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ABSTRACT 

A comparative study of avai lable  design methods i n  

predicting the  ult imate s t rength determined £ r o m  physical 

tests of rectangular normal-density concrete columns was 

undertaken . The physical t e s t s  included i n  t h e  study 

involve reinforced concrete and encased composite ( s t ee l -  

concrete) columns. The design methods compared include AC1 

318-95 (Building 1995) which is very similar t o  CSA A23.3 

(Design 19841, the  AISC-LRFD Speci f ica t ions  ( 1 9 9 4 ) ,  

Eurocode 2 (Design 1992), and Eurocode 4 (Design 1994) .  

The r e su l t s  of a f i n i t e  element modelling (FEM) procedure 

were a lso  compared by using a commercially avai lable  

nonlinear FEM software (ABAQUS 1994a, 1994b). 

The columns used for cornparison i n  this study were 

braced and pin-ended and were constructed using normal 

strength concrete with a specif ied compressive s t rength 

between 2500 and 8250 p s i .  The  columns were subjected t o  

short-tenu loads producing pure axial fo rce ,  combined axial 

force and s ing le  o r  double culvature bending, o r  pure 

bending. ~ a j o r  var iables  included t h e  concrete  s t rength,  

t h e  end eccen t r i c i ty  r a t i o ,  t h e  slenderness r a t i o ,  the 

reinforcing s t e e l  index, t h e  s t r uc tu r a l  steel index and the 

tie/hoop volumetric r a t i o .  A t o t a l  of 398 reinforced 

concrete and 221 composite steel-concrete columns were 

taken £rom t h e  l i t e r a t u r e  t h a t  formed t h e  b a s i s  f o r  a 



comparative study of different design methods. This 

comparative study provided an insight for the var iab i l i ty  

and re la ted  statistics of the design methods examined. No 

further t e s t s  were conducted for this study. 

Most of  the design methods were a f f e c t e d  to some 

degree by some or a l 1  of the major variables studied. 
-. 

Recommendations f o r  improving the AC1 318-95 and the AISC- 

LRFD procedures are presented. 
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1 - IEJTRODUCTION 

A comparative study of avai lable design methods i n  

predicting the ultimate strength determined f rom physical 

tests of rectangular reinforced concrete columns and 

composite steel-concrete columns i n  which steel sections 

are  encased i n  concrete w a s  undertaken. Physical t e s t s  

included i n  t h i s  study involve normal-density concrete. 

The design methods compared include AC1 318-95 (Building 

1995) which is very similar t o  CSA A23.3 (Design 1984), the 

AISC-LRFD Specifications (1994 ) ,  Eurocode 2 (Design 1 9 9 2 ) ,  

and Eurocode 4 (Design 1 9 9 4 ) .  

The AC1 and CSA design methods are strongly influenced 

by t h e  effective f l exu ra l  rigidity (EI) of t h e  column which 

varies due t o  cracking, creep, and the nonlinearity of t he  

concrete stress-strain curve. I n  an attempt t o  account f o r  

these variables, Mirza ( 1 9 9 0 )  and Tikka and Mirza (1992) 

proposed refined equations for calcula t ing the  f lexural  

r i g i d i t y  for use i n  AC1 and CSA design procedures f o r  

reinforced concrete and composite steel-concrete columns, 

respectively. I n  addit ion,  T i k k a  and Mirza (1992)  reported 

tha t ,  i n  some cases,  AISC-LRFD ~ p e c i f i c a t i o n s  produced 

unconservative designs f o r  composite steel-concrete columns 

subjected t o  minor axis bending. T h i s  is due t o  the fact 

that t h e  AISC-LRFD Specifications permit a higher value of 

the radius of gyrat ion of a composite cross-section 

subjected to  minor axis bending than that jus t i f ied  by 



calculations. In this study, a new equation is proposed 

for the radius of gyration for use in the AISC-LRFD design 

procedure for composite columns, This equation plus those 

suggested by Mirza (1990) and Tikka and Mirza (1992) were 

also included in the comparative study reported here. 

During the past 10 to 15 years, commercial FEM 

software has become more readily available and its use by 

design engineers has been steadily increasing. Presently, 

there are several FEM programs that are able to mode1 the 

concrete column strength at ultimate limit state. In an 

attempt to examine the applicability of FEM in predicting 

the ultimate strength of reinforced concrete and composite 

steel-concrete columns, the results of a commercially 

available nonlinear FEM software (ABAQUS 1994a, 1994b) were 

also compared with the physical tests. 

To determine the influence of a full range of 

variables on the design methods examined in this study, 384 

reinforced concrete columns without moment gradient, 14 

reinforced concrete columns with moment gradient, 75 

composite steel-concrete columns subjected to major axis 

bending without moment gradient, 3 composite steel-concrete 

columns subjected to major axis bending with moment 

gradient, and 143 composite steel-concrete columns 

subjected to minor axis bending without moment gradient 

were taken from the literature. Due to practical 

implications, it was decided to exclude al1 columns with a 

specified concrete strength of less than 2500 p s i .  The 



remaining 521 columns were used f o r  a comparative study of 

d i f  ferent design methods examined. No new tests were 

conducted for this study. 

Major var iables  invest igated i n  t h i s  study include the  

concrete s t rength,  the  end eccen t r i c i ty  r a t i o ,  the  

slenderness r a t i o ,  the  re inf  o r c ing  steel index, t he  

s t ruc tu ra l  s t e e l  index and t h e  t ie/hoop volumetric r a t i o .  

Based on the s t a t i s t i c a l  analysis of the  major var iab les  

t h a t  a f fec t  column design strength, an evaluation and 

cornparison of each design method was conducted. Most of 

the  design methods were af fec ted  t o  some degree by the 

variables  s tudied-  These evaluat ions and cornparisons 

provided an i n s igh t  fo r  the v a r i a b i l i t y  and r e l a t ed  

statistics of d i f f e r e n t  design methods examined, including 

FEM. These a re  discussed and presented i n  this repor t .  

The columns invest igated i n  this study w e r e  braced and 

pin-ended and were constructed using normal s t reng th  

concrete with a speci f ied  compressive s t rength between 2500 

and 8250 p s i ,  The columns were subjected to short-term 

loads producing pure ax ia l  force,  combined axia l  fo rce  and 

s ingle  o r  double curvature bending, or  pure bending. The 

columns uûed i n  t h i s  inves t iga t ion  are  graphical ly 

represented i n  Figure 1.1. Columns sub jected t o  equal and 

opposite end e c c e n t r i c i t i e s  producing symmetric single 

curvature bending a r e  depicted i n  Figure l . l ( a )  while 

columns sub jected t o  equal end eccen t r i c i t i e s  producing 

double curvature bending a r e  depicted i n  Figure 1.1 (e ) . 



(d) 0>M1>-M2 (e) Ml =-Me 

Figure 1.1 - Range of column load eccentricities and 
resu l t ing  second-order bending moment 
diagram . 



The columns i n  Figures l ( b )  , (c) , and (d)  represent  t h e  

o t h e r  load eccentricities examined i n  this study. 

Due t o  the limited tes t  d a t a  ava i lab le ,  n o t  al1 load 

e c c e n t r i c i t i e s  were ava i l ab le  for eacb of t h e  ind iv idua l  

column types examined i n  this study.  The range of load 

e c c e n t r i c i t i e s  for re inforced  concrete coliimns without 

moment gradient i nc lude  pure axial loading and t h e  loading 

depicted i n  Figure l . l ( a )  while re inforced  concrete  columns 

with moment g rad ien t  are represented by Figures 1-l(b), 

( c ) ,  (d) and (el- Composite s teel -concrete  columns 

subjected to major axis bending without moment gradien t  

include cases of pure axial load,  pure bending and those 

represented in ~igure  l . l ( a )  w h i l e  such columns w i t h  moment 

gradient are represented by Figures  1. l ( c )  and (d) . 
Composite s teel-concrete  columns subjected t o  minor agis 

bending include pure axial loading, pure bending and t h e  

loading depicted in Figure l . l ( a ) .  



2 - F7NlTE ELEMENT MODELLING OF REINFORCED CONCRETE AND 

COMPOSITE STEEL-CONCRETE COLUMNS 

2.1 OVERVIEW OF THE FIHITE ELEMEHT MODELLIHG SOFTWARE USED 

The f inite element modelling (FEM) of reinf orced 

concrete and composite steel-concrete columns was carried 

out by using commercially available nonlinear FEM software 

(ABAQUS 1994a, 1994b). The objective was to model the 

ultimate strength and load-deflection response of physical 

test specimens available in the literature. The FEM 

software was capable of static second-order nonlinear 

stress analysis which could include both material and 

geometric nonlinearity. This FEM software was chosen over 

others primarily for its ability to model the nonlinear 

stress-strain behavior of concrete under monotonie loading 

for low stress applications. Examples of low stress 

applications include structural components such as typical 

rein£ orced concrete beams,  slabs, columns and shear walls. 

This chapter summarizes the procedures and assumptions 

used in the modelling of reinforced concrete and composite 

steel-concrete cross-sections and columns using the FEM 

software. An overview of the concrete and steel stress- 

strain relations and the input procedures required by the 

FEM software are also presented. 

2 . 2  CROSS-SECTION DISCRETIXATfOBT ZUjD MODELLING 

The modelling of reinforced concrete and 

composite steel-concrete cross-sections was accomplished by 



using rebar elements and wbeamn sections.  The FEM software 

included an extensive library of prr-defined beam sect ions 

which were used to define t h e  propert ies  of the  three- 

dimensional beam elements. Three separate sec t ions  were 

used t o  model t h e  d i f f e r e n t  mater ials  t h a t  compose t h e  

cross-section . These matetials include the unconfined 

concrete outs ide  of the  t ransverse  t i e  re in£  orcement, t h e  

p a r t i a l l y  confined .concre te  within t he  t ransverse tie 

reinforcement, and the  s t r u c t u r a l  steel sec t ion .  R e b a r  

elements w e r e  used t o  model the longi tudinal  re inforcing 

steel. 

The use of pre-defined beam sect ions g r e a t l y  reduced 

t he  amount of da ta  input  required to model the cross- 

section.  Only basic information on the  section geometry 

w a s  required; t he  FEM software automatically calculated t h e  

resul t ing  sec t ion  proper t ies  f o r  use i n  the analys is .  The 

pre-defined beam sect ions a l s o  had a de fau l t  niimher of 

in tegra t ion  po in t s  used t o  d i s c r e t i z e  the  sec t ion .  The FEM 

software numerically i n t eg ra t e s  the cross-section t o  obtain 

t h e  generalized force-moment/strain-cumature re la t ions .  

Therefore, in tegra t ion  poin ts  def ine  t h e  mesh used i n  t h e  

numerical in tegra t ion .  A dense mesh will increase t h e  

accuracy of the solu t ion  at a c o s t  O£ increased computation 

t h e .  For t h i s  study, the number of in tegra t ion  points was 

increased from t h e  de fau l t  condition i n  an attempt t o  

improve the accuracy of the  FEM procedure used, as 

explained i n  t h e  following sec t ion .  



