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1.1 General 

CHAPTERl 

INTRODUCTION 

Reinforced concrete columns are found to be a critical component of the 

gravity-resisting system of a frame structure because they represent the link between 

the frame loads and the ground. This function of the colunms becomes especially 

important during an earthquake, where the columns have to carry large shear forces. 

Consequently, adequate detailing of the reinforced concrete columns has to be 

provided to resist shear load demands and lateral deformations caused by design level 

earthquakes. 

Adequate detailing was primarily associated with the shear strength capacity 

of the reinforced concrete column. Subsequently, extensive research was conducted 

on reinforced concrete column specimens under cyclic lateral load reversals to find 

relationships between the shear strength capacity and the various material and 

structural parameters of the column member. Several models (Ang et al., 1989; Wong 

et al., 1993; Watanabe and Ichinose, 1991; Priestley, 1994) for estimating the shear 

strength of reinforced concrete columns in seismic regions were developed in the 

past. The developed models for shear strength focused on estimating the maximum 

lateral load obtained in the column tests. Yield displacement (oy) and ultimate 

displacements (00) obtained from the column tests were primary used in terms of a 
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displacement ductility factor (8ul8y) to express the reduction of the shear strength 

contributed by the concrete at the point of maximum lateral drift. Surprisingly, little 

effort was made expressing the shear capacity directly in terms of the maximum 

lateral drift the column specimens exhibit. 

With the emergency of performance-based design, drift has become the focal 

design quality for reinforced concrete frames. Damage may be associated with the 

frame drift (general frame distortion), story drift (local distortion) as well as element 

rotations. 

Research of drift capacity of reinforced concrete columns was conducted by 

Pujol (1997) in which he investigated possible column parameters that may have an 

effect on the drift capacity of reinforced concrete columns. A design procedure for 

estimating the ultimate drift capacity in terms of the maximum lateral load obtained 

from selected column tests also was derived. The considerations on ultimate drift 

capacity made by Pujol ( 1997) can be summarized as fo llows: 

where 

[{)ult ]% = ( p , /y J ~ < {; 
vmax d 4 

A,, 
p=

b·s 

vmax v =--
max b. d 

(1. 1) 

(1.2) 

(1.3) 

8u1t is the allowable ultimate drift capacity of the colwnn, Ve and V5 are the 

shear strength contributed by the concrete and steel and may be estimated by Eq. 11-4 
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and 11-15 (ACI 318-99, 1999), Vma'< is the maximum lateral-load applied on the 

column, p is the transverse reinforcement ratio, Ymax is the maximum nominal shear 

stress, aid is the aspect ratio, Av is the area of shear reinforcement within a distance s, 

which is the spacing of the shear reinforcement in the longitudinal direction, fy is 

yield strength of the transverse reinforcement and b and d are the width and effective 

depth of the column. 

A relationship expressing the ultimate drift of reinforced concrete columns 

directly in terms of the provided material and structural parameters of the reinforced 

concrete columns has not yet been found. This thesis focuses on developing various 

possible approaches to describe the relationship between the ultimate drift capacity 

and transverse reinforcement ratio of a reinforced concrete column. In addition to the 

transverse reinforcement, the material strength parameters of steel and concrete and 

the applied axial compression load are considered in the relationship for ultimate drift 

capacity. 

A relationship of ultimate drift capacity is developed for reinforced concrete 

columns that are not shear critical. At the end of this study various design expressions 

for estimating the ultimate drift capacity or transverse reinforcement are presented. 

The derived design expressions can be used to limit damage caused by 

deformations in reinforced concrete columns. Estimates of ultimate drift capacities 

for existing column members also can be determined. 
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1.2 American Concrete Institute Code Shear Requirements of Reinforced 

Concrete Columns in Earthquake Regions 

The minimum requirements for reinforced columns in earthquake regions 

recommended by the American Concrete Institute are primarily based on shear 

strength design approaches and are presented here of two reasons. First, the proposed 

approaches for the ultimate drift capacity have been deduced from these ACI 

requirements. Second, a final comparison at the end of this research can be easily 

conducted between the various drift capacity approaches and the minimum ACI 

building requirements. 

Jn Chapter 21.4.4 (ACI 318-99, 1999) recommendations for mm1murn 

transverse reinforcement for circular and rectangular cross-sections are made. For 

circular (spiral) colwnns, the volumetric ratio of the spiral hoop reinforcement shall 

be not ta.ken less than: 

p,, = 0.12 fyh 
f 1

c 

(1.4) 

where Ps is the volumetric transverse reinforcement ratio of the spiral/circular hoop, 

fyh is the yield strength of the spiral/circular hoop reinforcement [psi] and r c is the 

compressive strength of the concrete [psi]. 

For rectangular columns ACI introduces two limitations on the shear reinforcement. 

The total cross-sectional area of the rectangular hoop reinforcement is the main 

column parameter and should not be ta.ken less than either of the two equations: 
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= 0.3(shc &](~ -IJ 
fyh Ach 

(1 .5) 

(1.6) 

where Ash is the total cross-sectional area of transverse reinforcement (including 

crossties) within spacings and perpendicular to dimension he [in2
], s is the spacing of 

the transverse reinforcement measured along the longitudinal axis of the structural 

member [in], he is the cross-sectional dimension of column core measured center-to-

center of confining reinforcement [in], f c is the compressive strength of concrete 

[psi], fyh is the yield strength of transverse reinforcement [psi], Ag is the gross area of 

section [in2
] and Ach is the cross-sectional area of the structural member measured 

out-to-out of transverse reinforcement [in2
]. 

Comparing equation 1.4 with equations 1.5 and 1.6 shows that the minimum 

recommendations for circular columns differ significantly from those of rectangular. 

The ACI requirement for the circular columns uses the term volumetric transverse 

reinforcement ratio Pvol to describe the transverse reinforcement, whereas the required 

transverse reinforcement for rectangular ties is expressed based on the total cross-

sectional area Ash· In order to conduct a uniform comparison, a transformation of the 

ACI limits for rectangular columns in terms of a volumetric transverse reinforcement 

ratio is necessary. 
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Fig. 1.1: 3D View and Cross Section of a Square Column 

To further simplify the transformation procedure, the special case of a square column 

is considered (Fig. 1.1 ). For single square hoops without crossties, the total cross-

sectional area Ash is defined as twice the area of a single hoop. 

(1.7) 

In terms of volumetric transverse reinforcement ratio, the transverse steel content is 

described as the ratio of the provided transverse steel volume to the volume of the 

concrete core. 

Vol.TransverseSteel 
Pvo/ = u IC c Yo . oncrete ore 

(1.8) 

Expressing the volume of transverse steel as the steel area of the hook multiplied by 

its perimeter (2bc+2hc) and the volume of concrete core as product of core width (be) 

and height (he) multiplied by the spacing leads to the following equation. 
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(1.9) 

Considering only square column cross-sections, where core · height and width are 

assumed to be equal, Eq. 1.9 is further simplified. 

(1.10) 

Solving for As,bar in Eq. 1.10 and substituting it into equation 1.7 leads to the final 

expression representing the total transverse cross-sectional area (Ash)· 

(1.11) 

According to Eq. 1.11 , the volumetric transverse reinforcement ratio for square 

columns can be taken as twice the total cross-sectional area of the hoop (Ash) 

multiplied by the spacing (s) and the height of the concrete core (he). 

c c 

LO N 
N N 

v v 

1.5in 

25 in 

22 in v v 

Fig. 1.2: Cross-Section of a Representative Square Reinforced Concrete Column 
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Finding a relationship between the total cross-sectional transverse area and the 

volumetric transverse reinforcement ratio lead to a simplified approximation between 

the gross area of the concrete section and the cross-sectional area of the concrete core. 

The ratio of the gross dimension (h) to the core dimension (he) shows commonly 

values ranging between 1.1 and 1.2. For a square column (b=h=25in, cover= I.Sin), 

the gross dimensions are 14% bigger than the core dimensions (Fig. 1.2). 

( 1.12) 

Subsequently, the gross sectional area is found to be approximately 30% larger than 

the area of the concrete core. 

(1.13) 

Combining Eq. 1.11 and 1.13, and applying them to Eq. 1.2 presents the following 

relationship, 

1 ( f'c) -Pv01 she = 0.3 she - (1.3 -1) 
2 fyh 

= 0.18 f'c 
Pvo/ J 

yh 

(1.14) 

where the total cross-sectional area of the transverse reinforcement (Ash) is substituted 

by a volumetric transverse reinforcement ratio (Pvot) of the square column. 

A similar approach can be applied to transform the second ACI recommendation on 

transverse reinforcement ratios of rectangular reinforced concrete columns, where Eq. 

1.11 is substituted into Eq. 1.6. 
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1 
2 p Vol sh c = 0.09 sh c ~ 

f yh 

p Vol = 0 .18 Es_ 
f yh 

(1.15) 

Comparing Eq. 1.14 and 1.15, it can be concluded that Eq. 1. 5 and 1. 6 results to the 

same expression for minimum transverse reinforcement requirements of rectangular 

reinforced concrete columns. Equation 1.5 and 1.6 lead only to identical expressions 

if the gross section Ag is assumed to be approximately 30% greater than the concrete 

core area (Ach)· Furthermore, it shows that the minimum volumetric transverse 

reinforcement ratio recommended by ACI is located at a value of approximately 0.18 

f clfyh· Comparing the minimum transverse reinforcement requirement for circular 

columns (Eq. 1.4) with this for rectangular columns (Eq. 1.5 and 1.6) shows that the 

required transverse reinforcement for rectangular columns is approximately 1.5 times 

greater than for the required transverse reinforcement in circular columns. This extra 

transverse reinforcement requirement for rectangular columns aids the performance 

of lower ductility capacity for columns with tie reinforcement, When subjected to 

horizontal load cycles under axial load, the spiral reinforcement restrains the lateral 

expansion of the concrete better than the ties in rectangular columns. 

Figure 1.3 and 1.4 depict a tied and spiral column respectively. Both column 

types were structural members of the same building, the Olive View Medical Center 

in Sylmar California, and were subjected to the same deformation during the 

earthquake. 
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Fig. 1.3 & 1.4: Tie and Spiral Column damaged in the 1971 San Fernando 
Earthquake 

It can be observed that the rectangular column has been destroyed, whereas the spiral 

column is able to carry axial load under large deformation. The delay in failure of the 

circular columns provides larger ductility capacities for circular than for rectangular 

columns. By setting the minimum transverse reinforcement requirements for the 

rectangular columns 50% higher than for circular columns, the difference in ductility 

performance may be taken into account. 

Although the probability of brittle shear failures in reinforced concrete columns 

may be eliminated, the ACI requirements on transverse reinforcement of reinforced 
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concrete columns in se1sm1c regions show two significant disadvantages. The 

ultimate drift capacity of the column is unknown when designing for the minimum 

transverse reinforcement (A CI 318-99, 1999, Eq. 21-2 to 21-4). Furthermore, the 

minimum transverse reinforcement requirements do not consider the influences of 

varying axial loads applied on the concrete columns. A detailed investigation of the 

ultimate drift capacity and applied axial loads of rectangular columns in relation to 

the required transverse reinforcement is the focus of this thesis. 

1.3 Proposed Study 

This study investigates the relationship between ultimate drift capacity and 

selected parameters of rectangular reinforced columns. The goal of this study has 

been in keeping the relationship of ultimate drift capacity when compared to the 

selected column parameters simple yet accurate. 

To obtain a reliable relationship between ultimate drift capacity and selected 

parameters of reinforced concrete columns, a survey of column test data is needed. 

Chapter 2 describes the selected column database and the calculation procedures to 

determine the ultimate drift capacities based on load-displacement hystereises. An 

investigation of the various column parameters is conducted and the most significant 

parameters are proposed. Chapter 3 discusses three approaches to qualify the 

relationship between column parameters and drift capacity. An analysis is conducted 

to derive the three approaches in terms of the volumetric transverse reinforcement 

ratio and on the basis of the selected column test data. The same analytical procedure 
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is repeated for the three approaches, but this time based in terms of an area transverse 

reinforcement ratio. A detailed comparison is made of the volumetric and area 

transverse reinforcement based approaches with emphasis on statistical significance. 

Chapter 3 concludes with a recommendation of the preferred expression for the 

required transverse reinforcement ratio based on ultimate drift capacity. Chapter 4 

outlines changes in the various approaches into design equations. A brief description 

at the beginning of Chapter 4 illustrates the necessity of applying safety factors to the 

experimental derived approaches. A comparison of the three proposed design 

approaches is presented. Chapter 4 ends with a discussion on the obtained results. 

Conclusions of this study and recommendations on future research needs on the 

analysis of ultimate drift capacity are presented in Chapter 6. 
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CHAPTER2 

CRITERIA FOR CALCULATING DRIFT LIMITS 

2.1 Introduction 

Chapter 2 introduces the research for establishing the column database. A 

brief description of the revised and selected column data used for the analysis is 

given. Definitions for the yield drift, ductility and the ultimate drift capacities are 

presented. Correction procedures as well as computational tools are addressed to 

determine the correct values for the yield and ultimate drift capacity of each 

specimen. The chapter concludes with the introduction of the relevant parameters for 

the ultimate drift capacity analysis. 

2.2 Resources of the Column Database 

The construction of a column database is an important component for the 

research on ultimate drift capacity because it is the foundation for the analysis in this 

thesis. Two important issues are the focus of this chapter: the quantity and the quality 

of the collected data. 

The project initiated with an extensive literature research on tests conducted 

on rectangular reinforced columns subjected to cycles of lateral displacements. Three 

main resources for the column database were found to be significant. 
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1. A column database from the University of Washington 

2. Research and thesis reports 

3. Publications presented in engineeringjournals 

The major portion of data is taken from the reinforced concrete column test 

database provided by the University of Washington (Seattle). The database contains a 

total of 366 column specimen tests under various test conditions and with varying 

geometries. For the presented research on rectangular reinforced columns, 210 tests 

out of this collection were used for the initial column database. Table B2 in Appendix 

B provides information on the significant column parameter for the rectangular test 

specimens. The values for the ultimate drift capacities and maximwn lateral loads for 

the rectangular test specimens also are presented. A correction on the ultimate drift 

capacity and maximum lateral load of the column specimens due to various P-.0. 

effects (Section 2.7.1) is considered in Table B2. 

In addition to the column test database provided by the University of 

Washington (Seattle), two research reports contribute further column data. A report to 

the California Department of Transportation (Aschheim and Moehle, 1992) that 

includes 31 tests on rectangular column cross-sections, conducted by Iwasaki and 

Chai, is presented in Table B3 (Appendix B). The column parameters and load

deformation curves are taken from the original reports. The values of ultimate drift 

capacity for all column specimens were presented in this report. 
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The second significant report (Pujol, 1997) is derived from 36 tests on 

reinforced rectangular columns conducted by various researchers. Most of these data 

points are already included in the column database provided by the University of 

Washington (Seattle), however it provides eight additional test specimens completed 

by Wight and Sozen (1973), also included in Table B3. Column parameters and 

ultimate drift capacities for all column specimens were provided. 

The third data resource consists of studies on column test procedures 

published in various engineering journals. These studies contributed 15 suitable data 

points to the database, with information on column properties and the ultimate drift 

capacities. 

2.3 Revision Process and Setup of the Rectangular Column Database 

The original database, provided by University of Washington (Seattle), 

contains column tests that were tested to failure as well as ones that did not have 

strength decay. By definition, the ultimate displacement is the measured displacement 

when failure, due to strength decay, occurs as indicated at 80%Vmax (Section 2.4). 

Therefore, test specimens without strength decay do not provide estimates of ultimate 

displacements and were not included in the analysis. The column test shown in Fig. 

2.1 is an example where failure cannot be identified. It is observed that the load

displacement cycles increases with increasing lateral load reversals. A significant 

degradation of the maximum shear strength reached does not occur in this example. 
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Fig. 2.1: Example of a Test Specimen where failure is not reached 

In addition to limiting the cut of data as described above, only columns with 

aspect ratios exceeding 2.5 were included in the analysis. This additional distinction 

is done to ensure that the selected column specimen exhibit predominantly flexural 

response, further explained in section 2.8.3.1. 

Out of the 210 test specimens for rectangular columns provided by University 

of Washington (Seattle), 135 specimens were found to be useful after revision. The 

final database consists of 184 test specimens, acquired from three data resources 

(Section 2.2), which are listed in Table B3, Appendix B. Table B4 provides the 

significant column parameters including dimensions, material properties and ultimate 

drift capacity for each test specimen. 
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2.4 Definition of Ultimate Displacement and Ultimate Drift Capacity 

In general, the drift of a structural member is defined as the ratio of its 

deflection from the original centerline of gravity to its length. Subsequently, the 

ultimate drift of a column is described as the ratio of the maximum deflection at 

either top or bottom of the column to the column length. The term ultimate drift 

capacity signifies that the column specimen reaches ultimate drift after cycles of 

displacement into the inelastic range and is still able to retain its vertical load

carrying capacity. 

A closer look is taken at the load-deflection responses of reinforced concrete 

columns under load reversals to determine the maximum deflection. Therefore, an 

investigation on a representative lateral load-displacement hystereses of a reinforced 

concrete column specimen under cyclic loading is conducted. The results of specimen 

C2-3 tested by Mo and Wang (2000) are shown in Fig. 2.2. It can be observed that at 

the beginning of the test procedure the lateral load increases until yielding is reached. 

After yielding is reached, the maximum lateral load decreases steadily, whereas the 

amount of displacements increases until reaching the maximum deflection Llmax· After 

reaching the maximum deflection Llmax, the strength decays abruptly with successive 

number of load reversals. 
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Fig. 2.2: Lateral Load-Displacement Response of a Representative Test 
Specimen 

To illustrate the shear strength distribution of the representative specimen, Fig 

2.3 shows the contour line of the maximum values from the load-displacement 

hystereses. The large drop of the shear strength at the end of the loading procedure is 

clearly observed here. Despite the fact that the maximum deflection is defined at the 

point where the shear strength decay begins, another approach is preferred in 

earthquake research and design to describe the maximum deflection 6max· The value 

for the maximum displacement of a reinforced column is determined by calculating 

the value for 80% of the maximum shear strength and taking the corresponding 

deflection from the load-displacement response for the specimen. The calculated 

approximate displacements for the representative example are displayed in Fig. 2.3 
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Fig. 2.3: Determination of the Lateral Ultimate Displacements of a 
Representative Test Specimen 

This approach is prevalently used to determine the maximum displacement 

and is justified based on capacity-demand aspects. Various researchers used similar 

·methods considering the capacity-demand relationship of reinforced concrete 

columns in the early nineties (Ang et al., 1989; Wong et al., 1993; Priestley et al., 

1994). Each of those methods were developed to assess the capacity of reinforced 

concrete columns, based on the assumption that the shear strength reduces with 

increasing level of deformation. 

Fig. 2.4 shows the original conceptual model for shear strength of reinforced 

concrete columns proposed by the Applied Technology Council (A TC, 1981 ). The 

shear strength is assumed to decrease linearly with increasing displacement. The 

shear demand due to flexure is assumed to increase linearly to a certain strength level, 
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and stays then constant with increasing displacement. According to this model, the 

intersection of residual shear strength and required demand results to the maximum 

deflection .0.max· By taking the displacement of 80% V max as the maximum allowable 

displacement, a conservative approximation is made. 
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Fig. 2.4: Presumable Interaction between Shear Strength and Displacement 
(ATC-6 Model, 1981) 

Another reason why the maximum displacement of a reinforced concrete 

column is commonly assumed to be at 80%V max, might be the fact that the 

displacement for 80%V ma.-.:: can be determined relatively easy compared to the 

procedure for identifying the shear strength decay in the column. 
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2.5 Definition of Yield Displacement and Yield Drift Capacity 

The yield displacement is defined as the lateral displacement a reinforced 

concrete column under cyclic lateral loading exhibits at the point where the transverse 

reinforcement starts to yield. Because the start of the yielding process is hard to 

identify, an approximate method is commonly used to determine the lateral yield 

displacement. The yielding point of a column is found as the intersection of the 

approximate linear load-displacement line in the elastic displacement range and the 

horizontal line at maximum shear load. The slope of the linear load-displacement line 

in the elastic displacement range is defined as the ratio of 75%Vmax to its 

corresponding displacement value C~@?s%vmax). Once the yield displacement is 

defined, a yield drift capacity can be developed, which is presented as the ratio of 

absolute yield displacement to the length of the structural member. 

Figure 2.5 shows the lateral yield displacements of both load directions for the 

previously used test specimen C2-3. 
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Specimen CZ -3 
Tested by Mo and Wang (2000) 
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Fig. 2.5: Determination of the Lateral Yield Displacement of a Repesentative 
Test Specimen 

2.6 Definition of Ductility Capacity 

Previous earthquake research considered the yield and ultimate displacements 

obtained from reinforced concrete columns under seismic loading always in terms of 

ductility (µ), which is defined as the ratio of the ultimate displacement to yield 

displacement. Several models (Ang et al., 1989; Wong et aL , 1993 ; Priestley et aL 

1994) were developed for estimating the shear strength of reinforced concrete 

columns in seismic regions in terms of ductility. 

The ultimate drift capacity analysis conducted in this study dissociates from 

the ductility point of view and focus on the ultimate drift capacity as the primary 

parameter to estimate the shear capacity reinforced concrete columns under cyclic 

loading. In regard to previous established earthquake research on column shear 
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strength; a brief analysis is conducted in Chapter 3 to develop a relationship between 

ductility and ultimate drift capacity. Two expressions (Eq. 3.2 and 3.4) are developed 

to express ductility in terms of ultimate drift capacity. Furthermore influences on 

yield drift capacities of the reinforced concrete colwnns due to various axial loads 

and transverse reinforcement ratios are discussed. The investigations on ductility and 

yield drift capacity enable future research between shear strength and ultimate drift 

capacity research. 

2. 7 Determination of the missing Drift Capacities 

Although yield displacements and ultimate drift capacities were reported for 

some specimens, the values for the major portion of the database were missing. 

Subsequently, the ultimate drift capacities for 135 test specimens had to be calculated 

from the load-deflection data files. 

2.7.1 P-L\ Effect 

The P-L\ effect due to the different test conditions influences the load

displacement data reported in the test files. A correction of the original load

displacement data for specific test specimens was necessary. Fig. 2.6 illustrates the 

four different column test setups included in the data. 
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H H 

Fig. 2.6: a) Test Configuration No. 1 

H 

c) Test Configuration No. 3 

2.7.1.1 Test Configuration 1 

H 

p 

b) Test Configuration No. 2 

F 
~ 

d) Test Configuration No. 4 

In Fig. 2.6.a, the axial load rotates about the base of the column during the test 

procedure. An example of such a configuration is a column in which the axial load is 

provided by a rod. Consequently, the axial load P has to be separated into a horizontal 

(Ph) and vertical (Pv) component. The test provides values of the effective forces (F), 
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which are applied directly to the test specimen. By means of the effective force (F), 

the moment at the base of the column (Mbase) can be determined, 

(2.1) 

where F is the effective force and h2 is the height of the column. The corresponding 

shear can be calculated by force equilibrium, 

v;,ase = F - P,, (2.2) 

where Ph is the horizontal component of the axial force. The horizontal component of 

the axial load can be expressed as: 

Pi, = Psin/3 (2.3) 

Considering only small load inclination, the angle beta is (for small angles) 

(2.4) 

where 6 represents the maximum lateral displacement. The horizontal component can 

be rewritten now as (for small angles): 

(2.5) 

Substituting Eq. 2.5 into Eq. 2.2, the final expression for P-~ correction on shear in 

the first test setup is found as: 

(2.6) 

The tests by Wehbe (1998) and Thomsen and Wallace (1994) used this configuration 

type to conduct column tests under cyclic loading. 
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2. 7.1.2 Test Configuration 2 

In Fig. 2.6.b the axial load is applied vertically during the test procedure. The 

shear is therefore expressed directly through the effective force (F) and a P-6. 

correction in this case is not necessary: 

V,,ase = F (2.7) 

The corresponding moment at the base of the column is then defined as: 

Mbase = Fh2 + pjj, (2.8) 

The majority of the collected test data was conducted according to test configuration 

type 2, as seen in the column specimens tested by Tanaka and Park (1990). 

2.7.1.3 Test Configuration 3 

The setup for the third test procedure (Fig. 2.6.c) resembles that of test 

configuration 1. The only difference is that the line of action of the axial load rotates 

about a point below the base of the column (Fig. 2.6.c). Consequently, the total height 

of the test specimen, which is sum of column and foundation height, has to be 

included in the P-6. correction. The shear is then expressed by the following formula: 

6. 6. 
Vbaso = F -P( ) = F-P-

h1 +h2 H 
(2.9) 

To complete the third configuration type, the definition of the moment at column base 

is also addressed. 

(2. 10) 
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Substituting Ph and Pv through approximations in terms of the applied axial load (P) 

results to the final expression for the moment at base of column. 

(2.11) 

As an example Mo and Wang (2000) used this test configuration type on a series of 9 

column specimens. 

2.7.1.4 Test Configuration 4 

As shown in Fig. 2.6.d, the top of the load ram is fixed to a frame in test 

configuration 4, while the load is applied on the test specimen. The line of action of 

the axial load rotates along with the column. This setup of the axial-load ram induces 

additional shear and moment stresses on the test column. The force equilibrium at the 

column base presents the following equation for the base shear. 

(2.12) 

The horizontal component (Ph) can be expressed through the total axial load and the 

inclination angel beta (sin~). 

Pi, = P sin/3 (2.13) 

Assuming a small inclination of the axial load, the angle beta can be described as the 

overall deflection delta divided by the distance from the frame to the top of the 

column specimen, defined as h3 in Fig. 2.6.d. 

(2.14) 
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Considering again that only small load inclination angles are developed in this test 

setup, the sinP term in the definition for Ph is approximately equal to the angle itself. 

sin/3 ~ j3 (2.15) 

Substituting Eq. 2.14 and 2.15 into Eq. 2.13, the horizontal load component (Ph) can 

be rewritten as follows: 

!:!,. 
p =P-

11 h 
3 

(2.16) 

With the aid of this transformed equation, the base shear equation can be expressed in 

terms of the effective force (F) and the applied axial load (P), 

!:!,. 
V harn = F +Ph (2.17) 

3 

Using moment equilibrium about the column base results to the following equation: 

(2.18) 

The variable for the horizontal load component is then substituted in terms of the 

applied axial load (P), which leads to the final expression for the moment at column 

base. 

(2.19) 

Two column specimens, tested by Ohno and Nishioka (1984) can be found in the 

selected database using test configuration 4. Table 2.1 summarizes the results for all 

test setups discussed in this section. 
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Table 2.1 : Base Shear and Moment Equations for the Test Configuration Types 

Test Shear @Basew ~~;·1 Mom.enf'@ Base P-:Jf ,, j 
' l 

Confi2uration 
" II 

TyJ>e No. Vbase Mbase - :,, ; Correption 1 

/),. 
1 F- P-

h2 
F · h 2 YES 

2 F Fh2 + P6 NO 

3 F - P ;), 
(hi +hJ 

( F -p ( ii }2 + p ii 
hi + h2 

YES 

;), 

(F+P ~)~ 4 F+P- YES 
h3 

2.7.2 Computational Tools 

The load-displacement results for each specimen were provided in text file 

format, therefore a transformation into a workable database file format was necessary. 

