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ABSTRACT 

The paper develops a reliability index approach to assess the reliability of tall buildings subjected to earthquake loading. 
The reliability index β model measures the level of reliability of tall buildings in earthquake zones based on their re- 
sponse to earthquake loading and according to their design code. The reliability index model is flexible and can be used 
for: 1) all types of concrete and steel buildings and 2) all local and international codes of design. Each design code has 
its unique reliability index β as a magnitude and the interaction chart corresponding to it. The interaction chart is a very 
useful tool in determining the building drift for the desired level of reliability during the preliminary design of the 
building members. The assessments obtained using the reliability index approach of simulated, tested, and actual build- 
ings in earthquake zones were acceptable as indicators of the buildings reliability. 
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1. Introduction 

The lateral displacement or drift of structural systems 
during an earthquake has an important impact on their 
potential failure. The probability of failure of structures 
is therefore reduced by limiting their lateral displace- 
ments or drifts. The reliability index β, which is typically 
used to measure the probability of failure of structural 
systems, allows structures to reach the desired reliability 
level through the assessment of the likelihood that their 
earthquake responses exceed predefined building drift 
values (roof displacement). The reliability index appro- 
ach made it possible for the reduction of the probability 
of failure of building structures [1-6].  

Drift limitations are currently imposed by seismic de- 
sign codes, such as Uniform building Code (UBC) and 
International Building Code (IBC), in order to design 
safe buildings [7,8]. The acceptable range for the drift 
index of conventional structures lies between the values  

of 0.002 and 0.005 (that is approximately 
1 1

to
500 200

).  

Excessive lateral displacements or drifts can cause failure 
in both structural and non-structural elements. Therefore, 
drifts at the final structural design stages must satisfy the 
desired reliability level and must not exceed the specified 
index limits [9-13]. While extensive research has been 
done in this important topic, no or limited studies ad- 
dressed the use of reliability index to assess the building 

reliability in earthquake zones based on their lateral dis- 
placement and drift. 

This paper develops a probabilistic model using the re- 
liability index approach to assess the reliability of con- 
crete and steel buildings subjected to earthquake loading 
in different zones and soil profiles based on their re- 
sponses to earthquake loading, Table 1. The non-linear 
dynamic response of buildings was obtained using three 
simulated models of buildings, square, circular, and tube 
with different heights, Figures 1-4. 

Other real buildings such as the full scale seven story 
reinforced concrete building that was tested statically and 
dynamically in Japan conducted under the US-Japan Co- 
operative Earthquake Engineering Research Program on 
the seismic performance of the building structure Figure 
5 [14]. 
 

Table 1. Soil profile and seismic factors. 

Soil type (S) Seismic factors (Z) 

Hard Rock (S1) 0.075 gravitational acceleration (Z1) 

Rock (S2) 0.150 gravitational acceleration (Z2) 

Very dense soil  
and soft rock (S3) 

0.20 gravitational acceleration (Z3) 

Stiff soil ( S4) 0.30 gravitational acceleration (Z4) 

Soft soil (S5) 0.40 gravitational acceleration (Z5) 
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Model 1
Square   

Model 2
Circular   

Model 3
Tube  

Figure 1. 3D Structural Building Models. 
 

 

Figure 2. Square Building Plan and Elevation. 
 

Holiday Inn and the Bank of California in Los Ange- 
les during the San Fernando earthquake 1971 were stud- 
ied and analyzed, Figures 6 and 7 [15]. 

2. Method Formulation 

A structure fails when the actual building drift δ is higher 
than the maximum allowable drift Δ. The building mar- 
gin of safety M is given by the following equation: 

 

Figure 3. Circular Building Plan and Elevation. 
 

M                    (1) 

The allowable drift  is given by the following equa- 
tion: 

T IH D                    (2) 

where HT = building total height, DI = drift index (1/500 
to 1/200), and  = actual building roof displacement. 

Hence the probability of failure (pf) of the building is 
given by the following equation: 

  0
0 m

m

pf p M





 
  

 
           (3) 

where  = standard normal cumulative probability dis- 
tribution function, m = mean value of M, and m = stan-
dard deviation of M. 

