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Fig. 45 1:5-scale 10-story RC Box-type Wall Building Structure model (Lee et al, 2012) 
 

 
(a) Capacity curves 

  
  (b) Envelope of interstory drift under DE 

 

  

  
(c) Relations of hysteretic curves between  

base shear and roof drift under DE and 
MCE 

(d) Distribution of plastic hinges and axial 
strain of inner walls under MCE and 

Concepcion EQ. 

   
(e) Crack patterns in exterior walls 

Fig. 46 Experimental and analytical results of 1:5-scale 10-story RC box-type wall 
building structure model (Lee et al. 2012 and; Hwang and Lee 2015) 

 
In the test results, outer walls have many horizontal cracks at the lower stories 

subjected to a large membrane force (Fig. 46(e)). In the analytical model, the axial 
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strains of wall boundaries at various locations are measured. Under the MCE in Korea, 
the maximum axial strain demands of the wall boundaries in the lower part of the first 
story are within 0.006m/m in tension and 0.0012m/m in compression (Fig. 46(d)). The 
tensile strains in the outer walls are larger than the value of steel yield strain, 0.002m/m, 
which are consistent with the horizontal cracks in the experiment. The probability of the 
damage due to the concrete crushing and rebar buckling is very low under the MCE in 
Korea.  

During the 2010 Concepcion, Chile earthquake (Mw 8.8), the main observed 
damage to slender walls was concrete spalling in unconfined elements and buckling 
and fracture of the reinforcement. Under this earthquake, the total dissipated energy is 
approximately 10 times larger than that under MCE in Korea. The maximum tensile and 
compressive strains, 0.0252m/m and 0.0154m/m, respectively, occurred at the wall 
boundaries, which indicates a potential for severe damage due to the concrete spalling 
and reinforcement buckling at the walls.  

 

 1:15-scale 25-story RC Flat-Plate Core-Wall Building Model 4.3.4

Recently, the number of high-rise buildings (higher than 30 stories) has been 
increasing, for the efficient use of available housing site. For the high-rise buildings, a 
combined system of core shear walls: a lateral load resistance structural system, and 
flat-plates: a gravity load resistance structural system, has been widely used. These 
structural types in current seismic provisions, KBC2009 and IBC2006, are classified as 
dual frame or building frame system. For the shear walls in the building frame system, 
special shear walls, for which special seismic detailing requirements are imposed, or 
ordinary shear walls, which have a height restriction, have generally been used. Lee et al. 
(2015) investigated the seismic characteristics of this structure through shaking table 
tests on 1:15 scale 25-story RC flat-plate core-wall building mode (Fig. 47). 

 

  

(a) Prototype (b) Plan of protype buidling and 1:15 scale model 

 

  

(c) Overview of the (d) Details of core wall and rebar fabrications of the core wall  
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shaking table test setup in the 1:15 scale model 
Fig. 47 1:15-scale 25-story RC flat-plate core-wall building model (Lee et al. 2015) 
In Fig. 48(a), under the design earthquake in Korea (DE, 0.187XY), the base shear 

coefficients were 0.0361 in the X direction and 0.0518 in the Y direction, which are 1.5- 
and 2-fold larger than the design base shear coefficient of 0.0253, respectively. The 
strength increased gradually with the significant decrease of stiffness, and a large over-
strength occurred (Fig. 48(b)). Under the DE (0.187XY), the maximum inter-story drift 
ratio was 0.31% from the 10th to 13th stories in the X direction and 0.30% from the 
18th to 21th stories in the Y direction in Fig. 48(c), which satisfy the allowable inter-
story drift ratio of 1.5% imposed by KBC 2009 (IBC 2006). 