Microsoft Excel was chosen as the program platform for the maximum displacement 

calculations of two reasons. Primarily, Excel provides a user-friendly interface 

between its database and visual basic editor. Attachments of visual basic programs 

can be made to create and change data. Secondly, Excel is very suitable to graph the 

load-displacements hystereses of the column specimens. 

Four visual basic programs were written; three determine the correct 

maximum displacements of the test specimens. The fourth program calculates the 

yield displacements of the test specimens. 
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2.7.2.1Program1: Displacement Selection 

The first program conducted a selection of significant data out of the entire 

load-displacement data set. For future calculations, the maximum strength

displacement distribution in each load direction is needed. The program determines 

the peak values for each load reversal. After identifying these peaks, the 

corresponding values for shear strength and displacement are displayed and sorted in 

a separate worksheet. The selected data is then listed in the original data worksheet. 

The program identifies the absolute shear strength and corresponding displacement 

for each load direction. The source code for the first selection and sorting program is 

presented in Appendix Al. 

2.7.2.2 Program 2: Ultimate Displacement Calculation without P-A Effect 

The second program is designed to find the ultimate displacement of a column 

specimen without considering the P-A effect. As mentioned in section 2.7.1.2, a P-A 

correction procedure is not necessary for test configuration 2. In this set up, the 

effective force (F) is equal to the base shear. In the presented database the majority of 

column tests are conducted using test configuration 2, so that for these specimens 

program 2 calculates the exact values. 

The program uses the results from program 1 as its input data. In the first step, 

program 2 calculates the values for 80% V max for each load direction. The next step is 

the calculation of the corresponding displacement defined in section 2.4 as Autt· Next, 

the program searches for the two closest strength data points and their displacements. 
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Using the linear rule of proportion, the approximate ultimate displacement at 80% 

V max is determined. The values for 80% V max and ultimate displacement (Liu1t) for each 

load direction are recorded. Appendix A2 provides the programming source code for 

the ultimate displacement calculation without P-Ll effect. 

2.7.2.3 Program 3: Ultimate Displacement Calculation including P-Li effect 

The third program is similar in structure to the second program, with the 

exception that the P-Li effect is considered in the third program. In addition to the 

selected strength-displacement data given by program 1, program 3 reads the values 

for two significant conditions from the test setup; the structural length (L) and axial 

load (P). According to the configuration type of each specimen, the selected shear 

strength data is then corrected by a P-Li factor, shown in Table 2.1. After the P-Ll 

effect has been taken into account, the same procedure as used in program 2 is used to 

determine the ultimate displacement. In Appendix A3 the source code to calculate the 

ultimate displacement for test configuration type 1 is presented. For configuration 

types 3 and 4 only the P-Ll effects in the base shear strength equation changes. 

The results of the displacement calculations for the 135 test columns, where 

the ultimate drift capacity was not provided directly, are shown in Table Bl , 

Appendix B. Appendix B also contributes the load-displacements hystereses of the 

135 selected column specimens. 
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2. 7.2.4 Program 4: Yield Displacement Calculation 

The fourth program calculates the yield displacements for each column 

specimen in both lateral load directions stated in section 2.5. For input data, the 

selected and refined load-displacements values from the previous programs are used. 

Therefore the P-.6. effect is already considered. The program initiates by calculating 

the lateral load value of 75% V max· Using the linear rule of proportion, the program 

determines the corresponding displacement out of the load-displacement response. 

Subsequently, the slope of the linear elastic load-displacement relationship is found 

by taking the ratio of 75% Vmax and its corresponding displacement value. Dividing 

Vmax by the slope of the initial elastic load-displacement line, the program determines 

the yield displacements of the test specimens. The source code for the yield 

displacement calculations are shown in Appendix A4. In addition, the yield 

displacements for 135 test columns are presented in Table B 1, Appendix B. 

2.8 Relevant Parameters for the Drift Capacity Research 

The following discussion is centered on the significance of the various column 

parameters influencing the ultimate drift capacity. The specific column parameters 

can be grouped into three categories according to material and geometry criteria. 

• Concrete Components 

• Steel Components 

• Structural Components 
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2.8.1 Concrete Components 

2.8.1.1 Concrete Compressive Strength {rc] 

The concrete compressive strength is a material parameter that significantly 

affects the axial, shear and flexural capacity of columns. 

For axial capacity, the concrete compressive strength provides the maximum 

allowable compressive stress of the column. Combining the maximum allowable 

stress with the given cross-section, the maximum allowable axial compression force 

for the member can be determined. 

Regarding flexrnal capacity, the concrete compressive strength and the 

compression stress block result to the maximum allowable compression force. With 

the aid of the compression force, the nominal moment is found. 

The concrete compression strength is also associated to the shear capacity, as 

expressed as a function of the concrete tensile strength. The tensile strength of 

concrete is assumed to be proportion to the square root of its compression strength. 

After illustrating that the concrete compression strength affects the various 

strength capacities it is expected that it the concrete compression strength will have a 

significant influence on the ultimate drift capacities of columns. 

2.8.2 Steel Components 

Reinforcement in columns can be divided into two main categories, transverse 

and longitudinal reinforcement. Both reinforcement components are investigated 

regarding their effect on the ultimate drift capacity. 
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2.8.2.1 Transverse Reinforcement 

Transverse reinforcement parameters are expected to have large effects on the 

ductility performance of columns when subjected to cyclic lateral loading. This is 

founded by providing adequate shear capacity and confinement for the column. For 

static loading only, the transverse reinforcement is mainly responsible to prevent the 

structural member from developing shear cracks. With cyclic lateral loading, 

confinement of the concrete core becomes more important. The combination of cyclic 

lateral loads and applied axial loads increases the stress in the concrete core and the 

concrete attempts to expand. Compressing the concrete within the core region and 

preventing the longitudinal compression reinforcement from buckling become the 

main demands for the transverse reinforcement. In Figure 2. 7 simplified assumptions 

of the stress distribution in a square column are presented (Paulay and Priestley, 

1992). 

Fig. 2. 7: a) Single Rectangular Hoops b) Rectangular Hoops w Cross Ties 

Figure 2.8 illustrates that the concrete stress distribution is mainly dependent 

on the confinement type. Cross- or interlocking ties in addition to the single 
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rectangular hoops results to better confinement of the concrete. Closed-spaced 

transverse reinforcement aids to develop additional confinement capacity (Fig. 2.8.a). 

Providing adequate confinement restrains the lateral concrete expansion in the core. 

As a result, higher compression stresses and strains in the column can be reached 

before failure (Paulay and Priestley, 1992). 

Fig. 2.8: a) 
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The area transverse reinforcement ratio is commonly used in static shear 

design equations and is directly related to the web reinforcement needed to prevent 

inclined shear cracking. Providing adequate web reinforcement eliminates the 

probability of shear failure and ensures that the full flexural capacity (Mn) is reached. 

The area transverse reinforcement ratio is defined as the total cross-sectional area of 

the ties divided by the width of the column and the spacing of the hoops, 
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n ·As bar 
P Area = b ' 

·s 
(2.20) 

where n is the number of bars the shear crack passes, As,bar is the cross-section of the 

transverse reinforcement, b is the column width and s is the spacing of the ties. 

Volumetric Transverse Reinforcement Ratio [Pvolume] 

The volumetric expression for transverse reinforcement is preferred to 

describe confinement, because of the relationship between the total volume of steel 

and concrete. The volumetric transverse reinforcement ratio is defined as the volume 

of transverse reinforcement divided by the volume of the concrete core per spacing 

length, 

As,bar · C perimeter 

Pvol . = b h 
core • core · S 

(2.21) 

where Cperirneter is the tie perimeter, bcore and hcore present the concrete core 

dimensions, ands defines the spacing of the ties. 

As observed in Eq. 2.21, the volumetric transverse reinforcement ratio is 

directly related to the amount of confinement provided in a column. Changing the 

volumetric ratio is expected to influence the maximum allowable compressive 

stresses and strains in the column specimen. 
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Yield Strength of the Steel Hoop [fyh] 

The majority of the column data used normal strength steel for longitudinal 

and transverse reinforcement (Fig. 2.9). It can be observed that at strains of 0.0025 or 

greater causes normal grade steel to start yielding. 

For the presented research, it is expected that cyclic lateral loading will cause 

much larger strains in the transverse reinforcement. Therefore, it can be assumed that 

the transverse reinforcement has yielded when tested up to failure. Subsequently, the 

yield strength of the hoops is taken to express the maximum stress in the bars. This 

assumption corresponds with most strength design approaches (ACI 318-99, 1999). 
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Fig. 2.9: Idealized stress-strain curves for reinforcement grade 40, 60 and 75 
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2.8.2.2 Longitudinal Reinforcement 

Although the longitudinal reinforcement is not used in the present research to 

describe the drift capacity, it is mentioned because its parameters are used to 

determine the failure modes of the column specimens later in this study. 

Longitudinal Reinforcement Ratio [PLong] 

The longitudinal reinforcement ratio is expressed as the ratio of the total 

cross-sectional area of the longitudinal bars divided by the column cross-section, and 

is mainly used to provide adequate flexural strength capacity. It is known that the 

longitudinal reinforcement contributes additional shear capacity to the transverse 

reinforcement (ACI -ASCE Committee 426; Kani, 1966). It would be prudent to add 

the longitudinal reinforcement ratio as a parameter of the drift capacity research. 

Deviation from this conclusion, the presented research neglects the affect of 

longitudinal reinforcement. This is mainly justified on the complex relationship the 

longitudinal reinforcement develops with the drift capacity parameters. Because 

issues become more significant with successive cyclic lateral loading, investigations 

on longitudinal and transverse reinforcement interactions would need to be made. 

Furthermore, the longitudinal affect for drift capacity research would require 

approaches considering transverse and longitudinal interactions. 

Because the benefits of the longitudinal bars are neglected, the approach for the other 

column parameter will be more conservative. It is assumed that for all specimens 
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adequate flexmal strength was provided for static loading, and that sufficient bond 

between transverse and longitudinal reinforcement can be developed. 

Yield Strength of the Longitudinal Bars [ fy1] 

Like the transverse reinforcement, it can be assumed that the longitudinal bars 

have yielded when tested up to failme. This is founded on the fact that only column 

specimens are considered that fail predominantly due to flexural demands (Section 

2.8.3.1). 

2.8.3 Structural Components 

The two parameters that are expected to influence the ultimate drift are 

introduced in this section: Aspect Ratio [aid] and Axial Load Ratio [P/Agf cl 

2.8.3.1 Aspect Ratio [a/d] 

The aspect ratio is a significant parameter influencing the drift capacity of 

columns and is defined as the ratio of the shear span (a) to the effective depth (d). 

Columns are commonly grouped in two categories according to their aspect ratio. 

Columns with aspect ratios below 2.5 are referred as deep columns, whereas columns 

with aspect ratios of 2.5 and greater are referred to columns with predominantly 

flexmal response. The distinction is founded on the different behavior the two column 

types exhibit regarding shear capacity and flexibility issues. In short columns two 
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mechanisms interact to carry the shear load, the truss and arch mechanism, shown in 

Fig. 2.10 (Aoyama, 1991 ). 
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Fig. 2.10: a) Overall View 

ol pho 

b) Truss Mechanism c) Arch Mechanism 

In columns with predominantly flexural response, the truss mechanism 

sustains the major portion of the shear capacity. In the truss mechanism, the 

transverse reinforcement carries the tensile forces, whereas the concrete forms struts 

to carry the compression forces. In deep columns, the arch compression strut aids to 

develop additional shear capacity in the column. 

With increasing aspect ratio, the shear load carried by the compression strut in 

the arch mechanism decreases, therefore flexure failures are unlikely developed in 

deep columns. 

The presented research analyzes the maximum drifts rectangular columns are 

able to sustain during an earthquake event. Therefore column tests where brittle shear 

failures were observed as the main failure mode were excluded. 
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2.8.3.2 Axial Load Ratio (P/Agf c] 

Axial Load Ratio, defined as the ratio of axial demand to axial capacity, is 

expected to significantly influence the shear and drift capacity of reinforced columns. 

Applying lateral load reversals to column specimens result in tensile stresses in the 

concrete. Exceeding the allowable tensile stresses in the concrete, diagonal cracks on 

the tension side in each load direction are developed. An additional axial compression 

load put the concrete initially under compression stresses. Cyclic lateral loading on 

the specimen would first lead to the degradation of the existing compression stresses 

in the member, before finally the concrete reaches the allowable tensile stresses and 

cracks. The compression force further aids that cracks, which opened up during 

lateral loading in one direction, are closed with the load reversal. 

Figure 2.11 illustrates the resultant compression force in a column for high 

and low axial loaded columns (Edmund Booth, 1994). It can be observed that the 

inclination of the resultant compressive force reduces with increasing axial load. 

Therefore reinforced concrete columns subjected to high axial compression loads may 

be expected to have initial higher shear capacities than columns subjected to low axial 

loads. 
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Fig. 2.11: a) Low Axial Load b) High Axial Load 

Furthermore, the high axial load applied on reinforced concrete columns acts 

against the compression stresses in the concrete core. This interference behavior of 

the high axial load inhibits the yielding of the transverse steel in compression. 

Controversially, the low axial load may exhibit pinching caused by the yielding of the 

transverse reinforcement (Aoyama, 1965). 

Contrary to the strengthening effect, the axial load in combination with the 

increasing lateral deformation induces an additional moment. This additional moment 

is also referred as the second order effect (P-Li), and increases the tensile stresses and 

drift demands. 
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2.9 Ranges of Relevant parameters 

Table 2.2 lists the minimum and maximum values for the selected column 

parameters related to drift capacity that are included in the column database. 

Table 2.2: Minimum and Maximum Limits of the Significant Column 
Parameters in the Selected Column Database 

. ... 

Parameter Symbol Mill. Max. Unit 
Concrete Compressive Strength f c 22 116 Mpa 
Vol. Transverse Reinforcement Ratio pvol 0.17 6.64 % 
Area Transverse Reinforcement Ratio Parea 0.07 3.05 % 
Yield Strength of the Hoop f yh 255 1262 Mpa 
Longitudinal Reinforcement Ratio Plong 0.5 6.0 % 
Yield Strength of Longitudinal Bars fyl 315 587 Mpa 
Aspect Ratio aid 2.5 7.64 -
Axial Load Ratio P/Agfc 0 70 % 
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CHAPTER3 

ANALYSIS OF THE COLUMN DATA 

3.1 Introduction 

Chapter 3 introduces general information regarding the analysis. Ductility and 

yield drift capacity issues are then discussed. Chapter 3 continues with the main 

analysis on ultimate drift capacity. Three different approaches to describe the 

relationship between ultimate drift capacity and the confinement parameters are 

addressed. The ultimate drift capacity analysis is conducted, first based on the 

volumetric, and then based on the area transverse reinforcement ratio of the column 

specimen. Chapter 3 concludes with a comparison of the two drift capacity 

investigations. 

3.2 General Information 

3.2.1 Selected Column Data 

The analysis presented in this chapter is conducted based on the experimental 

data of 184 selected column specimens, shown in Table B4, Appendix B. All selected 

test columns have an aspect ratio (aid) of 2.5 or higher and may be considered as 

columns with predominantly flexural response. 
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3.2.2 Restrictions 

Longitudinal reinforcement parameters are neglected in the ultimate drift 

analysis. Therefore, the benefits of the longitudinal steel content on the ultimate drift 

capacity are not taken into account. 

Furthermore, investigations are conducted only on the actual measured 

displacement results obtained from each column test specimen. Influences of loading 

conditions, such as the intensity and frequency of the cyclic lateral loading, are 

disregarded. Also the effect of the number of lateral load reversals conducted on each 

column test specimen is neglected. 
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3.3 Yield Drift Capacity Analysis 

The discussion on yield drift capacity is conducted to provide a comparable 

basis for the ultimate drift capacity analysis. Knowing the effect of axial compression 

load and transverse reinforcement at the point the transverse reinforcement starts 

yielding, aids in identifying the effects these parameters have on the ultimate capacity 

values. 

The following analysis of the yield drift capacity is conducted using 

parameters of the volumetric transverse reinforcement ratio and axial compression 

load ratio. Figure 3.1 displays the yield drift capacities versus the volumetric 

reinforcement ratios of the selected experimental column data. 
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Fig. 3.1: Yield Drift Capacity versus Volumetric Confinement Parameter 

(Pvo1 ·fyhlr c) of Rectangular Columns for a/d ~ 2.5 
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According to Fig. 3 .1, an increasing trend between yield drift capacity and 

transverse reinforcement cannot be observed. In fact, the data distribution and 

average trend line show that the yield drift capacity stays constant with increasing 

volumetric confinement parameter (Pvol ·fy1/f c)- This leads to the conclusion that the 

transverse reinforcement does not affect the drift capacity of columns subjected to 

cyclic lateral loading until yielding in the hoops is reached. 

The effect of the axial compression load ratio (P/ Agf c), defined in section 

2.8.3.2, is investigated on the yield drift capacity of the column specimens. Figure 3.2 

shows the measured yield drift capacities of the column data plotted with the 

corresponding axial compression load ratios. 
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Fig. 3.2: Yield Drift Capacity versus Axial Compression Load Ratio (P/AgP c) 

of Rectangular Columns for a/d 2: 2.5 

47 



According to Fig. 3 .2, the yielding process of transverse reinforcement in 

columns under low axial load differs from that under intermediate and high axial 

load. Under low axial loading, high lateral displacements can be reached before the 

reinforcement starts to yield. With increasing axial compression load, the lateral 

displacement decreases continuously as the yielding process initiates. The average 

linear trend line shows that the average yield drift capacity for zero axial load starts at 

approximately 1 % and decreases to 0.5% at 70% axial compression load ratio. 

Therefore, a linear expression can be developed: 

5 p 
Driftr; Id= 0.01----

e 7 A f' 
g c 

(3.1) 

where DriftYield is the yield drift capacity and P/ Agf c is the axial compression load 

ratio for a given concrete column. As demonstrated in Fig. 3 .1, the transverse 

reinforcement parameter does not show any influence on the yield drift capacity. As a 

result, the axial compression load ratio is the only parameter affecting the yield drift 

capacity. 
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3.4 Ductility Capacity Analysis 

As described in chapter 2, ductility is used in several shear strength models to 

determine the performance of reinforced concrete columns under cyclic loading. An 

analysis of the relationship between ductility and ultimate drift is presented in this 

section. Providing a reliable relationship of these two performance parameters 

enables future investigations between the presented analysis and previously 

established research on column shear strength capacity. 

Figure 3.3 plots the measured ductility capacities of the column specimen in 

relation to their corresponding ultimate drift capacities. An average linear trend line 

of the presented data is developed with the intercept forced through the origin of 

coordinate system. The slope of the linear trend line is approximately equal to one, 

which results in the conclusion that the ductility capacity can be assumed equal to the 

ultimate drift capacity. 

µ = Driftu111ma1e (3.2) 
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10.0% 

Although a general approach between ductility and ultimate drift capacity is 

derived based on the direct relationship of the selected experimental data, further 

investigations are conducted. The effects of axial compression load on both 

parameters are considered in Fig. 3 .4 as the ratio between ductility and ultimate drift 

capacity versus axial compression load ratio. A linear trend line is shown in Fig. 3.4 

with ranges of one standard deviation below and above the average trend line. The 

ductility-ultimate drift capacity ratios of most column specimens are within one 

standard deviation of the average. Therefore, the equation for the developed average 

trend line presents a suitable approximation for the axial load effect. 

The ratio between ductility and ultimate drift capacity may then be described 

as follows: 
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_µ -=(1+~-p J 
Driftu11i111ato 2 Agf

1

c 

(3.3) 

where µ is the ductility, Driftrntimate is the ultimate drift capacity and PI Agf c is the 

axial load ratio. Solving for µ , the ductility can be written in terms of ultimate drift 

capacity and axial compression load ratio. 

(3.4) 

Either of the derived ductility expression (Eq. 3.2 or 3.4) can be used to relate 

ductility and ultimate drift capacity. 
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Fig. 3.4: Ductility/Ultimate Drift Capacity Ratio versus Axial Compression Load 
Ratio (P/Agf'c) of Rectangular Columns a/d ~ 2.5 
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3.5 Ultimate Drift Capacity Analysis 

3.5.1 Introductfon to the Three Different Approaches in Qualifying Data 

To simplify the analysis, the material components (such as steel and concrete 

strength) are related to the drift capacities of the test specimens. The relationship for 

the structural component in form of the axial load ratio is included. 

It is expected that the ultimate drift capacity will show a proportional 

relationship to the transverse reinforcement parameters of the column. In addition to 

the transverse reinforcement parameter, the material properties of the concrete and 

transverse steel also are included in terms of a ratio between yield strength of the 

hoops and compressive strength of the concrete (fyh/f c). 

Because the relationship between ultimate drift capacity and material 

components is unknown at the begiruring, three various approaches to qualify this 

relationship are introduced: 

• Linear Approach 

• Square Root Approach 

• Parabolic Approach 

The linear approach is chosen because it presents the simplest relationship for 

expressing the ultimate drift capacity in terms of the chosen parameters. Due to its 

simplicity, this approach may not be the best in describing the actual experimental 

data, but it may present a good indication of the general drift capacity behavior of 

reinforced concrete columns. 
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It is assumed that the influence of transverse reinforcement on the ultimate 

drift capacity degrades with increasing transverse reinforcement ratio of the column 

specimen. Square root and parabolic approach take account for this trend. Both 

approaches are expected to give a closer approximation of the general ultimate drift 

capacity behavior of reinforced concrete columns over the linear approach. 
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3.5.2 Drift Capacity Approaches based on Volumetric and Area Transverse 

Reinforcement Ratios 

3.5.2.1 Introduction 

The three various approaches (Linear, Square Root and Parabolic) are derived 

from the experimental data in this section. The measured ultimate drift capacities of 

the column specimens are set in relation to the volumetric and area transverse 

reinforcement ratios factored by a material ratio, which is defined as the yield 

strength of the transverse reinforcement divided by the concrete compressive strength 

(Pvodyh/f c and Parea·fyh/f c). The expressions of volumetric and area transverse 

reinforcement factored by the material ratios can be seen as the volumetric and area 

confinement parameters of the column, which affect the ultimate drift capacity. 

Subsequently, the terms (Pvorfyh/f c and Parea·fyh/f c) are referred to as the volumetric 

and area confinement parameters. The volumetric tenn is used in the ACI Building 

Code to express the minimum transverse requirements in seismic regions (ACI 318-

99, 1999, Eq. 21-2). 
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3.5.2.2 Linear Approach 

The linear analysis is conducted by plotting the ultimate drift capacities versus the 

volumetric confinement parameters (Fig. 3.5). The column data is grouped in three 

axial load ranges. 

• Low Axial Load Ratio [P/Agf c = 0-15%] 

• Intermediate Axial Load Ratio [P/Agf c = 16-30%] 

• High Axial Load Ratio [PI Agf c = 31-70%] 

For each axial load group, the average linear trend line is determined. The 

interception of each trend line is forced through the origin, which means that the 

ultimate drift capacity is assumed to be zero when no confinement is provided. On the 

basis of the ultimate drift capacities and average linear trend line for each axial load 

group, it can be observed that the drift capacity increases with increasing volumetric 

confinement parameter. A comparison of the trend lines concludes that the ultimate 

drift capacity of a column specimen will decrease with increasing axial load ratio. 
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Fig. 3.5: Ultimate Drift Capacity versus Volumetric Confinement Parameter 
(Column Data categorized in 3 Axial Load Groups) 

To qualify the axial load effect on ultimate drift capacity, further 

investigations are necessary. Fig. 3.6 this plotted in the same manner as Fig. 3.5, with 

the difference that the data is separated into six axial load categories. For all six axial 

load categories the average linear trend lines are developed to describe the 

distribution of ultimate drift capacity versus volumetric confinement parameter. 

Considering Fig. 3.6, the slopes of the average linear trend lines for low or no axial 

loaded columns (P/Agf' c = 0-15%) are larger than for columns with intermediate axial 

load ratios (P/Agfc = 16-30%) and high axial loaded columns (P/Agf' c = 31-70%). As 

a result it can be assumed that low axial loaded columns exhibit more drift capacity 

than intermediate and high-loaded column specimens with similar confinement 

parameters. Furthermore, the average trend lines of the experimental data show that 
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columns subjected to intermediate axial load ratios generally provide higher drift 

capacities than high-loaded columns. As stated for Fig. 3.5, a general tendency that 

the ultimate drift capacity decreases with increasing axial compression load can be 

identified. 
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Fig. 3.6: Ultimate Drift Capacity versus Volumetric Confinement Parameter 

(Column Data categorized in 3 Axial Load Groups) 

Fig. 3.7 and 3.8 show a similar relationship between ultimate drift capacity 

and area confinement parameter, as seen for the volumetric parameter. The same 

analytical procedure for the area and volumetric confinement parameters is used to 

derive the linear expression for estimating the ultimate drift capacity of reinforced 

concrete columns. 
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3.5.2.2.1 General Linear Expression for Ultimate Drift Capacity 

A general linear expression for estimating the ultimate drift capacity, 

including the axial load effect, is derived. Therefore, an initial analysis of the column 

data for zero axial loads is conducted. The average linear trend line for this column 

data group is independent of axial loading. This criterion qualifies the column data 

group to act as a basic expression between ultimate drift capacities and confinement 

parameters. Equation 3.5 defines the basic equation that expresses the drift capacity in 

terms of the volumetric confinement parameter, 

D N f y,, 
Rv,P=O = ovPvol f' c 

(3 .5) 

where DRv,P=O is the ultimate drift capacity for the corresponding volumetric 

reinforcement ratio with zero axial load and Nov is the slope of the average linear 

trend line. For axial load ratios different than zero, Eq. 3.5 has to be adjusted. 

Assuming that the ultimate drift capacity decreases linearly with increasing axial 

load, an axial load reduction factor can be developed. 

Implementing this load reduction factor in Eq. 3.5, a general linear approach 

to express the ultimate drift capacity in terms of the volumetric transverse 

reinforcement ratio, the yield strength of the hoop, the compression concrete strength 

and the axial load ratio is derived, 

(3.6) 
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where DRvP is the ultimate drift capacity dependent on the transverse reinforcement 

ratio and axial load parameters, NBv is the normalized slope of the basic linear trend 

line for axial load equal zero column data, and mv represents the decreasing slope of 

the axial load effect. 

Solving for Pvol in Eq. 3.6, a general expression for estimating the volumetric 

reinforcement ratio using an assumed ultimate drift capacity is found as follows: 

1 J 1 

c D assumed 

P val,e.1·1 = NJ (l _ _P_) 
Bv yh m v A

8
f'c 

(3.7) 

where Pvol,est is the estimated volumetric transverse reinforcement ratio and Dassumed is 

the assumed ultimate drift capacity to be reached in the concrete column. 