The parameter m is given by the following equation: 

m                     (4) 

The standard deviation of M is given by the following 
equation: 

2
m

2
                   (5) 
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Figure 4. Tube Building Plan and Elevation. 
 

 

Figure 5. 7-Story Building (US-Japan Research Program). 

 

Figure 6. 7-Story Holiday Inn Building. 
 

 

Figure 7. Bank of California Building Transverse Section. 
 

Combining Equations (3)-(5) yields the following 
equation for the probability of failure (pf) of the building: 
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2 2
pf 



 


 




 
  




             (6) 

Let us define the reliability index β using the following 
equation: 

m

m





                   (7) 

Combining Equations (4)-(7) yields the following 
equation for the probability of failure (pf) of the building: 

 pf                    (8) 

Combining Equations (4)-(6) and (8) yields the fol- 
lowing equation for the reliability index : 

2 2





 


 




 
  

               (9) 

By setting the maximum allowable drift Δ equal to , 
the building earthquake response δ equal to , and the 
standard deviation equal to the mean value times the co- 
efficient of variation [16], Equation (9) can be re-written 
as follows. 

   2 2
C D




         

           (10) 

The parameter C is given by the following equation: 

DLF*COV DLC  



           (11) 

where DLF = dead load factor, which is equal to 1.2 as 
prescribed by ACI Code [17] and COV (DL) = coeffi-
cient of variation for dead load, which is equal to 0.13 as 
suggested by [16]. 

On the other hand, the parameter D is given by the 
following equation: 

  DLF*COV DL LLF*COV LLD       (12) 

where LLF = live load factor, which is equal to 1.6 as 
prescribed by ACI Code and COV (LL) = coefficient of 
variation for live load, which is equal to 0.37 as sug- 
gested by [17].   

The displacement  for a certain β is obtained by 
re-writing Equation (10) as follows. 

 

 

2

2 2

1
2 2 2 2 2 2

2
2 1

2

D
D

D C C D

 





 

 


          

     (13) 

The maximum reliability index max, which is obtained 
by setting δ equal to zero in Equation (13), is given by 

the following equation: 

max

1

C
                   (14) 

The formulation presented herein allows the estima- 
tion of the reliability of structures based on drift results 
when subjected to static equivalent earthquake loads de- 
fined by UBC and IBC codes of design for different 
seismic zones and soil profiles. The reliability index β is 
calculated for multi story buildings based on their top 
response to earthquake loading and the allowable drift (Δ) 
(i.e., on desired drift).The allowable and computed drifts 
are inserted into Equation (13) to determine the building 
reliability index β. Since the reliability index β is a func- 
tion of the building height, the drift index, the roof dis- 
placement, and the dead and live load factors required by 
the code of design, the reliability index model can be 
used for all types of concrete and steel buildings. The 
reliability index β is in fact flexible because it can be 
used for all local and international design codes simply 
by changing the parameters magnitudes of the reliability 
index equation to the required parameters by the design 
code. Each design code has its unique reliability index β 
as a magnitude and the interaction chart that corresponds 
to it. The interaction chart is a very useful tool in deter- 
mining the building drift for the desired level of reliabil- 
ity during the preliminary design of the building mem- 
bers. 

3. Result and Discussion 

Several steel and reinforced concrete buildings were 
simulated using STAAD PRO [18] as shown in Figure 8. 
The buildings, which have square, rectangular, and cir- 
cular shapes and different heights, include reinforced 
concrete shear walls and slabs. The buildings were sub- 
jected to static equivalent earthquake loads, which are 
defined by UBC and IBC codes of design, for different 
seismic zones and soil profiles and their responses were 
obtained using the finite element software STAAD-PRO. 

The reliability index β was computed for 18- and 30- 
story buildings in seismic zones 1, 2, 3 and 4 and for soil 
profiles S1, S2 and S3 for each zone. The results show 
that the reliability index β of the buildings with a drift 
limit index of 0.005 lied in the range of 3.5 and 6 for 
18-story buildings and in the range of 2.3 and 5.8 for 
30-story buildings. The buildings with a β value less or 
equal to 6 are considered as reliable while those with a β 
value less than 3.5 are considered as unreliable building 
(see Table 2 and Figures 9 and 10). 

