etc.)
Notgiven.

INSTRUMENTATION

Notgiven.

DEFINITION OF ULTIMATE DRIFT LIMIT

Notgiven.

PURPOSE OF TEST (hysteret/cmodel,strength)
Hysmreticmodelandstrength.

COMMENTS

Paper difficult to read. No discussion of Rigid body rotations.

ULTIMATE DRIFT RESULTS (AT MAXIMUM REPORTED DEFLECTION)
DFM1E2 = 0.82%.
DFM1E3 = 1.18%.

DFM1EA= 0.99%.
DFM3E1 = 0.87%.
DFM2E2 = 0.84%.

, t

PAPER USEFULNESS TO OUR STUDY (1= VeryUseful;$ = NotUseful)
4: Aspectratiotoohigh.Also.3 stories.

"'"'" I , ' , ,, , J '"'"' ,,, ," .,." ,.• ,, , ...... , ,,
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AUTHOR

R. H. Stivers (1955).

TITLE

"Stressesand Deflections in ReinforcedConcrete ShearWalls ContainingRectangularOpenings.
iii i i i

SOURCE

Ph.D. Dissertation,StanfordUniversity.
i i i i

TEST STRUCTURE DESCRIPTION AND SCALE
Eleven walls testedin shear fixture.

WALL THICKNESS, ASPECT RATIO
t = 2.0 in.
AR = 1.73.

,ll

BOUNDARY CONDITIONS (initial stresses)
Not given.

i • i , ,ll. ,i i

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Monotonic, displacementcontrolled.

REINFORCEMENT (type, amount)
0.5% reinforcingin all walls.

iii H.

CONCRETE (properties, aggregate size, curing, etc.)
3000 psi concrete(all tests) using PortlandCement plus Tricosol admixture. Mix and propertydetails in paper.

INSTRUMENTATION

Ames dial gage for lateralmovement.
i i

DEFINITION OF ULTIMATE DRIFT LI34IT

Based on deflection at ultimate (peak) load.

PURPOSE OF TEST (hysteretic model, strength)
Strength.

COMMENTS

Monotonic loadingonly.

Samples had rectangularcutouts.
i,

ULTIMATE DRIFr RESULTS (AT ULTIMATE LOAD)
H-3: 0.45%.
H-4: 0.95%.
H-5: 0.55%

Ill I I . Hill

PAPER USEFULNESS TO OUR STUDY (1 -.-Very Useful; $ = Not Useful)
5: Because monotonicloading and test samples had cutouts.

f i i i ,. ' iH i i 'l i , , i iij i,L
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AUTHOR

H. Tanaka,K. Imoto, S. Yoshizaki, K. Emori, Y. Inada,and H. Nanba (1988).
i., i i i . f f i i i, ii _ ,,

TITLE

"An Evaluation Method for Restoring Force Characteristicsof R/C ShearWalls of ReactorBuildings."
, , I ,J , ,,, , ,, , I, II I ,IH I II - I || ,, III I I , ,, ,H I

SOURCE

Proceedings of Ninth World Conference on EarthquakeEngineering, August 2-9, 1988, Tokyo-Kyoto, Japan, Vol. VI,
pp. 747-752.
I I[ I III I I,I I IIII I I I I I -- - I I II III I II I

TEST STRUCTURE DESCRIPTION AND SCALE

Summarizesdata from other papers. Includesbox walls, cylindrical walls, truncatedconical walls an( I-shaped
section walls. Papersreviewed were 1/I0 to 1/30 scale.

,,H , ,.HI . , ,,, H, i , , ,H , ,,, m

WALL THICKNESS, ASPECT RATIO
t = 5 to 10 cm.

BOUNDARY CONDITIONS (initial stresses)
Not given.

i, , , , ,., , ,,.,., , ,,n, ii , , . , Jl H , ,, ,

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Not given.

| ...,,, J, i , , i

REINFORCEMENT (type, amount)
Most less than 1_.%.

H J , i ,. |n,,,. ., , i , .., i H

CONCRETE (properties, aggregate size, curing, etc.)
Not given.
L ,,,, . .,., m,. , , , ,,,., ,Ira .H,

INSTRUMENTATION

Not given.
,,, ,, .m, ,, ,,,,

DEFINITION OF ULTIMATE DRIFT LIMIT

Not given for I-shaped section shear walls.