The volumetric and area confinement parameters have a similar relationship 

with respect to the ultimate drift capacity. Using the area instead of the volumetric 

transverse reinforcement ratio in Eq. 3.6, the general linear expression for ultimate 

drift capacity can be written in terms of the area confinement parameter as followed: 

D -N f yh (1-m _P_J 
RaP - BaParea f'c a Agf'c (3.8) 

Solving for P area m Eq.3.8, a general express10n for estimating the area 

transverse reinforcement ratio using an assumed ultimate drift capacity is folll1d as: 

1 J 1 
c D assumed 

P area,e.<I = N J (l - _P_) 
Ba yh ma A

8
f'c 

(3.9) 

where Parea,est is the estimated area transverse reinforcement ratio and D assumed is the 

assumed ultimate drift capacity in the concrete column. 
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3.5.2.2.2 Linear Expression for Ultimate Drift Capacity based on the Volumetric 

Confinement Parameter and Selected Column Data 

Once the general expression for the linear approach is found, the actual values 

from the experimental column data are analyzed. Figure 3 .9 shows the average linear 

trend line for column specimens subjected to lateral cyclic loading without axial 

compression force. The approximate expression for the ultimate drift capacity based 

on the volumetric confinement parameter is found to be 

(3.10) 
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Fig. 3.9: Ultimate Drift Capacity versus Volumetric Confinement Parameter 

of Column Specimens with P/Agf' c = 0% 

The slope mv for the linear axial load reduction is analyzed by taking the 

measured ultimate drift capacity of each column specimen and dividing its 
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approximate drift capacity for axial load equal to zero, calculated according to Eq. 

3.10. These nonnalized ratios are then categorized into twelve axial load ranges and 

the mean values are determined. Figure 3 .10 displays the mean values of the ratios 

between measured ultimate drift capacities and approximated ultimate drift capacities 

for zero axial loads for each load range versus their corresponding mean axial load 

ratios. The axial load reduction is assumed to be linear and an average linear trend 

line is determined. The found linear equation for the axial load reduction can 

subsequently be transformed into a more suitable expression. 

j (A pf' ) = 1.482 - 2.027 - p -
8 c Re d . A J' 

g c 

f(Ap{') = 1.482 ·(1 -1.368 - p- J 
8 · c Red . A J' 

g c 

(3.11) 
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Fig. 3.10: Measured Ultimate Drift Capacity/Approximate Ultimate Drift 
Capacity for P = 0 (DRv,P-o) versus Mean Axial Load Ratios (P/ Agf' c) 
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Combining Eq. 3 .10 and 3 .11, the linear approach for the ultimate drift 

capacity using the volumetric transverse reinforcement ratio and based on the selected 

experimental column data is derived. 

fyh ( 68 p J D RvP = 0.427 P vo/ - , 1-1.3 - -
1 f c Agf c 

(3.12) 

It is not expected that the linear approach presents high accuracies up to three 

decimals, therefore a more practical expression is preferred. Eq. 3 .13 presents the 

recommended expression for the linear ultimate drift capacity approach in terms of 

fractions. 

(3. 13) 

Solving for Pvob the linear expression for estimating the volumetric 

reinforcement ratio from an assumed ultimate drift capacity based on the selected 

column data is found as follows: 

7 J 1 

c D assumed 

Pvol,est = 3 J (1- .! _e_,) 
yh 3 A1 f < 

(3 .14) 

where Pvol,est is the estimated volumetric transverse reinforcement ratio and Dassumed is 

the ultimate drift capacity assumed for the reinforced concrete colwnn. 
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3.5.2.2.3 Linear Expression for Ultimate Drift Capacity based on the Area 

Confinement Parameter and Selected Column Data 

The same analytical procedure is conducted to determine a linear expression 

for estimating the ultimate drift capacities in terms of area confinement parameters. 

Figure 3. I 1 shows the ultimate drift capacities versus the corresponding area 

confinement parameters for columns subjected to no axial loads. Using the linear 

trend line developed in Fig. 3.11, the basic linear expression for ultimate drift 

capacity at axial loads equal zero (DRa,P=o) is found to be 
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Fig. 3.11: Ultimate Drift Capacity versus Area Confinement Parameter 

of Column Specimens with P/Agf' c = 0% 
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To determine the slope ma of the ultimate drift reduction due to the effect of 

varying axial loads, Fig. 3.12 presents the mean values of the calculated drift ratios 

(Du1timatJDRa,P=o) plotted versus the corresponding mean values of the axial load ratios 

(P/Agf c) for twelve different load ranges, and the corresponding linear trend line. The 

found equation of the linear trend line is then used to express the ultimate drift 

reduction affected by the axial loading. 

f(A pf' ) = 1.687 - 2.393-p-
g c Red. A J' 

g c 

J(Apf') =l.687·[1-1.418-p-J 
K· c Red. A J' 

g c 

(3.16) 
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Fig. 3.12: Measured Ultimate Drift Capacity/Approximate Ultimate Drift 
Capacity for P=O (DRa,P=o) versus Mean Axial Load Ratios (P/Agf'c) 
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Combining Eq. 3 .15 and 3 .16, a linear express10n for the ultimate drift 

capacity of reinforced concrete columns under varied axial loads and based on the 

area confinement parameter is developed. 

DRaP =l.077Parea j~h (1-1.418~] 
f c Ag f c 

(3.17) 

A more practical expression for Eq. 3.17 using fractions is recommended as follows: 

D - f y,, (1-I__P_J 
RaP - P area f' c S Agf' c (3.18) 

Equation 3 .18 can be transformed into an expression for estimating the area 

transverse reinforcement ratio using an assumed ultimate drift capacity as shown 

below: 

P 
= J' c D ax.mmed 

area,est j (1- 2.. _ P_) 
yh 5 Agf'c 

(3.19) 

where Parea,est is the estimated area transverse reinforcement ratio and Dassumed is the 

assumed ultimate drift capacity of the concrete column. 
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3.5.2.3 Square Root Approach 

The square root approach uses the same analytical procedure as the linear 

approach. The measured ultimate drift capacities of the column specimens are plotted 

versus the volumetric confinement parameter (Fig. 3 .13 ). According to Fig. 3 .13 

increasing the volumetric confinement ratio also will increase the measured ultimate 

drift capacity in a column specimen. 
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Fig. 3.13: Ultimate Drift Capacity versus Vol. Confinement Parameter 

(Column Data categorized in 3 Axial Load Groups) 

0.6 

The column data and average square root trend lines show that the influence 

of the confinement parameter degrades with increasing transverse reinforcement ratio. 

At low volumetric transverse reinforcement ratios an increase in confinement shows a 

much higher impact on the ultimate drift capacity than at high transverse 
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reinforcement ratios. This behavior also is reflected in the slope distribution of the 

average square root trend lines. 

Considering confinement issues for different reinforced columns, the shown 

distribution between capacity and transverse reinforcement ratio becomes more 

reasonable. Adding confinement steel in columns with low transverse reinforcement 

results that the columns are able to sustain higher stresses in the concrete core under 

cyclic loading. In columns with high transverse reinforcement, the confinement 

ensures that the major portion of the concrete core reaches its ultimate capacity. 

Therefore, an increase in confinement does not affect the ultimate drift capacity 

significantly. 

A degradation of the ultimate drift capacities from low to high axial loaded 

columns can be observed. To investigate the axial load effect more in detail, a 

distinction into six axial load groups is made in Fig. 3.14. A continuously decreasing 

ultimate drift capacity tendency can be observed with increasing axial compression 

loading. 
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Figure 3.15 and 3.16 show similar relationships between ultimate drift 

capacity and area confinement parameter, as observed in the volumetric analysis_ 

Square root expressions approximating the ultimate drift capacity in terms of area and 

volumetric confinement parameters are derived in the next section. 
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3.5.2.3.1 General Square Root Expression for Ultimate Drift Capacity 

Further investigations are conducted to understand the decreasing axial 

compression loading effect in form of an axial load reduction factor. The square root 

trend line at zero axial compression load is used as the basic equation to express the 

relationship between ultimate drift capacity and transverse reinforcement ratio. 

Equation 3 .20 presents the general expression for ultimate drift capacity at zero axial 

compression loading, 

fyh 
Pval J'c (3.20) 

where DRv,P=O describes the ultimate drift capacity for a given volumetric transverse 

reinforcement ratio at zero axial compression load and Nov is the slope of the square 

root trend line for column specimens with no axial load. 

Equation 3.20 is only valid for column specimens subjected to no axial 

compression load; therefore a load reduction factor is introduced to derive an 

approach applicable for columns with various axial loads. It is assumed that the axial 

load has a linear decreasing effect on the ultimate drift capacity. As a result, Eq. 3.20 

can be rewritten in form of a general square root expression for all different axial 

loading conditions as: 

DRvP = NBv fyh [i p J 
Pvo/ f' c -mv Agf'c 

(3.21) 

where DRvP is the ultimate drift capacity dependent on the volumetric transverse 

reinforcement and axial load parameters, N8 v is the normalized slope of the basic 
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square root trend line for axial load equal zero column data, and mv is the decreasing 

slope of the axial load effect. 

Equation 3 .21 can be transformed into an express10n for estimating the 

volumetric transverse reinforcement ratio using an assumed ultimate drift capacity of 

the concrete column as follows: 

[ ]

2 

! ' D P _ _ c assumed 
vol,est - p 

fyh N Bv (l - mv Agf'c ) 

(3.22) 

where PvoI,est is the estimated volumetric transverse reinforcement ratio and Dassumed 

defines the assumed ultimate drift capacity of the concrete column. 

Showing the same influence on ultimate drift capacity as the volumetric 

reinforcement ratio, it is assumed that the general square root expression for 

estimating the ultimate drift capacity based on the area transverse reinforcement ratio 

is similar to that in Eq. 3.21. Equation 3.23 presents the general square root 

expression for estimating the ultimate drift capacities of reinforced concrete columns 

based on the area confinement parameter, 

D =N fy1i (1-m _P_J 
RaP Ba Parea f 'c a Agf'c (3.23) 

Solving for Parea in Eq. 3.23, a general expression for estimating the area 

transverse reinforcement ratio also can be found as follows: 

[ ]

2 

f'c Dassumed 

P area,req = -1 N (l - _ P_) 
yh Ba ma Agf'c 

(3.24) 
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where Parea,est presents the estimated area transverse reinforcement ratio calculated and 

Dassumed is assumed ultimate drift capacity of the concrete column. 

3.5.2.3.2 Square Root Expression for Ultimate Drift Capacity based on the 

Volumetric Confinement Parameter and Selected Column Data 

In the following, the general derived square root approach is analyzed with 

the obtained results and information of the selected column data. In Figure 3 .17 the 

average square root relationship of ultimate drift capacities and volumetric transverse 

reinforcement ratios are presented for column specimens subjected to no axial 

loading. 
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Fig. 3.17: Ultimate Drift Capacity versus Volumetric Confinement Parameter 

of Column Specimen with P/Agf' c = 0% 
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The basic expression for ultimate drift capacity under zero axial loading is therefore 

defined from the experimental column data as following: 

DRv,P=O = 0.130 
fyh 

Pvol f'c (3.25) 

Investigations on the axial load effect are conducted. Equation 3.25 is used to 

calculate approximate ultimate drift capacities for all selected column specimens 

assuming zero axial loading. The ratios of measured drift capacities and the 

approximate drift capacities at zero axial compression loads are determined. The 

column data is then separated into twelve different axial load groups. The mean 

values of the previously calculated drift ratios and axial compression load ratios are 

determined and plotted in Fig. 3.18. 
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A decreasing trend in ultimate drift capacity with increasing axial load can be 

observed in Fig. 3.18. Assuming this trend to be linear, as mentioned in section 

3.5.2.3.1, the axial load effect is found for the selected experimental data as follows: 

!(A P1., ) = 1.017-1.128-p-
g c Red. A J' 

g c 

1(Apf') =l.017·(1-1.109-p-J 
g c Red. A j' 

g c 

(3.26) 

Implementing the approximate axial load reduction function (Eq. 3.26) into 

the ultimate drift capacity equation for zero axial compression loading (Eq. 3.25), an 

approximate square root relationship of ultimate drift capacities and column 

parameters is derived. 

fyh [ p 'j DRvP = 0.132 Pvo/ -, 1-1.109--,-
/ c Agf c 

(3.27) 

Based on the fact that two assumptions are made to derive Eq. 3.27, a three 

decimal accuracy in the slope values are not reached. A more practical expression that 

uses fraction terms is preferred in Eq. 3.28. 

D _ 1 fy,, (i 10 P J 
RvP - g Pvol f'c -g Agf'c (3.28) 

Solving for Pvol in Eq. 3.28, an express10n for estimating the volumetric 

transverse reinforcement ratio using an assumed ultimate drift capacity is found as: 

[ ]

2 

J' c 8D assumed 

P vol,est = T (1- lQ_ _P_' ) 
yh 9 A8f, 

(3.29) 
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where Pvol,est is the estimated volumetric transverse reinforcement ratio and Dassumed is 

the assumed ultimate drift capacity of the concrete column. 

3.5.2.3.3 Square Root Expression for Ultimate Drift Capacity based on the Area 

Confinement Parameter and Selected Column Data 

In the following investigation, the square root expression for ultimate drift 

capacities based on the area confinement parameter is derived using the same 

analytical methods as used for volumetric expression. Figure 3 .19 shows the ultimate 

drift capacities of column specimens without axial loads plotted with their 

corresponding area confinement parameters and a square root trend line of the column 

data. The square root trend line is used to develop an expression estimating ultimate 

drift capacities for columns without axial loading as follows: 

DRa,P=O = 0.189 
fyh 

Parea f' c (3.30) 
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Fig. 3.19: Ultimate Drift Capacity versus Area Confinement Parameter 

of Column Specimens with P/Agf'c = 0% 

The ultimate drift capacity reduction under varied axial loading is investigated 

according to the selected column data_ Figure 3-20 shows the mean values for the 

calculated drift ratios (Du1timatelDRa,P=o) plotted with the corresponding mean axial 

load ratios of twelve axial load ranges and their corresponding linear trend line. The 

expression of the linear trend line is used to describe the ultimate drift reduction with 

varying axial loads as follows: 

!(A pf' ) = 1.113 -1.278-p-
g. c Red. A J' 

g c 

1(A Pf' ) = l.113-[1-1.148-p-~ 
g. c Red. A J' 

g c 

(3.31) 
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Capacity for P=O (DRa,P=o) versus Mean Axial Load Ratios (P/Agf' c) 

Combining Eq 3 .30 and 3 _31, a square root expression for estimating the 

ultimate drift capacities of reinforced concrete columns for various axial loads can be 

found. Equation 3.32 shows the square root expression on ultimate drift capacity 

based on the area confinement parameter and selected column data. 

fyh [ p J 
DRaP = 0.211 Parea - , 1-1.148--,-

J c Agf c 

(3 .32) 

Again, a more practical form of Eq. 3_32 using fractions is recommended in Eq. 3_33. 

(3.33) 
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Solving for Parea in Eq. 3.33, an expression for estimating the area transverse 

reinforcement ratio using an assumed ultimate drift capacity is found as follows: 

[ ]

2 

J' c SD assumed 

P area,est = T (l - ~ _P_, ) 
yh 7 Agf c 

(3.34) 

where Parea,est is the estimated area transverse reinforcement ratio and Dassumed is the 

assumed ultimate drift capacity of the concrete column. 
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3.5.2.4 Parabolic Approach 

The final investigated model assumes a parabolic relationship between 

ultimate drift capacity and the column parameters. Upon reaching the maximum peak 

value of the parabolic curve, a constant distribution of the ultimate drift capacity is 

then assumed. From reaching the maximum ultimate drift capacity, it is assumed that 

the transverse reinforcement ratio does not affect the ultimate drift capacity of the 

column. The initial analysis is shown in Fig. 3.21 , where the measured ultimate drift 

capacities of the column specimens are plotted against their volumetric confinement 

parameters. 
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Fig. 3.21: Ultimate Drift Capacity versus Volumetric Confinement Parameter 

(Data categorized in 3 Axial Load Groups) 

The column specimen data is separated into three axial compression load 

groups in Fig. 3.21 , low (P/Agf c=0-15%), intermediate (P/Agf c=16-30%) and high 
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axial compression loading (P/Agf c=31-70%). For each axial load group, an average 

parabolic trend line between the ultimate drift capacity and the volumetric 

confinement parameters is developed. 

Considering the results of the column specimens and their average parabolic 

trend lines, it is observed that with increasing amounts of transverse reinforcement, 

the ultimate drift capacity of a concrete column increases significantly. The results of 

the column data show that once a maximum ultimate drift capacity value is reached, 

additional confinement provided by the transverse reinforcement does not affect the 

ultimate drift capacities. The ultimate drift capacities of the column specimens 

fluctuate then around the maximum ultimate drift capacity value. 

Comparing the ultimate drift capacities and average parabolic trend lines of 

the three axial compression load groups, it is apparent that the ultimate drift capacity 

decreases with increasing axial compression loading. The average parabolic trend 

lines show that column specimens under low axial compression load (P/ Agf c=0-15%) 

can develop drift capacities up to 6%, intermediate axial loaded columns (P/Agf c=16-

30%) up to 4%, and high axial loaded columns (P/Agf c=31-70%) up to 3% under 

cyclic lateral loading. 

To analyze the axial load effect on reinforced concrete columns under cyclic 

lateral loading more in detail, the column data is separated into six different axial 

compression load categories, as shown in Fig. 3.22. According to Fig. 3.22, 

increasing the axial compression load reduces the ultimate drift capacity of a column. 

Therefore a reduction in drift capacity according to the amount of axial load should 
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be implemented into the parabolic model for the ultimate drift capacity of a 

reinforced concrete column. 
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Fig. 3.22: Ultimate Drift Capacity versus Volumetric Confinement Parameter 

(Data categorized in 6 Axial Load Groups) 

Further parametric studies on ultimate drift capacity and area transverse 

reinforcement are conducted in Fig. 3 .23 and 3 .24, where similar behavior between 

area and volumetric confinement parameter is observed. Consequently, the same 

analytical procedure as used for the volumetric parameter to derive the parabolic 

expression for estimating the ultimate drift capacities of reinforced concrete columns 

is used for the area parameter. 
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Fig. 3.23 and 3.24: Ultimate Drift Capacity versus Area Confinement Parameter 

(Column Data categorized in 3 and 6 Axial Load Groups) 
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3.5.2.4.1 General Parabolic Expression for Ultimate Drift Capacity 

The linear and square root analyses initialize with deriving basic equations for 

the ultimate drift capacity distribution at zero axial compression load. The general 

ultimate drift capacity approaches for various axial load values are then derived based 

on these basic expressions. 

The parabolic approach uses a different analytical method to define a general 

ultimate drift capacity expression. In general, a parabolic relationship between two 

parameters can be expressed in form of the following function: 

( 
2x x

2 J 
J(x)parabolic = fmax ----2 -

xmax xmax 

(3.35) 

where x is the variable in the equation and fmax and Xmax are the coordinates of 

maximum value. For the ultimate drift capacity approach the parabolic distribution in 

Eq. 3.35 can be rewritten in terms of a maximum ultimate drift capacity value and 

volumetric confinement parameters. The general parabolic expression estimating 

ultimate drift capacities is presented, 

D = ( 2Dvmax,P ( fyh ]- Dvmax,P ( fyh ] 2
] 

RvP Pvo/ J' 2 Pvo/ J' 
X vmax,P c Xvmax,P c 

(3.36) 

where DRvP is the assumed ultimate drift capacity of the column based on its 

corresponding volumetric transverse reinforcement ratio and axial compression load. 

Dvmax,P is defined as the maximum ultimate drift capacity according to the parabolic 

expression for each axial compression load group and Xvmax,P represents the 

corresponding volumetric confinement parameter (Pvorfyh/f c) to this peak value. Both 
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parameters, Dvmax,P and Xvmax,P, are expected to change with varymg axial 

compression load. 

Assuming a linear reduction of the maximum ultimate drift capacity with 

increasing axial load ratio, an expression for Dvmax,P can be found, 

p 
D =D -m--

vmax,P v max,P=O v A J' 
g c 

(3.37) 

where Dvmax,P=O is the assumed maximum ultimate drift capacity for columns without 

axial compression load and mv is the slope of the ultimate drift capacity reduction for 

various axial loads. 

After an expression for Dvmax,P is found, an approximate distribution of the 

volumetric confinement parameter (xvmax,P) at maximum ultimate drift capacity 

(Dvmax,P) needs to be developed. Assuming the volumetric confinement parameter at 

Dvmax,P increases linearly with increasing axial compression load, a function for 

Xvmax,P is found, 

p 
X =X +n ---

vmax,P vmax,P=O v A J' 
g c 

(3.38) 

where Xvmax,P=O describes the volumetric confinement parameter at the ultimate drift 

capacity peak of the parabolic trend line for columns subjected to no axial loads. The 

slope nv represents the change of the volumetric confinement parameter at Dvmax,P 

with varying axial compression loads. 

Using these linear assumed distributions of the maximum ultimate drift 

capacity values (Dvmax,P) and their corresponding volumetric confinement parameters 
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(xvmax,P) as derived in Eq. 3.37 and Eq. 3.38, the general parabolic express10n 

presented in Eq. 3.36 can be rewritten as follows: 

D ' g. c yn , g c Y (3 39) [
2(DvmaxP=0-mv-,;f--f,)( / .. ] [(DvmaxP=O-mvAPj')( Jh:2JJ 

RvP = P vol - - 2 P vol - ' 
(Xvmax,P=O + nv Ag~) f'c (Xvmax,P=O + nv Ag~) f'c 

Equation 3.39 also can be transformed into a general expression for estimating 

the volumetric transverse reinforcement ratio using an assumed ultimate drift capacity 

of the concrete column as follows : 

1 _ D assumed ] 

(Dvmax,P=O - mv A•~'c) 
(3.40) 

where Pvol,est is the estimated volumetric transverse reinforcement ratio and Dassumed is 

the assumed ultimate drift capacity of the concrete column. 

Similar relationships were observed for the two different confinement 

parameters (area and volumetric) with respect to the ultimate drift capacity. The 

general parabolic expression for ultimate drift capacity of a reinforced concrete 

column in terms of the area confinement parameter is similar to the volumetric 

confinement expression. Equation 3.41 presents the approximate general parabolic 

expression on ultimate drift capacity of reinforced concrete columns based on the area 

confinement parameter. 

D = [2(Damax,P=0 - ma~) ( fyh l-[(Damax,P=O - ma~) ( fyh ] 2
]] ( 3.4l) 

RaP ( p ) Parea J' ( p )2 Parea J' 
Xamax,P=O + na Agf'c c Xamax,P=O + na A8 f'c c 
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Solving for Parea in Eq. 3.41, a general expression for estimating the area 

transverse reinforcement ratio using an assumed ultimate drift capacity of the 

concrete column is found as follows: 

- ( p ) f'c [1 
Parea,es/ - xamax,P=O + na A,f\. fyh - 1 _ D assumed J 

(DamaxP=O -ma A Pf') 
• g c 

(3.42) 

where Parea,est is the estimated area reinforcement ratio and Dassumed is defined as the 

assumed ultimate drift capacity of the concrete column. 

3.5.2.4.2 Parabolic Expression for Ultimate Drift Capacity based on the 

Volumetric Confinement Parameter and Selected Column Data 

The following analysis is conducted to qualify the derived general equations 

for Dvmax,P and Xvmax,P (Eq. 3.37 and Eq. 3.38) according to the measured results of the 

experimental column data. The obtained results are then used in combination with Eq. 

3.39 to establish the parabolic ultimate drift capacity expression for the selected 

column data set. 

To find adequate expressions for Dvmax,P and Xvmax,P, the selected column data 

is grouped according to the amount of axial compression load. Because each axial 

load group has a parabolic trend line, it is important that each axial load group 

contains sufficient data to provide a good trend line. It is found that separating the 

column database into nine axial compression load groups provides an adequate 

amount of data (min. 10 data points) for each group to develop suitable parabolic 

trend lines. Figure 3.25 presents an overview of the nine-selected axial compression 
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load groups and their average parabolic trend lines used to qualify the parabolic 

approach. 
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Fig. 3.25: Ultimate Drift Capacity versus Volumetric Confinement Parameter 

(Column Data categorized in 9 Axial Load Groups) 

Figures 3 .26 through 3 .34 display the measured ultimate drift capacities of the 

column specimens versus their corresponding volumetric transverse reinforcement 

ratios and material ratios in each axial compression load range. The average parabolic 

trend line according to the column data results of each load group is presented. 
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Fig. 3.34: Ultimate Drift Capacity versus Vol. Confinement Parameter 

of Column Specimens with Pl Agf' c = 51-70% 

After the average parabolic trend lines for all nine axial load groups are defined, their 

maximum peak values are determined to find the linear expressions for Dvmax,P and 

Xvmax,P as described in Eq. 3.37 and Eq. 3.38. In the presented analysis the maximum 

peak value of the parabola represents the maximum ultimate drift capacity a column 

is assumed to reach in a specific axial compression load range. 

Table 3 .1 presents the mean axial load ratios, the equations of the parabolic 

trend lines, volumetric confinement parameters at peak (xvmax), and the maximum 

ultimate drift capacity values (Dvmax) the column specimens exhibit in the various 

axial compression load ranges. 
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Table 3.1: Determination of the Maximum Ultimate Drift Capacity Values for 
the 9 various Axial Compression Load Groups (Vol. Confinement Parameter) 

-1 .332x 2 +0 .605x 

8.4% -1.923x +0.648x 5.46% 

12.6% -0 .999x +0.518x 0.259 6.72% 

19.3% -0.392x 2+0.249x 0.318 3 .96% 

22.3% -1 .107x2+0.502x 0.227 5.69% 

28.8% -0.676x 2 +0 .294x 0.217 3.18% 

36.4% -0.450x 2+0.248x 0 .276 3.42% 

46.3% -0.191x +0.153x 0.399 3.04% 

68.0% -0.170x +0.126x 0.369 2 .32% 

Based on the maximum ultimate drift capacity values of the parabolic trend 

lines for the various axial load ranges shown in Table 3.1, a linear approximation of 

Dvmax is derived. The values of Dvmax are plotted against their corresponding mean 

axial load ratios (Fig. 3.35). Figure 3.35 shows that the maximum ultimate drift 

capacity values (Dvmax) decrease with increasing axial load ratios. Consequently a 

linear line is developed to approximate this trend. Equation 3.43 presents the linear 

expression of the maximum ultimate drift capacity distribution with varying axial 

loading, 

p 
D,,max p = 0.064- 0.070--

. ' A f' 
g c 

(3.43) 

where 0.064 presents the maximum ultimate drift capacity for columns without axial 

loading (Dvmax,P=o) and 0.070 describes the slope mv of the linear ultimate drift 

reduction defined in Eq. 3.37. 
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Fig. 3.35: Max. Ultimate Drift Capacity (Dvmax) versus Mean Axial Load Ratio 
(P/Agf' c) 

In addition to the linear expression for Dvmax,P, a linear expression of the 

volumetric confinement parameters at maximum ultimate drift capacity (xvmax,P) 

proposed in Eq. 3.38 is determined. Therefore the obtained Xvmax values for the 

various axial load ranges are plotted against their mean axial compression load ratios 

(Fig. 3.36). According to Fig. 3.36, the Xvmax values increase with increasing axial 

load ratios. Assuming a linear relationship between the various Xvmax values and their 

mean axial load ratios, a trend line is developed to approximate the data results from 

the various axial load groups shown in Fig. 3.36. The linear approximation of Xvmax,P 

based on the experimental column data is presented, 

p 
xv max p = 0.200 + 0.272--

, Agf'c 
(3.44) 
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where 0.200 reflects the value of Xvmax,P=O and 0.272 describes the increasing slope nv 

from the general expression in Eq. 3.38. 
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Fig. 3.36: Vol. Confinement Parameter at Maximum Ultimate Drift Capacity 
(Xvmax) versus Mean Axial Load Ratios (P/Agf' c) 

After deriving the linear assumptions for the maximum ultimate drift capacity 

and the corresponding volumetric confinement parameter, the parabolic expression 

for the ultimate drift capacity of reinforced concrete columns under varying 

conditions is established. Equations 3.43 and 3.44 are substituted into the general 

expressions for Dvmax,P and Xvmax,P in Eq. 3.39. The parabolic expression for the 

ultimate drift capacity of reinforced columns based on the results of selected column 

data becomes: 

[
2(0.064-0.070 A~'.)( j J (0.064-0.070 A~') ( f J2

] 

DRvP = (0.200+0.272~) Pvo/ ;.: - (0.200+0.272~) 2 Pvo/ ;.: 
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Due to the fact that two linear assumptions were made in the analysis, it is not 

expected that the derived parabolic expression will be accurate to three decimals. A 

more practical expression in terms of fractions is recommended. 