Increasing the building strength will also increase its 
reliability. For example increasing the size of columns 
and shear wall will increase the level of reliability as 
shown in Table 3. 
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Figure 8. 30-Story Concrete Building Finite Element Model. 
 

Table 2. Building Model Reliability Indexes. 

Building 
Model 

Height 
(meter) 

Z*/S** Concrete Steel 

β β 
 δ (mm) 

1/200 1/500 
δ (mm) 

1/200 1/500

Z1/S1 14.322 6.046 5.211 20.502 5.832 4.54

Z1/S2 19.084 5.883 4.693 27.328 5.566 3.84172 

Z2/S3 42.9 4.903 2.581 74.516 3.608 1.156

Z3/s2 119.804 3.706 1.238 118.624 3.732 1.26

Z4/S3 197.665 2.299 0.278 195.713 2.327 0.293

Square 

120 

Z3/S1 95.85 4.276 1.782 94.905 4.3 1.808

Z1/S1 16.988 5.957 4.921 20.422 5.835 4.549

Z1/S2 22.640 5.751 4.314 27.219 5.571 3.85272 

Z2/S3 50.912 4.555 2.105 74.285 3.617 1.163

Z3/s2 135.778 3.361 0.963 139.976 3.276 0.9

Z4/S3 224.012 1.959 0.093 230.945 1.878 0.051

Circular 

120 

Z3/S1 108.63 3.964 1.468 111.985 3.885 1.395

Z1/S1 18.146 5.917 4.795 30.959 5.417 3.504

Z1/S2 24.124 5.694 4.16 41.258 4.87 2.69272 

Z2/S3 54.104 4.419 1.942 125.892 2.135 0.187

Z3/s2 154.706 2.992 0.701 151.665 3.048 0.739

Z4/S3 255.195 1.622 −0.078 250.029 1.673 −0.053

Tube 

120 

Z3/S1 123.787 3.617 1.164 121.399 3.67 1.207

*Z, seismic zone factor; **S, soil profile. 

4. Case Study 

A case study dealing with the performance of actual 
building sunder seismic load is considered herein to fur- 
ther validate the use of their liability index β approach. 
The reliability index β was computed using Equation (10) 
to assess the building reliability in each seismic test. The 
first building is the 23.06-meter-high seven-story rein- 
forced concrete building in Japan, which was tested 
statically and dynamically by the US-Japan Research 
Panel. 

The building was subjected to a static test SL-3 and 
three dynamic earthquake tests SPD-1, SPD-3, and 
SPD-4. For each test, the reliability index β of the build- 
ing were computed using Equation (10) for two drift in-
dexes, namely, (1/200) and (1/500). The top displace-
ment used in Equation (10) was the building actual top 
displacement recorded during each test. Table 4 summa-
rizes the building reliability index results obtained for the 
static and dynamic tests. The results shows that the reli-
ability indexes  of the building during the static test for 
both drift limits are equal to −0.862 and −1.147, respec-
tively. This indicates that the building is not reliable for a 
top displacement of 326 mm. This finding is in agree-
ment with the actual status of the building after the test. 
It has been reported that the building actually failed and 
the main reinforcing bars of the boundary columns were 
fractured and the concrete was crushed along the full 
span of the shear wall. The values of the building reli-
ability index  of the building for the dynamic earth-
quake tests SPD-1 were high indicating a reliable build-
ing. This finding agreed with the real building status 
during the test. Both SPD-3 and SPD-4 tests yielded low 
values of the reliability index indicating an unreliable 
building. These two findings are in agreement with the 
actual status of the building after the tests. 

The reliability indexes of the Holiday Inn and the 
Bank of California buildings in Los Angeles during the 
San Fernando earthquake 1971 were computed to assess 
the reliability of the building. The Holiday Inn building 
is located approximately 8 miles from the San Fernando 
1971 earthquake center. The seven story reinforced con- 
crete frame building, which extends 20 meters above 
grade, suffered a considerable damage, which is in 
agreement with the computed low value of its reliability 
index (see Table 5). 

The Bank of California building is a 12-story rein- 
forced concrete frame building located approximately 23 
kilometers from the center of San Fernando earthquake. 
The building, which has a height of 52.727 m, suffered a 
considerable damage, which is in agreement with the 
computed low value of its reliability index (see Table 5). 