PURPOSE OF TEST (hysteretic model, strength)
Provide a method of determining restoring-forcecharacteristics of shear walls for nonlineardynamic response
analysis.

COMMENTS

Reviews existing shear wall experimentalresults.

ULTIMATE DRIFT RESULTS

Not given.

PAPER USEFULNESS TO OUR STUDY (1 ffiVery Useful; $ = Not Useful)
5: Does not discussLtD.

II I I -- I _ I .... IIIIIII II f I IIIII.nl'i I III I I I_ I II I I I I-III IIII ] IIIIII I .... !! I I IIIillJljli !111 : • I

NUREG/CR-6104 88



AppendixA

AUTHOR

M. Tomii and M. Takeuchi (1968).

TITLE

"TheRelations Between the Deformed Angle and the ShearingForce Patio (0.80 - 1.00) with Regard to 200 Shear
Walls.

SOURCE
Trans.ofA.IJ.,No. 153,Nov.1968.

TEST STRUCTURE DESC_ON AND SCALE

200staticallytestedshearwallswithoutopenings.

WALL THICKNESS, ASPECT RATIO
Varies- Not given.

BOUNDARY CONDITIONS (initial stresses)

Vary - Not given.

TYPE OF LOADING (Monotonic, cyciic, static, dynamic, force or displacement controlled, etc.)

Doesnotincludedynamicloadtests."Unclearwhethercyclicdataareincluded.

REINFORCEMENT (type,amount)
Varies-Notgiven.

CONCRETE (proimrties, aggregate size, curing, etc.)
Varies - Not given.

INSTRUMENTATION

Varies - Not given.

DEFINITION OF ULTIMATE DRIFT LIMIT

UD occurs when ultimate(maximum) load is reached.

PURPOSE OF TF,ST (hysteretic model, strength)

Relation between drift and shearing force ratio for a large numberof tests reportedby others.

COMMENTS

Statistical investigationof relationbetween drift and shearing force ratio.

ULTIMATE DRIFT RESULTS

ResultspresentedprobabilisticaUy. Mean UD for concreteshearwalls atultimateload is - 0.4%.

PAPER USEFULNESS TO OUR STUDY (1= VeryUseful;$ = NotUseful)
h Veryusefulfcfcomparisonwithresults.Providesa possiblestatisticalapproachforrepresentingthedata.
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AUTHOR

H. A. Williams and J. R. Benjamin (1952).
...... i III IIII I r llll liraill iii [ II ................ iiii - iiiii I I

TITLE

"Investigationof ShearWalls, Part 13
-:- : - . 1,1,1 i i i 11 i ii i i i _ i i i i i _ i i m,1 1,11111r I II 11,11 L ,,11 I 11111

SOURCE

TechnicalReportNo.I,PartI,DepartmentofCivilEngineering,StanfordUniversity,Stanford,CA.
; II I in i . r I II I II II I III iiiii iiiiiii I I I J I I II H I II i Jllll II I III I 11111[ I

TEST STRUCTURE DF_CRIFFION AND SCALE

Singleshearwallsenclosedby frames.Scale:Notgiven.
- iii, ,,,,,,,, , ,,,,, ......... ,,......................................

WALL THICKNESS, ASPECT RATIO
AR ffi0.7i. t= 1.75in.

11 ,ull ii .......................... i i iil,,l lJllii H ii H i

BOUNDARY CONDITIONS (initialstresses)
Initialstms_sminimizedby usinga symmetricloadingfixture.

II II II II III II I IIII1 II 11111 • 11 IHI II I Ill I I 1111 I 111

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Static loading, monotonic.

I I III I III III IIII I I I I III II II I IIIIIIIIIII I IIIIIII III [ I lllll _ ii

REINFORCEMENT (type, amount)
Yield point = 41,000 psi - 61,000 psL

illl - _ ii I I __ IIIII II I I IIIIIII I III

CONCRETE (properties, aggregate size, curing, etc.)
Compressive strength3230 psi. - 5100 psi. Aggregate,mix, and curingdetails given in Appendix A.

....... ! , ,, ii I I I III II _ I Illlllll II II I lilll I i III IIIIII I Irlllllllll II

INSTRUMENTATION

Lateral deflectionsdeterminedusingAmes dial gages.Strain gagesusedon reinforcingbars.Somestraingages
werecemented to concretepanels.