D = [ 2ci&-~v)( 1yh J- ci&-~v)( 1yh J2J 
RvP (l 2_P_) Pvol J' (l 2_P_)2 Pvol J' 

5 + 7 A j' c 5 + 7 A f' c g c g c 

(3.46) 

Solving for PvoI in Eq. 3.46, an express10n for estimating the volumetric 

transverse reinforcement ratio using an assumed ultimate drift capacity is found as 

follows: 

( I 2 P ) f'c [1 Pvo/ est = 5 + 7~1·· - -
• g , r ' yh 

1 _ D assumed J 
Ci~o - l~O Ag~',) 

(3.47) 

where PvoI,est is the estimated volumetric transverse reinforcement ratio and Dassumed is 

the assumed ultimate drift capacity of the concrete column. 

3.5.2.4.3 Parabolic Expression for Ultimate Drift Capacity based on the Area 

Confinement Parameter and Selected Column Data 

The same analytical procedure is preferred for the area confinement parameter 

as for the volumetric confinement parameter. Investigations on the selected column 

data to develop linear expressions for the maximum values of the ultimate drift 

capacities (Damax,P) and their corresponding area confinement parameters (Xamax,P) are 

conducted. The selected column data is subdivided into nine groups according to their 

axial load ratios. Best-fit parabolic trend lines to approximate the data distribution in 

the load groups are determined. In Fig. 3 .3 7 the nine-selected axial compression load 
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groups and their average parabolic trend lines used to qualify the parabolic approach 

are presented. 
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(Column Data categorized in 9 Axial Load Groups) 

For a more detailed investigation on the relationship between ultimate drift 

capacity and area confinement parameter, the column data and corresponding 

parabolic trend line for each axial load group is presented separately in Fig. 3.38 to 

3.46. 
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of Column Specimens with P/Agf'c = 51-70% 

The expressions for the parabolic trend lines of the various axial load groups 

obtained in Fig. 3.38 to 3.46 are listed in Table 3.2. In addition to the parabolic 

equations, the maximum values of ultimate drift capacities and corresponding area 

confinement parameters are also presented. 
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Table 3.2: Determination of the Maximum Ultimate Drift Capacity Values for 
the 9 Various Axial Compression Load Groups (Area Confinement Parameter) 

8.4% + 1.445x 0.077 5.54% 

12.6% -4.985x +1.176x 0 .11 8 6.93% 

19 .3% -2.390x +0.617x 0 .12 9 3.98% 

22.3% -6.308x +1.218x 0 .097 5.88% 

28.8% -4. 1 1 2 x +0.717x 0.08 7 3.13% 

36.4% -2.770x +0.609x 0 .11 0 3.35% 

46.3% -1.302x +0.390x 0 .150 2.92% 

68.0% -0.706x +0.267x 0 .189 2.52% 

A relationship between the maximum ultimate drift capacity value and axial 

loading of a reinforced concrete column is developed, therefore the values of Damax 

are plotted with their corresponding mean axial load ratios in Fig. 3.47. The figure 

shows that the maximum ultimate drift capacity (Damax) decreases continuously with 

increasing axial load ratios. Consequently, a linear line is developed to approximate 

this trend. Equation 3 .48 presents the linear expression of Damax with varying axial 

loading, 

(3.48) 

where 0.063 presents the maximum value of ultimate drift capacity for columns 

without axial loading (Damax,P=o) and 0.067 describes the slope of the linear ultimate 

drift reduction. 
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Fig. 3.47: Max. Ultimate Drift Capacity (Damax) versus Mean Axial Load Ratio 
(P/Agf' c) 

In addition to Eq. 3.48, describing the maximum ultimate drift capacities 

(Damax,P ), a linear expression of their corresponding area confinement parameters 

(Xamax,P) needs to be developed. The Xamax values for the various parabolic trend lines 

are plotted against their mean axial load ratios (Fig. 3.48). It is seen that the Xamax 

values increase continuously with increasing axial load ratios. A linear line is 

developed to approximate this trend. The expression of the linear trend line is used to 

describe the area confinement parameter at maximum ultimate drift capacity with 

varying axial loads (Xamax,P ), 

p 
XamaxP = 0.080 + 0.136---

, Agf1c 
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where 0.080 presents the area confinement parameter for the maximum ultimate drift 

capacity of columns without axial loading and 0.136 describes the slope of the area 

confinement parameter with increasing axial load. 
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Fig. 3.48: Area Confinement Parameter at maximum ultimate drift capacity 
(Xamax) versus Mean Axial Load Ratios (P/Agf' c) 

With the found linear approximations for Damax,P and Xamax,P (Eq. 3.48 and 

3 .49), a parabolic expression for ultimate drift capacity based on the area confinement 

parameter is developed. Equation 3.50 presents the results of parabolic approach 

derived from the selected column data. 

D = g c __!!!__ - g c _Y_ 3 50 (
2(0.063 - 0.067 A pf' ) ( f ; (0.063 - 0.067 A pf' ) ( f h :

2 J 
RaP (0.080+0.136 Ag~) Parea f'c (0.080+0.136 Ag~.)2 Parea f'c ( . ) 

Again, instead of using decimals in Eq. 3.50 a more practical expression using 

fractions is recommended in Eq. 3.51. 
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D = ( 2c!&- -itov) ( 1yh J- c!&- -itov) ( 1yh J2
] 

RaP (1- _l___P_) Parea j' (1- _l__P_)2 Parea j' 
7 + 12 A f' c 7 + 12 A j' c g c g c 

(3.51) 

Solving for Parea in Eq. 3.51, an expression for estimating the area transverse 

reinforcement ratio using an assumed ultimate drift capacity is found as follows: 

- (1- + _l__ _P_) £c_ [1 _ 1 _ D assumed : 
P area,esl - 7 12 Agf'c J (__§___ _ _]_ _P_) 

yh 100 100 Agf°c 

(3 .52) 

where Parea,est is the estimated area transverse reinforcement ratio and Dassumed presents 

the assumed ultimate drift capacity of the concrete column. 
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3.5.3 Comparison of the Various Ultimate Drift Capacity Expressions based on 

Volumetric and Area Transverse Reinforcement Ratio 

3.5.3.1 Introduction 

Investigations are made to evaluate reliability of the various expressions. The 

results derived in sections 3.5.2.2-3.5.2.4, in the form of approximate ultimate drift 

capacities and calculated volumetric or area transverse reinforcement ratios, 

determined by the various expressions are compared with the actual measured values 

from the column tests. A comparison of the various expressions based on the same 

confinement parameter is then conducted to reveal the advantages and disadvantages 

of each expression. The section concludes with a summary of the obtained results and 

recommendations on the preferred expression for each confinement parameter. 

3.5.3.2 Accuracy of the Linear Expression based on the Vol. Confinement 

Parameter estimating Ultimate Drift Capacities and Transverse Reinforcement 

Ratios 

The comparison begins with the calculation of approximate ultimate drift 

capacities for the selected column specimens based on the linear expression in Eq. 

3.13. The ratio of measured to approximate ultimate drift capacity of each column 

specimen is calculated. Figure 3 .49 presents the ratios of measured to calculated 

ultimate drift capacity plotted with the provided volumetric transverse reinforcement 

ratios of the column specimens. 
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A high fluctuation of the measured to calculated ultimate drift capacity ratios 

is observed in Fig. 3.49. The linear expression provides lower approximations of 

ultimate drift than the measured ultimate drift capacities at low volumetric transverse 

reinforcement ratios, and higher approximations at high transverse reinforcement 

ratios. Therefore, it can be stated that the linear expression underestimates the effect 

of transverse reinforcement on ultimate drift capacity for columns with low amounts 

of transverse reinforcement and overestimates the effect for columns with high 

amounts of transverse reinforcement. In addition to this trend, it should be noted that 

a large amount of column data exhibits unconservative approximate ultimate drift 

capacities when calculated according to the linear expression. 
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The measured ultimate drift capacities of the column specimen are used to 

calculate volumetric transverse reinforcement ratios required by the linear expression 

to evaluate the effectiveness of this approach. In Fig. 3.50 the ratios of calculated to 

provided volumetric transverse reinforcement are plotted with the measured ultimate 

drift capacities of the column specimens. According to Fig. 3.50, for a large amount 

of column data the linear expression would provide less reinforcement than required 

by the provided transverse reinforcement of the column. A few amount of these 

column data develop calculated volumetric transverse reinforcement ratios less than 

50% to the provided values. Furthermore, a high fluctuation of the calculated ratios is 

observed. 
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Fig. 3.50: Calculated/Provided Vol. Transverse Reinforcement Ratio versus 
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Comparing the two previous figures the distribution of the column data in Fig. 

3.49 seems to provide a higher consistency and accuracy than the data results 

presented in Fig. 3.50. Consequentially, calculating the approximate ultimate drift 

capacity for a given volumetric transverse reinforcement ratio using the linear 

expression is more reliable than the opposite analytical procedure. 

The ratios of measured to calculated ultimate drift capacities are plotted 

against their axial load ratios in Fig. 3.51. The calculated ratios also exhibit a large 

range of scatter, as a result a clear trend cannot be identified. Therefore it is assumed 

that the axial compression load does not have any effects on the accuracy of the linear 

expression. Again, the linear expression estimates show a significant amount of 

unconservative ultimate drift capacities. In some cases only 40% of the calculated 

ultimate drift capacities are reached in the column test. 
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Fig. 3.51: Ratio of Measured/Calculated Ult. Drift Capacity (Linear Expression) 
versus Axial Load Ratio of the Column Specimen 

In order to determine the accuracy of the linear expression for various axial 

load demands, the selected column data is grouped into seven different axial 

compression load ranges. The mean ratio of measured to calculated ultimate drift 

capacities of each load group is then determined, with the coefficient of variation. 

Figure 3.52 presents the results for all axial load ranges. According to the distribution 

of the mean ratios, a reasonable trend of the linear approach to the actual measured 

ultimate drift capacities cannot be identified. The high values for the coefficient of 

variation indicate that the accuracy of the linear expression fluctuates significantly. 
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3.5.3.3 Accuracy of the Linear Expression based on the Area Confinement 

Parameter estimating Ultimate Drift Capacities and Transverse Reinforcement 

Ratios 

The same investigations on accuracy and consistency performed for the 

volumetric confinement parameter are conducted for the linear expression based on 

the area confinement parameter. Similar results are found for both linear expressions. 

In Fig. 3.53, the ratios of calculated to measured ultimate drift capacities are plotted 

against the area transverse reinforcement ratios of the column specimens. Similar to 

Fig. 3.49, significant fluctuation of the column data, especially at low area transverse 

reinforcement ratios is observed in Fig. 3.53. A few data points indicate unusually 

high conservative values (above 4.0) for the calculated ultimate drift capacities. This 

can be explained by the fact that very low approximate ultimate drift capacities are 

calculated for high amounts of axial loads. In addition, Fig. 3.53 presents a significant 

amount of unconservative data, where the measured ultimate drift capacities reach 

less than 50% of the calculated capacities. 
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Fig. 3.53: Ratio of Measured/Calculated Ult. Drift Capacity (Linear Expression) 
versus Provided Area Transverse Reinforcement Ratio of Column Specimen 

The linear expression is analyzed with respect to its reliability for calculating 

approximate area transverse reinforcement ratios for assumed ultimate drift 

capacities. Figure 3.54 presents the ratios of calculated to provided area transverse 

reinforcement ratios, plotted with the measured ultimate drift capacities of the 

concrete columns. Large amounts of conservative and unconservative column data 

are indicated, especially between ultimate drift capacities of 1-3 % very high 

calculated ratios of 5-7.5 are found. A trend is observed where column data at low 

ultimate drift capacities tend to be more conservative than at high ultimate drift 

capacities. 
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Fig. 3.54: Calculated/Provided Area Transverse Reinforcement Ratio versus 
Measured Ultimate Drift Capacity of the Column Specimen 

In addition to the area transverse reinforcement ratio, the axial load ratio of 

the column was found to have a significant effect on the ultimate drift capacity 

approximation. The ratios of measured to calculated ultimate drift capacity are plotted 

against their corresponding axial load ratios in Fig. 3.55. The data shows a large 

range of scatter; especially for columns with high axial loads, which exhibit high 

fluctuations (5.0-7.5) with impractical conservative values. 
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Fig. 3.55: Ratio of Measured/Calculated Ult. Drift Capacity (Linear Expression) 
versus Axial Load Ratio of the Column Specimen 

The column data is separated into seven load groups and the mean value of 

measured to calculated ultimate drift capacities with coefficients of standard deviation 

for each load range is shown in Figure 3.56. A trend is noted for the mean ratios as 

the linear approach provides conservative values at low axial loads and becomes more 

unconservative with increasing axial loads. At high axial load ratios of 51-70% an 

unusually high value of the mean ratio is observed. Again, this trend is explained by 

the low approximations of ultimate drift capacities that the linear expression provides 

for columns with high axial loads. Figure 3.56 shows that the linear expression based 

on area confinement parameters provide unconservative as well as disproportionately 

conservative ultimate drift capacity estimates. In addition, high coefficients of 
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variation up to 55% are found. The linear expression is considered not to be very 

reliable. 
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3.5.3.4 Accuracy of the Square Root Expression based on the Vol. Confinement 

Parameter estimating Ultimate Drift Capacities and Transverse Reinforcement 

Ratios 

Investigations similar to the linear expressions are conducted on the square 

root expression to determine accuracy and reliability of ultimate drift capacity and 

transverse reinforcement estimates 

First, the approximate ultimate drift capacity for each column according to 

Eq. 3.28 is determined. Then the ratio of measured to approximate ultimate drift 

capacity for each column specimen is calculated. In Fig. 3.57 the ratios of measured 

to calculated ultimate drift capacity are plotted with their volumetric transverse 

reinforcement ratios. From Fig. 3.57 it is observed that the calculated ultimate drift 

capacities for the major portion of the column data differs within a range of maximal 

50% from the actual measured results. Only a few amount of column data are located 

outside this 50% variation range. Varied volumetric transverse reinforcement ratios 

do not seem to affect the quality of the approach. 
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Fig. 3.57: Ratio of Measured/Calculated Ult. Drift Capacity (Square Root 
Expression) versus Vol. Transverse Reinforcement Ratio of Column Specimen 

In the following analysis, the accuracy of the square root expression is 

investigated for assumed ultimate drift capacities of reinforced concrete columns. The 

volumetric transverse reinforcement ratio required for each column specimen is 

determined usmg the square root express10n. Then the ratio of approximate to 

provided volumetric transverse reinforcement ratio for each column is calculated and 

plotted against its measured ultimate drift capacity in Fig. 3.58. 

120 



::: ---~~---: _~---------~. :----~---~-~-~=~--------. : I~::.:,.~ 

3.0 -- -----· ·· ----- ---- - ----- ---- ------ --- --- -- -- - --- ---- · ---- --- -- -- ---- ----------- ----- -- ----- -- ~ - ~ ____ ___ ___ j 
c ~ 

E •• !2.s 
"!. 
~ 
~2.0 
" -:;; 
"5 ... 
4 1.5 

~ 
a. 

- -- - - -- - - - - ~ - - - - - -- - - ~ - - -

--- - -------- ~ -- -- -•-

- - - - - - ------~ ------. 

0.0% 1.0% 2.0% 

•• - -- - - - -- - · -~--· - - - - -' ---- - ---- ; --

• • • :. . _. 
------ - - -- :- - --- - - - - - - ~- -- - -

_____ ____ _ , _ ____ _____ l 
i . . 

• 
I -- ------- 1 - - - - - - - - - - ~ -----------, ---. . 

3.0% 4.0% 5.0% 6.0% 7.0% 8.0% 9.0% 10.0% 

Measured Ultimate Drift Capacity 

Fig. 3.58: Calculated/Provided Vol. Transverse Reinforcement Ratio versus 
Measured Ultimate Drift Capacity of the Column Specimen 

Figure 3.58 shows that the ratios of calculated to provided volumetric 

transverse reinforcement ratio have a wide range of scatter, with respect to the 

measured ultimate drift capacity. At low measured ultimate drift capacities a trend 

appears in which the square root expression provides ratios less than one. With 

increasing measured drift capacities, the approximations for the volumetric transverse 

reinforcement ratios calculated by the square root expression tend to increase. The 

square root expression seems to overestimate the effect of transverse reinforcement at 

low drift capacities and underestimates the effect at high drift capacities. Designing 

for high drift capacities in columns using the square root expression would result in 

more conservative and perhaps impractical volumetric transverse reinforcement 

ratios. 
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Comparing Fig. 3.57 and 3.58, it is apparent that Fig. 3.57 presents much 

more consistent and accurate distribution of data than Fig. 3.58. Therefore, it is more 

reliable to determine the ultimate drift capacity based on a given transverse 

reinforcement ratio, than calculating the required transverse reinforcement for an 

assumed ultimate drift capacity. 

The analysis of the square root expression continues with an investigation of 

ultimate drift capacities with varied axial compression load ratios. In Fig. 3.59, the 

ratios of calculated to measured ultimate drift capacity of column specimens are 

plotted versus their corresponding axial load ratios. As seen in Fig. 3.59, the major 

portion of the calculated ultimate drift capacities determined by the square root 

approach exhibit a good approximation to the actual measured ultimate drift 

capacities. Furthermore, an influence of the varying axial loading on the ratios 

calculated using the square root expression is not observed. 
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Fig. 3.59: Ratio of Measured/Calculated Ult. Drift Capacity (Square Root 
Expression) versus Axial Load Ratio of Column Specimen 

To illustrate the reliability and accuracy of the square root expression in more 

detail, investigations are conducted on the column data for various axial load groups. 

The column data is separated into seven different axial compression load groups. For 

each load group, the mean value of the ratios of measured to calculated ultimate drift 

capacity is determined. In Fig. 3 .60 the calculated mean ratios for all axial load 

groups are presented with their coefficients of standard deviation. 
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Fig. 3.60: Mean Ratio of Measured/Calculated Ult. Drift Capacity (Square Root 
Expression) versus Axial Load Ratio Group 

According to the distribution of the mean ratios shown in Fig. 3.60, the square 

root expression appears to describe the ultimate drift capacities of reinforced columns 

with a sufficient degree of accuracy. The mean values of the calculated ultimate drift 

capacities fluctuate approximately 20% from the actual measured values. In addition, 

the coefficients of standard deviation indicate an adequate constancy of the column 

data for all axial load groups. 
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3.5.3.5 Accuracy of the Square Root Expression based on the Area Confinement 

Parameter estimating Ultimate Drift Capacities and Transverse Reinforcement 

Ratios 

As done for the volumetric confinement, the same analytical studies are 

conducted to qualify the square root expression using the area confinement parameter. 

Fig. 3.61 shows the ratios of measured to calculated ultimate drift capacities plotted 

against the provided area transverse reinforcement ratios of the column specimens. 

Consistency is observed for a major portion of the column data, fluctuating within a 

range of 50% from the measured ultimate drift capacities. Only a few of the data have 

significant variations above and below this range. Varying the area transverse 

reinforcement ratios does not seem to affect the quality of estimated drift provided by 

the square root expression. 
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Fig. 3.61: Ratio of Measured/Calculated Ult. Drift Capacity (Square Root 
Expression) versus Area Transverse Reinforcement Ratio of Column Specimen 

Figure 3.62 presents the ratios of calculated to provided area transverse 

reinforcement plotted against the measured ultimate drift capacities of the column 

specimens. The calculated ratios show a large range of scatter. The calculated area 

transverse reinforcement ratios are very unconservative (providing only 10-50% of 

the given transverse reinforcement) for concrete columns with low ultimate drift 

capacities. With increasing ultimate drift capacity, the calculated transverse 

reinforcement ratios become more conservative. This trend is explained by the fact 

that the transverse reinforcement ratio is a function of the square of the ultimate drift 

capacities and results in large errors for increasing differences in values. 
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Fig. 3.62: Calculated/Provided Area Transverse Reinforcement Ratio versus 
Measured Ultimate Drift Capacity of the Column Specimen 

The ratios of measured to calculated ultimate drift capacities are analyzed 

with their corresponding axial load ratios (Fig. 3.63). Consistent distribution of the 

calculated ratios is seen; the majority of the calculated ultimate drift capacities are 

within a 50% range to their measured values. Variations exceeding this range are very 

rare. An influence of varied axial load ratios on the reliability of the square root 

expression is not identified. 
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Fig. 3.63: Ratio of Measured/Calculated Ult. Drift Capacity (Square Root 
Expression) versus Axial Load Ratio of Column Specimen 

For a more detailed investigation, the column data is separated into seven 

axial load groups. Figure 3.64 shows the mean values of measured to calculated 

ultimate drift capacities and their coefficients of variation for all axial load groups. A 

constant distribution of the calculated mean values around a value of one is observed. 

Two axial load groups exhibit unconservative behavior, where the average measured 

ultimate drift capacities reach only 80% of the calculated capacity. Most axial load 

groups show coefficients of variation values of 30%. Although the majority of the 

coefficients of variation exhibit adequate accuracies, the column specimens in the 10-

20% axial load ratio range fluctuate about 45%. The conducted investigations on the 

square root expression show sufficient reliability for estimating ultimate drift 
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capacities. Much less reliable approximations are expected when calculating area 

transverse reinforcement ratios for assumed ultimate drifts. 
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3.5.3.6 Accuracy of the Parabolic Expression based on the Vol. Confinement 

Parameter estimating Ultimate Drift Capacities and Transverse Reinforcement 

Ratios 

Approximate ultimate drift capacities are calculated usmg the parabolic 

expression based on the provided volumetric reinforcement ratios of the column 

specimens. 

Figure 3.65 shows the ratios of measured to calculated ultimate drift 

capacities versus the provided volumetric reinforcement ratios of the column 

specimens. The major portion of the calculated ultimate drift capacities is located in a 

50% range to the actual measured ultimate drift capacities of the column specimens. 

A few column specimens are found where calculated differ significantly from the 

measured ultimate drift capacities. In these cases the parabolic expression provides 

lower ultimate drift capacities for reinforced concrete columns than the actual 

measured values, which is conservative. This conservative characteristic of the 

parabolic expression can be explained by the fact that the ultimate drift capacity 

assumes constant drift capacity once the maximum drift capacity is reached with 

increasing pv01 • Therefore upon reaching the maximum ultimate drift capacity, 

increasing the transverse reinforcement does not increase the ultimate drift capacity 

of the column. 
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Fig. 3.65: Ratio of Measured/Calculated Ult. Drift Capacity (Parabolic 
Expression) versus Vol. Transverse Reinforcement Ratio of Column Specimen 

Figure 3.66 shows the ratios of required Pvo1. (calculated using the parabolic 

expression) to provided volumetric reinforcement ratios plotted versus the measured 

ultimate drift capacities of the column specimens. The figure shows that a large 

portion of the approximate ultimate drift capacities determined using the parabolic 

expression are within 50% of the actual measured ultimate drift capacities. Although 

a majority of the calculated ultimate drift capacities are within 50% of the measured 

capacities, some column data falls outside this range. A comparison of the parabolic 

expression (between Fig. 3.65 and 3.66) is conducted to determine whether the 

calculation procedures for an approximate ultimate drift capacity or for a required 

transverse reinforcement ratio provide more reliable results. Whereas the calculated 

ultimate drift capacities of the parabolic expression exhibit sufficient and consistent 
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approximations of the actual measured drift capacities of the columns (Fig. 3 .65), 

such a consistency is not indicated in Fig. 3.66. Figure 3.66 presents a wider scatter 

range of the calculated to provided volumetric transverse reinforcement ratios. 

Consequentially it is expected that calculating ultimate drift capacities using a given 

volumetric transverse reinforcement ratio with the parabolic expression is more 

reliable. This conclusion using the parabolic expression is consistent with the results 

obtained from the linear and square root expressions. 
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Fig. 3.66: Calculated/Provided Vol. Transverse Reinforcement Ratio versus 
Measured Ultimate Drift Capacity of Column Specimen 

The analysis of the parabolic expression continues with a discussion of the 

effect of axial loading on the reliability of the ultimate drift approximation. Figure 

3.67 shows the ratios of measured to calculated ultimate drift capacities of the column 

specimens are plotted with their corresponding axial compression load ratios. 
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According to Fig. 3.67, a majority of the ratios are between 0.5 and 1.5. Low axial 

loading on the columns does not seem to influence the ratio, whereas high axial loads 

tend to provide higher ratio values. 
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Fig. 3.67: Ratio of Measured/Calculated Ult. Drift Capacity (Parabolic 
Expression) versus Axial Load Ratio of Column Specimen 

The column data is grouped into seven axial load sections in Fig. 3.68. For 

each load section the mean value of the ratios between measured and calculated 

ultimate drift capacities are shown with coefficients of standard deviation. 

Considering the mean values of the various axial compression load groups, the 

parabolic expression provides accurate and consistent results for all axial load ranges, 

except the high axial loaded range ( 51-70%) the mean proposed ultimate drift 

capacities are within 15% of the measured values. From axial load ratios of 30% and 

higher, the parabolic expression tends to provide lower ultimate drift capacities than 
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the measured values. The conservative behavior can be explained by the fact that the 

parabolic expression assumes a constant distribution once maximum ultimate drift 

capacity is reached. 