2-2.1 Ovemiew of Beam Sections U s e d  in Hodelling of Cross- 

Sections 

A pre-defined nboxn beam sec t ion  was used t o  model the 

unconfined concrete ou t s ide  of t h e  t ransverse  t i e  

reinforcement. Figure  2.l(a) i l l u s t r a t e s  this s e c t i o n  as 

well as t h e  l o c a t i o n  of t h e  i n t e g r a t i o n  points.  The 

d e f a u l t  number of i n t e g r a t i o n  points was increased £ r o m  5 

t o  15 i n  each wall, The FEM software considers t h e  box 

s e c t i o n  t o  be thin w a l l e d  and f o r  t h i s  reason the 

i n t e g r a t i o n  poin ts  can only l i e  on t h e  cen te r l ine  of t h e  

s e c t i o n  walls. 

The pre-defined "rectangular" beam sec t ion  was used t o  

model t h e  p a r t i a l l y  confined concrete wi th in  t h e  t r ansve r se  

t i e  reinforcement. Figure  2 . l ( b )  i l l u s t r a t e s  t h i s  s e c t i o n  

as w e l l  a s  the l o c a t i o n  of the i n t e g r a t i o n  points ,  The 

default number of i n t e g r a t i o n  poin ts  was increased from 5 

t o  15 i n  each d i r e c t i o n .  

There is no allowance made by t h e  FEM software t o  

account f o r  t h e  d isp laced  concrete due t o  t h e  s t r u c t u r a l  

s teel  sec t ion  when modelling composite s tee l -concre te  

cross-sections.  The FEM so lu t ion  w i l l ,  therefore ,  t e n d  to 

p r e d i c t  s l i g h t l y  h igher  ul t imate  s t r e n g t h s  f o r  composite 

s tee l -concre te  columns as compared t o  t h e  physical tests. 

The  e f f e c t  w i l l  be most pronounced f o r  columns t e s t e d  under 

pure a x i a l  load and columns with large s t r u c t u r a l  steel 

r a t i o s  ( p )  . However, practical l i m i t s  on t h e  maximum 
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structural steel  ratios are between 10 and 15 percent- A 

slight inaccuracy of the FEM solution for predicting the 

ultimate strength of composite steel-concrete columns will 

result . 
The pre-defined llI@t beam section was used to model the 

structural steel section for composite columns. Figure 

2.1 (c) illustrates this section as w e l l  as the location of 

the integration points. The number of integration points 

was increased from 5' to 9 in the web while the default 

number of 5 points in the £langes was not changed. The FEN 

software considers the 1-section to be thin walled and for 

this reason the integration points can only lie on the 

centerline of the section walls. 

Rebar elements were used to model the longitudinal 

reinforcing steel. Figure 2. l (d) illustrates these 

elements within a typical cross-section. Each rebar 

element has one integration point. Since rebar elements 

can not exist as separate elements, they must be defined as 

being within other beam elements. In this study, the rebar 

elements were superimposed and imbedded into the partially 

confined concrete element mesh. The only input required 

was the location of the xebar element with respect to the 

local beam section a i s  and the name of the beam element to 

map it into. The FEM software automatically maps the rebar 

element into the beam element mesh and accounts for the 

displaced area of concrete. 



2.2.2 Modelling of Reinforced Concrete Cross-Sections 

Fou rein£ orced concrete  cross-sections, three 

d i f f e r e n t  materials .have t o  be modeled: t h e  unconfined 

concrete o u t s i d e  of the  t r ansve r se  ties, t h e  partially 

confined concrete inside of the t ransverse  ties, and t h e  

longi tudinal  r e in fo rc ing  steel bars. The modelling of t h e  

cross-section w a s  accomplished by superimposing t w o  beam 

sec t ions  and r e b a r e l e m e n t s  at common node po in t s  as is 

i l l u s t r a t e d  i n  Figure 2.2(d). The unconfined concre te  was 

modeled by using a box sec t ion  (Figure  2 . 2 ( a ) ) .  The inner 

w a l l  of t h e  box sec t ion  co inc ides  with t h e  c e n t e r l i n e  of 

t he  t ransverse  t i e  reinforcement. The p a r t i a l l y  conf i ned  

concrete was modeled by using a rec tangular  sec t ion  (Figure 

2 . 2 ( b ) ) .  The ou te r  edge of t h e  rectangular  s e c t i o n  

coincides w i t h  t he  cen te r l ine  of t h e  t ransverse  t i e  

reinforcement and t h e  inner edge of t h e  box sec t ion .  The 

longi tudinal  r e in fo rc ing  s t e e l  was modeled by superimposing 

rebar elements wi th in  the  rec tangular  sec t ion  mesh (Figure  

2 . 2 ( c ) ) .  

2.2.3 Modelling of Composite Steel-Concrete cross-Sections 

For composite s teel-concrete  cross-sections,  four  

d i f f e r e n t  materials have t o  be modeled: the  unconfined 

concrete o u t s i d e  of the  t r ansve r se  ties, t h e  partially 

confined concre te  ins ide  of t h e  t ransverse  ties, the 

s t r u c t u r a l  steel shape, and the longi tudina l  r e i n f o r c i n g  

steel bars. The modelling of t h e  cross-sect ion w a s  



(a) Unconfined Concrete 

(b) Partfally Confined 
Concrete 

(c)  Rebar Elements 

(d) Refnforced Concrete 
Cross- Section 

F i g u r e  2.2 - FEM of reinforceci concrete cross- 
section. 



accomplished by superimposing t h r e e  beam s e c t i o n s  and rebar 

elements at common node points and is i l l u s t r a t e d  i n  

Figures 2.3 and 2.4 for columns subjected t o  major axis and 

minor axis bending, respec t ive ly .  The unconfined concrete 

was modeled by using a box section (Figures 2-3(a) and 

2.4(a) ). The  inne r  w a l l  of  t h e  box s e c t i o n  co inc ides  w i t h  

t h e  c e n t e r l i n e  of the transverse tie reinforcement-  The 

p a r t i a l l y  confined concrete  w a s  modeled by using a 

rectangular  s e c t i o n  (Figures 2.3(b)  and 2 . 4 ( b ) ) .  The o u t e r  

edge of the rectangular  s e c t i o n  co inc ides  w i t h  t h e  

cen te r l ine  of  t h e  t ransverse  tie reinforcement and t h e  

inner edge of the  box sec t ion .  The  longi tud ina l  

re inforc ing  s t e e l  was modeled by superimposing r eba r  

elements wi th in  t h e  rec tangular  section mesh (~igures 

2.3(c) and 2 . 4 ( c ) ) .  The s t r u c t u r a l  steel shape w a s  modeled 

by using an 1-beam sec t ion  (Figures 2.3(d) and 2.4(d)). 

Two d i f f e r e n t  o r i en ta t ions  of t h e  1-beam section were used 

i n  order t o  mode1 major and minor axis bending problems. 

2-3 COL- DISCRETIZATION AND MODELLING 

The modelling of re inforced  concrete  and composite 

s teel -concrete  columns w a s  accomplished by using 3-node 

space beam elements. The length of the column was divided 

i n t o  a number of 3-node segments, each representing a beam 

element. Each beam element was connected t o  t h e  adjacent  

elements at t h e  ou te r  two ttcommon nodew poin ts .  The 



(a) Unconfined Concrete 

(b) Partially Conffned 
Concrete 

(c) Rebar Elements 

(d) Structural Steel Section 

. -  (e) Composite Steel-Concrete 
Cross -Section Su bjected 
To Mafor Axis Bending 

Figure 2.3 - FEM of c o ~ s i t e  steel-concrete cross- 
sections sub jected to major axis bending . 



(a) Unconflned Concrete 

(b) Partially Confl ned 
Concrate 

(c) Rebar Elements 

(d) Structural Steel Section 

Composite Steel-Concrete 
Cross-Section Su blected 
Ta Mtnor Axfs Bendfng 

Figure 2 - 4  FEM of composite steel-concrete cross- 
sections subjected to minor axis bending. 



c e n t r a l  poin t  is used by t h e  FEM software for i n t eg ra t ion  

purposes . A typ ica l  d i s c r e t i z e d  column w i t h  unequal 

appl ied end moments is i l l u s t r a t e d  i n  Figure 2.5(a). 

When using beam elements i n  an FEM a n a l y s i s ,  the 

r e s u l t s  wi11 be sens i t ive  t o  t h e  chosen f i n i t e  element 

length.  The length of t h e  three-node f i n i t e  element 

segment is the distance between t h e  outer  two common node 

po in t s  (Figure 2.5(c)  ) .  Choosing a f i n i t e  element length 

that is too  s m a l l  w i l l  r e s u l t  i n  t h e  l o c a l i z a t i o n  of the  

beam element curvature i n t o  a segment of s m a l l  length. 

When t h e  curvature  is loca l i zed  i n t o  a segment of s m a l l  

length,  t h e  element cannot be properly modeled using 

bending theory s ince  the cross-sect ion can no longer be 

assumed as being plane. To prevent the l o c a l i z a t i o n  of 

beam element curvature,  a f i n i t e  element length  equal  t o  o r  

slightly greater than the depth of the cross-section i n  the  

plane of bending was used i n  this study.  

2.3.1 Boundary Conditions 

In  t h e  FEM ana lys i s ,  the  column must be r e s t r a i n e d  i n  

space by t h e  use of boundary conditions. For t h e  column 

shown i n  Figure 2.5 (a) with bending about t h e  z-&sr the 

t o p  node is res t r a ined  from movement along t h e  x- and z- 

axis and is restrained £ r o m  r o t a t i o n  about t h e  y-&S. The 

bottom node is restrained from movement along t h e  x-, y- 

and 2-axis and is restrained from rotation about the y- 

axis. These r e s t r a i n t s  modeled the end conditions used for 





loading the  physical  column specimens found i n  the 

l i t e r a t u r e .  

2.3.2 Modelling U s h g  S p m e t i y  

For columns with equal and opposite applied end 

moments, symmetry can be used t o  reduce the numher of 

elements required i n  t h e  analysis .  An equivalent  

can t i lever  column which is one-half t h e  l e n g t h  of t h e  

o r i g i n a l  column can be modeled and is i l l u s t r a t e d  i n  Figure 

2.5(b). The boundary condi t ions  at t h e  column mid-height 

r e s t r a i n  movement along the  y- and z-axis and r e s t r a i n  

r o t a t i o n  about the y- and z - a i s .  The boundary condi t ions  

at the  top node of the column a r e  t h e  same as those  used 

f o r  columns with unequal appl ied end moments. 

2.3.3 Proportional Column Loading 

The column is loaded by introducing an app l i ed  j o i n t  

load and moment a t  t h e  t o p  node of t h e  column and an 

applied end moment at  t h e  bottom node of the column. The 

r e l a t i v e  magnitude and sign of the appl ied end moments must 

reflect the s p e c i f i e d  end e c c e n t r i c i t i e s  used i n  the column 

tes t  being simulated. Since t h e  objec t ive  was t o  determine 

t h e  FEM f a i l u r e  load of t he  column, t h e  j o i n t  loads  and 

moments had t o  be increased incrementally us ing  a second- 

order  analysis procedure, u n t i l  failure occurred. 

Tharefore, t o  begin t h e  ana lys i s ,  a s m a l l  p ropor t iona l  

loading had to be used. For th is  study, the ini t ia l  



loading was set at 10 percent of the failure load 

detedned from the physical test. This load could then be 

increased incrementally until the column failed. To 

increase the efficiency of the solution, a higher initial 

loading, closer to the reported failure load, could have 

been used. This approach would not have had any affect on 

the final solution (failure load) since after each load 

increment, the FEM uses an iterative procedure to obtain 

the deflected shape of the column. However, it was decided 

that the response of the column e load-deflection 

curve) as the column was loaded from a small load to the 

failure load may be of interest- 

2.3.4 Special Loading for Columns Under P u r e  Axial Load 

For the analysis of columns under pure axial load, an 

imperfection i s  added to the initially ideally straight 

element model. This imperfection takes into account the 

possibility of loss of stability under the deflected 

condition of the column. The imperfection ensures a smooth 

transition f rom column stability to column instability. 

