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ABSTRACT: The seismic design regulations have not been applied to low buildings that 
are less than 6 stories in Korea. Although they are designed only for gravity loads, they 
have inherent strength to resist moderate earthquake. In this study, to have a clear 
understanding the characteristics of the inherent strength, theoretical equations are 
derived based on column or beam hinge sway mechanism. For the comparison of 
accuracy, the 3, 4 and 5-story buildings are designed and push-over analyses are 
performed. The comparisons show good agreements between theoretical values and 
numerical analyses for weak column – strong beam structure. The strength of re-bar, steel 
ratio of column, bay number and span length are proportional to the inherent strength but 
story height and DL are inversely proportional to the inherent strength. 
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1 INTRODUCTION 

1.1 Background and Objective  

All places within Korea possess low seismicity that is 0.11g PGA with 10% probability of exceedance 
in 50 years[Earthquake Engineering Society of Korea, 1997]. Before 1988 there was no provision for 
seismic design and most low-rise buildings were designed only for gravity loads[e.g., U=1.4D+1.7L, 
hereafter referred to as gravity load design(GLD)]. Even though the seismic design regulations was 
provided in 1988, there are some exceptional cases to which seismic design does not apply. For 
example, an office building that is shorter than 6 stor ies has no need to be designed against seismic 
load. Therefore, most of 3 to 5 storied buildings are designed only for gravity loads, which are usually 
designed by using a frame of reinforced concrete. 

 Although such structures are designed without proper consideration of earthquake loads, they may 
still possess an inherent seismic strength and may be mobilized to resist moderate earthquake. 
However, the deficient detailing of members can lead to questionable structural performance during 
earthquake. An experiment of 1/3 scale 3-story reinforced concrete frame was executed and it was 
reported that the damage in the first story columns was severe for 0.30g PGA and the reserve 
capacities of columns are small for strong ground motions [Bracci, 1995]. And also in Korea, 1/5 scale 
3-story reinforced concrete frame [Lee, 1998] was tested and it was reported that the maximum story 
drift ratio was nearly reached  to 1.7% when base excitation was 0.4g PGA. Reviewing of these 
experiments, GLD buildings have limited drift capacity for strong ground motion but can resist 
moderate earthquake.  

In low seismic ity, the inherent seismic strength of GLD buildings may be greater than expected 
earthquake loads. Fig. 1 is a general response of structure. If idealized bilinear response is adopted to 
describe structural response, it can be said that Cy is the inherent strength. And if the strength of 
structure is greater than the seismic load of linear elastic response, the structure can resist earthquake. 
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In low seismic zone, the inherent seismic strength may be greater than the expected maximum load of 
linear response. Therefore, the inherent seismic strength can be used as a direct measure in seismic 
assessment.  

But there have been a few researches for the characteristics of inherent strength for low-rise building. 
The purpose of this paper is to find theoretical equations and the characteristics of inherent strength 
based on collapse mechanism.  

 

1.2 Scope  

The estimating method will be provided by theoretical formulas and will be compared with the 
numerical push-over analysis. In this study, the scope of building types is a moment resisting frame, 
lower than 6 stories and designed as an office. The strength of element is calculated based on nominal 
flexural strength of beams and columns. And hardening ratio of materials is not considered for the 
strength. For the derivation of equation, collapse mechanism is assumed to take place only by flexural 
plastic  hinge; no shear failure mechanism is considered. 

2 DERIVATION OF EQUATIONS 

An inherent strength of GLD building can be derived from plastic hinge mechanisms for lateral loads, 
which can be expressed by building weight, if the ratio of LL/DL is given, because a nominal strength 
of column or beam can be written in terms of DL and LL.  

 

2.1 Weight  and Gravity Loads  

The factored distributed load of typical floor can be expressed with DL and LL. 

DLrLLDLU )7.14.1(7.14.1 β+=+=   (1) 

where DL = dead load(including self weight); LL = live load; r = live load reduction factor; β = 
DL/LL. In Fig. 2, the total weight of frame can be expressed with the axial load from DL like 
following. 