2.5 T-············--·---·----····--··-----·--·-··-------····•--···--···-··-······-·-···---··-·····-········ ······, 
~ 2.4 --·---------- ------ - - --- - --·-··· --- - ---- - - ---- - -- -- - ------------ ---- --- -------- --- --·· - ··--- --- -- ------ -
·;: 2.3 
c 2.2 
,...; 2.1 
5 2.0 -
"C 1.9 
.fl 1.8 - ----- -
..!!! :;, 1.7 
() 1.6 

8 ~ 1.5 
- ·- 1.4 -g ~ 1.3 
5 g. 1.2 -
gi () 1.1 
Q) 1.0 
::!: 0.9 
0 0.8 
0 0.7 

+:l 0.6 
&! 0.5 
c 0.4 
111 0.3 
~ 0.2 . 

0.1 
0.0 

0% 1-10% 11-20% 21-30% 31-40% 41-50% 

Axial Load Ratio Group (P/Agf c) 

51-70% 

Fig. 3.68: Mean Ratio of Measured/Calculated Ult. Drift Capacity versus Axial 
Load Ratio Group 

134 



3.5.3. 7 Accuracy of the Parabolic Expression based on the Area Confinement 

Parameter estimating Ultimate Drift Capacities and Transverse Reinforcement 

Ratios 

Figure 3.69 presents the ratios of measured to calculated ultimate drift 

capacity plotted with their corresponding provided area transverse reinforcement 

ratios. The majority of the calculated ratios exhibit consistent values of approximately 

one within a 50% variation range. A small amount of data is found varying above the 

50% range on the conservative side, especially for low area transverse reinforcement 

ratios, showing some high ratios. 
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Fig. 3.69: Ratio of Measured/Calculated Ult. Drift Capacity (Parabolic 
Expression) versus Area Transverse Reinforcement Ratio of Column Specimen 

Figure 3.70 presents the ratios of calculated and provided area transverse 

reinforcement ratios plotted against the measured ultimate drift capacities of the 
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column specimens. A significant amount of column data is found to be conservative 

more than 50% variation from the provided area transverse reinforcement ratios. This 

is explained by the fact that a constant relationship between drift and area 

confinement parameter is assumed upon reaching the maximum ultimate drift 

capacity. 
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Fig. 3.70: Calculated/Provided Area Transverse Reinforcement Ratio versus 
Measured Ultimate Drift Capacity of Column Specimen 

Further investigations are conducted to determine the effect of axial load on 

the reliability of the parabolic expression. In Fig. 3. 71, the ratios of measured to 

calculated ultimate drift capacity are plotted against the axial load ratios. The main 

portion of the calculated ratios shows a consistent distribution within a 50% variation 

range for the different axial load ratios. Therefore, it is assumed that the axial load 

ratio does not affect the performance of the approach. 
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To illustrate the distribution of measured to calculated ultimate drift 

capacities, Fig. 3. 72 presents the mean values and coefficients of variation of seven 

axial load groups. It is seen that the mean values fluctuate around a value of one. 

Furthermore, a trend is noted that the parabolic approach becomes more conservative 

from intermediate to high axial values. The coefficients of variation are within a 

range of 20-35%, which indicated adequate consistency for the calculated ratios. 

Considering the results on the parabolic expression, it is expected that the parabolic 

expression provides adequate accurate and consistent results in calculating ultimate 

drift capacities from given area transverse reinforcement ratios. Weaker performance 

is expected when the expression is used to calculate approximate area transverse 

reinforcement ratios. 
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3.5.3.8 Comparison of the Various Expressions (Linear, Square Root, and 

Parabolic) based on the Volumetric Confinement Parameter 

A comparison of the three bar charts (Fig. 3.52, 3.56 and 3.60) of the various 

expressions shows that the square root and parabolic provide good results for 

calculating ultimate drift capacities, with the parabolic expression providing the most 

reliable results. The linear expression exhibits significant fluctuations in the estimates 

of ultimate drift capacity. 

Figure 3. 73 shows the mean ratio and coefficient of variation of measured to 

calculated ultimate drift capacity of the selected column specimens for each 

expression. For the mean values, the linear and square root expression tend to be 

unconservative (92% and 98%), whereas the parabolic expression provides more 

conservative estimates (107%). A coefficient of variation of 53% for the linear 

expression and approximately 30% for the square root and parabolic expressions are 

calculated. 

Concluding, the linear expression provides very rough results on ultimate drift 

capacities. The square root and parabolic expression provide more accurate and 

consistent results. Square root and parabolic expression exhibit nearly the same 

amount of precision and reliability for estimating ultimate drift capacities. The 

primary difference being that the parabolic expression tends to provide more 

conservative ultimate drift capacities than the square root expression, and especially 

for columns with large Pvot· Based on the previous investigations it is assumed that 
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the square root and parabolic expressions are adequate for estimating the ultimate 

drift capacity of reinforced concrete columns. 
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Fig. 3.73: Comparison of the Mean Ratios of Measured/Calculated Ultimate 
Drift Capacity of the Various Expressions 

After comparing the various express10ns on their performance to calculate 

approximate ultimate drift capacities, investigations are conducted to determine their 

performance estimating volumetric transverse reinforcement ratios for assumed 

ultimate drift capacities. Figure 3.74 shows the mean ratio of calculated to provided 

volumetric transverse reinforcements of the selected column data for each expression. 

In addition to the mean ratios, the coefficients of variation are also presented. 

Considering the mean values of the reinforcement ratios, the linear expression tends 

to be unconservative whereas the square root and parabolic expression are more 

conservative than the mean value of the provided transverse reinforcement ratios in 
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the column specimens. Main focus is turned on the coefficient of variation for each 

expression. It is seen that the linear and parabolic expression exhibits a coefficient of 

variation of around 50%, where the parabolic provides the better result of both with 

48%. With a coefficient of variation of around 65%, the square root expression 

performs very poorly in estimating reliable and adequate results for the volumetric 

transverse reinforcement ratios. The weak performance of the square root expression 

can be explained by the fact that a quadratic transformation is necessary to calculate 

the volumetric transverse reinforcement ratio for an assumed ultimate drift capacity. 

Consequently variations are squared resulting in a high standard deviation. 

Concluding, estimates of transverse reinforcement ratios in terms of the three 

expressions need to be treated skeptical due to the high coefficients of variation (50% 

or greater). 

Comparing Fig. 3.73 and Fig. 3.74 shows the same mean values and 

coefficient of variation for the linear expression. Therefore the linear expression 

provides the same performance for each approximation procedure. Square root and 

parabolic expression perform better for estimating the ultimate drift capacities than 

for estimating volumetric transverse reinforcement ratios. The performance of the 

square root decays from about 30% in the ultimate drift capacity approach to 65% in 

the transverse reinforcement approach, whereas the parabolic expression acts a little 

bit better by decreasing from 30% to 48%. 
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3.5.3.9 Comparison of the Various Expression (Linear, Square Root, and 

Parabolic) based on the Area Transverse Reinforcement Ratio 

The same comparison procedure performed for the volumetric confinement 

parameter is conducted on the three various expressions using the area confinement 

parameter. Figure 3.75 shows the mean values and coefficients of variation of the 

ratios of measured to proposed ultimate drift capacity of the selected columns for all 

expressions. All three expressions provide a mean ratio of approximately one. The 

linear expression develops a coefficient of variation of 88%. Therefore, high 

fluctuations in the estimates of ultimate drift capacities using the linear expression are 

expected. Consequently the use of the linear expression is not recommended. 
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The square root and parabolic expressions perform similarly showing 

coefficients of variation between 30-35%. Subsequently, consistent accuracies can be 

assumed for the square root and parabolic expression. 

250,0% T-·---~---~·------------~·------------------~ 

240.0% 

220.0% 
210.0% 
200.0% 
190.0% 
180.0% 5 170.0% 

'C 160.0% 
.s 150.0% .. 
:; 
(,) 

n; 
(.) 

:a 
~ 
::I 

"' .. 
Q) 

::!;; 

0 
.2 n; 
D: 
c: .. 
Q) 

::!;; 

140.0% 
130.0% 
120.0% 

110.0% 
100.0% 

90.0% 
80.0% - -
70.0% 

60.0% 
50.0% 
40.0% 
30.0% 
20.0% -
10.0% 

0.0% +----
Linear Square Root 

Type of Expression 

Parabolic 

Fig. 3.75: Comparison of the Mean Ratios of Measured/Calculated Ultimate 
Drift Capacity of the Various Expressions 

In Fig. 3.76, the three expressions are compared according their performance 

m order to determine the approximate area transverse reinforcement ratios for 

assumed ultimate drift capacities. Again, the mean values of the three expressions 

show values of approximately one. The primarily difference is noted for the 

coefficient of variation for each expression. The linear expression shows the highest 

variation (coefficient of 88%), with the square root expression having the next highest 

value (75%). The parabolic expression performs the best, although the coefficient of 

variation is still high (50%). The three expressions are expected to exhibit unreliable 
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estimates of area transverse reinforcement ratios. The parabolic expression found as 

the most reliable of the three expressions. 

Comparing Fig. 3.75 and 3.76 the linear expression performs similar for 

estimating ultimate drift capacities and area transverse reinforcement ratios. Square 

root and parabolic expression show weaker performance for estimating transverse 

reinforcement ratios than for estimating ultimate drift capacities. Especially the 

square root expression looses much of its reliability (45%), whereas the parabolic 

approach shows about 20% more fluctuation in the transverse reinforcement 

estimates. 
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Transverse Reinforcement Ratios of the Various Expressions 
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3.5.4 Comparison between Volumetric and Area Transverse Reinforcement 

based Expressions 

3.5.4.1 Introduction 

Comparisons of the three expression types (linear, square root and parabolic) 

based on the same confinement parameter were conducted in section 3.5.3. In this 

section the various expressions derived from the area and volumetric confinement 

parameters are compared regarding their reliability for estimating the ultimate drift 

capacity and transverse reinforcement ratio. Based on the results of the comparison a 

preferred confinement parameter is recommended. 

3.5.4.2 Comparison of the Distribution of Data within Different Ranges of 

Variation 

Investigations are conducted to determine the percentages of accuracy each 

expression provides for the calculated ultimate drift capacities. The variation range is 

introduced as the region within selected lower and upper limits of variation (in 

percentages) between the estimated values (transverse reinforcement ratio and 

ultimate drift capacity, respectively) and the corresponding measured values. Figure 

3. 77 shows the percentages of data within different variation ranges between 

calculated ultimate drift capacities and the corresponding measured ultimate drift 

capacities. Three variation ranges are investigated, 10, 20 and 50%. According to Fig. 

3.77, the expressions in terms of the area confinement parameters provide nearly the 
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same results as the corresponding expressions using the volumetric confinement 

parameter (maximum difference of 3%). The parabolic expressions in terms of the 

area and volumetric confinement parameters provide approximately twice the amount 

of data (27 and 28%) in the 10% variation range of measured to calculated ultimate 

drift capacities than the estimates obtained from the linear expressions (13%). The 

percentage of data that lies in the 10% variation range using the square root 

expression are 21 and 22% (area and volumetric confinement parameter, respectively) 

which lie between the values for the linear and parabolic expressions. Furthermore, 

the parabolic expressions provide more than 50% of the calculated drift capacities 

within a 20% variation range to the measured ultimate drift capacities, followed by 

the square root expressions (more than 40%) and the linear expressions (more than 

25%). In the 50% variation range, square root and parabolic expressions show nearly 

the same results (84-88%). The percentages of the linear expressions provide only 

65% percent of calculated ultimate drift capacities found in the 50% variation range. 
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Further analysis is performed to determine the percentages of accuracy each 

expression exhibits for estimating the transverse reinforcement ratios from assumed 

ultimate drift capacities. Figure 3. 78 presents the percentages of data within the 

different variation ranges of calculated transverse reinforcement ratios to the provided 

transverse reinforcement ratios. The developed expressions using area and volumetric 

confinement parameters exhibit nearly the same percentages of accuracy, differing by 

approximately 2% in value. Comparing the various types of expressions, the 

parabolic expressions provide the most percentages of data in all variation ranges, 

followed by the linear and square root expressions. The estimates using the square 

root expressions show the weakest performance; only approximately 10% of the 

column data show variation within the range of 10%, and about 55% within the 

147 



variation range of 50%. Comparing the results from Fig. 3.77 and 3.78, the transverse 

reinforcement estimates provide less accuracy than the ultimate drift capacity 

estimates using the square root and parabolic expressions. The percentages of data 

within the variation ranges differ between the two estimating procedures by a value of 

approximately 20-30%. The linear expressions provide the same percentage of data 

for both calculation procedures. 
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3.5.4.3 Comparison of the Coefficients of Variation 

The different coefficients of variations were already determined for the 

comparison on each confinement parameter in section 3.5.3. Figure 3.79 presents the 

coefficients of variation of the various expressions and confinement parameters (area 

and volumetric) for estimating the ultimate drift capacities. The difference in the 

coefficient of variation for the linear expressions using area and volumetric 

confinement parameters is approximately 35%, where the linear expression using the 

volumetric confinement parameter performs much better with a coefficient of 53%. 

The square root and parabolic expressions provide similar coefficients of variation 

values between 30-35%. Differences in the expressions between area and volumetric 

confinement parameter are observed to be very small, only varying about a value of 

3%. Concluding, it is noted that the ultimate drift estimates using the linear 

expressions result in large differences when using the area and volumetric 

confinement parameter. For the square root and parabolic expressions, similar results 

between area and volumetric confinement parameter are shown. 
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Fig. 3.79: Comparison of the Various Approaches on the Ultimate Drift Capacity 
Approximations 

A companson of the coefficients of variation obtained from the vanous 

transverse reinforcement estimates are conducted. Figure 3.80 shows the different 

coefficients of variation using the various expressions and confinement parameters. 

The linear expressions present the same coefficients of variation for the transverse 

reinforcement estimates than for the ultimate drift capacity estimates. With a 

difference of 35% in variation, the linear expression in terms of the volumetric 

confinement parameter shows more consistency than the linear expression using the 

area parameter, although the value is still high (53%). The square root expressions 

show high fluctuations of the transverse reinforcement estimates (75 and 65%), where 

the expression using the volumetric confinement parameter provides 10% less 

variation than the expression in terms of the area parameter. The parabolic 
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express10ns present coefficients of variation of approximately 50%. A significant 

difference in the reliability of the parabolic expression between area and volumetric 

confinement parameter is not indicated. Concluding, the parabolic expressions are 

expected to provide the most reliable results for approximating transverse 

reinforcement ratios, with the square root and linear expressions showing 

significantly higher fluctuations. 
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Fig. 3.80: Comparison of the Various Approaches on the Transverse 
Reinforcement Ratio Approximations 

A final comparison of all coefficients of variation is presented in Fig. 3.81. 

The values of the linear expressions stay constant for ultimate drift capacity and 

transverse reinforcement estimates. Square root and parabolic expressions exhibit 

high differences regarding the estimation procedure. Ultimate drift capacity estimates 

are more reliable than transverse reinforcement estimates. 
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3.5.4.4 Conclusion 

Based on the conducted comparison, the estimates usmg the volumetric 

confinement parameter have shown more reliable results than the estimates using the 

area parameter. Consequently, the design equations (Chapter 4) on ultimate drift 

capacities and transverse reinforcement ratios will be developed based on the 

volumetric confinement parameter. 
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4.1 Introduction 

CHAPTER4 

DESIGN EQUATIONS 

The linear, square root and parabolic expressions in terms of the volumetric 

confinement parameter (Section 3.5.2) were derived based on the average distribution 

of the measured ultimate drift capacities from the selected column specimens. A 

balanced probability distribution of conservative and unconcervative drift estimates 

calculated using the various expressions is expected. For a design completed based on 

ultimate drift capacity, reliable predictions of chosen ultimate drift capacities are 

necessary. In the presented analysis the expressions for estimating the ultimate drift 

capacity are modified to ensure sufficient safety in reaching chosen ultimate drift 

capacities. A drift-reduction factor [ ~] is introduced to the three expressions to reduce 

the drift estimates. In addition a recommended minimum limit for the volumetric 

confinement parameter in the columns is determined to ensure that predominantly 

flexural failures occur. A comparison between design (drift-reduction factor and 

minimum confinement limit) and mean expressions is conducted to show differences 

in safety. The various design equations for estimating the ultimate drift capacity and 

transverse reinforcement ratio are then presented. Chapter 4 concludes with a brief 

summary of the results and recommendations for the design of reinforced concrete 

columns based on ultimate drift capacity and provided transverse reinforcement. 
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4.2 Distribution of the Mean Expressions on Ultimate Drift Capacity 

To illustrate the need of modifying the mean expressions derived in sections 

3.5.2, safety issues of the various expressions are discussed in this section. 

Investigations are conducted to determine the distribution of unconservative and 

conservative ultimate drift capacity estimates each expression provides for the 

selected column data. 

Figure 4.1 presents the probability distribution of the ratios of measured to 

calculated ultimate drift capacities using the linear expression (Section 3.5.2.2.2). The 

calculated ratios are grouped in 20% variation ranges. In Fig. 4.1 it is seen that the 

drift estimates from the linear expression spread out constantly over a wide 

percentage range, which indicates significant fluctuations. Peak percentages of 18 and 

1 7% of the column data are found where the measured ultimate drift capacities show 

only 40-80% of the calculated ultimate drift capacities. The measured to calculated 

ultimate drift capacity ranges of 20-40% and 80-100% provide an additional 

combined 26% unconservative column data. In the conservative ranges (greater than 

100%) fewer percentages of column data are found. It is expected that the linear 

expression shows more unconservative than conservative results, when estimating 

ultimate drift capacities. 
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Fig. 4.1: Distribution of Measured/Calculated Ultimate Drift Capacities for the 
Linear Mean Expression 

Similar investigations are conducted on the square root expression derived in 

section 3.5.2.3.2. Figure 4.2 presents the probability distribution of the measured to 

calculated ultimate drift capacity ratios grouped in 20% variation ranges. A narrow 

distribution of a major portion of the column data is observed, which indicates small 

fluctuations of the drift estimates. A significant percentage of column data (19% and 

23%) exhibit unconservative values, where the measured ultimate drift values reach 

only between 60-100% of the calculated ultimate drift capacities. Although a 

significant amount of column data provide unconservative results, high data 

percentages also are found in the conservative ranges (greater than 100%). It is 

expected that the square root expression will provide balanced probabilities of 

unconservative and conservative values when predicting ultimate drift capacities. 
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The last investigation is conducted on the parabolic expression derived in 

section 3.5.2.4.2. Figure 4.3 displays the probability distribution of the measured to 

calculated ultimate drift capacities grouped in 20% variation ranges. The major 

amount of column data (45%) is found in a range of 80-120%. Consequently, for a 

significant percentage of column data, calculated and measured ultimate drift 

capacities show variations of less than 20%. Furthermore, the amount of column data 

in the conservative ranges exceeds the amount of data in the unconservative ranges. It 

is expected that predictions of ultimate drift capacity using the parabolic expression 

will provide more conservative than unconservative ultimate drift capacity estimates. 
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Concluding the investigations on the safety aspects, Fig. 4.4 displays the 

percentage of unconservative and conservative drift estimates for each expression. 

Based on Fig. 4.4 the linear expression provides more unconservative results (61 %) 

than conservative (39% ). This agrees with the results found in Fig. 4.1 where a large 

distribution of estimates was found to be unconservative. The square root expression 

shows with percentages of 46% conservative and 54% unconservative calculated drift 

capacities a balanced distribution. This balanced estimation behavior also was seen in 

the probability distribution, shown in Fig. 4.3. The parabolic expression is the only 

expression providing more conservative (59%) than unconservative estimates (49%) 

for calculated ultimate drift capacities. The results from the parabolic expression 

157 



correspond with Fig. 4.4 as higher percentages of drift estimates tend to be 

conservative. 
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Fig. 4.4: Percentage of Unconservative and Conservative Column Data for the 
Various Expressions for estimating the Ultimate Drift Capacity 

4.2.1 Conclusions considering the Safety of the Mean Expressions 

The previous investigations have shown significant differences in the drift 

estimates of the three expressions regarding safety. The parabolic expression is found 

to provide the most conservative values for estimating the ultimate drift capacity, 

followed by the square root and linear expressions. With values of 39, 46 and 59% 

conservative column data the three expressions still do not provide enough safety to 

be accepted as design equations. A modification of the expression by applying a drift-

reduction factor [ ~] is necessary to ensure that the selected ultimate drift capacities 

are reached with adequate reliable predictions. 
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4.3 Selection of the Drift-Reduction Factor [ ~] 

To find an adequate and reasonable drift-reduction factor[~], the coefficients 

of variation found for the ultimate drift capacity estimates using the three expressions 

in terms of the volumetric confinement parameters (Section 3.5.2) are considered. 

The coefficients of variation of the three expressions for estimating the ultimate drift 

capacity are presented in Fig. 4.5. With values of 30 and 33%, the parabolic and 

square root expression provide nearly the same variation of drift estimates. 
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The comparison conducted in section 3 .5 .3 show that the parabolic and square 

root expressions provide reliable estimates of ultimate drift, whereas the linear 

expression was found to be umeliable for estimating ultimate drift capacities. An 

159 



approximate coefficient of variation for parabolic and square root expression of 1/3 

can be used to develop a possible drift-reduction factor, as follows: 

¢ = 1 - c.o.v = 1- t = t (4.1) 

where ~ is the drift-reduction factor applied to the expressions and C.O.V is the 

chosen coefficient of variation for the expressions. Because ~ is developed based on 

the drift estimates using the parabolic and square root expressions, it is expected that 

conservative drift estimates will be reached for the parabolic and square root 

expressions using the drift reduction factor. The linear expression including the drift

reduction factor is only expected to show decent results of conservative drift 

estimates 
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4.4 Minimum Volumetric Confinement Parameter [Pvorfyh/f' c] 

A minimum limit for the volumetric confinement parameter in the reinforced 

concrete column is combined with the various expressions for estimating ultimate 

drift capacities. Investigations of reinforced concrete columns exhibiting 

predominantly flexural failures were conducted in Chapter 3. To avoid brittle shear 

failures in the reinforced concrete columns and to ensure that the columns will 

predominantly fail due to flexural demands a minimum amount of transverse 

reinforcement is required. A minimum amount of transverse reinforcement ratio is 

calculated to resist the shear demands (Vy) caused by the yielding moments (My) at 

the top and bottom of a column that is fixed at both ends. For the selected column 

data My and Vy are presented in Table B4, Appendix B. Knowing Vy, the 

corresponding volumetric transverse reinforcement ratio (Pvo1) can be determined. 

Two assumptions are made to simplify the calculation of the volumetric 

transverse reinforcement ratio based on Vy. Symmetrical configuration of the 

transverse reinforcement for all column specimens is assumed. This assumption can 

be justified by the fact that over 95% of the investigated column specimens provide 

the same transverse reinforcement configuration in both column directions. In 

addition, the dimension of the effective depth ( derr) for the column is assumed to be 

approximately equal to the height of concrete core (he). It can be expected that both 

assumptions do not show a significant effect on the results of the calculated 

volumetric transverse reinforcement ratios. 
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The shear force at yielding moment (Vy) can be expressed in terms of a 

concrete and transverse reinforcement shear strength component as follows: 

(4.2) 

where Ve describes the shear stength contributed by the concrete and Vs the shear 

strength contributed by the transverse reinforcement. The shear strength of the 

transverse reinforcement can be expressed using the ACI shear design equation (ACI 

318-99, 1999, Eq. 11-15) as follows: 

n,As,barfyhdeff 
V,.=------

s 
(4.3) 

where ns is the number of shear reinforcement bars within the spacings, As,bar is the 

cross-sectional area of the transverse reinforcement bar, deff is the effective depth of 

the column cross-section, and fyh is as the yield strength of the transverse 

reinforcement. 

The volumetric transverse reinforcement ratio is defined as the ratio of the 

volume of the transverse reinforcement steel to the volume of the concrete core (Eq. 

1.5) and can be expressed as follows: 

(4.4) 

where nc is the number of transverse reinforcement bars in one column direction and 

As.bar is the cross-sectional area of the transverse reinforcement bar. The dimensions 

of the column core (width and height) are presented in terms of be and he and s 

defines the spacing of the hoops. 
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Solving for As,bar in Eq. 4.4 and substituting the found expression into Eq. 4.3, 

the shear strength Vs is expressed in terms of the volumetric transverse reinforcement 

ratio as follows: 

V = n.,.fyhdetr Pvo1bchcs 

s S nc(bc+hJ 
(4.5) 

Assuming symmetrical configuration of the transverse reinforcement in the 

column (ns=nc) and that the effective depth is approximately equal to the height of the 

concrete core (defrhc), Eq. 4.5 can be rewritten as follows: 

(4.6) 

Substituting Eq. 4.6 into Eq. 4.2 the mm1mum volumetric transverse 

reinforcement ratio to develop yielding in the longitudinal bars at the top and bottom 

of the column can be found as: 

(4.7) 

or in terms of the minimum volumetric confinement parameter (Pvorfy1/f c) Eq. 4.7 

can be expressed as: 

(4.8) 

To calculate the minimum confinement parameter required reaching yielding 

moments in the column, the shear strength contributed by the concrete has to be 

defined. ACI provides several shear design equations that can be used to determine 

Ve for reinforced concrete columns subjected axial loads. It is noted that the shear 
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design equations in Chapter 11 recommended by the ACI Building Code assume 

static loading conditions of the structural member. Reinforced concrete columns 

under cyclic shear load reversals might not reach the full shear strength capacity of 

the concrete (Ve) using the ACI shear design equations. Because the exact shear 

strength provided by the concrete component of the column is impossible to calculate, 

four different expressions for Ve are analyzed to determine a reliable minimum limit 

for the volumetric confinement parameter. The four investigated shear strength 

equations for Ve are shown below: 

Ve = 2ff bd elf 

Ve = ffbde.ff 

Ve= 0 

(4.9) 

( 4.10) 

(4.11) 

(4.12) 

where P is the axial compression load applied on the column specimen, b and deff are 

the width and the effective depth of the column. The cross-sectional area of the 

column is defined as Ag and f e is the concrete compressive strength. Equation 4.9 

and 4.10 present the static shear design equations recommended in Chapter 11.3.l of 

the ACI 318 Building Code (1999). For Eq. 4.9 and 4.10 it is assumed that the shear 

capacity of the concrete component is not affected by the loading mode (static or 

cyclic). In Eq. 4.11 it is assumed that the concrete column subjected to cyclic lateral 

loading can only provide half the shear capacity (Ve) as provided in Eq. 4.10. For the 
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last equation (Eq. 4.12) the concrete contributing to the shear capacity of the column 

is assumed to be zero. 

Figures 4.6 to 4.9 present the calculated volumetric confinement parameters to 

reach the yielding moment (My) in the top and bottom of the column specimens using 

Eq. 4.7 plotted with the corresponding axial load ratios. Different assumptions for the 

shear strength contribution of the concrete (Ve) according to Eq. 4.9 to 4.12 are used 

in each figure. 