This is due to the fact that a perfectly straight col- 

will remain straight until the critical load is reached and 

will then buckle suddenly- The large de£ lections 

associated with this sudden buckling can not be properly 

captured using the FEM software. For this study, the 

initial imperfection was approximated by applying a small 

uniformly distributed lateral load to the column, The 



magnitude of the uniformly d i s t r i b u t e d  lateral load was 

equal t o  one percent of t h e  s e l f  weight of the  column and 

was appl ied  over the e n t i r e  column length.  

2.4 STRESS-STRAIIQ RELATIOHSHIP FOR COBICRETE 

Two d i f f e r e n t  concre te  reg ions  must be defined i n  t h e  

cross-section of both r e i n f o r c e d  concrete  and composite 

s teel -concrete  coliimns: t h e  unconfined concrete outs ide of 

the transverse t i e  reinforcement and t h e  partially confined 

concrete i n s i d e  of t h e  transverse t i e  reinforcement. Their 

d i s t i n c t i o n  recognizes t h e  d i f f e r e n c e s  i n  the  s t r e s s - s t r a i n  

r e l a t ionsh ips  due t o  the conf in ing  action of the 

rectangular transverse ties. Concrete confinement 

increases  both the  compressive s t r e n g t h  and d u c t i l i t y  of 

t h e  concrete.  Park et al.  (1982), Sheikh and Uzemeri 

(1982), and Sheikh and Yeh (1986)  developed methods t o  

determine t h e  e f f e c t s  of inc reased  compressive s t r eng th  and 

d u c t i l i t y  due t o  lateral t ies  f o r  reinforced concrete 

columns. No methods for determining the e f f e c t s  of 

confinement on the  t e n s i l e  s t r e s s - s t r a i n  re la t ionship  f o r  

concrete are avai lable .  For t h i s  reason, the use of t h e  

same t e n s i l e  s t r e s s - s t r a in  r e l a t i o n  f o r  both unconfined and 

p a r t i a l l y  confined concrete  w a s  assumed. The s t r e s s - s t r a i n  

r e l a t ionsh ips  presented i n  this s e c t i o n  a re  f o r  columns 

subjected t o  monotonic loading. 

Sased on t h e  recommendations of Skrabek and ~ i r z a  

(1990), a modified vers ion  of the Kent and Park (1971) 



Curve f o r  unconfined concrete (Figure 2.6) was used to 

describe the stress-strain relation for concrete outs ide  of 

the  transverse ties. ~quat ion  2 . 1  represents the  cume 

between the  or ig in  and the peak stress, and Equation 2 . 2  

represents the descending branch of the curve b e t w e e n  the 

peak stress and the stress corresponding to the  ultimate 

strain.  

05 
where Z = 

%ou - &O 

and 

where f, is the stress of concrete tha t  corresponds t o  a 

given value of s t ra in ,  E, ( w i t h  ~ ~ S 0 . 0 0 4 ) ;  f', is the peak 

compressive strength of concrete; is the s t r a i n  of 

concrete corresponding to  the peak stress. For SI 

conversion replace 3 by 0.0207 MPa and 1000 by 6.895 MPa i n  

Equation 2 . 4 .  The strain at the peak s t r e s s  ( )  was 

allowed t o  Vary as a function of the concrete strength 

(Equation 2 . 5 )  rather than using a constant value of 0.002 

suggested by Kent and Park (1971) :  



+ MINIMUM CONCRETE STRESS 

++ MAXIMUM CONCRETE 
COMPRESSIVE STRAIN 

I I ) E. 

Figure 2.6 - Unconfined concrete canrpressive stress- 
s t r a i n  relationship, 

Figure 2.7  - Partially confined concrete compressive 
stress-strain relationship. 



where Ec is  t h e  modulus of e l a s t i c i t y  of concrete i n  

compression - Two descending branches for Equation 2.2 are 

s h o w  in Figure 2.6 t o  i l l u s t r a t e  the condi t ions  where the 

concrete stress becomes equal to zero. The upper c w e  

i l l u s t r a t e s  the upper l i m i t  on concrete s t r a i n  of 0.004. 

The lower cume i l l u s t r a t e s  t h e  lower l i m t  on concrete  

stress as per Equation 2 . 2 ,  

The Modified Kent and Park Curve (Park, P r i e s t l y  and 

G i l l  1982) w a s  used in t h i s  study t o  describe the stress- 

s t r a i n  r e l a t i o n  for concre te  ins ide  of t h e  t ransverse  ties. 

The Modified Kent and Park Curve (Figure  2.7)  was also used 

by Skrabek and Mirza (1990), and ~ikka and Mirza (1992) f o r  

modelling p a r t i a l l y  confined concrete. T h i s  curve assumes 

t h a t  t h e  concrete  confinement is a funct ion  of t h e  concre te  

cylinder s t r eng th  f*,, the v e r t i c a l  spacing of t h e  t ies  sa, 

the  t ie/hoop volumetric r a t i o  which is t h e  r a t i o  of volume 

of t ransverse  ties t o  the volume of concrete  core p*', and 

the yield strength of  the transverse t i e s  fya. ~quation 

2.6 is used t o  descr ibe  t h e  curve £rom the or ig in  to the 

peak stress (Kf ',), and Equation 2.8 is used t o  describe 

the descending branch of the curve. 



where 
P" f y h  K =  l+- 
f 'c 

0.5 
where Z =  

Em + Crnh - Kg* 

and 

and 

where hft is the  out-to-out width of the l a t e r a l  t i e s .  For 

S I  conversion replace 3 by 0.0207 MPa and 1000 by 6 . 8 9 5  MPa 

i n  Equation 2 . 1 0 .  

The t e n s i l e  s tress -s tra in  curve used i n  this study is 

shown i n  Figure 2 . 8 .  The relationship is  assumed t o  be 

l inear £ r o m  the or ig in  up t o  the modulus o f  rupture, f,, 

with the elastic modulus f o r  tension assumed t o  be equal to 

the  i n i t i a l  tangent modulus of e l a s t i c i t y  of concrete i n  

compression. The work of Skrabek and Mirza ( 1 9 9 0 )  shows 

that  this simple model, as suggested by Park and Pauley 

( 1975 ) and Mirza and MacGregor ( 1989 ) , was s u f f i c i e n t  . For 

the descending branch, the tangent strain softening modulus 



Figure 2 - 8  - Reinforced concrete tansile stress- 
strain relationship . 



(Equation 2.12) as suggested by Bazant and Oh (1982) was 

used : 

where al1 units are in psi .  For S I  conversion replace -70 

by -0.48 MPa and 57 by 0.39 MPa i n  Equation 2.12. The 

descending branch models " tension s t i f  f eningn resulting 

£ r o m  t he  interaction of t he  concrete and longi tudinal  

rein£ orcing steel af ter the concrete  cracks . The FEM 

requires t h e  descending branch of the c u v e  t o  f u l l y  define 

the stress-strain curve for reinforced concrete as w i l l  be 

discussed later. 

2.4.1 Modification to P h p i c a l  Properties of Concrete for 

In-Situ Conditions and R a t e  of Loading Effect 

I n  an attempt t o  simulate t he  ac tua l  behavior of 

the physical t e s t  columns ava i l ab le  i n  t h e  l i t e r a t u r e ,  t h e  

physical proper t ies  of concrete were modified t o  reflect 

in-s i tu  conditions and account fo r  r a t e  of loading effects. 

Due to t h e  v a r i a b i l i t y  of the concrete strength and 

s t i f f ne s s ,  t h e  material proper t ies  can not be accura te ly  

determined d i r e c t l y  from standard concrete cylinder tests .  

Mirza, Hatzinikolas and MacGregor (1979) undertook an 

extensive investigation to s t a t i s t i c a l l y  describe the 

strength of concrete. Their recommendations were used in 



t h i s  study. I t  was suggested that the in-situ strength of 

concrete could be approximated from the standard concrete 

cylinder strength by using Equation 2.13 : 

where f,i is the  in-situ compressive strength of concrete; 

and f', is the concrete strength from standard cylinder 

t e s t s .  To account for the rate of  loading effect, the  

concrete strength should be modified by using Equation 

2.14: 

where f,, is the  concrete strength including the  rate of 

loading effect; and t is the tes t ing  t h e  i n  seconds. F o r  

S I  conversion, multiply t by 0.0069 in Equation 2.14. 

Equation 2.15 w a s  suggested (Mirza, Batzinikolas and 

MacGregor 1979) to account for the rate of loading effect 

on the modulus of rupture: 

where f, is the modulus of rupture including the rate of  

loading ef fect. For SI conversion replace 8 . 3  by 0.69 and 

multipiy t by 0.0069 in Equation 2 . 1 5 .  Shnilariy, Equation 



2.16 was suggested (Mirza, Hatzinikolas and MacGregor 1979) 

to account for the rate of loading effect on the moddus of 

elasticity of concrete: 

where E,, is the modulus of elasticity of conmete 

including t h e .  rate of loading e f f e c t .  F o r  SI  conversion 

replace 60400 by 5015 MPa in Equation 2.16. 

2.4.2 Stxess-Strain Curve of Concrete Used for F m  

The stress-strain curve is idealized by the FEM 

software using several f f n i t e  segments. For this study, 

the entire stress-strain cume was divided into  17 

segments: 8 equally spaced segments f r o m  the origin t o  the 

peak stress,  and 9 equally spaced segments from the peak 

stress to the stress corresponding to the ultimate strain. 

Befors the points on the curve could be input, the strain 

values had t o  be modified i n  tems of plastic strain 

values. Plastic strain values, not total s t ra in  values, 

are used in defining the softening behavior of concrete by 

the FEM software. The plastic s tra in  is illustrated in 

Figure 2 . 9  and is defined by Equation 2.17:  

G 

E,, = E, - - 
Ec 



NOTE: Plastic straTn values, not total strain 
values, are used ln defining the stress- 
strain curve for FEM. 

Figure 2.9  - Comparison of total s t r a i n  and plast ic  
strain =lues as used by FEM. 



where E- is t h e  p las t i c  .strain; ~t and o, are respect ive ly  

the  s t r a i n  and stress of the  po in t  under consideration; and 

Ec is the  e l a s t i c  modulus of concrete. 

In  modelling the concrete behavior using t h e  FEM 

software, spec ia l  a t tent ion  must be given t o  the concrete 

cracking behavior . The analysis of both rein£ orced 

concrete and composite steel-concrete columns using t h e  FEM 

software requi res  the modelling of t h e  concrete and 

longitudinal reinforcing steel (rebar) as w e l l  as t h e i r  

in terac t ion .  T h i s  modelling is accomplished by combining 

p la in  concrete elemects with longi tudinal  re inforc ing s t e e l  

"rebar" elements . Rebar elements are superimposed o r  

imbedded i n t o  t he  concrete element mesh. With this 

simplif icat ion,  t h e  behavior of t h e  concrete  can be 

considered t o  be independent of t h e  longi tudinal  

reinf orcing s t e e l .  The e f f e c t s  associated with the 

concrete-rebar interface,  such as bond s l i p  and dowel 

action, are approximately modeled by introducing Vension 

s t i f fen ingw i n t o  the  concrete model. In  t h i s  way, t h e  load 

t rans fe r  ac ross  cracks by t he  rebar  can be simulated. 