I I Illl I II I !ll IIIII I II II Ill I I I I I I r ........

DEFINITION OF ULTIMATE DRIFT LIMIT

None given.
I Illlm II I I |nil I I I I I

PURPOSE OF TEST (hysteretie model, strength)
Strength-deflectioncharacteristicsof shear walls.
II II I I I I I II I I III II I I I llllllll III

COMMENTS
i.u _ . i. Hll,i . i i JLI III ,..,,.,,, I

ULTIMATE DRIb'r RESULTS (AT ULTIMATE LOAD)
0.16%-0.78%.
m i - .i.. .i i 11 . lu ii ii HH,I i 11 I i, i i

PAPER USEFULNESS TO OUR STUDY (1 ffiVery Useful; $ = Not Useful)
3: Monotonic loading only.

.... _ _[ ilium I _ll_l _[lllll , i _ ......... I I .................. II I _. I! I ........ I1[ Jill I iii III I _ I
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AUTHOR

H. A. Williams and J. R. Benjamin(1953).
................................ ii i illi i [ III ....... i i i i iiiiii1_11 I IIIII ___ J J I [[III

TITLE

"Investigationof ShearWalls, Part3."
, U _ t -- llll llllnll,ll I i ii I J iii i " - iiiii i i III - --

SOURCE

Department of Civil Engineering.StanfordUniversity, Stanford,CA.
llll ] __, I .. ] - i I I] I Im I i i I I l i i __ III ii

TEST STRUCTURE DESCRIPTION AND SCALE

Two typesofteststructuresused.Two modelswere3/8scale.
,Hill r I l l I I ,r, t ..... I 11 I I Ill If'fill

WALL THICKNESS, ASPECT RATIO
AR = 0.32 - 1.25. t = I in., 2 in.

,, .. ,,,_ l ,'sill Ill lllllll' I I ' l i,,rlll

BOUNDARY CONDITIONS (initial stresses)
See Part I.

II IIII III] I I II I I II [ I I I I

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
Monotonic. static, load controlledand displacement controlled. Vertical load is applied in some cases.

i iiii ii ii i IIII I II II I II] I I II II I I III I II II I

REINFORCEMENT (type, amount)
Intermediate gradebars (45,300 psi-49,500 psi yield). 0 - 0.5% reinforcement.

CONCRETE (properties, aggregate size, curing, etc.)
Properties, mix details given on pg, 9. Nominal 3000 psi concreteused.

I1[ IIII III II II II III IIIIIIII II II I

INSTRUMENTATION

Ames dials for measuringlateraldeflections of specimens° Straingages were attachedto the wall panel and
reinforcing steel.
i ii i i i I IIII I _ Ul III

DEFINITION OF ULTIMATE DRIFT LIMIT

Notgiven.
i ii , ill i i i i,,t,,i

PURPOSE OF TEST (hystereticmodel,strength)
Investigationofcertaindefiniteitemsinfluencingshearwallbehavior(Aspectratio,reinforcement,normalandshear
loads).

............ m ..... I I ,, H , H iH,l

COMMENTS

Containsdriftinformationasafunctionofaspectratioandamountofreinforcement.Thescaleeffectisisolated
experimentally.Effectofverticalloadisnotsignificant.Givesempiricalformulafordisplacementpastultimate
load.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)

(AR = 1.25) 0.44%. 1.30%.
(AR = 0.71) 0.16% - 0.95%.
(AR = 0.69) 0.73% - 1.51%.
(AR = 0.58) 0.28% - 0.46%.
(AR = 0.50) 0.51% - 0.53%.

(AR = 0.32) 0.28% - 0.59%.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
2: In spite of the fact thatloading is monotonic, the role of reinforcementand, particularly,aspect ratio can be
isolated from the data. Also, the influence of the frame can be isolated from the _ta.

111 r !rl, iiIl_l]_l i11 I IIIIIl[ll I II I T Ill II iiii IYI I i I _-[i I II I I i - iii I IIII IIIhlllI]l IIII I I I ii I II I Illlllll f liT --_
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Appendix A

AUTHOR

S. Wiradinata and M. Saatcioglu (1986).

TITLE

"Tests of Squat Shear Wall Under Lateral Load Reversals."