For Fig. 4.6 and 4.7 the recommended shear design equations for Ve according 

to the ACI Building Code (Eq. 4.9 and 4.10) are used to calculate the volumetric 

confinement parameters for reaching yielding moments in the top and bottom of the 

column specimens. In Fig. 4.6 the calculated volumetric confinement parameters of 

the selected column data do not exceed the value of 0.10. For Fig. 4. 7 the majority of 

calculated confinement parameters have values of below 0.12. Three column 

specimens can be found where the volumetric confinement parameters have values as 

high as 0.15. The difference between Fig. 4.6 and 4.7 is explained by the fact that the 

shear capacity expression for the concrete (Eq. 4.9) used to develop Figure 4.6 

considers the strengthening effect of the concrete due to axial loading, whereas the 

expression (Eq. 4.10) used to develop Fig. 4.7 does not. Both figures (Fig. 4.6 and 

4.7) show that a minimum limit of 0.12 for the volumetric confinement parameter is 

sufficient to ensure that the yielding moments in the column are reached before shear 

failure occurs. 

165 



0.28 

0.26 

0.24 

0.22 ------- ---- -- -- --- ------- - ··· · ···· · · · ·· ·- ·· ·· · ·--- ··· -·-··· · ······ 

0.20 

0.10 

0.08 -

0.06 

0.04 

• 
I ----- - -. ------· ---- -

• ----- ·········· · -- ·-.-·· ·-------- - - · ------- -- - ----- --·······- - - -·--------- -- ----- -------- · ······--- ---- ---------

--·----·· ··· · ····--·- ------ - ·------- -- ·· --- ······-·- ---- ···-··· · · · - -· ·- -------······ · ····------- -- -·--,. • • 0.02 ----- ------- --•, -- -- • -----,. ------•--•- -·-· -- ----: - - ------------- - -- · · - ··· · ---· . . o.oo--_.~ ....... --...... ,__ ..... ,_., .. ___,,, .... ~.M•~-........ ---__..,_,....HOHOH•H•>--<•10-•--·•-o---~-~----~-_. 

0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0% 35.0% 40 .0% 45.0% 50.0% 55.0% 60.0% 65.0% 70.0% 

Fig. 4.6: Required Vol. Confinement Parameter for developing the Yielding 
Moment (My) versus Axial Load Ratio (Ve calculated using Eq. 4.9) 

o.3o r··--·-· ··-···· · -··· ···· · ·····-··· ·-········· ····--·· · ·····-···- ·· ···-··· ···-·-····· · · ·····-····-···--····-···~===========; 1 

0.28 -----------·--- · ··· - ··- -·-·· ··-- -- --------------- ----- --- - --
• vol. confinement parameters 

0.26 

0.24 -------- - -- ---------- -- - ---

0.2 2 . ······---·- - ---- - --- ---· ·····-- ·· . . . ·· · ----· ···- --- -··· · -· 

0.20 

- 0.18 
!!:::" 

.c 0 .16 
~ 
• 0.1 4 g 

• • 
a. 0 .12 -!-------~----------~---------------_, 

• • 
0.10 - --- -~ -· -----.- --- -.- -- ;,;--- · -- -- - -----• -·--

0 .08 - - _____ __ .!~- -- ---- --• ------ ---.- -- --- .. ~ ---- ------- ---- -- ----

0.06 -- ---. --------

0.04 

. ·-··· ··- --.- ~- . ~ - · , - . . -. ---.. --- .... -ii'- --.. #_. - - - -· .. - - ... - - - . · - .• - . - . - - ... - - - - ... - - . - ... - - - . ....... .. - - - - - - ... .. . . . . .... ... .. - . 

• r-
- ·· . ... . ·-···----·-·--- . .. · -- ----·· ;.- ........... .. ,.-....... .. -

• • • • 
0.00 +--~--~-~-~---r00--~-~--~-~--~-~-~--~-......; 

0.02 

0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0% 35.0% 40.0% 45.0% 50.0% 55.0% 60.0% 65.0% 70.0% 

Fig. 4.7: Required Vol. Confinement Parameter for developing the Yielding 
Moment (My) versus Axial Load Ratio (Ve calculated using Eq. 4.10) 

166 



For Fig. 4.8 a reduced shear capacity expression for the concrete component 

(Eq. 4.11) is assumed to calculate the required volumetric confinement parameters to 

reach yielding moments in the top and bottom of the column specimens. Figure 4.8 

shows that the majority of the calculated confinement parameters are below the value 

of 0.12. For a conservative approximation of the minimum limit, a value of 0.16 can 

be chosen, which exceeds over 90% of the calculated confinement parameters. 
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Fig. 4.8: Required Vol. Confinement Parameter for developing the Yielding 
Moment (My) versus Axial Load Ratio (Ve calculated using Eq. 4.11) 

For the calculation of the required volumetric confinement parameters to 

develop yielding moments in the top and bottom of the columns (Fig. 4.9), the 

contribution of the concrete to the shear capacity is assumed to be zero. Figure 4.9 

shows that a significant amount of calculated volumetric confinement data exceed the 

value of 0. 12. A minimum limit of 0.18 for the volumetric confinement parameter can 
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be chosen to ensure that more than 90% of the column data develop yielding 

moments in the top and bottom of the column before shear failure occurs. 
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Fig. 4.9: Required Vol. Confinement Parameter for developing the Yielding 
Moment (My) versus Axial Load Ratio (Ve calculated using Eq. 4.12) 

4.4.1 Conclusions considering the Min. Limit of Vol. Confinement Parameter 

The conducted analysis has shown that the calculated volumetric confinement 

parameters for reaching yielding moments in top and bottom of the columns are 

dependent on the shear capacity contribution of the concrete. Using the ACI shear 

design equations (Eq. 4.9 and 4.10) a value of 0.12 for the volumetric confinement 

parameter was found reliable. For reduced shear capacity expression of the concrete 

component (Eq. 4.11 and 4.12) minimum limits of 0.16-0.18 were determined to be 

reliable. It is assumed for this study that the concrete develops nearly its full shear 

capacity when the yielding moments in the top and bottom of the column are reached, 
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therefore value of 0.12 is considered as sufficient. To be more conservative, 

mm1mum limits for the volumetric confinement parameter of 0 .16-0 .18 can be 

chosen. It is noted that the values 0.12 and 0.18 are used in the ACI Building Code 

(1999) for minimum confinement recommendations of spiral and rectangular columns 

in seismic regions (ACI 318-99, 1999, Eq. 21-2 and 21-4). 

4.5 Definition of the Design Expressions for Estimating Ultimate Drift Capacities 

In the following the drift reduction factor [ ~] (derived in section 4.3) and the 

minimum limit for the volumetric confinement (derived in section 4.4) are applied to 

the expressions derived in Section 3.5.2 to develop the design expressions for 

estimating the ultimate drift capacities of reinforced concrete columns. In addition, 

the design expressions for estimating the volumetric transverse reinforcement ratios 

using assumed ultimate drift capacities for the concrete columns are presented. 

4.5.1 Linear Design Expression 

The linear design expression for estimating ultimate drift capacities is found 

by factoring the linear mean expression (Eq. 3.13) by~ : 

D _ 2 fyh [l 4 P J 
RvP -7 Pvol f'c -3 Agf'c 

(4.13) 

. h > 0 12 f'c wit Pvot - · -
fyh 

where ~ is 2/3. 
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Solving for Pvol in Eq. 4.13, a design expression for estimating the volumetric 

transverse reinforcement ratio using an assumed ultimate drift capacity of the 

concrete column is developed and presented as follows: 

7 J 1 c D assumed 

Pvol,est = 2 J (l - .1_ _ P_) 
yh 3 Agf'c 

(4.14) 

. h >O 12f'c wit Pvot est - · -
' f yh 

4.5.2 Square Root Design Expression 

The square root design expression for estimating ultimate drift capacities is 

found by factoring the square root mean expression (Eq. 3.28) by~: 

1 fyh (1 10 p J 
DRvP = U Pvol f'c -9 Agf'c ( 4.15) 

. h >O 12f'c wit Pvo1 - · -

fyh 

where ~ is 2/3. 

Solving for Pvol in Eq. 4.15, a design expression for estimating the volumetric 

transverse reinforcement ratio in terms of an assumed ultimate drift capacity of the 

concrete column is developed and presented as follows: 

[ ]

2 

f'c 12Dassumed 

P vol ,est = J (1 _ lQ_ _!'___,) 
yh 9 Agf c 

(4.16) 

. h >O 12f'c wit Pvo1,es1 - • -1 
yh 
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4.5.3 Parabolic Design Expression 

The parabolic design expression for estimating ultimate drift capacities is 

found by factoring the parabolic mean expression (Eq. 3.46) by~: 

D =[ 2c~-~v)( 1yh. ]- c~-~v)( 1yh.J
2 J 

RvP (l 2_P_) Pvol J' (l 2_P_)2 Pvol J' 
5 + 7 A f' c 5 + 7 A J' c g. c g c 

(4.17) 

. h >O 12.f'c Wit Pvol - • -
fyh 

where ~ is 2/3. 

Solving for Pvol in Eq. 4.17, a design expression for estimating the volumetric 

transverse reinforcement ratio in terms of an assumed ultimate drift capacity of the 

concrete column is developed and presented as follows: 

( I 2 P ) f'c [1 
Pvol,es/ = 5 + 7 Agf'c Jyh - ( 4.18) 

with Pvo/ est 2 0.12 f'c 
, fyh 
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4.6 Reliability of the Design Expressions 

4.6.1 Introduction 

Investigations on the design expressions (Section 4.5) are conducted to 

determine their performance for estimating ultimate drift capacities and volumetric 

transverse reinforcement ratios of concrete columns. Conservative and 

unconservative estimates of ultimate drift capacity and volumetric transverse 

reinforcement ratio as compared to the measured values are analyzed to evaluate the 

reliability of each design expression. The section concludes with recommendations on 

the preferred design expression for estimating the ultimate drift capacity and 

volumetric transverse reinforcement ratio. 

4.6.2 Distribution of the Design Expressions on Ultimate Drift Capacity 

The estimated ultimate drift capacity determined using the three design 

expressions are compared with the measured ultimate drift capacities of the column 

specimens. The ratios of measured ultimate drift capacities to estimated ultimate drift 

capacities using the design expressions are determined. The calculated ratios are then 

grouped into 20% variation ranges; and the percentage of column data for each 

variation range is calculated. 

Figure 4.10 shows the probability distribution of the column data found in the 

different 20% variation ranges using the linear design expression for estimating the 

ultimate drift capacities. A significant percentage of column data (approximately 

33%) exhibits unconservative estimates of the ultimate drift capacity (calculated 
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ratios< 100%). In addition, a wide range of variation of the ultimate drift estimates is 

observed. It is concluded that the linear design expression does not provide sufficient 

reliability in estimating the ultimate drift capacities. 
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Fig. 4.10: Distribution of Measured/Design Ultimate Drift Capacities for the 
Linear Design Expression 

Figure 4.11 shows the distribution of the column data found in the different 

20% variation ranges using the square root design expression for estimating the 

ultimate drift capacities. Only a few unconservative ultimate drift capacity estimates 

(approximately 13%) are observed in Fig. 4.11. The portion of the very 

unconservative estimates (20-60% calculated ratios) with a value of 2% is very small. 

In addition a narrow distribution of data is seen in Fig. 4.11, where the major portion 

of the data is within the range of 100-200%. It is concluded that the square root 

design expression provides reliable estimates for the ultimate drift capacity. 

173 



25.0% , ................... ---·······-----··--·-·······-.. ····--·----·-······------·--···· .. ······----········ .. ------···--·------··--·-·----------·-····-----··········'"·-----·-----···············'"··········»••••»········-···--·--······-----····, 

.l!! 20.0% 
ns 
Cl 
c: 
E 
::J 15.0% 
0 
(.) .... 
0 
G> ,gi 10.0% 

c: 
G> e 
G> 
c.. 5.0% 

0.0% 
0% 

~ 
0 
N 

0 

6% 5% 

1% 

~ °" ~ ~ 
0 0 0 0 

~ "' "" 0 
~ 

0 0 0 
N .... "' 0 

"" 

17% 

15% 

~ ~ °" 0 0 0 

~ ~ "' ~ 
0 0 0 
0 N .... 
~ ~ ~ 

-- ----·14•7.- ·-

12% 

~ ~ 
0 0 

~ 0 
N 

0 0 

"' "" ~ ~ 

7% 

~ 
0 
N 
N 

0 
0 
N 

Ult. Drift measured/Ult. Drift design 

fill Probability Bars 

3% 

~ ~ ~ ~ + 
0 0 0 0 ~ .... "' "" 0 0 N N N "' 0 

"' 0 0 0 0 
N .... "' "" N N N N 

Fig. 4.11: Distribution of Measured/Design Ultimate Drift Capacities for the 
Square Root Design Expression 

Figure 4.12 shows the probability distribution of the column data found in the 

different 20% variation ranges using the parabolic design expression for estimating 

the ultimate drift capacities. A rare amount of unconservative estimates for the 

ultimate drift capacities (approximately 11 % ) is found, where the major portion of the 

drift estimates (approximately 6%) is located in the range of 80-100%. According to 

Fig. 4.12, the parabolic design expression does not provide any unconservative 

ultimate drift estimates in the 0-40% range and only 1 % in the 40-60% range 

(measured to design ultimate drift capacities). The major portion of the drift estimates 

is found in the range of 120-200%, which also indicates a narrow distribution of the 

data. It is concluded that parabolic design expression provides very reliable 

predictions on ultimate drift capacities. 
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Fig. 4.12: Distribution of Measured/Design Ultimate Drift Capacities for the 
Parabolic Design Expression 

In Fig. 4.13 the percentage of conservative and unconservative ultimate drift 

capacity estimates compared to the measured ultimate drift capacities of the column 

specimens are shown for the different design expressions. With percentages of 66% 

conservative and 34% unconservative ultimate drift estimates, the linear design 

expression is considered not sufficient to ensure that predicted ultimate drift 

capacities for the concrete column can be reached. Square root and parabolic design 

expressions perform nearly the same with approximately 88%% conservative and 

12% unconservative ultimate drift estimates. With an amount of conservative data of 

nearly 90%, it can be assumed that both design expressions are very reliable that an 

estimated ultimate drift capacity a reinforced concrete column is reached. 
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4.6.3 Distribution of the Design Expressions on Vol. Transverse Reinforcement 

Ratio 

The estimates of the volumetric transverse reinforcement ratio using the three 

design expressions are compared with the measured volumetric transverse 

reinforcement ratios of the column specimens. The ratios of estimated volumetric 

transverse reinforcement ratios using the design expressions to measured volumetric 

transverse reinforcement ratios are determined. The calculated ratios are then grouped 

into 20% variation ranges and the percentage of column data for each variation range 

is calculated. 

Figure 4.14 shows the probability distribution of the column data found in the 

different 20% variation ranges using the linear design expression for estimating the 

volumetric transverse reinforcement ratios. Very unconservative estimates of the 

volumetric transverse reinforcement ratio in the 0-40% range are not observed in Fig. 

4.14, which is explained by the fact that a recommended minimum limit of the 

transverse reinforcement was introduced to the design expression. Also, a significant 

amount of unconservative estimates (approximately 33%) in the 60-100% range is 

shown. Fig. 4.14 shows a wide variation of the estimated volumetric transverse 

reinforcement ratios using the linear design expression. It is concluded that the linear 

design expression does not provide sufficient reliability for estimating the volumetric 

transverse reinforcement ratios for reinforced concrete columns. 
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Fig. 4.14: Distribution of Design/Provided Vol. Transverse Reinforcement for 
the Linear Design Expression 

Figure 4.15 shows the distribution of the column data found in the different 

20% variation ranges using the square root design expression for estimating the 

volumetric transverse reinforcement ratios. Because of the recommended minimum 

limit for the volumetric transverse reinforcement ratios, very unconservative 

transverse reinforcement estimates using the square root design express10n are 

eliminated. Furthermore only few amounts of unconservative estimates 

(approximately 12%) ranging between 40-100% are found. Wide variation of the 

estimated volumetric transverse reinforcement ratios is observed in Fig. 4.15, 

especially with a significant amount of very conservative estimates (approximately 

38%) shown to be 300% or higher. It is concluded that the square root design 

expression provides sufficient reliability for estimating volumetric transverse 
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reinforcement ratios, but that the square root design express10n tends to be too 

conservative and may be unpractical for some applications. 
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Fig. 4.15: Distribution of Design/Provided Vol. Transverse Reinforcement for 
the Square Root Design Expression 

Figure 4.16 shows the distribution of the column data found in the different 

20% variation ranges using the parabolic design expression for estimating the 

volumetric transverse reinforcement ratios. Again, very conservative estimates of the 

volumetric transverse reinforcement ratios (0-40%) are eliminated due to a 

recommended minimum limit for the transverse reinforcement ratio. Furthermore, 

only 13% of unconservative estimates is found in the 40-100% range. According to 

Fig. 4.16, a wide variation of the estimated transverse reinforcement ratios is seen, 

although the major portion of data is found in a range between 100-200%. It should 

also be noted that the peak percentages are found within the ranges of 100-140%. 
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This indicates that the drift-reduction factor and the mm1mum transverse 

reinforcement limit are efficient in transforming the unconservative into conservative 

estimates. Considering the estimate range of 300% and higher, a significant amount 

of conservative estimates (17%) is still found. It can be assumed that the parabolic 

design expression provides reliable results for estimating the volumetric transverse 

reinforcement ratio of reinforced concrete column, and in a few cases the parabolic 

design expression might result in very conservative estimates. 
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Fig. 4.16: Distribution of Design/Provided Vol. Transverse Reinforcement for 
the Parabolic Design Expression 

In Fig. 4.17 the percentages of conservative and unconservative volumetric 

transverse reinforcement ratio estimates compared to the measured volumetric 

transverse reinforcement ratios of the column specimens are shown for the different 

design expressions. With 67% conservative and 33% unconservative estimates of the 
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volumetric transverse reinforcement ratios, the linear design express10n has the 

weakest performance of the three design expressions. Due to the significant amount 

of unconservative estimates, the linear design expression is not reliable to ensure that 

estimates of volumetric transverse reinforcement ratios will provide an adequate 

design. The square root and parabolic design expressions provide approximately the 

same amount of conservative (87%) and unconservative (13%) estimates of the 

volumetric transverse reinforcement ratios. With a probability of nearly 90%, it is 

concluded that both design expressions are reliable for providing an adequate amount 

of transverse reinforcement. 

100% 

90% 

80% 

I'll -I'll 70% c 
c 
E 60% ::I 
0 
() .... 50% 
0 
Q) 
Cl 40% I'll -c 
Q) 
t> 30% ... 
Q) 
a. 

20% 

10% 

0% 

Linear Square Root Parabolic 

Type of Expression II Conservative Data llllUnconservatlve Data 

Fig. 4.17: Percentage of Unconservative and Conservative Column Data for the 
Various Expressions for estimating the Vol. Transverse Reinforcement Ratio 
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4.6.4 Conclusion 

The investigations conducted in section 4.62 and 4.63 have shown that the 

linear design expression is unreliable for estimating ultimate drift capacities and 

volumetric transverse reinforcement ratios; therefore it is not recommended to use the 

linear design expression. 

The square root and parabolic design expressions have shown good 

performance for estimating ultimate drift capacities and volumetric transverse 

reinforcement ratios, with the parabolic design expression exhibiting the most reliable 

performance. Both design expressions (square root and parabolic) are recommended 

for estimating the ultimate drift and required transverse reinforcement for a reinforced 

concrete column. 

Comparing the different calculation procedures, the developed expressions 

provide more reliable estimates of ultimate drift capacities than of required 

volumetric transverse reinforcement ratios. 
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4.7 Design Graphs for the Various Expressions 

In this section, the various design expressions are displayed as design graphs. 

The distributions of the ultimate drift capacities ranging from 1 to 3% are plotted in 

0.5% increments for varying axial load ratios [P/Agf c] and volumetric confinement 

parameters [Pvorfyhlf c] of the reinforced concrete column. In addition, the minimum 

transverse reinforcement requirements recommended in terms of the conducted 

analysis (Section 4.3) and the ACI 318 Building Code, 1999 (Eq. 21-2 and 21-4) are 

shown. 
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Fig. 4.19: Design Graph for the Square Root Design Expression [Eq. 4.15] 

[for Rectangular Reinforced Concrete Columns with a/d 2 2.5] 
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4.8 Design Expressions for Moderate and High Seismic Regions 

The amount of calculated distortion in a story provides an estimate of the 

approximate drift expected at that story (Algan, 1982). This distortion is commonly 

expressed as a mean story drift ratio, which is the percentage of story drift with 

respect to the story height. In moderate seismic regions, mean story drift ratios of 

approximately 1 % of a reinforced concrete frame structure are possible. For 

reinforced concrete frame structures in high seismic regions, the allowable mean story 

drift ratios would be approximately 2% (Browning, 1999). 

Assuming a design ultimate drift capacity of 1 % for moderate and 2% for high 

seismic regions for the reinforced concrete columns, the square root and parabolic 

design expressions for estimating the volumetric transverse reinforcement ratio 

developed in section 3.5 can be rewritten for moderate and high seismic demands as 

shown below. 

Moderate Seismic Region (assumed mean story drift ratio of 1 %): 

Square Root Design Expression: 

[ J
2 

f'c l.lAgf'c 
Pvol ,est = -1 9A J' -IOP 

yh g c 

( 4.19) 

where Pvot est ~ 0.12 f'c 
, fyh 
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Parabolic Design Expression: 

where Pvotes1~0.12 f'c 
, fyh 

High Seismic Region (assumed mean story drift ratio of 2%): 

Square Root Design Expression: 

where Pvot,es1 ~ 0.12 f'c 
fyh 

Parabolic Design Expression: 

where Pvot,est ~ 0.12 ff' c 
yh 
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CHAPTERS 

CONCLUSIONS AND FUTURE RESEARCH 

RECOMMENDATIONS 

5.1 Conclusions 

The results of the drift capacity analysis discussed in the various sections of 

this study support the following conclusions: 

• The yield drift capacity of reinforced concrete columns is not affected by the 

amount of transverse reinforcement provided in the column. Consequently, 

the drift is considered independent of the transverse reinforcement ratio until 

yielding occurs (Section 3.3). 

• The axial load ratio [P/Agf c] applied on the concrete column was found to be 

the parameter with primary influence on the yield drift capacity in reinforced 

concrete columns. A linear relationship between yield drift capacity and axial 

load ratio could be developed (Section 3.3). 

• The ductility is found to be approximately equal to the ultimate drift capacity 

of a reinforced concrete column (Section 3.4). 

• A linear expression was developed for estimating the ductility in terms of the 

ultimate drift capacity and the axial load ratio (Section 3.4). 
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• The ultimate drift capacity a reinforced concrete column shows a proportional 

relationship to the transverse reinforcement ratio, the yield strength of the 

hoops, the concrete compressive strength of the concrete and the applied axial 

load ratio. 

• The square root and parabolic expressions were found to provide the most 

reliable estimates expressing the relationship between ultimate drift capacity 

and the significant column parameters of a reinforced concrete column 

(Section 3.6). 

• The linear expression shows significantly uncertainties in the relationship 

between ultimate drift capacity and column parameters (Section 3.6). 

• For estimating the ultimate drift capacities ofreinforced concrete columns, the 

developed expressions based on the area and volumetric confinement 

parameter show similar results (Section 3.7). 

• For estimating the transverse reinforcement ratios of reinforced concrete 

columns, the developed expressions based on the area and volumetric 

confinement parameter show significant differences. Using the volumetric 

expressions for estimating the transverse reinforcement in terms of an 

assumed ultimate drift capacity provides the most reliable estimates (Section 

3.7). 
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• Design expressions for estimating the ultimate drift capacity and required 

transverse reinforcement ratio could be derived using a drift-reduction factor 

of 2/3 and a minimum limit for the volumetric confinement parameter of 0.12. 

The square root and parabolic design expressions show the most reliable 

estimates for ultimate drift capacity and required transverse reinforcement and 

are recommended for use. The use of the linear design expression is not 

recommended because of its weak performance. Comparing the different 

calculation procedures, the developed design expressions provide more 

reliable estimates of ultimate drift capacities than of required volumetric 

transverse reinforcement ratios (Sections 4.1-4.6). 

• The design expression can be presented graphically showing the influences of 

varying axial load ratios [P/Agf c] and volumetric confinement parameter on 

selected ultimate drift capacities of reinforced concrete columns (Section 4. 7). 

• Assuming design mean story drift ratios of 1 % for moderate and 2% for high 

seismic regions, the square root and parabolic design expressions for 

estimating required volumetric transverse reinforcement ratios in moderate 

and high seismic regions were developed (Section 4.8). 
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Moderate Seismic Region (assumed mean story drift ratio of 1 %): 

Square Root Design Expression: 

( ]

2 

f'c l.lAgf'c 
Pvol,est = -J 9A J' -lQP 

yh g c 

Parabolic Design Expression: 

h . . >O 12/'c w ere mm1mum Pvoi est _ • -
, fyh 

High Seismic Region (assumed mean story drift ratio of 2%): 

Square Root Design Expression: 

f'c [ 2.2Agf'c J 
Pvol ,est =-1 9A J' -lQP 

yh g c 

Parabolic Design Expression: 

h . . >O 12f'c w ere m1n1mum p""' est _ • -
, f yh 
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5.2 Future Research Recommendations 

This study discussing the relationship between the ultimate drift capacity and 

significant material and structural parameters of reinforced concrete columns has lead 

to additional future research needs on the ultimate drift capacity analysis of reinforced 

concrete columns. In the presented study, the ultimate drift capacity was expressed in 

terms of the transverse reinforcement ratio, the yield strength of the hoops, the 

concrete compressive strength and the applied axial load ratio of the reinforced 

concrete column. The effect of the longitudinal reinforcement ratio and its yield 

strength for the ultimate drift capacity of reinforced concrete columns has not been 

discussed. In addition, the developed design expressions do not distinguish between 

normal and high strength materials (steel and concrete). Future research on 

implementing the longitudinal reinforcement and the different effects of normal and 

high strength materials into the developed expressions can lead to better results for 

estimating the ultimate drift capacity and transverse reinforcement ratio of reinforced 

concrete columns. 

The ultimate drift analysis was limited on columns that predominantly fail to 

flexural demands [aid 2 2.5], therefore an ultimate drift capacity analysis focusing on 

shear critical columns would also be of interest. A discussion between shear critical 

columns and columns predominantly failing to flexural demands on the basis of 

ultimate drift capacity can be conducted, if a relationship between ultimate drift 

capacities and the material and structural parameters for shear critical reinforced 

columns is developed. 
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A reliable relationship between ultimate drift capacity and ultimate shear 

strength of the reinforced concrete column has not been identified. This was because 

for the analysis, conducted between ultimate shear strength and ultimate drift 

capacity, the shear strength contributed by the concrete was estimated using the ACI 

shear design equations (ACI318-99, 1999, Eq. 11-4 and 11-5). To find a reliable 

relationship between ultimate shear strength and ultimate drift capacity of reinforced 

concrete columns, a sufficient expression estimating the shear strength contributed by 

the concrete (V c) at the point of ultimate drift has to be used. Several models 

[Ang(1989) and Wong (1993), Watanabe and Ichinose (1991), Priestley (1994) and 

Pujol (1997)] to express the shear strength capacity of reinforced concrete columns 

for seismic regions were developed in terms of ductility and maximum lateral shear 

forces. Using these shear strength models in combination with the developed 

expressions for estimating the ultimate drift capacity and the expressions for 

estimating the ductility in terms of ultimate drift capacity could lead to a relationship 

between the ultimate shear strength and ultimate drift capacity of reinforced concrete 

columns. 