The displacement formula (Equation (13)), which is 
ased on a simple iteration calculation, can be used to  b 
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Table 3. Member Sizes and Reliability Indexes. 

Concrete 

β Building Model 
Height 
(meter) 

*Z/S 
Shear Wall 

m × m 
Column 
m × m δ (mm) 

1/200 1/500 

Z1/S3 0.3 × 10 0.3 × 0.6 21.465 5.796 4.438 

Z1/S3 0.2 × 10 0.3 × 0.3 51.612 4.544 2.068 

Z2/S2 0.3 × 10 0.3 × 0.6 58.889 4.219 1.716 
72 

Z2/S2 0.1 × 10 0.2 × 0.2 212.184 0.878 −0.425 

Z2/S3 0.3 × 10 0.6 × 0.6 128.9 3.506 1.074 

Z2/S3 0.3 × 10 0.5 × 0.5 145 3.176 0.828 

Z3/S2 0.3 × 10 0.6 × 0.6 143 3.215 0.856 

Square 

120 

Z3/S2 0.3 × 10 0.4 × 0.4 221.7 1.987 0.108 

Z2/S2 0.3 × 10 0.3 × 0.6 44 4.855 2.51 

Z2/S2 0.3 × 10 0.3 × 0.5 52.5 4.487 2.022 

Z3/S3 0.3 × 10 0.3 × 0.6 76.9 3.522 1.087 
72 

Z3/S3 0.3 × 10 0.3 × 0.5 88.256 3.135 0.799 

Z1/S2 0.3 × 10 0.6 × 0.6 61.807 5.155 2.995 

Z1/S2 0.3 × 10 0.4 × 0.4 97.172 4.243 1.747 

Z2/S3 0.3 × 10 0.6 × 0.6 139.04 3.294 0.913 

Tube 

120 

Z2/S3 0.3 × 10 0.4 × 0.4 218.590 2.024 0.128 

*Seismic zone factor and soil profile. 
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Figure 9. 18-Story Concrete Building Model Reliability Index. 
 

For example, a building with a total height of 120 me-  compute the top building drift. An interaction chart that 
relates the maximum allowable drift (Δ) to the actual or 
computed building top drift (δ) is provided, Figure 11. ters, a drift index of 

1

200
, and a desired reliability in-  
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Figure 10. 30-Story Steel Building Model Reliability Index. 
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Figure 11. Interaction Chart. 
 
ex of 3 will have 156 mm top drift (roof displacem

ed a reliability index approach to as- 

 

d ent) Table 4. US-Japan Research Program. 

based on the interaction chart (see Figure 11 and Table 
6). The interaction chart is a very useful tool in deter- 
mining the required top drift for the desired building re- 
liability. In other words the building should be designed 
to have a roof displacement less or equal to the top drift δ 
obtained using the interaction chart. 

5. Conclusion 

The paper develop
sess the reliability of concrete and steel buildings sub- 
jected to earthquake loading. The assessments obtained 
using the reliability index of the simulated, tested, and 

TEST Β 
Height
(meter)

1/500No. Description δ (mm) 1/200

SL-3 Static 326 −0.862 1.147−

SPD-1
D
Earthquake 1978 

SPD-3
Dynam pi 

238 −0.686 −1.077

SPD-4
Earthquake 1968 

342 −0.884 −1.156

ynamic Miyagi 
2.52 6.236 5.862

ic Tehacha
Earthquake 1952 

Dynamic Tokachi 

23.06
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Table 5. Holida  California Buildings. 

β 

y Inn and Bank of

Build δ (mm  ing Height (meter) )
1/200 1/500

Holiday Inn 20.00 241 −0.779 −1.114

Bank of California 52.727 279 −0.072 0.829−

 
Table 6. Top Drift Interaction Ch

Δ (mm

art. 

) δ (mm) 
Building Height 

(meter) 
β 1

200

1

500
 

1

200

1

500

120 3 600 240 156 62 

72 6 360 144 17 

23 4 115 46 21 

7 

9 

53 5 265 106 30 12 

 
actual buildings in earthquake zones were acceptable as
indicato f the bu ings ability. The reliability in- 
dex mo s flexibl nd e u r: ll types of

uildings and 2) all local and international design cod

CA-12/10-2. 
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