SOURCE

Proceedings of the Third U. S. National Conference on Earthquake Engineering.

TEST STRUCTURE DESCRIPTION AND SCALE

Two squat walls with rectangular cross-sections. Massive beams on top and bottom of wall. Large Scale.

WALL THICKNESS, ASPECT RATIO
t-- 100 ram.

AR = 0.5,0.25.

BOUNDARY CONDITIONS (initial stresses)
Specimens post-tensioned to the laboratory strong floor.

TYPE OF LOADING (Monotonic, cycfic, static, dynamic, force or displacement controlled, etc.)

Cyclic, applied uniformly through top beam. Horizontal load applied using hydraulic jacks. Displacement-controlled
horizontal load cycles. Complicated load cycling program.

REINFORCEMENT (type, amount)

0.8% vertical and 0.25% horizontal reinforcement. Yield strength of reinforcement: Vertical: 63,000 psi;
Horizontal: 61,600 psi.

CONCRETE (properties, aggregate size, curing, etc.)
3200 psi-3600 psi concrete strength.

INSTRUMENTATION

Vertical and horizontal deflections measured by LVDT's and strain gages placed on selective reinforcement. A
"Zurich" gage was used for shear deformations on the concrete surface.

DEFINITION OF ULTIMATE DRIFT LIMIT

Magnitude of deformations were increased until a significant drop was observed in the load resistance of the
specimen.

PURPOSE OF TEST (hysteretic model, strength)
Hysteretic, failure modes.

i,

COMMENTS

On one specimen, sliding of the wall with respect to the foundation beam was significant. Failure mode of a squa_-

wall subjectedto reversed cyclic loading is affected by Aspect Ratio. Walls with low AR's may fail in sliding shear
prior to flexure or diagonal tension or compression failures.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
1.04% - 1.12% (AR = 0.5).

0.50%- 0.66%(AR= 0.25).

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
1: Very Useful.
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Appendix A

AUTHOR

M. Yamada, H. Kawamura, and K. Katagihara (1974).

TITLE

"Reinforced Concrete Shear Walls Without Openings; Test and Analysis."

SOURCE

SP 42-24, American Concrete Institute.

TEST STRUCTURE DESCRIPTION AND SCALE

RC shear walls in a rectangularreinforcedconcrete rigid loading frame. Scale models: 1/5.

WALL THICKNESS, ASPECT RATIO
AR = 0.44.

t = 20, 30, 40 ram.

BOUNDARY CONDITIONS (initial stresses)
None, by design of load frame.

TYPE OF LOADING _/lonotonic, cycfic, static, dynamic, force or displacement controlled, etc.)

Monotonic static loading to failure. Loading by hydraulicjack oriented diagonally. Constantvertical loading also
applied.

REINFORCEMENT (type, amount)
4 mm dia steel bars. Stress-strainpropertiesgiven. Reinforcementratios of 0%, 0.31%, 0.63%, 1.26% were tested.
Yield stress: 2920 kg/cm2 - 3360 kg/cm2.

CONCRETE (properties, aggregate size, curing, etc.)
High qualityPortlandcement and aggregates with a maximum size of 15 mm, a mix proportionof 1:2.55:3.34 by
weight, with water-cementratio of 60%, Mechanicalprope_rtiesgiven, fcl: 307 kg/cm_ - 363 kg/cm2.

INSTRUMENTATION

Dial gages used to measure lateral deflections.

DEFINITION OF ULTIMATE DRIFT LIMIT

None given.

PURPOSE OF TEST (hysterefic model, strength)
To determine effects of web reinforcement ratio and panel thickness on deformation.

COMMENTS

Paper shows influence of web reinforcementratio on maximumresistance and driftat maximum resistance.

ULTIMATE DRIFT RESULTS (AT ULTIMATE LOAD)
0.32% - 0.62%.

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)
3: Because notcyclic loading.
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Appendix B

Brief Reviews
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Appendix B

AUTHOR

J. Antebi (1961).

TITLE

"Model Analysis of the Response of Shear Walls to Dynamic Loads."

SOURCE

Thesis, Massachusetts Institute of Technology.

TEST STRUCTURE DESCRIPTION AND SCALE

Same as Bertero (1957). Scale modeling study performed.