 

  
(a) Correlation between maximum roof drift and base shear coefficient 

    

    
(b) Hysteretic relation of the base shear and roof displacement 

  
(c) Envelope of interstory drift ratio (d) Distribution of story shear  

  
(e) Strain distribution of the core wall  

at the bottom of the first story under MCE 
(f) Relation of the moment and curvature (M-φ) 

in core wall (X-dir.) 
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Fig. 48 Shake-table test results of a 1:15-scale 25-story RC flat-plate core-wall building 
model (Lee et al. 2015) 

The model displayed behavior in the first mode during free vibration after the 
termination of excitation, and the maximum values of the base shear and roof drift in 
this duration can be either similar to or larger than the values of the maximum 
responses during the table excitation. The higher modes were observed in both the X 
and Y directions in the vertical distribution of story shear. When the roof acceleration 
reached a maximum, the effect of the second and third modes governed, and the 
largest story shear was apparent from the 14th to 21st stories instead of the first story 
(Fig. 48(d)). 

In accordance with the displacement-based design method proposed in ACI 318-05, 
special boundary details were imposed on the short wall in the first story with the 
expected plastic rotation of θp = 0.00537 rad (Fig. 48(e)). No significant plastic 
deformation was observed under the MCE in Korea. At the bottom 70 mm of the first 
story, the measured maximum curvature when the end of the boundary element in the 
short wall is in compression is φx-dir. = 0.0085 rad/m, which is approximately 21% of 
0.041 rad/m, the ultimate curvature corresponding to the expected compressive strain 
of 0.00638 m/m (Fig. 48(f)). This result, together with the findings mentioned above, 
implies that the design requirements on the boundary elements of the walls given in 
ACI 318-05 may be overly conservative, particularly for the wall design of high-rise RC 
building frames or dual-frame structures with more than 20 stories.  

 
5. SUMMARY AND CONCLUSIONS 

 
5.1 Summary 

Characteristics of earthquake ground motions in moderate seismicity regions are as 
follows: 

• The probability of collapse can be very low in moderate seismicity regions with that 
of non-structural damage being very high. 

• The damages were concentrated to the region within the short epicentral distance. 

• The duration is relatively short, so resonance effect can be minor. And, intensity of 
high-frequency contents is very high at near field but decays very rapidly as the 
epicentral distance increases. 

• Spectral accelerations of high frequency are very high and can cause the brittle 
failure such as shear failure of short columns and crushing of window glasses. 

• Spectral displacement can be significantly small when compared to the spectral 
acceleration. Therefore, flexible structures generally have a low probability of large 
inelastic excursions. 

• The impact of high-frequency ground motions to the lower-frequency structures 
can cause non-vibratory unidirectional overload to the shear-critical members such 
as short columns. 

• Typical building structures in a moderate seismicity region such as South Korea, 
which were not designed seismically, have retained a large overstrength, so it is 
not reasonable to assume all the non-seismically designed building structures 
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would collapse as many media rouse the public to the unjustified fear.   

 

 

The success of PBEE in high-seismicity regions as well as in moderate-seismicity 
regions depends on how we can estimate the actual behavior and loss reasonably. 
That is, every assumption in the analysis should be verified with experimental 
observation of structures. Estimation of earthquake load should be ascertained by the 
real records of EQ ground motions and the rationale for extrapolation of the ground 
motion prediction equation to the maximum magnitude earthquake should be provided. 
The followings are considered to be prerequisites for the success of PBEE in any cases. 

• Estimation of actual seismic demands on the structural and nonstructural 
responses can be possible only by the provision of seismic hazard curves for all 
structures. Also, guides to input ground motions to be used for the linear and 
nonlinear analysis should be provided. 

• Database of existing structures regarding design, construction, and maintenance 
should be established. Moreover, database of the mathematical behavior models, 
resistance capacity for all kinds of major structural and non-structural elements 
should be set up with their probability distributions. 

• The linear and nonlinear behavior models of elements and joints should be verified 
through experiments, and the reliability in the prediction of overall structural 
behaviors using these models should be confirmed. Also, the user of the nonlinear 
software should have a full understanding of the nonlinear analysis and the 
limitations of the used software. 

• Database should be set up for the derivation of fragility curves of structural and 
nonstructural elements and for estimation of economic losses due to the damages. 