Instead of tracking each individual micro crack, a 

smeared crack model is used. In  t h i s  way the cons t i t u t i ve  

ca lcula t ions  can be perf ormed independently a t  each 

in tegra t ion  point of the  f i n i t e  element model. The 

presence of cracks enters  i n t o  these  ca lcu la t ions  by the 

way i n  which t he  crack affects the stress and material 



s t i f  f ness 

t h e  model 

t h a t  open 

s t i f fne s s .  

associated with the  in tegra t ion  point. That is, 

assumes t h a t  cracking causes damage i n  t he  sense 

cracks can be represented by a lo s s  of e l a s t i c  

Since t he  effects of the cracks are only 

considered a t  each integrat ion po in t ,  t he  solut ion is mesh- 

sens i t ive  for unreinforced concrete.  For reinforced 

concrete, t h e  in te rac t ion  between the  concrete and rebar 

s ign i f i can t ly  reduces this mesh sensitivity provided t h a t  a 

reasonable amount of "tension stif f eningfl is introduced i n  

t h e  concrete model t o  simulate these  e f f ec t s .  For t h e  FEM 

software, some degree of tens ion s t i f f en ing  must be 

specif ied t o  prevent numerical i n s t a b i l i t i e s .  

Tension s t i f f e n i n g  i n  the  concrete model is dependent 

on the  amount of reinforcement, the qua l i t y  of t h e  bond 

between the  rebar  and concrete,  and the r e l a t i v e  

or ienta t ion  of the crack with respect  t o  t he  reinforcement. 

Tension s t i f f en ing  i n  the  FEM model accounts fo r  t h e  fact 

t h a t ,  a f t e r  reaching t he  rupture modulus of concrete, the  

t e n s i l e  s t rength of reinforced concrete does not suddenly 

drop t o  zero but  declines gradual ly as t h e  s t r a i n s  

increase.  The tangent s t r a i n  sof tening modulus, as defined 

i n  Equation 2.12,  was used t o  model t h i s  behavior. The 

only input required by the  FEM software is the  s t r a i n  at 

w h i c h  the  t e n s i l e  s t rength of concrete becomes zero. I t  

was calculated from Equation 2.18: 



where ~m is the s t r a i n  a t  which t h e  t e n s i l e  stress of 

concrete becomes zero. The value ca lcu la ted  f rom E ~ u a t i o n  

2.18 was assumed t o  provide a satisfactory approximation of 

the  post-cracking behavior of t h e  physical  test  columns. 

The modelling of t h e  in t e rac t ion  between the  

s t r u c t u r a l  steel sec t ion  and t h e  surrounding concre ts  for 

composite steel-concrete columns does not use t h e  same 

approach as f o r  t h e  long i tud ina l  re inforc ing  steel bars. 

Although t h e  s t e e l  s ec t ion  is imbedded i n t o  t h e  surrounding 

concrete, t h e  FEM does not  have the c a p a b i l i t y  of modelling 

this behavior as was done using rebar  elements. Rowever, 

as was noted earlier, t h e  concrete and s t r u c t u r a l  s t e e l  

elements a r e  connected at common node points ,  Since the 

common node po in t s  are l oca ted  a t  a d is tance  approximately 

equal t o  depth of t h e  cross-section i n  the plane of 

bending, any e ts l ip f f  between the concrete and structural 

steel s e c t i o n  between the common node p o i n t s  w i l l ,  

therefore ,  be minimal and w i l l  not  have any measurable 

e f f e c t  on t h e  FEM r e s u l t s ,  

2 .5  STRESS-STRAXN RELATIOHSHIP FOR STEEL 

An e l a s t i c -pe r fec t ly  plastic s t r e s s - s t r a i n  curve was 

used t o  descr ibe  t h e  behavior of both the longi tudinal  

re inforc ing  steel and the s t r u c t u r a l  steel section- Strain 

hardening and res idua l  stresses were not included in this 



study. For composite s teel -concrete  columns, Skrabek and 

Mirza (1990) found t h a t  s t r a i n  hardening had no e f f e c t  on 

the s t rength  r a t i o s  for s lender  columns (P/h>6.6) with end 

e c c e n t r i c i t y  r a t i o s  (e/h) between 0 . 0 5  and 4.0. However, 

s t r a i n  hardening had a s i g n i f i c a n t  effect on the s t r eng th  

r a t i o s  fo r  s l ende r  columns ( Q / h > 6 . 6 )  subjected t o  pure 

bending . For composite steel-concrete cross-sections,  

s t r a i n  hardening had no effect on the s t r e n g t h  r a t i o s  for 

e/ha0.6, some effect for 0.6<e/hSl.S and a s i g n i f i c a n t  

effect for e/h>1.5. The s t r e s s - s t r a i n  curve f o r  

compression was assumed t o  be t h e  sanie as used f o r  tension 

and is i l l u s t r a t e d  i n  Figure 2.10. 

2.5.1 Stress-Strain C u r v e  of S t e e l  used for FEM 

The measured yield s t rengths  of t h e  longi tudina l  

re inforc ing  and s t r u c t u r a l  s t e e l s  were used for the  FEM 

analys i s .  The FEM software is capable of modelling an 

e l a s t i c - p l a s t i c  s t r e s s - s t r a i n  curve. Two input variables 

are required t o  mode1 t h i s  curve: t h e  modulus of 

e l a s t i c i t y  of the steel, Es, and the y i e l d  stress, fy. 

2 . 6  SECO-RDER NONLfHEAR ANALPSXS FOR FEM 

Due to t h e  nonl inear  behavior of the material stress- 

s t r a i n  Cumes and t h e  nonlinear load-def lect ion response of 

re inforced concrete and composite steel-concrete columns, a 



Figure 2.10 - Structural steel and reinforcing steel 
stress-strain relationships . 



second-order nonl inear  method was required. I n  a second- 

order  ana lys i s ,  t h e  def lec ted  shape of the member is 

constant  ly changing , thus r equ i r ing  repeated updating of 

t he  s t i f f n e s s  matrix. For this reason an i t e r a t i v e  process 

is required t o  determine a so lu t ion .  The loads  must be 

appl ied  i n  a s e r i e s  of load increments. After a load 

increment is appl ied  t o  t h e  column, a l i n e a r  a n a l y s i s  is 

performed using an updated s t i f f n e s s  m a t h  £rom the 

previous i t e r a t i o n .  Therefore, t h e  equil ibrium state of 

the column at the  end of one load increment is  used t o  

formulate t h e  s t i f f n e s s  matrix t h a t  is used f o r  the 

following load increment. A t o l e r a n c e  must be s p e c i f i e d  t o  

indicate t h a t  s a t i s f a c t o r y  convergence has been reached. 

The magnitude of t h e  load  increment used f o r  t h e  

a n a l y s i s  has a s i g n i f i c a n t  effect on t h e  s o l u t i o n  t h e ,  

accuracy and t h e  convergence of t h e  solut ion.  Using a 

s m a l l  load increment will increase  the required 

computational t h e  s i g n i f i c a n t l y  . Using a large load 

increment may not  properly cap tu re  t h e  load-deflection 

response of t h e  coliimn and can a l so  inc rease  t h e  

computational t h e  s i g n i f i c a n t l y  i f  s eve ra l  ana lys i s  

i t e r a t i o n s  are required t o  converge to a so lu t ion .  The FEM 

software has two methods for solving t h e  nonlinear 

equil ibrium equations : t h e  Newton-Raphson Load Controi 

Method and t h e  Modified Riks Method. 

The Newton-Raphson Load Control method app l i e s  

inc reas ing  load increments to a member and then iterates to 



an equilibrium condition. ~f the incremented load is 

higher than the maximum load, convergence is not ensured. 

The main disadvantage of the Newton-Raphson Load Control 

Method, therefore, is that it can break d o m  completely 

when the maximum load is reached. The Modified Riks 

method, however, traces the load-def lection response up to 

and beyond the maximum load. The basis of this method is 

to use the load magnitude as an additional unknown and thus 

control the increments taken along the load-displacement 

response curve . Theref ore, the FEM software automatically 

modifies the load increments in each step in an attempt to 

move equal arc lengths on the load-deflection response 

curve for the column. ~ h i s  method provides a solution 

regardless of whether the response is stable or unstable. 

Also, the behavior of the column up to and beyond the 

maximum load point on the load-deflection response curve 

can be obtained. For this study, the more robust Modified 

Riks Method was used. 



3 - COMPARISON OF FEM METHOD WITH 
EXPERIMEIYTAL RESULTS 

I n  t h i s  chapter ,  t h e  ul t imate  strengths computed f r o m  

FEM are compared t o  t he  ultimate s t r e n g t h s  of physical 

tests obtained from the  l i t e r a t u r e .  T h e  load cases  s t u d i e d  

for reinf orced concrete columns, composite s tee l -concre te  

columns with major axis bending and composite steel- 

concrete columns with minor axis bending are discussed  

ind iv idua l ly  i n  Sections 3.1 t o  3.3, respec t ive ly .  N o  new 

physical  t e s t s  w e r e  conducted f o r  this study. T e s t s  

gathered from t h e  l i t e r a t u r e  included concentr ic  loading,  

eccent r ic  loading causing bending about one axis, and pure 

bending about an axis f o r  columns wi th  slenderness r a t i o s  

P/h ( length  t o  o v e r a l l  depth of the concre te  cross-sect ion)  

ranging £rom 2.0 t o  40.0. 

Problems w e r e  encountered dur ing  t h e  process of 

i n t e r p r e t i n g  t h e  experimental r e s u l t s  ava i l ab le  f r o m  t h e  

l i t e r a t u r e .  These problems are summarized below: 

1) The specified l ength  of some columns was not c l e a r l y  

def ined. T h i s  occurred when columns contained 

haunches at the ends o r  when s p e c i a l  t e s t i n g  appara tus  

were used. I n  t h e  lat ter  case, t h e  a c t u a l  column 

lengths  w e r e  given but  t h e  location of the pin  support 

o r  knife-edges, where t h e  columns are allowed t o  

rotate, w e r e  not c l e a r l y  dimensioned o r  defined. T h i s  



pertains to tests conducted by Chang and Ferguson 

(1963), and Stevens (1965). 

2) The location, quantity and yield strength of the 

longitudinal reinforcement were in some cases unclear 

or not provided, This pertains to tests conducted by 

Bunni (1975), Bondale (1966), Johnson and May (1978), 

and Stevens (1965). 

3) The method of determining the concrete strength £ r o m  

cubes was unclear (cubes tested parallel or 

perpendicular to the direction of casting). This 

pertains t o  tests conducted by Gaede (1958), Ramu et 

aï. (1969), Mehmel et al. (1969), Bunni (1975), 

Bondale (1966), Procter (1967), Johnson and May 

(1978), Roik and Mangerig (1987), Roik and 

Schwalbenhofer (1988), Stevens (1965), and Anslijn and 

Janss (1974). 

4) In some cases, the test specimens were very s m a l l .  

This pertains to tests conducted by Kim and Yang 

(1995) and Stevens (1965). 