WALL THICKNESS, ASPECT RATIO

BOUNDARY CONDITIONS (initial stresses)

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

REINFORCEMENT (type, amount)

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

Develop and verify modeling techniques for reduced scale structures under dynamic loads.

COMMENTS

Paper is based on load frame and some of the tests reported by Bertero (1957). Since single-pulse loading, detailed
review not performed.

ULTIMATE DRIFT RESULTS

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
5: Not Useful.
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Appendix B

AUTHOR

J. R. Benjamin and H. A. Williams (1955).

TITLE

"Investigation of Shear Walls, Part 9."

SOURCE

Department of Civil Engineering, Stanford University, Stanford, CA, September 1955.

TEST STRUCTURE DESCRIPTION AND SCALE

WALL THICKNESS, ASPECT RATIO

BOUNDARY CONDITIONS (initial stresses)

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

REINFORCEMENT (type, amount)

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Report focuses on reinforcement around openings in shear walls, variations in panel reinforcing, and combined
normal and shear loading. Only combined loading would be of interest here. Because no drift data are presented for
combined loading, this report is not reviewed.

ULTIMATE DRIFT RESULTS

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
5: Not useful.

97 NUREG/CR-6104



Appendix B

AUTHOR

J. R. Benjamin and H. A. Williams (1960).

TITLE

"Reinforced Concrete Shear Wall Assemblies."

SOURCE

Journal of the Structural Division, ASCE, Vol. 86, pp. 1-32, August 1960.

TEST STRUCTURE DESCRIPTION AND SCALE

One-storey and two-storey shear wall assemblies. Four one-storey models had parallel shear walls (2 or 3). Three
individual shear walls were f'trst tested as controls. Scale = 1/4.

WALL THICKNESS, ASPECT RATIO
t=2in.

AR = 0.875 (Approx.).

BOUNDARY CONDITIONS (initial stresses)

TYPE OF LOADING (Monotonic, cycfic, static, dynamic, force or displacement controlled, etc.)

REINFORCEMENT (type, amount)

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFI" LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Paper not reviewed because displacements not taken to ultimate load.

ULTIMATE DRIFT RESULTS

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
5: Not Useful.
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AUTHOR

J. P. Moehle, M. A. Sozen, and H. T. Tang (1990).

TITLE
"Concrete Wall Stiffness: Calculation vs. Measurement."

SOURCE

Precedings of the Third Symposium on Current Issues Related to Nuclear Power Plant Structures, Equipment and
Piping, Orlando, FL, December 1990 (Ed: A.K. Gupta).

TEST STRUCTURE DESCRIPTION AND SCALE
Low rise reinforcedconcrete shearwalls.

WALL THICKNESS, ASPECT RATIO

BOUNDARY CONDITIONS (initial stresses)

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

REINFORCEMENT (type, amount)

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Paper focuses on a comparison of lateral load stiffnesses measuredby others with calculated stiffness values. Paper
focuses on working stress levels and contains little drift limit information. Therefore, paper not reviewed.

ULTIMATE DRIFT RESULTS

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)
5: Not Useful.
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AUTHOR

R. G. Oesterle, A. E. Fiorato, and J. D. Aristizabal-Ochoa (1980).

TITLE

"Free Vibration Tests of Structural Concrete Walls and Analysis of Free Vibration Tests of Structural Wails."

SOURCE

NSF/RA - 800043, Portland Cement Association, Skokie, IL.

TEST STRUCTURE DESCRIPTION AND SCALE

WALL THICKNESS, ASPECT RATIO

BOUNDARY CONDITIONS (initial stresses)

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

REINFORCEMENT (type, amount)

CONCRETE (properties, aggregate size, curing, etc.)
,... ,.,

INSTRUMENTATION
P

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Free vibration testing of shear walls only. No drift limit information given, so paper not reviewed.

ULTIMATE DRIFT RESULTS

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
5: Not useful.
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Appendix B

AUTHOR

R. G. Oesterle, A. E. Fiorato, J. D. Aristizabal-Ochoa, and W. G. Corley (1980).

TITLE

"Hysteretic Response of Cortrete Structural Walls."

SOURCE
ACI, SP 63, 1980.

TEST STRUCTURE DESCRIPTION AND SCALE

16 large structural walls. Flanged, bar bell, and rectangular cross sections. Scale ---1/3.