• To ensure the true realization of PBEE, the inspection process on the quality of 
design, construction, and maintenance should be established. For this, a reliable 
system of peer review should be provided. 

 
5.2 Conclusions 

• PBEE can be used as a tool to evaluate the appropriateness of the existing 
seismic code, which was developed mainly for the high-seismicity regions, and to 
adapt this code to the moderate-seismicity regions. To do this, first, the design of 
structures according to the requirements of the current codes, second, perform 
first- and second-generation PBEE on these designed structures. For example, 
each building structures (infilled masonry, or masonry structure, RC moment frame, 
steel moment frame, wall structure, dual structure, so on) designed exactly per the 
current prescriptive seismic codes are evaluated using PBEE procedure. Based on 
these results, appropriateness of performance factors such as R, Cd and Ω will be 
verified regarding the actual behaviors through PBEE procedure. Also, the 
maximum deformations in moderate-seismicity regions are estimated with the 
probability distribution and used to determine the appropriate requirements for 
seismic details, which will clearly lead to the alleviation of requirements for seismic 
details made mainly for the high-seismicity regions. 
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• September 12, 2016, Gyeongju earthquake has provided valuable data of 
earthquake ground motions representing the moderate-seismicity region. By 
analyzing and utilization of these data, it becomes possible to establish the 
seismological model in Korean Peninsula. It is necessary to build up the seismic 
hazard map appropriate for Korean Peninsula by simulating the earthquake ground 
motion with this developed the seismological model and the probability theory. The 
research on the faults in Korean Peninsula should cover not only paleoseismic 
geological study on the faults developed over several million years, but also 
provide the information on the faults behaviors which occurred within Holocene 
period (11,000 years), including the return period of 2,500 years, 500 years, and 
much shorter durations because this information only can make a meaningful 
contribution to seismic design and retrofit. 

• The earthquake tectonics in Korean Peninsula does not belong to the plate 
boundary or the plate boundary related intraplate, but belongs to the category of 
intraplate or mid-plate regions, whose slip rate is less than 0.1 mm/year. The 
earthquake in these regions are called small earthquakes whose maximum 
magnitudes will generally be 6.0~6.5, and do not show the surface ruptures with 
hidden faults. Because the historical catalog over the past 2,000 years in Korea 
cannot be used reliably to predict the maximum magnitude earthquakes in the 
return period of 2,500 years, it seems more reasonable to determine the design 
earthquake having the return period as short as possible, such as 500 years (10% 
probability of exceedance in 50 years). 

• Because any building structure retains some minimum level of earthquake 
resistant capacity, it is a good approach to evaluate this level of resistance and to 
use this information for the seismic strengthening for the target maximum 
earthquake. Though there has been almost no severe earthquake disaster over the 
past several centuries in Korea, the news of devastated cities around the world 
due to the severe earthquakes might cause unjustified fears to Korean people and 
lead to over- or unnecessary design and construction, which should be avoided 
anyway. 

• One example of the over- or unnecessary design and construction may be the use 
of dampers to retrofit low-rise school buildings in Korea. As shown on Sept. 12, 
2016, Gyeongju earthquake, the characteristics of the near-source earthquake 
(maximum magnitude Mw ≤6.5) in moderate-seismicity regions can be described 
as an impulsive load. However, the efficacy of damper for this type of load is 
questionable and should be reevaluated and, if the response of the structure 
appears to be unsatisfactory, redesign and reconstruction should be conducted. 

• Also, low-rise and high-frequency structures, subjected to a very high impulsive or 
implosive earthquake load due to the near-source earthquake, can lead to brittle 
shear failure of the critical beams and columns. Special design requirements to 
ensure the safety against this failure should be developed. 

• Although the probability of collapse of building structures appears to be very low in 
moderate-seismicity regions, the failure of windows, dislocation of ceilings and 
falling of roof tiles were shown to be highly probable. Since a major portion of the 
economic loss is due to these non-structural failures, it is necessary to develop 
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appropriate design requirements specific to the moderate-seismicity regions. 
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