EgIgbay PPNW ,, 2)1( +−=   (2) 

where Nbay =  number of bay; Pg,I (or Pg,E )= axial force of internal (or external) column by dead load at 
first floor. Also, Pg,I  and Pg,E  is defined like equation (3) and (4) using span length and number of 
story. Assumed that wall loads W’ is imposed only on the exterior column.  

)(, styxIg NllDLP =   (3) 

Fig. 1  General structure response 
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'5.0'2/)( ,, WPWNllDLP IgstyxEg +=+=   (4) 

where lx and ly is the span length in direction of x and y; Nst = number of story . If IgEg PP ,, α= ,  wall 
load can be expressed in terms of Pg,I .   

IgPW ,)5.0(' −= α   (5) 

From equation (2), (4) and (4)  total weight is expressed like following.  

Igbay PNW ,)12( −+= α   (6) 

 

2.2 Collapse Mechanisms  

There are three possible collapse mechanism of framed structure; column hinge sway (CHS), beam 
hinge sway (BHS), mixed hinge sway (MHS) mechanism. CHS and MHS mechanisms are two typical 
mechanisms but MHS have lots of mechanisms. Therefore, to drive the theoretical equations of 
inherent strength, only CHS and MHS mechanisms are considered for simplicity. The strength 
equation of CHS and MHS mechanism will be derived in the following sections. In these 2 values, the 
minimum value is closer to the strength of GLD building. 

 

2.3 Formulars for CHS Mechanism 

If plastic hinges are occurred at columns, the inherent strength is only concerned with the strength of 
column. Fig. 4 is P-M interaction curve, where the column strength varies according to axial load 
level. Given the axial load, the flexural strength of column can be easily calculated from the curve. For 
internal column, it is assumed that the axial load level is Pg,I; only DL is considered when seismic load 
is applied to the building. 

To find the axial load level of internal column, the factored axial loads should be written in terms of 
Pg,I as in equation (7). And it should be less than the nominal strength of column multiplied with 
strength reduction factor as in equation (8).  

Igu PrP ,1 )7.14.1( β+=   (7) 

11 un PP ≥φ   (8) 

where Pn1 = nominal axial strength of interior column of first floor. For rectangular column, Pn1 = 0.8 
P0. Then equation (8) can be expressed such that 

010, 7.14.1
8.0
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φ
  (9) 

(a) Column sway                      (b) Beam sway 
Fig. 3  Plastic hinge collapse mechanisms  
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Fig. 4 P-M interaction diagram 
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The coefficient C1 indicates the axial load level. Therefore, the maximum axial load of internal column 
is C1P0.  

The flexural strength of internal column can be written as following.  

IIgIg hPCM ,2, =   (10) 

where C2 = the coefficient of flexural strength of internal column; hI = height of internal column 
section. In Fig. 5, γ is the center to center length of re-bar compared to height of section. To see the 
effect of β, r and steel ratio, C2 is calculated from equation (10) and displayed in Fig. 6 when fck = 20 
and fy = 40 Mpa. The abscissa rβ means that the ratio of LL to DL. If r = 0.6 ~ 1.0 and β  = 0.25 ~ 0.5 
then rβ has a range of 0.15 to 0.5. In Fig. 6 C2 is proportional to rβ ; as LL becomes larger, the 
flexural strength of column becomes larger. As the steel ratio increases from 0.01 to 0.02, C2 becomes 
greater; the steel ratio is proportional to the strength of column.  

 Table 1 is C2 for given different strengths of concrete and steel, when γ = 0.65 and β = 0.25. As the 
strength of steel is increasing C2 is increasing but the strength of concrete is inversely proportional to 
C2. Because the increased strength of concrete reduces the sectional area of column.  