In several building code prov1s10ns [NEHRP, ATC, SEAOC, UBC] 

limitations on the story drift of reinforced concrete frame structures in seismic regions 

are given. Using the developed design expressions in this study and the various 

requirements on maximum story drift, detailing requirements due to drift can be 

determined. In addition, a parametrical study of the various building codes can be 

conducted to assess the various detailing requirements due to drift demands. 
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APPENDIX A 

COMPUTATIONAL TOOLS 

This appendix contains four written program source codes. The first three 

program source codes were used to determine the ultimate displacements, whereas the 

fourth program source code determines the yield displacements of the concrete 

column specimens. The first source code selects the peak load-displacement data out 

of each load reversal, sorts the new data set and stores it into the worksheet. The 

second and third programs determine the ultimate displacements of the column 

specimen, with the difference that in one case the P-~ effect is included in the other 

one not. The fourth source code determines the yield displacement estimates of the 

column specimen. 

Program Al. Selecting and Sorting Peak Load-Displacement Points 

Sub SearchPeakDisplacements() 

' Declaration of the variables 

Dim num As Integer 
Dim r_smax, r_smin As Integer 
Dim r_maxfirst, r_minfirst As Integer 
Dim r_maxlast, r_minlast As Integer 
Dim i, j, k, L, m, R, R2, R3 As Integer 
Dim g, N, o, P, u, v As Integer 
Dim number, turn As Integer 
Dim max_peak, max_total As Integer 
Dim maxfirst_curve, maxlast_curve As Integer 
Dim min_peak, min_total As Integer 
Dim minfirst_curve, minlast_curve As Integer 
Dim R_check, R_maxcycle, R_mincycle As Integer 
Dim min_screw, max_screw As Integer 
Dim mindown_refine, minup_refine As Integer 
Dim maxdown_refine, maxup_refine As Integer 
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Dim 8max, 8min As Double 
Dim disp_smax, disp_smin As Double 
Dim D, 8 As Double 
Dim D1, D2, D3, D4 As Double 
Dim 81 , 82, 83, 84 As Double 
Dim dist1 , dist2 As Double 
Dim D_check, 8_check As Double 
Dim D_maxcycle, 8_maxcycle As Double 
Dim D_mincycle, 8_mincycle As Double 
Dim displ(), shear() , row() 

' Initialize the Tuning variables for the program 

max screw = 10 
min screw = 10 
maxup_refine = 0 
maxdown_refine = 0 
minup_refine = 0 
mindown_refine = 0 

'Setting the variables equal zero 

j = 0 
k=O 
L=O 
m = O 
R=O 
R2 = 0 
R3 = 0 
g=O 
N=O 
o=O 
P=1 
i = 1 
number= 0 
turn= 0 
num = 0 
r_smax = 0 
r_smin = 0 
D1=0 
D2 = 0 
D3 = 0 
max_peak = 0 
max_total = 0 
maxfirst_curve = 0 
maxlast_curve = 0 
min_peak = 0 
min_total = 0 
minfirst_curve = 0 
minlast_curve = 0 
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' Getting values for initial variables 

num = Cells(2, 2) 
8max = Cells(3, 3) 
8min = Cells(3, 3) 
Cells(2, 1) = "Point No" 

' Numbering all data points 

For i = 1 To num 
Cells(i + 2, 1) = i 

Next 

' Finding peak forces and the corresponding displacements for all load reversals 

For i = 1 To num 

01 = Cells(i + 2, 2) 
81 = Cells(i + 2, 3) 

R2 = Cells(i + 3, 1) 
02 = Cells(i + 3, 2) 
82 = Cells(i + 3, 3) 

R3 = Cells(i + 4, 1) 
03 = Cells(i + 4, 2) 
83 = Cells(i + 4, 3) 

04 = Cells(i + 5, 2) 
84 = Cells(i + 5, 3) 

dist1 = 02 - 01 
dist2 = 03 - 02 

If 02 > O And 82 > 2 Then 
If dist1 > 0 And dist2 < O And j = O Then 

Worksheets("Oata2").CellsU + 3, 2) = 02 
Worksheets("Oata2").CellsU + 3, 3) = 82 
Worksheets("Oata2").CellsU + 3, 4) = R2 
j = j + 1 

End If 

If 01 < 02 And 02 = 03 And 03 > 04 And j = O Then 
If 82 >= 83 Then 

Worksheets("Oata2").CellsU + 3, 2) = 02 
Worksheets("Oata2").CellsU + 3, 3) = 82 
Worksheets("Oata2").CellsU + 3, 4) = R2 
j = j + 1 

Elself 82 < 83 Then 
Worksheets("Data2").CellsU + 3, 2) = 03 
Worksheets("Data2").CellsU + 3, 3) = 83 
Worksheets("Data2").CellsU + 3, 4) = R3 
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j = j + 1 
End If 

End If 

If dist1 > 0 And dist2 < 0 And 02 > Worksheets("Oata2").CellsU + 2, 2) Then 
Worksheets("Oata2").CellsU + 3, 2) = 02 
Worksheets("Oata2").CellsU + 3, 3) = S2 
Worksheets("Oata2").CellsU + 3, 4) = R2 
j = j + 1 

End If 

If 01 < 02 And 02 = 03 And 03 > 04 And 02 > Worksheets("Oata2").CellsU + 2, 2) 
Then 

If S2 >= S3 Then 
Worksheets("Oata2").CellsU + 3, 2) = 02 
Worksheets("Oata2") .CellsU + 3, 3) = S2 
Worksheets("Oata2") .CellsU + 3, 4) = R2 
j = j + 1 

Elself S2 < S3 Then 
Worksheets("Oata2").CellsU + 3, 2) = 03 
Worksheets("Oata2").CellsU + 3, 3) = S3 
Worksheets("Oata2").CellsU + 3, 4) = R3 
j = j + 1 

End If 
End If 

End If 

If 02 < 0 And S2 < -2 Then 
If dist1 < 0 And dist2 > 0 And k = 0 Then 

Worksheets("Oata2").Cells(k + 3, 6) = 02 
Worksheets("Oata2").Cells(k + 3, 7) = S2 
Worksheets("Oata2").Cells(k + 3, 8) = R2 
k=k + 1 

End If 

If 01 > 02 And 02 = 03 And 03 < 04 And k = 0 Then 
If S2 <= S3 Then 

Worksheets("Oata2").Cells(k + 3, 6) = 02 
Worksheets("Oata2").Cells(k + 3, 7) = S2 
Worksheets("Oata2").Cells(k + 3, 8) = R2 
k =k + 1 

Elself S3 < S2 Then 
Worksheets("Oata2").Cells(k + 3, 6) = 03 
Worksheets("Oata2").Cells(k + 3, 7) = S3 
Worksheets("Oata2").Cells(k + 3, 8) = R3 
k=k+1 

End If 
End If 

If dist1 < O And dist2 > O And 02 < Worksheets("Oata2").Cells(k + 2, 6) Then 
Worksheets("Data2") .Cells(k + 3, 6) = 02 
Worksheets("Oata2").Cells(k + 3, 7) = S2 
Worksheets("Oata2").Cells(k + 3, 8) = R2 
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k=k+1 
End If 

If 01 > 02 And 02 = 03 And 03 < 04 And 02 < Worksheets("Oata2").Cells(k + 2, 6) 
Then 

If S2 <= S3 Then 
Worksheets("Oata2").Cells(k + 3, 6) = 02 
Worksheets("Oata2").Cells(k + 3, 7) = S2 
Worksheets("Oata2").Cells(k + 3, 8) = R2 
k=k+1 

Elself S3 < S2 Then 
Worksheets("Oata2").Cells(k + 3, 6) = 0 3 
Worksheets("Oata2").Cells(k + 3, 7) = S3 
Worksheets("Oata2").Cells(k + 3, 8) = R3 
k=k+1 

End If 
End If 

End If 

· Finding the absolute displacement for Smax 

If Cells(i + 2, 3) > Smax Then 
Smax = Cells(i + 2, 3) 
disp_smax = Cells(i + 2, 2) 
r_smax = i 

End If 

' Find the absolute displacement for Smin 

If Cells(i + 2, 3) < Sm in Then 
Smin = Cells(i + 2, 3) 
disp_smin = Cells( i + 2, 2) 
r_smin = i 

End If 
Next 

· Initializing the number of maximum and minimum peak forces in worksheet ("Data2") 

Worksheets("Oata2") .Cells(1, 1) = "max Peaks" 
Worksheets("Oata2").Cells(1, 5) = "min Peaks" 
Worksheets("Oata2").Cells(1, 2) = j 
Worksheets("Oata2").Cells(1, 6) = k 
max_peak = Worksheets("Oata2").Cells(1, 2) 
min_peak = Worksheets("Oata2").Cel ls(1 , 6) 

' Checking for the right values of the maximum peak points and correcting them 

For u = 1 To max_peak 
O_check = Worksheets("Oata2") .Cells(u + 2, 2) 
S_check = Worksheets("Oata2").Cells(u + 2, 3) 
R_check = Worksheets("Oata2").Cells(u + 2, 4) 
For v = maxdown_refine To maxup_refine Step 1 
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R_maxcycle = Cells(R_check + v + 2, 1) 
D_maxcycle = Cells(R_check + v + 2, 2) 
S_maxcycle = Cells(R_check + v + 2, 3) 
If S_maxcycle > S_check Then 

Worksheets("Data2").Cells(u + 2, 2) = D_maxcycle 
Worksheets("Data2").Cells(u + 2, 3) = S_maxcycle 
Worksheets("Data2").Cells(u + 2, 4) = R_maxcycle 
Worksheets("Data2") .Cells(u + 2, 5) ="Correction" 

End If 
Next 

Next 

· Plotting the max. peak forces and corresponding displacements in worksheet (" 
Data2") 

r_maxfirst = Worksheets("Data2").Cells(3, 4) 
r_maxlast = Worksheets("Data2").Cells(max_peak + 2, 4) 
turn= 0 

For L = 1 To r_maxfirst - 1 Step 1 
R = Cells(L + 2, 1) 
D = Cells(L + 2, 2) 
S = Cells(L + 2, 3) 

If S >= 0 And D >= 0 Then 
Worksheets("Data2").CellsU + 4, 2) = D 
Worksheets("Data2").CellsU + 4, 3) = S 
Worksheets("Data2").CellsU + 4, 4) = R 
maxfirst_curve = maxfirst_curve + 1 
j = j + 1 

End If 
Next 

For L = r_maxlast + 1 To num Step 1 
R = Cells(L + 2, 1) 
D = Cells(L + 2, 2) 
S = Cells(L + 2, 3) 

If S >= 0 And D >= 0 And turn = 0 Then 
Worksheets("Data2").CellsU + 5, 2) = D 
Worksheets("Data2").CellsU + 5, 3) = S 
Worksheets("Data2").CellsU + 5, 4) = R 
maxlast_curve = maxlast_curve + 1 

Next 

j = j + 1 
Else 

turn= 1 
End If 

' Checking for the right values of the minimum peak points and correcting them 

For u = 1 To min_peak 
D_check = Worksheets("Data2").Cells(u + 2, 6) 
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S_check = Worksheets("Data2").Cells(u + 2, 7) 
R_check = Worksheets("Data2").Cells(u + 2, 8) 
For v = mindown_refine To minup_refine Step 1 

R_mincycle = Cells(R_check + v + 2, 1) 
D_mincycle = Cells(R_check + v + 2, 2) 
S_mincycle = Cells(R_check + v + 2, 3) 
If S_mincycle < S_check Then 

Worksheets("Data2").Cells(u + 2, 6) = D_mincycle 
Worksheets("Data2").Cells(u + 2, 7) = S_mincycle 
Worksheets("Data2").Cells(u + 2, 8) = R_mincycle 
Worksheets("Data2").Cells(u + 2, 9) = "Correction" 

End If 
Next 

Next 

' Plotting the min. peak forces and corresponding displacements in worksheet 
("Data2") 

r_minfirst = Worksheets("Data2").Cells(3, 8) 

Form = 1 To r_minfirst - 1 Step 1 
R = Cells(m + 2, 1) 
D = Cells(m + 2, 2) 
S = Cells(m + 2, 3) 

If S <= 0 And D <= 0 Then 
Worksheets("Data2").Cells(k + 4, 6) = D 
Worksheets("Data2") .Cells(k + 4, 7) = S 
Worksheets("Data2").Cells(k + 4, 8) = R 
minfirst_curve = minfirst_curve + 1 
k=k+1 

End If 
Next 

r_minlast = Worksheets("Data2").Cells(min_peak + 2, 8) 
turn= 0 

Form = r_minlast + 1 To num Step 1 
R = Cells(m + 2, 1) 
D = Cells(m + 2, 2) 
S = Cells(m + 2, 3) 

If S <= 0 And D <= 0 And turn = 0 Then 
Worksheets("Data2").Cells(k + 5, 6) = D 
Worksheets("Data2").Cells(k + 5, 7) = S 
Worksheets("Data2").Cells(k + 5, 8) = R 
minlast_curve = minlast_curve + 1 
k=k+1 

Else 
turn= 1 

End If 
Next 
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' Plotting the absolute min and max values smin and smax in worksheet (" Data2") 

Worksheets("Data2").CellsU + 6, 2) = disp_smax 
Worksheets("Data2").CellsU + 6, 3) = Smax 
Worksheets("Data2").CellsU + 6, 4) = r_smax 

Worksheets("Data2").Cells(k + 6, 6) = disp_smin 
Worksheets("Data2").Cells(k + 6, 7) = Smin 
Worksheets("Data2").Cells(k + 6, 8) = r_smin 

Worksheets("Data2").Cells(2, 1) ="max Total" 
Worksheets("Data2").Cells(2, 5) ="min Total" 
Worksheets("Data2").Cells(2, 2) = j 
Worksheets("Data2").Cells(2, 6) = k 

' Plotting the total significant forces and displacements 
' and sorting them in original data sheet 

g = j + k 
Cells(1, 5) = g 
Cells(1, 6) ="peak & curve points" 
ReDim displ(g) 
ReDim shear(g) 
ReDim row(g) 

For i = 1 Tog 
displ(i) = O 
shear(i) = 0 
row(i) = 0 

Next 

max_total = Worksheets("Data2").Cells(2, 2) 

For N = 1 To maxfirst_curve 
displ(N) = Worksheets("Data2").Cells(max_peak + N + 3, 2) 
shear(N) = Worksheets("Data2").Cells(max_peak + N + 3, 3) 
row(N) = Worksheets("Data2").Cells(max_peak + N + 3, 4) 

Next 

For N = 1 To max_peak 
displ(maxfirst_curve + N) = Worksheets("Data2").Cells(N + 2, 2) 
shear(maxfirst_curve + N) = Worksheets("Data2").Cells(N + 2, 3) 
row(maxfirst_curve + N) = Worksheets("Data2").Cells(N + 2, 4) 

Next 

For N = 1 To maxlast_curve 
displ(maxfirst_curve + max_peak + N) = Worksheets("Data2").Cells(maxfirst_curve + 

max_peak + N + 4, 2) 
shear(maxfirst_curve + max_peak + N) = Worksheets("Data2").Cells(maxfirst_curve + 

max_peak + N + 4, 3) 
row(maxfirst_curve + max_peak + N) = Worksheets("Data2").Cells(maxfirst_curve + 

max_peak + N + 4, 4) 
Next 
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min_total = Worksheets("Data2").Cells(2, 6) 

For o = 1 To minlast_curve 
displ(o + max_total) = Worksheets("Data2").Cells(min_total - o + 5, 6) 
shear(o + max_total) = Worksheets("Data2").Cells(min_total - o + 5, 7) 
row(o + max_total) = Worksheets("Data2").Cells(min_total - o + 5, 8) 

Next 

For o = 1 To min_peak 
displ(o + max_total + minlast_curve) = Worksheets("Data2").Cells(min_peak - o + 3, 6) 
shear(o + max_total + minlast_curve) = Worksheets("Data2") .Cells(min_peak - o + 3, 7) 
row(o + max_total + minlast_curve) = Worksheets("Data2").Cells(min_peak - o + 3, 8) 

Next 

For o = 1 To minfirst_curve 

displ(o + max_total + minlast_curve + min_peak) = 
Worksheets("Data2") .Cells(minfirst_curve + min_peak - o + 4, 6) 

shear(o + max_total + minlast_curve + min_peak) = 
Worksheets("Data2").Cells(minfirst_curve + min_peak - o + 4, 7) 

row(o + max_total + minlast_curve + min_peak) = 
Worksheets("Data2").Cells(minfirst_curve + min_peak - o + 4, 8) 

Next 

For i = 1 To maxfirst_curve Step 1 
Cells(P + 2, 5) = displ(i) 
Cells(P + 2, 6) = shear(i) 
Cells(P + 2, 7) = row(i) 
Cells(P + 2, 8) = P 
P=P+1 

Next 

For i = maxfirst_curve + 1 To maxfirst_curve + max_peak Step 1 
If displ(i) <> displ(i - 1) Then 
If Abs((shear(i) - shear(i - 1 )) I (displ(i) - displ(i - 1 ))) <= max_screw Then 

If displ(i) > disp_smax And displ(i - 1) < disp_smax Then 
Cells(P + 2, 5) = disp_smax 
Cells(P + 2, 6) = Smax 
Cells(P + 2, 7) = r_smax 
Cells(P + 2, 8) = P 
P=P+1 

Cells(P + 2, 5) = displ(i) 
Cells(P + 2, 6) = shear(i) 
Cells(P + 2, 7) = row(i) 
Cells(P + 2, 8) = P 
P=P+1 

Else 
Cells(P + 2, 5) = displ(i) 
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Cells(P + 2, 6) = shear(i) 
Cells(P + 2, 7) = row(i) 
Cells(P + 2, 8) = P 
P=P+1 

End If 
End If 
End If 

Next 

For i = maxfirst_curve + max_peak + 1 To maxfirst_curve + max_peak + maxlast_curve Step 
1 

Next 

Cells(P + 2, 5) = displ(i) 
Cells(P + 2, 6) = shear(i) 
Cells(P + 2, 7) = row(i) 
Cells(P + 2, 8) = P 
P=P+1 

For i = max_total + 1 To max_total + minlast_curve Step 1 
Cells(P + 2, 5) = displ(i) 
Cells(P + 2, 6) = shear(i ) 
Cells(P + 2, 7) = row(i) 
Cells(P + 2, 8) = P 
P=P+1 

Next 

For i = max_total + minlast_curve + 1 To max_total + minlast_curve + min_peak Step 1 
If displ(i) <> displ(i + 1) Then 
If Abs((shear(i) - shear(i + 1 )) I (displ(i) - displ(i + 1))) <= min_screw Then 

If displ(i) < disp_smin And displ(i + 1) > disp_smin Then 
Cells(P + 2, 5) = displ(i) 
Cells(P + 2, 6) = shear(i) 
Cells(P + 2, 7) = row(i) 
Cells(P + 2, 8) = P 
P=P +1 

Cells(P + 2, 5) = disp_smin 
Cells(P + 2, 6) = Smin 
Cells(P + 2, 7) = r_smin 
Cells(P + 2, 8) = P 
P=P+1 

Else 
Cells(P + 2, 5) = displ(i) 
Cells(P + 2, 6) = shear(i) 
Cells(P + 2, 7) = row(i) 
Cells(P + 2, 8) = P 
P=P+1 

End If 
End If 
End If 

Next 
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For i = max_total + minlast_curve + min_peak + 1 To max_total + min_total - 1 Step 1 
Cells(P + 2, 5) = displ(i) 

Next 

Cells(P + 2, 6) = shear(i) 
Cells(P + 2, 7) = row(i) 
Cells(P + 2, 8) = P 
P=P+1 

Cells(P + 2, 5) = displ(g) 
Cells(P + 2, 6) = shear(g) 
Cells(P + 2, 7) = row(g) 
Cells(P + 2, 8) = P 

Cells(2, 5) = P 
Cells(2, 6) = "total points" 

End Sub 

207 



Program A2. Calculating the Ultimate Displacement without P - ~ effect 

Sub CalculateUltimateDispl() 

' Declaration of the variables 

Dim i As Integer 
Dim num, allnum As Integer 
Dim r_nex As Integer 
Dim r_max, r_min As Integer 
Dim R 1, R2 As Integer 
Dim Rmaxlow, Rmaxup As Integer 
Dim Rminlow, Rminup As Integer 
Dim round min, round max As Integer 

Dim 81, 82 As Double 
Dim D1, D2 As Double 
Dim 8max, 8min As Double 
Dim nex As Double 
Dim 8maxeighty, 8mineighty As Double 
Dim Dmaxeighty, Dmineighty As Double 
Dim Diff As Double 

' Setting of variables equal zero 

roundmin = 0 
roundmax = 0 

' Getting values for initial variables 

allnum = Cells(2 , 2) 
num = Cells(2, 5) 
8max = Cells(3, 6) 
r_max = Cells(3, 1) 
8min = Cells(3, 6) 
r_min = Cells(3, 1) 

' Finding Smax and Smin 

For i = 1 To num 
nex = Cells(i + 3, 6) 
r_nex = Cells(i + 3, 1) 

If nex > 8max Then 
8max = nex 
r max= r nex - -

End If 

If nex < 8min Then 
8min = nex 
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r min= r nex - -
End If 

Next 
' Calculating 80% Smax and 80% Smin 

Smaxeighty = 0.8 * Smax 
Smineighty = 0.8 * Smin 

' Calculating the maximum Ultimate Drift 

For i = r_max To num Step 1 

S1 = Cells(i + 2, 6) 
D1 = Cells(i + 2, 5) 
R1 = Cells(i + 2, 1) 
S2 = Cells(i + 3, 6) 
D2 = Cells(i + 3, 5) 
R2 = Cells(i + 3, 1) 
Diff = (S2 - S1) 

If S1 > 0 And D1 > 0 And S2 > 0 And D2 > 0 Then 
If S1 >= Smaxeighty And Smaxeighty >= S2 And Diff <> 0 Then 

Dmaxeighty = D2 + (D1 - D2) * (Smaxeighty - S2) I (S1 - S2) 
Rmaxlow = R1 
Rmaxup = R2 
roundmax = roundmax + 1 

End If 
End If 

Next 

' Calculating the minimum Ultimate Drift 

For i = r_min To 1 Step -1 
S1 = Cells(i + 3, 6) 
D1 = Cells(i + 3, 5) 
R1 = Cells(i + 3, 1) 
S2 = Cells(i + 2, 6) 
D2 = Cells(i + 2, 5) 
R2 = Cells(i + 2, 1) 
Diff = (S2 - S1) 

If S1 < 0 And D1 < 0 And S2 < 0 And D2 < 0 Then 
If S1 <= Smineighty And Smineighty <= S2 And Diff <> 0 Then 

Dmineighty = D1 + (D2 - D1) * (Smineighty - S1) I (S2 - S1) 
Rminlow= R2 
Rminup = R1 
roundmin = roundmin + 1 

End If 
End If 

Next 
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' Plotting the descriptions for final data 

Cells(allnum + 8, 1) ="Column Data" 
Cells(allnum + 9, 1) = Cells(1, 2) 
Cells(allnum + 10, 1) ="Row No" 
Cells(allnum + 11, 1) ="Comments" 

' Check if more than one maximum value for 80% Smax exist 

If roundmax > 1 Then 
Cells(allnum + 12, 1) ="Warning!" 
Cells(allnum + 12, 2) = roundmax 
Cells(allnum + 12, 3) ="Values for 80% Smax" 

End If 

' Check if more than one minimum value for 80% Sm in exist 

If roundmin > 1 Then 
Cells(allnum + 13, 1) = "Warning!" 
Cells(allnum + 13, 2) = roundmin 
Cells(allnum + 13, 3) ="Values for 80% Smin" 

End If 

' Plotting the final data in the original data sheet 

Cells(allnum + 8, 2) = "Smax" 
Cells(allnum + 9, 2) = Smax 
Cells(allnum + 10, 2) = r_max 

Cells(allnum + 8, 3) = "80% Smax" 
Cells(allnum + 9, 3) = Smaxeighty 
Cells(allnum + 10, 3) = Rmaxlow 

Cells(allnum + 8, 4) = "80% Dmax" 
Cells(allnum + 9, 4) = Dmaxeighty 
Cells(allnum + 10, 4) = Rmaxup 

If (Cells(Rmaxup + 2, 7) - Cells(Rmaxlow + 2, 7)) = 1 Then 
Cells(allnum + 11, 4) ="Value NOT suitable" 

Else 
Cells(allnum + 11, 4) ="Value between peaks" 

End If 

Cells(allnum + 8, 5) = "Smin" 
Cells(allnum + 9, 5) = Smin 
Cells(allnum + 10, 5) = r_min 

Cells(allnum + 8, 6) = "80% Smin" 
Cells(allnum + 9, 6) = Smineighty 
Cells(allnum + 10, 6) = Rm in low 

Cells(allnum + 8, 7) = "80% Dmin" 
Cells(allnum + 9, 7) = Dmineighty 
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Cells(allnum + 10, 7) = Rm in up 

If (Cells(Rminlow + 2, 7) - Cells(Rminup + 2, 7)) = 1 Then 
Cells(allnum + 11, 7) = "Value NOT suitable" 

Else 
Cells(allnum + 11, 7) ="Value between peaks" 

End If 

End Sub 
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Program A3. Calculating the Ultimate Displacement with P - d effect 

Sub UltimateDispAdjustment() 

Dim N, num As Integer 
Dim allnum As Integer 
Dim r_nex As Integer 
Dim r_max, r_min As Integer 
Dim R1, R2 As Integer 
Dim Rmaxlow, Rmaxup As Integer 
Dim Rminlow, Rminup As Integer 
Dim roundmin, round max As Integer 
Dim i As Integer 

Dim D, F, R, 8 As Double 
Dim L, P As Double 
Dim 81, 82 As Double 
Dim D1, D2 As Double 
Dim 8max, 8min As Double 
Dim nex As Double 
Dim 8maxeighty, 8mineighty As Double 
Dim Dmaxeighty, Dmineighty As Double 
Dim Diff As Double 

' Setting of initial variables 

roundmin = 0 
roundmax = 0 

' Getting values for initial variables 

allnum = Cells(2, 2) 
num = Cells(2, 5) 
8max = Cells(3, 6) 
r_max = Cells(3, 1) 
8min = Cells(3, 6) 
r_min = Cells(3, 1) 

' Getting the values for the structural length and axial load 

L = Cells(2, 10) 
P = Cells(1 , 10) 

' Describing the values for the structural length and axial load 

Cells(2, 11) = "mm" 
Cells(2, 12) = "Column Length" 
Cells(1, 11) ="KN" 
Cells(1, 12) ="Axial Load" 
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' Getting and changing the selected data due to the P- ~effect 