5 )  The yield strength of the transverse tie reinforcement 

was in many cases not given. This pertains to the 

majority of tests examined in this study. 

For some of the physical tests, $-inch, 6-inch and 8- 

inch cubes were tested instead of the standard 6-inch 

diameter by 12-inch high cylinders to establish the 

concrete strength. In these cases the strength reported 



had t o  be converted to an equiva len t  standard cyl inder  

strength. 

Many dif  f erent f a c t o r s  for obtaining an equivalent  

cyl inder  s t r eng th  have been proposed by various authors. 

Roderick and Rogers (1969)  and Roderick and Loke (1974)  

used Equation 3.1 as recommended by Evans ( 1 9 4 3 ) .  

i n  which t h e  cube s t r eng th  ( u ) ,  and the equivalent cyl inder  

s t rength ( f )  , are i n  pounds per square inch. virdi and 

Dowling (1973)  used a factor  of 0.64 for c o n v e r t h g  the  

strength of a 6-inch cube t o  an equivalent cylinder.  

Furlong (1976)  used a f a c t o r  of approximately 0.8 t o  

convert the strength O£ a +inch cube t o  o b t a i n  an 

equivalent 6-inch cy l inder  s t r e n g t h .  Johnson and May 

(1978) used a f a c t o r  of  0.76 for obtaining an equivalent  

cyl inder  s t rength  from a 6-inch cube. Roik and Bergmann 

(1989) used a f a c t o r  of 0.83 t o  convert t he  4-inch cube 

strength and 0.85 t o  convert the 8-inch cube strength to an 

equivalent 6-inch cy l inder  strength. 

For t h i s  study, two separate equations were used t o  

convert cube s t r e n g t h s  t o  an eqilivalent 6-inch cy l inder  

strength.  Equation 3.2 is based on the statistical theory 

of b r i t t l e  f r a c t u r e  of solids (Bolo t in  1969), as reproduced 

by Mirza, Fiatzinikolas and MacGregor ( 1979 ) : 



i n  which f, and v, are the concrete strength and volume of 

a 4-inch cube, and f and v represent the concrete strength 

and volume of the  given or desired size cube (6-inch cube 

strength is required) . 
Equation 3 . 2  accounts for  the dif ferences  i n  strength 

due to volume di f ferences  of a cube with respect  to a 4- 

inch cube. This equation was used to first convert the 

strength of a cube of a given size to the  strength of a 4- 

inch cube, and then t o  convert the strength of the &inch 

cube to the strength of a 6-inch cube. Once an equivalent 

6-inch cube strength is obtained, L' H e r m i t e '  s ( 1955 ) 

equation (Equation 3.3) w a s  used to convert the strength of 

the 6-inch cube to the strength of an equivalent 6-inch 

diameter by 12-inch high cylinder: 

i n  which f, is the  6-inch cube strength and f ', is the 6- 

inch by 12 inch cylinder strength i n  pounds per square 

inch. For S I  u n i t s  replace 2840 p s i  with 1 9 . 6  MFa. 

In most cases steel coupons and bar samples were 

tested to determine the yield strength of the structural 



s t e e l  sec t ions  and longi tudina l  r e in fo rc ing  bars. There 

were ins tances  where only t h e  nominal strengths w e r e  

specif ied.  A s  stated previously, t h e  t r ansve r se  tie 

reinforcement y i e l d  strengths w e r e  generally n o t  given. In  

these ins tances ,  t h e  y i e l d  s t r eng th  of t h e  transverse t ies  

was assumed t o  be equal t o  t h e  longi tudina l  r e in fo rc ing  bar 

y ie ld  strength. 

3.1 COMPARISON OF FEM ME!i!HûD WITH EXPERI-AL RESVLTS FOR 

REInFORCED CONCRETE COLUMHS 

T h e  analysis of reinforced concrete columns was 

divided i n t o  two separate groups: columns with equal and 

opposite applied end moments ( without moment g rad ien t  ) and 

columns w i t h  unequal applied end moments (with moment 

gradient ) . 

3.1.1 ~einforced  Concrete Columns Without Moment Gradient 

The ultimate strengths predicted by FEM were compared 

w i t h  the ul t imate  strengths of 384 physical  tests taken 

from Hognestad (1951), Ernst e t  al.  (1953), V i e s t  et al. 

(1956), Gaede (1958), B r e s l e r  ( 1960 ) ,  B r e s l e r  and Gilber t  

( l 9 6 l ) ,  Chang and Ferguson (l963), P f i s t e r  (l964), Roy and 

Sozen (1964), Todeschini e t  a l .  (1964), Hudson (1965), 

Martin and O l i v i e r i  (1965),  M e h m e ï  et al.  (1969), Ramu et 

a l .  ( 196 9 ) , Drysdale and Huggins ( 1 9  7 1 ) , Goyal and Jackson 

(1971), Bunni (1975), Green and Bellesland (1975), Heimdahl 

and Bianchini (1975), Sheikh and Uzumeri (1980), Scott et 



al. ( 1 9 8 2 ) ,  ~ a z v i  and Saatcioglu (1989), Cusson and Paultre 

( 1992 ) ,  Fang et a l .  (1994), and Kim and Y a n g  (1995). 

Thirty of the  physical  tests were eventual ly  removed from 

t h e  comparison f o r  reasons that w i l l  be discussed later i n  

this section. 

A descr ipt ion of these  384 physical  tests used for the 

comparison of t e s t e d  ta FEM s t reng th  f o r  reinforced 

concrete columns is given in Table 3.1.1. The table 

includes i n £  ormation on the geometric and material 

propert ies  of tes t  columns. Included i n  t h e  table is the 

r a t i o  of tes ted  t o  FEM ul t imate strength (s t rength r a t i o )  

f o r  each of the 384 column specimens. The strength r a t i o  

w a s  taken as t h e  r a t i o  of axial load capaci t ies  of a 

column. 

The p lo t  of t h e  t e s t e d  s t reng th  against  the  FEM 

strength (Figure 3 1 ( a ) )  shows a r e l a t i v e l y  narrow band 

of strength r a t i o s .  This indicates that t h e  FEM mode1 was 

able  to predic t  the t e s t e d  s t rength  of t h e  columns quite 

accurately with no apparent o r  s i gn i f i c an t  ou t l i e r s .  Also, 

as the s t rengths  of t h e  columns increase ,  there is a 

proportional increase  i n  t h e  magnitude of e r ro r .  This is 

expected s ince the percentage of e r r o r  remains r e l a t i v e l y  

constant. A histogram p l o t t i n g  t he  frequency, i n  percent, 

against  the s t r eng th  ratio (Figure 3 . b ) )  shows a 

symmetric d i s t r i b u t i o n  of values about t h e  mean. The m e a n  

s t r e n g t h  ratio of a l 1  384 test columns was 0.981 with a 

coeff ic ient  of va r i a t i on  of 12.6 percent (Figure 3.1.l(b)). 



T a b l e  3.1.1 - 

Auîhor Col. 
Desig. 

Description of Reinforceci Concrete Columns 
w i t h o u t  Mament G r a d i e n t  Used for Comparison 
w i t h  FEM mtïmate Strength 

- - -  

TEST VALUES 
fieMoop Applied Applied 

Vol. Axial 5M at 
h b f ' ~  pn pm fvr Ri60 @/h eih Load Ends Strength - 

(in.) (in.) @s9 f'c pu (kips) Wpin) Ratio 



T a b l e  3-1.1 - Description of R e i n f o r c d  Conmete Colmms 
w i t h o u t  . Moment  G r a d i e n t  W s e d  for Comparison 
w i t h  E'EM U l t i m a t e  St re r ig th  

TEST VALUES 
TieMoop Applied Applied 

Vo 1. Axial BMat 
Author Col- h b f'= fw M o  &h slh Load Ends Strrngfh - 

Desig. (in.) (in.) (psi) f'c P. (kips) (kipin) Ratio 



T a b l e  3.1.1 - Description of Reinforcd Concrete Columns 
wi thout M m t  G r a d i e n t  W s e d  for Comparison 
w i t h  FEM Ultimate Strength 

-- - 

TEST VALUES 
TiefHoop Applied Applied 

Vol. Axial 8M at 
Author Col. h b f'= pl+ pnfF MO th elh h d  Ends Strength 

Des$ (in.) (in.) (psi) pa NP) @pin) 

Chang 1 4 6.1 3385 0.01~t 0 2 ~ 3 4  0.0021 31.0 0.073 373 112 
a Ferguson 2 4.1 6.1 s m  o ~ n  0.16s 0.~21 31.0 0- i 24.5 
(1963) 3 H 6.1 4196 OMTi 02047 OAOîl 31.0 0.061 426 105 

4 4.1 6.1 MI o.an o.iw 0.0021 31.0 o.= iu zs3 
5 4.1 6.1 4750 OM77 0.18û6 0.002l 31.0 020û 27.6 23.3 
6 4.1 6.1 4û70 0.0177 OB79 0.0021 31.0 O.OS4 4 11.6 



T a b l e  3-1-1 - Descxiption of R e i n f o r c e c i  Concrete Columns 
w i t h o u t  Moment G r a d i e n t  Us& for Comparison 
w i t h  FEM UltUriate Seength 

TEST VALUES 
TieMoop Applied Applied 

Vol. Axial BM at 
Auîhor Cot h b f rc  prs p, fyi Ralio Ph Load Ends Slrrngth - 

Desig. (in.) gn.) (psi) frc pu (kips) (kipin) Ratio 

120 
lu) 
12.0 
120 
18.0' 
18.0 
10.0 
la 
120 
120 
120 



T a b l e  3.1.1 - Description of 
w i t h o u t  M o m e n t  

Reinforcecl Concrete Colurans 
Gradient Used for Comparison 

w i t h  FEM W l t i m a t e  Strength 

EST VAiUES 
f i d o o p  Applied Applied 

Vol, Axial BM at 
Author Col. h b f'= pl. p, fyr M o  Pm elh Load Ends Strength 

Desig, (in.) (in.) Mi) f'c 0" (kips) (kipin) Ratio 

0.0025 
o-au25 
0.M25 
0.0025 
0- 
0 . m  
0.0025 
oms 
0-002s 
0.0025 
0.6025 
om25 
om 
oma 
0.0625 
om25 
0.0025 
0.0025 
0.0025 



Table 3.1.1 - Description of R e i n f o r c e d  Concrete Columris  
w i t h o u t  M o m e n t  G r a d i e n t  Used for Cornparison 
w i t h  FEM Ultimate Strength 

TEST VALUES 
fieNoop Applied Applied 

Vol, Axial BM at 

Hudson 31 
(1 9w 32 

33 
34 
41 
42 
43 
44 
11 
12 
13 
14 
2l 
22 
23 
24 
31 
32 
33 
34 
41 
42 
43 
44 
11 
12 
13 
14 
21 
22 
23 
24 
31 
32 
33 
34 
41 
42 
43 
44 

12l06 
1.2206 
1.0756 
1.0247 
11039 
1.1130 
1.1062 
1.0399 
0.7135 ' 
0.7207 ' 
0.8569 - 
0-7 " 
0.7829 
on44 
08313 
os97 
0.9178 
0.6862 
1- 
0 . m  
omm 
0.7392 
0.6587 
0.8739 
1.0633 
1,1156 
1.0888 
1.1 284 
0.9548 
09329 
1.0326 
1.0637 
12612 
1.2541 
13362 
12800 
1.0313 
1.0825 
1.1437 
12368 