 

Table 1. The coefficient of flexural strength of internal column, C2 

  For s teel ratio = 0.01 For s teel ratio = 0.02 
fck 

 fy  
20 Mpa 25 Mpa 30 Mpa 20 Mpa 25 Mpa 30 Mpa 

250 Mpa 0.479 0.456 0.440 0.570 0.538 0.513 

300 Mpa 0.496 0.471 0.454 0.594 0.560 0.534 
400 Mpa 0.509 0.482 0.463 0.600 0.580 0.551 

 

Assume that Fig. 4 can be applied to an external column. Hence non-dimensional P-M interaction 
curve is same if the steel ratio of external column is same as the internal column. The flexural strength 
of external column is expressed as the same form of internal column such as 

EEgEg hPCM ,3, =   (11) 

For the simplicity and uniformity, equation (11) can be expressed in terms of internal columns as 

IIgIIgEg hPChPCM ,4,3, ))(( == ςα   (12) 

where C3 = the coefficient of flexural strength of external column; hE = depth of external column 
section; α = the ratio of axial DL of external column to internal column; ζ = the ratio of  external 
column depth to internal column  

Fig. 5  Section of column  
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When CHS mechanism takes place at first floor as Fig. 3 (a), the external work done by lateral force 
VE is such that 

)( 1θHVW Ee =   (13) 

where H1 = column height at first floor, θ = rotation angle of column as in Fig 3. And the internal 
work dissipated by plastic hinge formation at columns 

IIgbayEgbayIgi hPCCNMNMW ,42,, ]2)1)[(2()](2)1()[2( +−=+−= θθ   (14) 

From equations (6), (13) and (14), base shear force can be derived like following 
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2.4 Formulas for BHS Mechanism 

For BHS mechanism as in Fig 3 (b), plastic hinges are located at bottom of columns and each end of 
beams. The internal work done by columns is half of equation (14), because plastic hinges are 
occurred only at bottom of columns. Nominal strength of exterior end of beam usually differs from 
that of interior end. Therefore the internal work can be expressed like follow 

stbayIE
N

Inbi NNKKKMW θ)]1)(1()1[( ,12,1,, −+++=   (16) 

where N
InM , = nominal negative strength of internal end of beam; K1,E (or K1,I ) = ratio of positive 

strength of exterior (or interior) end of beam to negative strength; K2= ratio of negative strength of 
exterior end to interior end of beam. 

The approximate negative bending moment coefficient of exterior face of first interior column is 1/10 
according to ACI 318. Then, the factored moment Mu,I can be expressed such that 

22
, 1.0)( nxnx

N
Iu BUllBUM ≈= α   (17) 

where B = effective loading breadth. lnx = net span length in direction of x; superscript N denotes 
negative. For un MM =φ , B = ly/2 and lnx = 0.95lx and φ  = 0.9, equation (16) is changed into 
following by inserting equation (17) 

θγβ IgbayIExbi PNKKKlW ,,12,1, )]1)(1()1[()085.007.0( −++++=   (18) 

For BHS mechanism, the external work done by lateral force VE, which is assumed linear triangular 
distribution and its center is located at 2/3 of total height Ht. Then the external work is expressed such 
that 

θθ 13
2

3
2

HNVHVW stEtEE =





=   (19) 

By equating the internal work with external work, base shear force can be derived in terms of weight. 
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where   )]1)(1()1)[(/)(085.007.0( ,12,111 −++++= bayIEx NKKKHlA γβ ;       (21) 

1422 /]2)1[( HhCCNA Ibay +−=   (22) 
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3 COMPARERISONS WITH NUMERICAL ANALYSES 

3.1 Building Models  

Two 3-story, four 4-story and one 5-story models are designed according to Standard of Concrete 
Structure Design [Ministry of construction and transportation, 1999] as in Table 2. The typical span 
length is 7.5 m in direction of x and 6 m in direction of y as in Fig 7. Typical design load: DL = 8.8 
kN/m2(including self-weight), LL = 2.94 kN/m2. Only in 4D model, DL is 1.03 kN/m2. Concrete 
strength fck = 20.6 Mpa. Two types of steel strength fy are used for design; one is 392 Mpa and the 
other is 235 Mpa which is applied only 3M. Each story height is 3.3m. The minimum column section 
size is 300 x 300 mm and beam size is 300 x 550 mm for all models.  