For i = 1 To num 

0 = Cells(i + 2, 5) 
F = Cells(i + 2, 6) 
R = Cells(i + 2, 7) 
N = Cells(i + 2, 8) 

S = F - (P * 0 I L) ' Correcting the shear strength data by a P- ~factor 

Cells(i + 2, 10) = 0 
Cells(i + 2, 11) = S 
Cells(i + 2, 12) = R 
Cells(i + 2, 13) = N 

Next 

' Finding Smax and Smin 

For i = 1 To num 
nex = Cells(i + 3, 11) 
r_nex = Cells(i + 3, 1) 

If nex > Smax Then 
Smax = nex 
r max= r nex - -

End If 

If nex < Sm in Then 
Smin = nex 
r_min = r_nex 

End If 
Next 

' Calculation of 80% Smax and 80% Sm in 

Smaxeighty = 0.8 * Smax 
Smineighty = 0.8 * Smin 

' Calculation of the maximum Ultimate Drift 

For i = r_max To num Step 1 

S1 = Cells(i + 2, 11) 
01 = Cells(i + 2, 10) 
R1=Cells(i+2, 1) 
S2 = Cells(i + 3, 11) 
02 = Cells(i + 3, 10) 
R2 = Cells(i + 3, 1) 
Oiff = (S2 - S1) 
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If S1 > 0 And 01 > 0 And S2 > 0 And 02 > 0 Then 
If S1 >= Smaxeighty And Smaxeighty >= S2 And Diff <> 0 Then 

Dmaxeighty = 02 + (01 - 02) * (Smaxeighty - 82) I (S1 - 82) 
Rmaxlow = R1 
Rmaxup = R2 
roundmax = roundmax + 1 

End If 
End If 

Next 

' Calculation of the minimum Ultimate Drift 

For i = r_min To 1 Step -1 
S1 = Cells(i + 3, 11) 
01 = Cells(i + 3, 10) 
R1 = Cells(i + 3, 1) 
S2 = Cells(i + 2, 11) 
02 = Cells(i + 2, 10) 
R2 = Cells(i + 2, 1) 
Diff = (S2 - 81) 

If S1 < 0 And 01 < 0 And S2 < 0 And 02 < 0 Then 
If S1 <= Smineighty And Smineighty <= S2 And Diff <> 0 Then 

Dmineighty = 01 + (02 - 01) * (Smineighty- 81) I (S2 - 81) 
Rminlow = R2 
Rminup = R1 
roundmin = roundmin + 1 

End If 
End If 

Next 

'Plotting the descriptions of final data 

Cells{allnum + 8, 1) ="Column Data" 
Cells(allnum + 9, 1) = Cells(1 , 2) 
Cells(allnum + 10, 1) ="Row No" 
Cells(allnum + 11 , 1) ="Comments" 

' Check if more than one maximum value for 80% Smax 

If roundmax > 1 Then 
Cells(allnum + 12, 1) ="Warning!" 
Cells(allnum + 12, 2) = roundmax 
Cells(allnum + 12, 3) ="Values for 80% Smax" 

End If 

' Check if more than one minimum value for 80% Sm in 

If roundmin > 1 Then 
Cells(allnum + 13, 1) ="Warning!" 
Cells(allnum + 13, 2) = roundmin 
Cells(allnum + 13, 3) = "Values for 80% Smin" 

End If 
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' Plotting the final data in the original data sheet 

Cells(allnum + 8, 2) = "Smax" 
Cells(allnum + 9, 2) = Smax 
Cells(allnum + 10, 2) = r_max 

Cells(allnum + 8, 3) = "80% Smax" 
Cells(allnum + 9, 3) = Smaxeighty 
Cells(allnum + 10, 3) = Rmaxlow 

Cells(allnum + 8, 4) = "80% Dmax" 
Cells(allnum + 9, 4) = Dmaxeighty 
Cells(allnum + 10, 4) = Rmaxup 

If (Cells(Rmaxup + 2, 7) - Cells(Rmaxlow + 2, 7)) = 1 Then 
Cells(allnum + 11, 4) = "Value NOT suitable" 

Else 
Cells(allnum + 11, 4) = "Value between peaks" 

End If 

Cells(allnum + 8, 5) = "Smin" 
Cells(allnum + 9, 5) = Smin 
Cells(allnum + 10, 5) = r_min 

Cells(allnum + 8, 6) = "80% Smin" 
Cells(allnum + 9, 6) = Smineighty 
Cells(allnum + 10, 6) = Rminlow 

Cells(allnum + 8, 7) = "80% Dmin" 
Cells(allnum + 9, 7) = Dmineighty 
Cells(allnum + 10, 7) = Rm in up 

If (Cells(Rminlow + 2, 7) - Cells(Rminup + 2, 7)) = 1 Then 
Cells(allnum + 11, 7) = "Value NOT suitable" 

Else 
Cells(allnum + 11, 7) ="Value between peaks" 

End If 

End Sub 
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Program A4. Calculating the Yield Displacements 

Sub CalculateYieldDisplacement() 

Dim numall As Integer 
Dim numsel As Integer 
Dim roundmax As Integer 
Dim roundmin As Integer 

Dim D1 As Double 
Dim D2 As Double 
Dim 81 As Double 
Dim 82 As Double 

Dim 8max As Double 
Dim 8min As Double 

Dim Dmaxapprox As Double 
Dim Dminapprox As Double 
Dim 8maxapprox As Double 
Dim 8minapprox As Double 

Dim 8maxyield As Double 
Dim 8minyield As Double 
Dim Dmaxyield As Double 
Dim Dminyield As Double 

Dim slopemax As Double 
Dim slopemin As Double 

' Setting of initial variables 

D1=0 
D2 = 0 
81=0 
82 = 0 
roundmax = 0 
roundmin = 0 

' Getting values for initial variables 

numall = Cells(2 , 2) 
numsel = Cells(2, 5) 

8max = Cells(numall + 9, 2) 
8min = Cells(numall + 9, 5) 

8maxapprox = 0. 75 * 8max 
8minapprox = 0.75 * 8min 
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' Finding the Point when yielding occurs 

For i = 1 To numsel 

01 = Cells(i + 2, 10) 
02 = Cells(i + 3, 10) 

81=Cells(i+2, 11) 
82 = Cells(i + 3, 11) 

If roundmax = 0 Then 
If 81 < Smaxapprox And Smaxapprox < 82 Then 

Omaxapprox = 01 + (02 - 01) * (Smaxapprox - 81) I (S2 - 81) 

roundmax = 1 
End If 

End If 
Next 

For i = numsel To 2 Step -1 

01 = Cells(i + 2, 10) 
02 = Cells(i + 1 , 10) 

81=Cells(i+2, 11) 
82 = Cells(i + 1, 11) 

If roundmin = 0 Then 
If 81 > Sminapprox And Sminapprox > 82 Then 

Ominapprox = 01 + (02 - 01 ) * (Sminapprox - 81) I (S2 - 81) 

roundmin = 1 
End If 

End If 
Next 

' Calculating the estimated Yield Displacments 

slopemax = Smaxapprox I Dmaxapprox 
slopemin = Sminapprox I Ominapprox 

Omaxyield = Smax I slopemax 
Ominyield = Smin I slopemin 

Smaxyield = Smax 
Sminyield = Smin 

' Plotting the final data in the original data sheet 

Cells(numall + 14, 1) = Cells(numall + 9, 1) 
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Cells(numall + 13, 1) = "Column Data" 
Cells(numall + 13, 2) = "Y. Smax" 
Cells(numall + 13, 3) = "Y. Dmax" 
Cells(numall + 13, 4) = "Y. Smin" 
Cells(numall + 13, 5) = "Y. Dmin" 

Cells(numall + 13, 6) = "75% Smax" 
Cells(numall + 13, 7) = "75% Dmax" 
Cells(numall + 13, 8) = "75% Smin" 
Cells(numall + 13, 9) = "75% Dmin" 

Cells(numall + 14, 2) = Smaxyield 
Cells(numall + 14, 3) = Dmaxyield 
Cells(numall + 14, 4) = Sminyield 
Cells(numall + 14, 5) = Dminyield 

Cells(numall + 14, 6) = Smaxapprox 
Cells(numall + 14, 8) = Sminapprox 
Cells(numall + 14, 7) = Dmaxapprox 
Cells(numall + 14, 9) = Dminapprox 

End Sub 
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APPENDIXB 

PROPERTY TABLES 

This appendix is organized into four parts. The first part presents the ultimate 

strength and displacement results for the selected column data provided by the 

Washington University Database. Then the load-displacement hystereises graphs are 

displayed. The third part shows the column parameters and ultimate drift capacities 

obtained by the other data resources. Part four concludes APPENDIX B with the final 

property table of all selected column data. 

Table Bl: Strength and Displacement Results of the 135 selected Column Test Data 
Provided by the Washington University Database 

414.79 331.83 71.58 -423.05 -338.44 -76.01 414.79 331.83 71.58 
4 40699 325.59 26.98 -450.14 -360.11 -27.55 406.99 325.59 26.98 
5 1981 192.05 153.64 49.21 -186.72 -149.38 -44.94 186.72 149.38 44.94 
6 1975 No. 10 77.97 62.38 40.26 -75.77 -60.61 -39.77 75.77 60.61 39.77 
7 1975 No. 11 76.96 61.57 36.68 -82.12 -65.69 -30.58 76.96 61.57 30.58 

Atala 1975 No. 12 78.48 62.78 43.30 -77.71 -62.17 -42.96 77.71 62.17 42.96 
9 Atala 1975 No. 1 61.72 49.37 40.36 -57.72 -46.17 -39.41 57.72 46.17 39.41 
10 Atala 1975 No. 2 61.20 48.96 51.46 -53.73 -42.99 -49.58 53.73 42.99 49.58 
11 Atala 1975 No. 3 57.43 45.94 49.02 -58.22 -46.57 -50.45 57.43 45.94 49.02 
12 1975 No. 4 49.08 39.26 39.45 -71.23 -56.98 -37.47 49.08 39.26 37.47 
13 1975 No. 5 74.13 59.30 49.98 -76.65 -61.32 -51 .53 74.13 59.30 49.98 
14 1975 No. 6 74.91 59.93 50.77 -69.50 -55.60 -50.19 69.50 55.60 50.19 
15 1975 No. 9 78.86 63.09 29.42 -78.61 -62.89 -38.59 78.61 62.89 29.42 
16 1988 NC-2 441.44 353.15 48.43 -403.93 -323.15 -59.09 403.93 323.15 48.43 
17 1988 NC-4 483.10 386.48 38.48 -489.28 -391.42 -39.19 483.10 386.48 38.48 
18 Galeota 1996 AA4 137.58 110.06 15.68 -131.09 -104.87 -19.09 131.09 104.87 15.68 
19 Galeota 1996 BA1 141.24 112.99 24.11 -136.87 -109.50 -19.98 136.87 109.50 19.98 
20 Galeota 1996 BA2 125.57 100.45 23.83 -128.39 -102.71 -20.76 125.57 100.45 20.76 
21 Galeota 1996 BA3 131.09 104.87 17.81 -130.78 -104.62 -21.15 130.78 104.62 17.81 
22 Galeota 1996 BA4 110.31 88.25 23.35 -105.16 -84.13 -27.68 105.16 84.13 23.35 
23 Galeota 1996 BB1 158.05 126.44 43.75 -161.61 -129.28 -53.93 158.05 126.44 43.75 
24 Galeota 1996 BB2 195.10 156.08 47.45 -187.20 -149.76 -47.61 187.20 149.76 47.45 
25 Galeota 1996 BB4 175.01 140.01 49.66 -174.30 -139.44 -57.49 174.30 139.44 49.66 
26 Galeota 1996 BB4B 170.52 136.42 40.72 -167.76 -134.21 -49.85 167.76 134.21 40.72 
27 Galeota 1996 CA1 101 .02 80.82 21.72 -99.45 -79.56 -37.39 99.45 79.56 21 .72 
28 Galeota 1996 CA2 126.45 101.16 34.23 -126.45 -101.16 -23.95 126.45 101 .16 23.95 
29 Galeota 1996 CA3 131.62 105.29 28.33 -126.81 -101.45 -34.98 126.81 101.45 28.33 
30 Galeota 1996 CA4 134.80 107.84 28.85 -125.13 -100.10 -33.22 125.13 100.10 28.85 
31 Galeota 1996 CB1 171.53 137.22 70.73 -166.19 -132.95 -B1.58 166.19 132.95 61.58 
32 Galeota 1996 CB2 166.88 133.50 56.74 -173.10 -138.48 -B0.48 166.88 133.50 56.74 
33 Galeota 1996 CB3 170.40 136.32 62.24 -166.44 -133.15 -56.07 166.44 133.15 56.07 
34 Galeota 1996 CB4 172.28 137.82 51.25 -176.86 -141.49 -59.25 172.28 137.82 51.25 
35 Kanda et al. 1988 STC1 76.38 61.10 38.41 -81.89 -65.51 -34.32 76.38 61.10 34.32 
36 1988 STC2 80.03 64.02 36.35 -76.39 -61 .11 -37.33 76.39 61 .11 36.35 
37 1988 STC3 76.38 61.10 38.41 -81.89 -65.51 -34.32 76.38 61.10 34.32 
38 1998 2clh18 240.77 192.62 39.13 -234.59 -187.67 -37.51 234.59 187.67 37.51 
39 1998 2cmh18 306.00 244.80 14.21 -305.00 -244.00 -14.29 305.00 244.00 14.21 
40 1998 3clh18 277.00 221.60 18.43 -256.00 -204.80 -15.31 256.00 204.80 15.31 
41 1998 3cmd12 355.00 284.00 25.66 -356.00 -284.80 -23.85 355.00 284.00 23.85 
42 1998 3cmh18 328.00 262.40 17.37 -272.00 -217.60 -18.87 272.00 217.60 17.37 
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43 Matamoros et al. 1999 c10-05 N 70.28 56.23 31.85 -66.28 -53.02 -36.41 66.28 53.02 31 .85 
44 Matamoros et. al. 1999 c10-05 S 68.06 54.45 34.05 -66.28 -53.02 -34.59 66.28 53.02 34.05 
45 Matamoros et. al. 1999 c10-10 N 95.64 76.51 38.31 -93.86 -75.09 -38.11 93.86 75.09 38.11 
46 Matamoros et. al. 1999 c10-10S 92.97 74.37 38.33 -94.30 -75.44 -36.35 92.97 74.37 36.35 
47 Matamoros et. Al. 1999 c10-20 N 107.65 86.12 31.79 -100.97 -80.78 -32.17 100.97 80.78 31.79 
48 Matamoros et. Al. 1999 c10-20 S 101 .86 81.49 31.65 -103.64 -82.91 -32.53 101.86 81.49 31 .65 
49 Matamoros et. Al. 1999 c5-00 N 59.16 47.33 40.36 -57.38 -45.91 -41 .15 57.38 45.91 40.36 
50 Matamoros et. Al. 1999 c5-00 s 58.30 46.64 40.44 -56.50 -45.20 -41 .07 56.50 45.20 40.44 
51 Matamoros et. Al. 1999 c5-20 N 71 .20 56.96 25.94 -72.50 -58.00 -27.12 71.20 56.96 25.94 
52 Matamoros et. Al. 1999 c5-20 s 69.40 55.52 25.21 -72.50 -58.00 -26.54 69.40 55.52 25.21 
53 Matamoros et. AL 1999 c5-40 N 84.50 67.60 25.52 -79.60 -63.68 -26.22 79.60 63.68 25.52 
54 Matamoros et. Al. 1999 c5-40 S 84.50 67.60 25.30 -77.40 -61 .92 -25.22 77.40 61.92 25.22 
55 Mo and Wana 2000 C1-1 243.21 194.57 78.95 -242.10 -193.68 -84.67 242.10 193.68 78.95 
56 Mo and Wang 2000 C1-2 257.93 206.35 90.23 -250.70 -200.56 -89.71 250.70 200.56 89.71 
57 Mo and Wang 2000 C1-3 291.47 233.18 69.47 -291.47 -233.18 -98.01 291.47 233.18 69.47 
58 Mo and Wana 2000 C2-1 240.71 192.57 92.13 -227.14 -181 .71 -101 .09 227.14 181 .71 92.13 
59 Mo and Wana 2000 C2-3 294.46 235.57 68.56 -281.97 -225.58 -100.81 281.97 225.58 68.56 
60 Mugaruma et al. 1989 AH2 246.68 197.34 27.15 -242.57 -194.06 -21.85 242.57 194.06 21 .85 
61 Mugaruma et al. 1989 AL1 238.99 191.19 11.27 -242.56 -194.05 -28.33 238.99 191.19 11 .27 
62 Muaaruma et al. 1989 AL2 242.14 193.71 9.73 -236.19 -188.95 -10.53 236.19 188.95 9.73 
63 Muaaruma et al. 1989 BH1 245.77 196.62 42.82 -255.54 -204.43 -32.42 245.77 196.62 32.42 
64 Muqaruma et al. 1989 BH2 287.97 230.38 29.64 -288.06 -230.45 -26.99 287.97 230.38 26.99 
65 Muaaruma et al. 1989 BL1 240.89 192.71 33.06 -254.69 -203.75 -28.25 240.89 192.71 28.25 
66 Muaaruma et al. 1989 BL2 283.43 226.74 17.28 -288.66 -230.93 -8.44 283.43 226.74 8.44 
67 Nosho et al. 1996 No.1 54.54 43.63 34.45 -65.76 -52.61 -35.50 54.54 43.63 34.45 
68 Ohno and Nishioka 1984 L2 108.70 86.96 83.70 -104.77 -83.82 -73.69 104.77 83.82 73.69 
69 Ohno and Nishioka 1984 L3 101.46 81.17 73.05 -110.15 -88.12 -73.01 101 .46 81.17 73.01 
70 Saatcioalu and Gira 1999 BG-1 172.04 137.63 38.88 -172.14 -137.71 -32.91 172.04 137.63 32.91 
71 Saatcioalu and Grira 1999 BG-10 173.59 138.87 68.36 -201 .85 -161.48 -70.43 173.59 138.87 68.36 
72 Saatcioglu and Grira 1999 BG-2 168.74 135.00 42.94 -167.63 -134.11 -47.27 167.63 134.11 42 .94 
73 Saatcioalu and Grira 1999 BG-3 151.52 121.22 75.22 -139.29 -111.43 -78.66 139.29 111.43 75.22 
74 Saatcioalu and Grira 1999 BG-4 177.20 141 .76 47.28 -184.68 -147.74 -40.68 177.20 141 .76 40.68 
75 Saatcioglu and Grira 1999 8G-5 175.85 140.68 61 .05 -212.02 -169.61 -50.35 175.85 140.68 50.35 
76 Saatcioglu and Grira 1999 8G-6 190.08 152.07 69.68 -178.64 -142.91 -61.48 178.64 142.91 61.48 
77 Saatcioclu and Grira 1999 8G-7 178.20 142.56 59.25 -185.90 -148.72 -60.67 178.20 142.56 59.25 
78 Saatcioclu and Grira 1999 8G-8 183.49 146.79 81.29 -181 .93 -145.54 -82.71 181 .93 145.54 81 .29 
79 Saatcioglu et al. 1999 8G-9 189.31 151.45 58.13 -197.13 -157.70 -51.33 189.31 151.45 51.33 
80 Saatcioalu and Ozcebe 1989 U3 267.00 213.60 52.76 -271.00 -216.80 -51 .98 267.00 213.60 51.98 
81 Saatcioalu and Ozcebe 1989 U4 325.90 260.72 93.01 -305.50 -244.40 -76.32 305.50 244.40 76.32 
82 Saatcioglu and Ozcebe 1989 U6 342.80 274.24 87.77 -324.20 -259.36 -87.79 324.20 259.36 87.77 
83 Saatcioglu and Ozcebe 1989 U7 341 .80 273.44 86.97 -327.50 -262.00 -87.91 327.50 262.00 86.97 
84 8ayrak and Sheikh 1996 AS2-HT 148.84 119.07 46.03 -149.27 -119.42 -34.89 148.84 119.07 34.89 
85 8avrak and Sheikh 1996 AS3-HT 143.59 114.87 32.00 -147.81 -118.25 -25.39 143.59 114.87 25.39 
86 8avrak and Sheikh 1996 AS4-HT 138.85 111 .08 42.50 -147.63 -118.11 -38.57 138.85 111.08 38.57 
87 8ayrak and Sheikh 1996 ASS-HT 181.97 145.57 12.66 -199.43 -159.55 -11.89 181.97 145.57 11.89 
88 8avrak and Sheikh 1996 AS6-HT 170.12 136.09 29.95 -196.56 -157.25 -35.97 170.12 136.09 29.95 
89 8avrak and Sheikh 1996 AS7-HT 159.18 127.34 22.54 -171 .92 -137.54 -21.94 159.18 127.34 21.94 
90 8avrak and Sheikh 1996 ES1-HT 135.92 108.74 30.04 -147.29 -117.83 -26.54 135.92 108.74 26.54 
91 8ayrak and Sheikh 1996 ES8-HT 177.97 142.38 20.91 -169.32 -135.46 -18.71 169.32 135.46 18.71 
92 Soesianawati et al. 1986 No. 1 199.59 159.67 97.77 -186.22 -148.98 -89.71 186.22 148.98 89.71 
93 Soesianawati et aL 1986 No. 2 279.25 223.40 46.85 -250.32 -200.26 -55.23 250.32 200.26 46.85 
94 Soesianawati et al. 1986 No. 3 276.98 221.58 34.08 -266.90 -213.52 -43.97 266.90 213.52 34.08 
95 Soesianawati et al. 1986 No. 4 264.56 211.65 38.36 -237.19 -189.75 -36.51 237.19 189.75 36.51 
96 Tanaka 1990 No. 1 166.83 133.46 75.61 -167.10 -133.68 -66.36 166.83 133.46 66.36 
97 Tanaka 1990 No. 2 167.76 134.21 76.63 -160.19 -128.15 -62.86 160.19 128.15 62.86 
98 Tanaka 1990 No. 3 175.29 140.23 59.16 -169.43 -135.54 -58.52 169.43 135.54 58.52 
99 Tanaka 1990 No. 4 170.42 136.34 77.83 -167.57 -134.06 -69.52 167.57 134.06 69.52 
100 Park and Paulav 1990 No. 9 393.10 314.48 104.11 -395.08 -316.06 -83.69 393.10 314.48 83.69 
101 Thomason and Wallace 1994 A1 44.30 35.44 31.32 -46.44 -37.15 -27.88 44.30 35.44 27.88 

102 Thomoson and Wallace 1994 A3 66.92 53.54 15.58 -52.92 -42.34 -12.15 52.92 42.34 12.15 
103 Thompson and Wallace 1994 81 32.16 25.73 25.74 -40.63 -32.50 -28.43 32.16 25.73 25.74 
104 Thompson and Wallace 1994 82 47.87 38.30 15.94 -52.66 -42.13 -18.02 47.87 38.30 15.94 
105 Thomoson and Wallace 1994 83 57.83 46.27 12.27 -61.03 -48.83 -10.34 57.83 46.27 10.34 
106 Thomason and Wallace 1994 C1 37.48 29.98 28.14 -40.01 -32.00 -27.31 37.48 29.98 27.31 
107 Thompson and Wallace 1994 C2 44.04 35.23 22.47 -48.87 -39.09 -17.05 44.04 35.23 17.05 
108 Thomoson and Wallace 1994 C3 50.49 40.39 14.08 -53.01 -42.41 -11 .55 50.49 40.39 11 .55 
109 Thomason and Wallace 1994 D1 52.00 41 .60 12.49 -52.81 -42.24 -12.13 52.00 41 .60 12.13 
110 Thompson and Wallace 1994 D2 53.97 43.18 10.96 -58.30 -46.64 -13.02 53.97 43.18 10.96 
111 Thompson and Wallace 1994 D3 48.38 38.70 11.19 -50.06 -40.05 -11 .84 48.38 38.70 11.19 
112 Watson and Park 1989 No. 5 292.02 233.62 36.61 -281.49 -225.19 -33.83 281.49 225.19 33.83 
113 Watson and Park 1989 No. 6 295.02 236.02 26.21 -286.87 -229.50 -25.15 286.87 229.50 25.15 
114 Watson and Park 1989 No. 7 295.55 236.44 16.58 -235.28 -188.22 -13.98 235.28 188.22 13.98 
115 Watson and Park 1989 No. 8 295.37 236.30 16.65 -235.02 -188.02 -18.71 235.02 188.02 16.65 
116 Watson and Park 1989 No. 9 309.50 247.60 38.30 -269.62 -215.70 -39.68 269.62 215.70 38.30 
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118 Wehbe et al. 1998 361.44 289.16 106.16 -344.71 -100.05 100.05 
119 Wehbe et al. 1998 344.60 275.68 166.41 -338.91 -271.13 -157.91 338.91 271.13 157.91 
120 Wehbe et al. 1998 372.27 297.82 134.51 -372.47 -297.97 -126.57 372.27 297.82 126.57 
121 Wi ht and Sozen 1973 WS033E 90.70 72.56 40.70 -86.49 -69.19 -35.33 86.49 69.19 35.33 
122 Wi ht and Sozen 1973 WS033W 101.35 81.08 47.64 -96.42 -77.13 -34.78 96.42 77.13 34.78 
123 Wi ht and Sozen 1973 WS048E 100.80 80.64 41.51 -88.90 -71 .12 -42.39 88.90 71.12 41.51 
124 Wi ht and Sozen 1973 WS048W 94.80 75.84 46.62 -92.58 -74.07 -48.60 92.58 74.07 46.62 
125 Wi ht and Sozen 1973, WS067E 85.72 68.58 57.73 -92.19 -73.75 -57.55 85.72 68.58 57.55 
126 Wi ht and Sozen 1973 WS067W 91.83 73.46 57.91 -86.26 -69.01 -57.57 86.26 69.01 57.57 
127 Wi ht and Sozen 1973 WS092E 107.77 86.22 50.44 -113.13 -90.50 -51.27 107.77 86.22 50.44 
128 Wi ht and Sozen 1973 WS092W 113.36 90.69 49.70 -108.54 -86.84 -52.73 108.54 86.84 49.70 
129 Wi ht and Sozen 1973 WS25033E 84.89 67.91 31.39 -79.69 -63.75 -31.25 79.69 63.75 31.25 
130 Wi ht and Sozen 1973 WS25033W 90.35 72.28 27.73 -86.09 -68.87 -27.62 86.09 68.87 27.62 
131 Zahn et al. 1986 No. 9 213.30 170.64 85.62 -196.47 -157.18 -106.59 196.47 157.18 85.62 
132 Zahn et al. 1986 No. 10 268.88 215.10 49.55 -259.04 -207.23 -106.11 259.04 207.23 49.55 
133 Zhou et al. 1987 30207 47.75 38.20 6.84 -53.19 -42.55 -6.76 47.75 38.20 6.76 
134 Zhou et al. 1987 31207 51.39 41.11 6.72 -45.37 -36.29 -6.85 45.37 36.29 6.72 
135 Zhou et al. 1987 32207 47.81 38.25 8.Q1 -48.35 -38.68 -7.93 47.81 38.25 7.93 
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