T a b l e  3.1-1 - Description of R e i n f o r c d  Concrete Co~umns 
w i t h o u t  Moxuent G r a d i e n t  Used for Compa.rison 
w i t h  E'EM U l t i m a t e  Strength 

TEST VALUES 
T i d o o p  Applied Applied 

Vol- Axial BM at - - -  

Author Col. h b f ' ~  pn pmfvr W o  eh elh Load Ends Stnngth - 
Desig. (in,) (in.) (psi) f pu (kips) (icip-in) Ratio 

Yean 0.9693 
Codf.ofVarhtion 0.0438 

- - -  

103 
10.0 
10.0 
93 
9 3 
93 
10.0 
10.0 
ion 
10-0 
10.0 
9.9 

&mu, 41 53  9.8 3809 0.0166 02894 0.0047 289 0.033 115.8 228 
Gretlachef, 14 59 9.8 4085 0.0166 02699 0.0047 28.9 0.100 85.8 50.7 
Baumann 53 5.9 9.8 615l OMS6 O.lt91 0.0047 28.9 0.100 105.4 623 
8 Thuriimann 24 5.9 9.0 4ûO2 OMâô O î 7 S  0.0017 28.9 0250 532 t8.5 
(1969) 31 5 0  9.8 3344 OBl66 0.3296 0.0047 28.9 1.000 17.6 1042 

73 53 9.8 4502 0.0166 02449 0.0047 14.4 0.033 198.5 39.1 

Yean 
Codf. of Vufalon 



T a b l e  3.1.1 - Description of Reinforced Concrete Columns 
w i t h o u t  M o m e n t  G r a d i e n t  Used for Comparison 
w i t h  E'EM O l t i m a t e  Strength 

E S T  VALUES 
TieMoop Applied Applied 

Vol. Axial BM at 
Auîhor Col. h b fE p, p, fn Ratio @ni eh Load Ends S h g t h  

Desig. (in.) (in) @si) f'c p" (kips) (kip-in) Ratio 



T a b l e  3.1.1 - Description of Reinforcd Concrete C o l u m n s  
w i t h o u t  M o m e n t  G r a d i e n t  Used for Conparison 
w i t h  FEM W l t i m a t e  Strength 

TEST V U E S  
TieMoop Applied Applied 

Vol, Axial BM at 
Author COI. h b ftc prs plsfyr ~ a t i o  Ph eni bad  Ends ~ h ~ n g t h  

b i g .  en.) (in.) @si) f'c pu (kips) (kipin) Ratio 



Table 3.1.1 - Description of 
w i t h o u t  M o m e n t  

Reinforceci Concrete Columris 
G r a d i e n t  U s e d  for Conparison 

w i t h  FEM Ultixnate Strength 

TEST VALUES 
Tieîtioop Applied Applied 

Vol. Axial BMat 
Author Col. h b fac p, p,fW Raüo (Ih eh Load Ends Slrength 

ûesig. 0 (in.) (psi) f', p' (kips) (kip-in) Ratio 

Scott, Park 2 17.7 17.7 3670 0.0186 0.3194 0.0193 27 0.000 1589.5 0.0 1.0zSS 
4 17.7 17.7 W û  0.0186 0.3194 0.0193 27 0.109 1234.3 m.1 1.0870 

(1982) 6 17.7 17.7 3670 0.0179 0- 0.0182 27 0.000 15108 0.0 1.0104 
8 17.7 17.7 3670 0.0119 027ô3 0.0182 27 0.073 12455 16182 1.0400 

Mean 
Cotff. of Variation 



T a b l e  3-1-1 - Description of R e i n f o r c e d  Concrete Colunms 
w i t h o u t  M o m e n t  Gradient Used for Cornparison 
w i t h  FEM U l t i m a t e  Strength 

TEST VALOES 
TieMoop Applied Applied 

Vol. Axiaf BMat 
Author Col. h b fC prs p,fyr Ratio th lh dh Lods Shgth 

Desig- (in.) (in.) (psi) lif- pu  (ki~s) (kipin) Ratio 

Kim â Yang 1014-1 
(lm 1 O142 

au-1 
6042-2 
1WK-1 
IOOU-2 
IOOLCI 
lOOL4-2 

N o t e :  The strength ratio is defined as the tested 
strangth divided by the FEM s-. 

h = depth of concrete cross-section pezpediculat ta 
the axis of bending- 

b = width of the concrete cross-section parallel. to 
the axis of bending- 



T a b l e  3.1.1 - Description of Reinforced Concrete Colunms 
without . M o m e n t  Gradient U s e d  for Comparison 
w i t h  FEM tn+iirute S t r e n g t h  

p' = 2 (ba+da) At/bmd"s 
b' = outside width of ties/hoops . 
du = outside depth of ties/hoops. 
At = area of cross-section of a tie/hoop bar. 
s = spacing of ties/hoops - 

" Ercluded from the final analysis on the b u i s  of 
concret@ strength (fr,) baing lower than the 
praotical value of 2500 psi, as explained in 
the M. 

+** Revised statistics &ter the r w v a l  of tests 
identifiai w i t h  a double asteeisk (**). 



n = 384 
Maanvalue = 0.981 

maff. Of Var. = 0.126 
One-percentile = 0.684 

Iltaimtlmi = 0.632 
IlariiauPi = 1.356 

Strength Ratio 

Figure 3.1.1 - Camparison of tested strength to FEM strength 
for reinforced concrete columns without 
moment gradient (al1 f '=) . 



The calculated mean, coefficient of variat ion,  minimum 

and m a x i m u m  values of s t r eng th  ratios for al1 test columns 

listed in Table 3. 1.1 are shown i n  Table 3.1.2. The 

s t rength  ratio statistics shown i n  T a b l e  3.1.2 were divided 

i n t o  f i ve  categories, based on t h e  slenderness ratio (@/h) . 

Columns with I'/h less than o r  equal t o  3 are assumed t o  be 

pedestals ,  short columns are assumed to have &"h greater 

than 3 but less than 6.6, slender columns are assumed to 

have U h  greater than o r  equal t o  6.6 but less than o r  

equal t o  30, super-slender columns a r e  assumed t o  have 8/h 

grea te r  than 30, and A C I - p e d t t e d  columns are assumed to 

have P/h greater than 3 but  less than o r  equal t o  30. The 

data were fur ther  categorized into five ranges of end 

eccentricity ratio (e/h) as shown i n  Table 3.1.2. 

Differences i n  the s t a t i s t i c s  for four d i f f e r e n t  

ranges of end eccen t r i c i ty  r a t i o s  were observed (Table 

3.1.2 Columns 3 ,4 ,5  and 6 ) .  This was par t i cu la r ly  evident 

for super-slender columns. Super-slender columns with a 

low end eccent r ic i ty  r a t i o  have a low coefficient of 

var ia t ion  (4 .4  percent f o r  e/h=O and 3.6 percent f o r  

O<e/h<O. 1) w h i l e  the same columns with higher end 

eccen t r i c i ty  ratios have a r e l a t i v e l y  high coef f i c ien t  of 

va r ia t ion  ( 15.3 percent for 0.15e/h<O. 7 ) . The overall 

dnimum strength r a t i o  (0.632) was found to occur in a 



Table 3 .1 .2  - Strength Ratio S t a t i s t i c s  of Reinforced Concrete Columns 
without Moment Gradient . for Di f f erent  Ranges of e/h and 

Column 
Type 
(1) 

Pedwal 
Qlh 5 3 

Short 
3 .( !th .( 8.6 

Slender 
6.6 5 Ph 5 30 

Super Slender 
llh +3Q 

AC1 Permittecl 
3 @ni 5 30 

100 data 
N o t e :  CV atands for the aoeffiaient of variation. 

0 

NO. 
Msan 
CV 
Mln 
Max 

No. 
Mean 
CV 
Mln 
Max 

NO. 
Mean 
CV 
Mln 
Max 

NO, 
Mean 
CV 
Mln 
Max 

NO, 
Mean 
cv 
Mln 
Max 

rvailablr 

Q/h, using 

f i s 0  

(3) 

16 
0.973 
0.125 
0.830 
1.290 

79 
0.892 
0.1 10 
0.820 
1.323 

79 
0.956 
0.133 
0.659 
1.192 

2 
0.869 
0,094 
O. 039 
0.Q99 

1 58 
0.974 
o.in 
0.659 
1.323 

E'EM (al1 f',) 

O 4 eth .( 0.1 

(4) 

1 
1.040 

1,040 
1.040 

* 
a 

* 

8 
1 .O83 
0.160 
0.878 
1.277 

3 
0.928 
0.036 
0.639 
0.964 

O 
1.083 
0.1~1 
0.876 
1.277 

0.1 5 sni 5 0.7 

(a 
4 

1.070 
0.071 
1.010 
1.171 

12 
0.941 
0.106 
0,790 
1,150 

133 
1.010 
0.128 
0.761 
1.358 

18 
0.078 
O. 153 
0.708 
1.090 

1  45 
1,009 
o. 1 28 
0.761 
1.356 

0.1 5 eRt 5 1.5 

(s) 

4 
1 .O70 
0.071 
1.010 
1.171 

19 
0.014 
0.143 
0,632 
1.150 

1 64 
1.009 
0,121 
0.761 
1.356 

18 
0.876 
0,153 
0,708 
1,090 

103 
0.999 
O. 126 
0.632 
1.356 

elh = 00 

0 

a 

* 
a 

a 

a 

a 

* 

* 

L 

a 

* 
* 

a 

* 
* 
a 

a 



column with @/h=6.0 and e/h=1,056, while t h e  overa l l  

maximum s t r e n g t h  r a t i o  (1.356) was found t o  occur i n  a 

column with t/h=8 .O and e/h=O. 298, as i nd ica ted  by Table 

3.1.1. The p r o b a b i l i t y  d i s t r i b u t i o n  of t h e  strength r a t i o s  

computed f o r  the  384 test columns is p lo t t ed  on a normal 

probabi l i ty  scale in Figure 3.1.2 and is compared t o  a 

normal p robab i l i t y  d i s t r i b u t i o n  wi th  a m e a n  value of 0.98 

and a c o e f f i c i e n t  of var ia t ion  of 12 .5  percent. The data  

c lose ly  follow t h e  normal curve and can be assumed to be 

normally d i s t r i b u t e d .  

Considering cur ren t  construction p r a c t i c e ,  it was 

decided t o  exclude a l 1  columns wi th  a s p e c i f i e d  concrete 

cylinder s t r e n g t h  less than 2500 ps i .  For concrete 

s t rengths  repor ted  by cube strengths, t h e  equivalent  

standard cy l inde r  ( 6  inch diameter by 12 inch  high) 

s t rength was computed, and t h i s  va lue  was used as the basis 

for excluding the column £rom t h i s  study. Using this 

c r i t e r i o n  r e s u l t e d  i n  t he  removal of t h i r t y  columns from 

t h e  data base. These columns are i d e n t i f i e d  by a double 

a s t e r i s k  ( f * )  i n  Table 3.1.1. The removal of the t h i r t y  

columns af f ec ted  t h e  overa l l  s t a t i s t i c s  by s l i g h t l y  

increasing both the m e a n  and c o e f f i c i e n t  of v a r i a t i o n  from 

0.981 and 12.6 percent to 0.984 and 12.7 percent,  

respectively.  The ove ra l l  minimum and maximum s t rength  

r a t i o s  did  not change. Revised statistics are also 

included i n  Table 3.1.1 for au thor s  whose coliimns w e r e  
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NORMAL PROBABlLlM OlSTRlBUflON 
MEAN VUJE - 038 
COEFFICIENT OF VARIATION - 12.5 X 
NUMBEf? OF SPECIMENS = 384 

CUMULATIVE FREQUENCY (Percent) 

Figure 3.1.2 - Probability distribution of strength ratios using FEM of 
reinforced concrete columns without moment gradient 
(al1 Elc) . 



removed f rom the data base . Columns in Table 3 . 1 . 1 t h a t  

are not  i d e n t i f i e d  by a double a s t e r i s k  represent t h e  354 

reinforced concrete , tes t  coliururs t h a t  w e r e  used i n  t h e  

comparative study. 