Table 2.   Base shear coefficients of theoretical equation and push-over analyses 

Model 3M 3H 4H 4B 4D 4S 5H 
Nst 3 3 4 4 4 4 5 
Nbay 3 3 3 4 3 3 4 
lx(m) 7.5 7.5 7.5 7.5 7.5 6.0 7.5 

fck(Mpa) 20.6 20.6 20.6 20.6 20.6 20.6 20.6 
fy(Mpa) 235 392 392 392 392 392 392 

α 0.64 0.64 0.67 0.67 0.63 0.71 0.68 
r 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
β 0.33 0.33 0.33 0.33 0.29 0.30 0.33 
γ 0.59 0.59 0.62 0.63 0.62 0.59 0.64 

beta*gamma 0.220 0.220 0.222 0.222 0.253 0.222 0.241 
C2(fig.8) 0.58 0.58 0.56 0.57 0.55 0.55 0.55 
C3(fig.9) 0.82 0.9 0.85 0.9 0.83 0.83 0.84 

hI(m) 0.3 0.3 0.35 0.35 0.35 0.3 0.4 
hE(m) 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

chi 1 1 0.8 0.8 0.82353 0.82353 0.75 
C4 0.528 0.580 0.340 0.360 0.342 0.342 0.315 

H1(m) 3.3 3.3 3.3 3.3 3.3 3.3 3.3 
Cy(1) 0.123 0.128 0.113 0.116 0.126 0.126 0.114 
lx(m) 7.5 7.5 7.5 7.5 7.5 6 7.5 
C2 0.52 0.59 0.57 0.56 0.59 0.57 0.53 
C4 0.45 0.52 0.42 0.42 0.29 0.52 0.41 

3 @ 6 .0  m

 

Fig. 7 Typical plan of model building 
Fig. 8 Roof response of 3M and 3H model 
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K1,E 0.685 1 1 1 1 1 1 
K1,I 0.357 0.519 0.519 0.519 0.519 0.682 0.519 
K2 0.52 0.518 0.518 0.518 0.518 0.682 0.518 
A1 0.803 0.911 0.643 0.759 0.830 0.800 0.882 
A2 0.202 0.211 0.169 0.174 0.190 0.190 0.228 

Eq.(15) 0.107 0.122 0.126 0.124 0.115 0.116 0.136 
Eq.(20) 0.149 0.169 0.126 0.131 0.122 0.112 0.102 

(1)  Theory 0.107 0.122 0.126 0.124 0.115 0.112 0.102 
(2) Analysis 0.100 0.123 0.108 0.104 0.086 0.103 0.09 

(1) / (2) 1.07 1.00 1.17 1.19 1.34 1.09 1.13 

 

For the interior frames (indicated in Fig. 7) of these 7 models, push-over analyses are carried out by 
ROUMOKO. 2-component beam model is used for beams and columns and a nominal strength is used 
for a member strength. Initial stiffness is calculated from an uncracked section and hardening ratio of 
beam and column is taken as 0.001 to minimize the effect of hardening. 

The roof responses of an internal frame of 3M and 3H are shown in Fig. 8. After yielding there is no 
increasing of strength as expected and this yielding value is adopted for the inherent strength. Also, the 
collapse mechanism of 3M model is presented at Fig. 9. Though there are plastic hinges at second 
floor beam, this collapse mechanism is nearly to CHS as expectation. 

In Fig. 8, the coefficients of base shear are 0.10g for 3M and 0.123 g for 3H model. These values are 
compared with the theoretical values of equation (15) and (20) and listed in Table 2. To calculate 
equations, C2 and C3 are necessary and these values are attained from P-M interaction curve.  