WALL THICKNESS, ASPECT RATIO

BOUNDARY CONDITIONS (initial stresses)

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

REINFORCEMENT (type, amount)

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Paper not useful to present study as results are not presented in terms of drift. Only shear/bending distortions

presented....

ULTIMATE DRIFT RESULTS

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)
5: Not useful.
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AUTHOR

Thomas Paulay (1978)

TITLE

"Earthquake Resistant Structural Wails."

SOURCE

Proceedings of "Earthquake-Resistant Reinforced Concrete Building Construction," Berkely, CA, June 1978.

TEST STRUCTURE DESCRIPTION AND SCALE

No testing - review paper only.

WALL THICKNESS, ASPECT RATIO

BOUNDARY CONDITIONS (initial stresses)

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

REINFORCEMENT (type, amount)

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (yyster.etic model, strength)

COMMENTS
i .,,

ULTIMATE DRIFT RESULTS
t.

PAPER USEFULNESS TO OUR STUDY (I = Very Useful; 5 = Not Useful)
5: Containsonly incomplete data reported elsewhere.
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Appendix B

AUTHOR

H. Umemura, H. Aoyama, and Y. Hosokawa (1980).

TITLE

"Restoring Force Characteristics of RC Walls with Openings and Reinforcing Methods."

SOURCE

Proceedings of the Seventh World Conference on Earthquake Engineering, Istanbul, pp. 209-216.
i i i i [ i iiiii iiiiiiiii i iiii iii ii

TEST STRUCTURE DESCRIPTION AND SCALE

WALL THICKNESS, ASPECT RATIO

BOUNDARY CONDIT_.ONS (initial stresses)

TYPE OF LOADING _ onotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

REINFORCEMENT (typ,, amount)

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Paper not reviewed, because structtu"e was box shape -- no conventional shear walls.

ULTIMATE DRIFT RESULTS

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
5: Not useful.

iii. i i i
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AppendixB

AUTHOR

H.Umemura,H.Aoyama,andY.Hosokawa(1980).

TITLE

"RestoringForceCharacteristicsofRC WallswithOpeningsandReinforcingMethods."

SOURCE

ProceedingsoftheSeventhWorldConferenceonEarthquakeEngineering,Istanbul,pp.209-216.

TEST STRUCTURE DESCRIPTION AND SCALE

WALL THICKNESS, ASPECT RATIO

BOUNDAR'I_CONDITIONS (initial stresses)

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

REINFORCEMENT (type, amount)

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Papernot reviewed, because structurewas box shape -- no conventional shear walls.

ULTIMATE DRIFT RESULTS

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; 5 = Not Useful)
5: Not useful.
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,,,", i ,

AUTHOR

F. Wang, F. Gantenbein, J. Dalbera, and C. Duretz (1989)

TITLE

"Seismic Behaviorof Reinforced Concrete ShearWaUs."

SOURCE

SMIRT 89, Anaheim, CA.

TEST STRUCTURE DESCRIPTION AND SCALE

WALL THICKNESS, ASPECT RATIO
J,i

BOUNDARY CONDITIONS (initial stresses)

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)
|,

REINFORCEMENT (type, amount)

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Analysis only. Contains no relevant experimentaldata.
i

ULTIMATE DRIFT RESULTS

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
5: Not useful.
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Appendix B

AUTHOR

S. Wiradinata(1985).

TITLE

"Behaviorof SquatWalls Subjected to Load Reversals."

SOURCE

Thesis, University of Toronto, Canada.

TEST STRUCTURE DESCRIPTION AND SCALE

WALL THICKNESS, ASPECT RATIO

BOUNDARY CONDITIONS (initial stresses)

TYPE OF LOADING (Monotonic, cyclic, static, dynamic, force or displacement controlled, etc.)

REINFORCEMENT (type, amount)

CONCRETE (properties, aggregate size, curing, etc.)

INSTRUMENTATION

DEFINITION OF ULTIMATE DRIFT LIMIT

PURPOSE OF TEST (hysteretic model, strength)

COMMENTS

Containsfurtherdetails of the shear wail study reportedin S. Wiradinataand M. Saatcioglu (1986).
,,,,,

ULTIMATE DRIFT RESULTS

PAPER USEFULNESS TO OUR STUDY (1 = Very Useful; $ = Not Useful)
5: Not Useful.
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