A p l o t  of tested s t r eng th  a g a i n s t  the FEM s t r e n g t h  

(Figure  3 .1 .3(a))  f o r  t h e  354 test columns shows a 

r e l a t i v e l y  narrow band of s t r e n g t h  r a t i o s .  A histogram 

p l o t t i n g  t h e  frequency, i n  percent ,  aga ins t  t h e  s t r e n g t h  

r a t i o s  ( F i g u r e  3.1.3 (b )  ) shows a symmetric d i s t r i b u t i o n  of 

va lues  about t h e  mean. The s t r e n g t h  ratio statistics for 

t h e  354 test columns i n  Table 3.1.3 do not show any 

s i g n i f i c a n t  differences over those  obtained f o r  the data 

given i n  Table 3.1.2 which included al1 384 test  columns. 

The probabi l i ty  d i s t r i b u t i o n  of the s t r e n g t h  ratios 

computed for t h e  354 tes t  columns is p l o t t e d  on a normal 

probabi l i ty  scale i n  Figure 3.1.4 and is compared t o  a 

normal probabi l i ty  d i s t r i b u t i o n  with  a mean value of 0.98 

and a coef f ic ien t  of v a r i a t i o n  of 12.5 percent. The data 

closely follow t h e  normal curve and can be assumed t o  be 

normally dis t r ibuted .  

3.1.2 Reinforced Concrete Columns With Moment Gradient 

The ult imate s t r eng ths  computed by FEM were compared 

with t h e  ultimate s t r eng ths  of 14 phys ica l  tests taken f r o m  

MacGregor and Barter (1965), Martin and O l i v i e r i  (1965), 

and Mehmel e t  a l .  (1969) .  



Fa(r Strength (kips) 

n = 354 
Wean V a l u e  = O .984 

C o e f f .  O f  Vat. = 0.127 
One-perceatile = 0.681 

Wfnirium = 0.632 
Waxfiium = 1.356 

Strength R a t i o  

Figure 3.1.3 - Comparison of tested strength to FEM strength 
for reinforceci concrete columns w i t h o u t  
moment gradient (f \à2500 psi) . 



Table 3.1.3 - Strength Ratio S t a t i s t i c e  of Reinforced Concreta Columns 
without Moment Gradient for Di f f erent  Ranges of e/h and 
Q/h, using FEM (f 'oa2500 ps i )  . 

(1) (2) (3) (4) (s) (e) CI) 

No, 10 1 4 4 
Pedsstal Mean 0.940 1.040 1.070 1.070 * 
4fi 5 3 CV 0.064 0.071 0.071 * 

Mln 0,830 1 ,040 1,010 1 .O1 0 
M U  1,026 1.040 1.171 1.171 a 

No. 79 12 10 C 

Short Mean 0.092 n 0.941 0.014 
3 1 Qh < 6.6 CV 0.110 0,106 0.143 

Mln 0.620 0.780 0.632 a 

Malt 1.323 1.150 1 .1M) 

NO. M 5 121 141 * 
Slender Mean 0.071 0,857 1.019 1,013 * 

6.6 5 Ph 5 36 . CV O. 125 0,084 O, 1 32 O, in * 
Mln 0.659 0,876 0,761 0,761 * 
M a  1,192 1.077 1,356 1.356 * 

NO, 2 3 18 18 a 
Super Slender Mean 0.969 0.828 0.816 0,876 
QB r 30 cv 0.044 0.036 O, 163 0 .1~3  * 

Mln 0.939 0.899 0.700 0.700 
Max O, 999 O. 964 1.090 1.090 * 

NO, 151 6 133 le0 * 
ACI Pennitted Mean 0.982 0.957 1.012 1,001 * 
3.(M153O CV 0.118 0.084 O. 132 O. 132 c 

Mln 0.659 0.876 0.761 0.632 e 

Max 1.323 1 ,077 1.356 1,356 

Ho &t& a d l a b l *  
Notet CV stands for the aoeffiaient of variation. 



NORMAL PRûBABlLITY DISTRIBUTION - MEAN VALUE = 0.98 
CûEF'RCIENT OF VARIA7ON - 12.5 X 
NUMBER OF SPECIMENS a 354 -\ O/' 

CUMULATlVE FREQUENCY (Percent) 

Figure 3.1.4 - Probability distribution of strength ratios using F E M o f  
reinforced concrete columns without moment gradient 
(ffc>2500 psi) . 



A descr ip t ion  of these  14 physical  tests used f o r  the 

cornparison of t e s t e d  t o  FEM s t r eng th  of re inforced  concrete  

colurons with moment g rad ien t s  is given i n  Table 3.1.4- The 

t a b l e  includes information on t h e  geometric and m a t e r i a l  

p roper t ies  of t e s t  col-umns. Included i n  t h e  table is the  

r a t i o  of tested t o  FEM ul t imate  s t r eng th  (strength r a t i o )  

f o r  each of the  14 column specimens. The strength r a t i o  

w a s  taken a s  the r a t i o  of axial load c a p a c i t i e s  of a 

coliunn. 

The  p l o t  of t e s t e d  s t r e n g t h  aga ins t  the  FEM s t r e n g t h  

(Figure 3.1.5 (a) ) shows a r e l a t i v e l y  narrow band O£ 

strength ratios. This i n d i c a t e s  that t he  FEM mode1 was 

ab le  t o  p red ic t  t h e  t e s t e d  s t r eng th  of t h e  columns quite 

accurately  with no apparent o r  s i g n i f i c a n t  o u t l i e r s .  Also, 

as t h e  strengths of t h e  columns increase ,  t h e r e  is a 

proportional  inc rease  i n  t h e  magnitude of e r r o r .  This  is 

expected s ince  t h e  percentage of e r r o r  remains r e l a t i v e l y  

constant.  A histogram p l o t t i n g  the  frequency, i n  percent ,  

aga ins t  the strength r a t i o  (Figure 3.1.5(b)) shows a 

slightly non-symmetric d i s t r i b u t i o n  of values about t h e  

mean. 

The rnean s t r e n g t h  r a t i o  of a l 1  1 4  test columns w a s  

1.003 with a c o e f f i c i e n t  of variation of 9.8 percent  

(Figure 3.1.5 (b )  ) . This is comparable t o  a mean value of 

0.984 and a c o e f f i c i e n t  of v a r i a t i o n  of 12.7 percent  

obtained for 354 reinforced concrete columns without moment 

gradient  (Figure 3.1.3(b)) .  



T a b l e  3.1.4 - Description of Reuiforced Concrete Columns 
w i t h  Moment G r a d i e n t  Used for Compazison 
w i t h  FEM U l t i m a t e  S t r e n g t h  

EST VALUES 
TieMaop Applied Applied 

Vol. Axial BM at Ends 
Author Col. h b Ratio Qlh elh l a d  (kip-in) Strength 

k i g .  (in.) (in.) (psi) (kips) Mi  M2 W o  

Mean 1.0802 
W. of Variation 0.1368 

m m 4  1.1 8.0 10.0 5105 0.0122 0.1487 0.0038 16.7 0.177 1928 261.3 2732 0.9665 
Schwarz, 3.2 5.9 9.9 S3ï3 0.0125 0.1539 0.0051 225 0.503 39.7 117.2 118.8 0.9445 
Kasparek 6.1 63 10.0 5572 O.Oli1 0.1316 0.0056 14.5 0.170 211.3 0.0 224.6 0.9532 
8Makovi 6.2 6.2 10.0 5814 0.0112 0.12ïl 0.0051 21.7 0.503 n2 0.0 240.1 0.9679 
(19691 

Mean 0.9581 
Coeff. of Vaiatiation 0.01 17 

N o t e :  The strength ratio is defineci as the tested 
strength divideci by the strength. 

h = depth of concrete cross-section pexpendidar to 
the axis of bending. 

b = width of the concrete cross-section parf ie l  to 
the axis of bending. 

p" = 2 (bn+dn) Atfbad's 
b' = outside width of ties/hoaps. 
d a =  outside depth of ties/hoops. 



T a b l e  3.1.4 - Description of Reinforced C o n c r e t e  Co lumns  
with M o m e n t  Gradient U s e d  for C o n p a r i s o n  
w i t h  PEM m a t e  strenm 

At = area of cross-section of a tie/hoop bar, 
s = spacing of tiedhaops - 
MI = smaller end moment, positive if mexnber is k t  in 

single curvame, negative if bent i n  double 
mature .  

M2 = larger end moment, a l w a y s  positive. 



FEM Strength (kips) 

n = 14 
Mean Value = 1 .Q03 

Coeff. Of Var .  = 0.098 

Strength Ratio 

Figure 3.1.5 - Comprison of tes ted strength to FEM strength 
for reinforced concrete columns w i t h  moment 
gradient. 



The calcula ted  mean, c o e f f i c i e n t  of variation, nrinimum 

and m a x i m u m  values of s t r eng th  r a t i o s  for a l 1  t e s t  columns 

l i s t e d  i n  Table 3.1.4 are given i n  Table 3.1.5. The 

strength r a t i o  s t a t i s t i c s  shown i n  Table 3.1.5 were divided 

i n t o  five categories ,  based on t h e  slenderness r a t i o  (P/h)  . 
The data w e r e  further categorized i n t o  five ranges of end 

eccentr ic i ty  r a t i o  ( e / h )  as shown in Table 3 .1  . 5. 

Differences i n  statistics of two di f ferent  ranges of 

end eccen t r ic i ty  r a t i o s  (Table 3.1-5 Columns 5 and 6 )  were 

observed. Slender columns with an end eccentr ici ty ratio 

l e s s  than o r  equal t o  0.7 have a low coeff ic ient  of 

variat ion (1.1 percent) while slender  columns with end 

eccentr ic i ty  r a t i o s  grea ter  than 0.7 have a r e l a t i ve ly  high 

coeff icient  of var ia t ion  (11.5 percent). The overall 

minimum s t rength  r a t i o  (0.889) w a s  found t o  occur i n  a 

column with t'/h=40 and e/h=O. 282, while the overa l l  maximum 

strength r a t i o  (1 .249)  w a s  fou& t o  occur i n  a column with 

@/h=27.3 and e/h=I.S, as ind ica ted  i n  Table 3.1.4. 

The probabi l i ty  d i s t r i b u t i o n  of the strength r a t i o s  

computed f o r  t h e  1 4  test columns is plotted on a normal 

probabili ty scale i n  F igu re  3.1.6 and is compared to  a 

normal probabil i ty  d i s t r i b u t i o n  with a mean of 1.0 and a 

coeff ic ient  of va r ia t ion  of 10 percent. The  data follow 

the normal curve with a slight s c a t t e r ,  however, it can be 

assumed t o  be normally distributed. 