 

3.2 Comparisons  

In the last row of Table 2, the ratio of the theoretical value divided by analytical value is calculated. 
The maximum is 1.34 and the minimum is 1.0. The estimation equation shows some deviations. 3-
story and 4S model shows good correspondence with the push-over analysis. 4D models show big 
difference because the strength of internal column is much greater than that of external column. 
Therefore, as the ratio of internal column strength to external column is increasing, the deviation from 
theoretical equation is increasing.  

The collapse mechanism of 3story is nearly to CHS mechanism as in Fg.9. But 4-stroy and 5-story 
models have MHS mechanism. This mechanism comes from strong column and weak beam. 
Therefore the estimation equation is working well when the collapse mechanism is close to CHS 
mechanism. A mechanism of general GLD building may be close to CHS mechanism as the 
experiment of 3-story building [Bracci, 1995] and 5-story building [Lee, 1998] that show the damages 
are concentrated in columns.  

Apparently, the steel strength has linear proportion to the inherent strength and this can be seen in case 
of 3M and 3H model of Table 2. This relationship can be seen in equation (15) and (20); as the steel 
strength and steel ratio of column are increased, the C2 and C3 are increased (in Fig. 6) and the base 
shear is increased.  

The span length shows linear relationship with the inherent strength. This can be seen in the results of 
push-over analysis and estimating equation by comparing model 4H with 4S in Table 2.  

The increase of DL decreases the inherent strength by comparing 4H with 4D in Table 2. The values 
of equation and pushover analysis show the decrease of strength. In Table 2, the increase of DL makes 
C4 decreased.  

The increase of bay number shows small change in inherent strength; which can be seen in the results 
of 4H and 4B of Table 2. And the inherent strength is inversely proportional to the story height as in 
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Fig. 10. These characteristic s of inherent strength are similar to those of the overstrength [Jain, 1995; 
Uang, 1991] because the overstrength comes from gravity loads as the inherent strength.  

 

4 EXAMPLES OF ESTIMATION ON MAXIMUM AND MINIMUM  

There are so many factors to have effects on the inherent strength such as story height, number of 
span, span length, steel ratio. To see the range of an inherent strength, parameters of equation (15) and 
(20) are assumed to have following range; γ = 0.65 ~ 0.75, β = 0.25 ~ 0.5, r = 1.0, steel ratio = 1 ~ 
2 %, fck = 20 Mpa, fy = 250 ~40 Mpa, α = 0.6 ~ 0.8, ζ = 0.6 ~0.8, K1,E = 0.7 ~ 1.0, K1,I = 0.35~0.55 K2 
= 0.35~0.55, lx / H1 = 1.5~25, hI / H1 = 0.08 ~ 0.12. From the equation (15) and (20), the maximum and 
minimum strength is calculated and displayed in Fig. 10.  

In Fig. 10, linear elastic response level and seismic design level according to Provisions on Building 
Structures is marked. The base shear coefficient of seismic design level is such that 

V = (AISC / R ) W (23)   

where A = seismic zone factor = 0.11; I = importance factor = 1.0; S = soil factor = 1.0 for ; C = 
dynamic amplification factor = 1 / (1.2 T 0.5); T = natural frequency of building; R = response 
modification factor = 4.5; W = building weight. Linear elastic response is calculated when R = 1.0. 
From Fig. 10, it can be said that the maximum inherent seismic strength of 3 ~ 5-story building is 
nearly equal to the seismic loads which is calculated from linear elastic response and far greater than 
the design load level. 

  

5 CONCLUSIONS 

The basic equations are derived for the estimation of inherent strength of GLD framed building based 
on two CHS and BHS mechanisms. Comparing with the push-over analyses, the derived estimation 
equations show good agreement for weak column – strong beam structure.  

And the characteristics of inherent strength are shown as followings. The inherent strength of GLD 
building is increasing, as the steel strength, steel ratio of column and span length is increasing. But the 
inherent strength is inversely proportional to building height. The increase of the ratio of LL / DL 
increases the inherent strength. 
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