Table 3.1.5 - Strength Ratio Statistics of Reinforced Concrete Colurnns 
with Moment Gradient for Different Ranges of e /h  ar.d 4/h 
us ing  FEM 

Ho chta ivailablr 
Notet CV stands for tho aoeffiaient of variation. 

Column 
Type 
(1) 

pedestal 
Ph 5 3 

Short 
3 4 Qlh 4 8.6 

Slender 
8.0 5 Ph 5 30 

Super Slender 
Qlh 30 

AC1 Permltted 
3 d h 5 3 Q  

(2) 

No. 
Mean 
CV 
Min 
Mw 

No. 
Mean 
CV 
Min 
Max 

No. 
Mean 
CV 
Mln 
Max 

No. 
Mean 
CV 
Min 
Max 

No. 
Mem 
CV 
Min 
Max 

e h ~ 0  

(3) 

* 
* 
* 
1 

* 

* 
* 
* 

* 

* 
L 

* 

* 
* 

* 

* 
* 

O 4 eh 4 0.1 

(4) 

a 

a 

* 
* 

L 

O 

* 

* 
* 
* 

* 
c 

C 

* 
* 
* 
* 
* 

0.1 5 dh 5 0.7 

(5) 

* 

1 

* 
L 

* 
n 
* 
* 
* 

6 
0.- 
0,011 
0.045 
0.968 

6 
0.982 
0.073 
0.889 
1.060 

6 
0.958 
0.01 1 
0.045 
0.068 

0.1 5 elh 5 1.5 

(SI 

C 

* 
* 
n 

1 

e 

* 
* 

8 
1.018 
0.115 
0,945 
1.249 

6 
0,982 
0.073 
0,889 
1.060 

8 
1.019 
0.1 15 
0.945 
1.240 

= .. 
CI) 

* 
* 

II 

II 

II 

* 

C 

* 
a 

II 

* 

II 

e 

a 

* 

II 

II 

0 

1 



COEmClENT OF V&~ATION - 10.0 X 
NUMBER OF SPECIMENS - 14 

CUMULATIVE FREQUENCY (Percent) 

Figure 3.1.6 - Probability distributiori of strength ratios using FEM of 
reinforced concrete columns w i t h  m o m e n t  gradient. 



3 . 2 COMPARISON OF PEM MBTHOD WXTB EXPE- RESULTS FOR 

COMPOSITE STEEfrCOiQCRETE CULüMHS SUBJECTgD TO MZWOR 

AXIS BEHDIHG 

The analysis  of composite steel-concrete columns 

subjected to major axis benàing was divided into two 

separate groups:. columns with equal and opposite applied 

end moments (without moment gradient) and columns with 

unequal applied end moments (with moment gradient ) .  

3.2.1 Composite Steel-ncrete Calumns Subjected to Major 

Axis Bending Without Moment Gradient 

The ultimate strengths computed using FEM were 

compared with the ultimate strengths of 75  physical  tests 

taken from Bondale ( l966), Procter ( l967), Johnson ami May 

(l978), Morino et al. (1984), Suzuki et a l .  (1984), Roik 

and Mangerig (1987), and Roik and Schwalbenhofer (1988). 

Six of the physical tests were eventually removed £rom the 

cornparison for reasons that will be discussed later i n  this 

section. 

A description of these 75 physical tests used for the 

cornparison of tested to FEM strength for composite steel- 

concrete columns subjected to major axis bending without 

moment gradient is given i n  Table 3.2.1. The table 

includes information on the geometric and material 

properties of test columns. Included in the table is the 

ratio of tes ted  to FEM ultimate strength (strength ratio) 

for each of the 75 column specimens. The strength ratio 



Table 3-2.1 - Description of camposite Steel-Concrete Co lumns  
Subjected to Major Axis Bending w i t h o u t  M o m e n t  
G r a d i e n t  Used for camparison w i t h  E'EM U l t i m a t e  
Strength 

TEST VALUES 
TieiHoop Applied Applied 

VOL Axial BM at 
Author Cd. h b ftc p u  pn pmfF MO &h dh LDad Ends Sbength 

h i e -  (in-) (in-) @si) f't P" Wp4 (kipin) Ratio 

Mean 
Coaff. of Variation 

Johnson RCl 7.9 73 36Zû 0.0745 0.0ûîû OS6 0.0019 81 0.112 30î.3 265.5 1.0912 
a May RU 73 72 2847 0.0745 OM128 1.161 0.0619 81 0.136 3658 321.5 11557 ' 
(197a) RC4 7.9 79 0.0745 0.0028 0.718 0.0019 14.0 0.197 191.1 296.5 0.8692 



Description of Composite Steel-Concrete Columns 
Sub jected to Major Axis Bending w i t h o u t  Moment 
Gradient Used for Comparison w i t h  FEM U l t i m a t e  
streri- 

TESTVALUES 
TieRioop Applied Applied 

Vol. Axial BM at 
Author Col- h b f'c ~ S S  p, p,fvu Ratio th elh Load Ends b q t h  - 

DéSig. fin.) @t.) (psi) f'c P* NP) @pin) &fi0 

Su#, WMWJ-C 
Takiguchi, lJM2ô.C 
hinose lH4a-C 
8Okamdo LH-IOOC 
(1984) RtwBc 

fl t la04 
RH.o(M: 
RK1oO-c 

HTGOMKU: 
HT6M2o-c 
HT6044O-c 
HT60-100C 
liTwmc 
HT8omox 
ttT&MI(4C 
m 1 O M =  

IiTuumcE 
HIUM2lLce 

LHMKlS 
Ltuma 
LHQ1o.B 
L K 1 m  
lu+oooa 
RHao-8 
RH4we 
RH-lO0.B 

tiTWMû-8 
HT6o-m-E 
m6(M(o.B 
HT60-1m 
H.rWm8 
Hr8Wa-8 
Hf8M)408 
lmo-1004 

0.000 
0.000 
0.000 
om 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.000 
0.873 
1.062 
id. 
inf. 
inf. 
inf. 
inf. 
inf. 
inf. 
inf. 
inf. 
inf. 
inf. 
id. 
inf. 
inf. 
inf.  
fnf. 

Roik 23 11.8 11.8 6596 0.0868 ' 0.0050 0.515 0.0029 16.7 0300 525.9 1863.3 1.1046 
8 Mangerig 24 11.0 113 6596 0 . m  0.0650 0.515 0.0029 16.7 0.500 368.0 2173.4 1.W 

25 11.8 11.8 696 0.0868 0.0050 0.515 0.0029 26.7 0 . a  3775 13375 1.1089 



Table 3-2-1 - Description of Composite Steel-Concrete Columns 
Subjected to Major Axis Bending w i t h o u t  M o m e n t  
G r a d i e n t  U s e d  for Cornparison w i t h  F E M  U l t i m a t e  
S b e r i g t h  

TEST VALUES 
- Tie/Hoop Applied Applied 

Vol. Axial BM at 
Author Col. h b fC pss prz Ratio Qlh elh Load Ends Sbenm 

Desig. (in.) (in.) (psi) f'c P" (kips) (kipjn) Ratio 

Note: The strength ratio i s  defined as the tes- 
s t ~ e n g t h  divided by the E'EM strength- 

h = depth of concrete cross-section perpendicular to 
the axis of bencïing. 

b = width of the concrete cross-section parallel to 
the axis of bending- 

pu = 2 (b'+dn)At/b'd's 
b' = outside width of ties/hoops. 
da = outside depth of ties/hoops. 
At = area of cross-section of a tie/hoop bar- 
s = spacing of tiss/hoops. 

The term fyw w a s  taken as the w e b  yield strength for 
computing the psfp/f8= ratio. 

* Ercluded from the final analysis on the b a i s  of 
incamplete or id f idant  information, as 
axplained in the tPrt. 



w a s  taken as the r a t i o  of bending moment s t rengths  f o r  

columns w i t h  e/h=- and t h e  ratio of axia l  load capac i t i e s  

for columns with al1 o the r  e/h values. 

A p lo t  of tested s t r eng th  against  t he  FEM s t r eng th  

(Figure 3 . 2 . l ( a )  ) shows a r e l a t i ve ly  n a r r o w  band of 

s t r eng th  r a t i o s .  This indicates that the FEM method was 

able  t o  predic t  the t e s t e d  strength of t he  columns quite 

accurately w i t h  no apparent o r  s ig&ficant  ou t l i e r s .  Also, 

as t h e  strengths of t h e  columns increase, there is a 

proportional inc rease  i n  t h e  magnitude of error. This is 

expected s ince the percentage of e r r o r  remains r e l a t i v e l y  

constant.  A histogram giv ing  t h e  frequency, i n  percent ,  

aga ins t  the  s t r e n g t h  r a t i o  (Figure 3.2.1(b)) shows a 

r e l a t i v e l y  symmetric d i s t r i b u t i o n  of values about t h e  mean. 

The m e a n  s t r eng th  r a t i o  of a l 1  75 t e s t  columns was 0.986 

w i t h  a  coefficient of va r i a t i on  of 12.7 percent ( F i g u r e  

3.2.l(b)). 

The ca lcula ted  mean, coe f f i c i en t  of var ia t ion ,  minimum 

and maximum values  of s t r eng th  r a t i o s  for a l 1  test columns 

listed i n  Table 3.2.1 are shown i n  Table 3.2.2. The 

s t r eng th  r a t i o  statistics shown i n  Table 3.2.2 were divided 

i n t o  f i v e  categories, based on the slenderness r a t i o  (<r/h) .  

Columns w i t h  (r/h less than o r  equal to 3 are assumed to be 

pedestals ,  short columns are assumed to have (i/h greater 

than 3 but  less than 6.6, slender coliunns are assumed to 



(bending ment) is plotted 
in kip-in, For al1 other 
values of e/h, the strength 
(axial load) is shown in 

No. of Specimens = 7 5  

FEM Strength (kips or kip-in) 

O = 75 
Nean V a l u e  = 0.986 

Coeff, Of Var .  = 0.127 

Strength Ratio 

Figure 3 -2.1 - Capaxison of tested strength to FEM strength 
for caposi te s tee1 -concrete c o l u m s  sub j ected 
to major a x i s  bending without moment gradient 
(al1 columns), 



Table 3 . 2 . 2  - Strength Ratio  S t a t i s t i c s  of Composite Steel-Concrete 
Columns Subjected to Major Axis Bending without Moment 
Gradient f o r  D i f f eren t  Ranges o f  e/h andl/h,  us ing  FEM 
(al1 columns) 

Column 
Type 
(1) 

Pedestal 
@ni s 3 

Short 
3 Ph 6.6 

Slender 
6.6 5 Ph 5 30 

Super Slender 
. Ph * 30 

AC4 Pemiltted 
3 MI 5 30 

no &ta 
N o t e :  CV stands for the aoeffiaient of variation. 

(2) 

No, 
M e a n  
CV 
Mln 
MEu 

No. 
Mean 
CV 
Min 
M a x  

No. 
Mean 
CV 
Mln 
M a  

No. 
Mean 
CV 
Mln 
Max 

NO. 
M e a n  
CV 
Mln 
Max 

wailabla 

eni.0 

(3 

20 
0.971 
0.091 
0.806 
1.184 

* 
* 
1 

* 

3 
0.818 
0.072 
0.750 
0.853 

a 

* 
* 
* 
* 

3 
0.81 8 
0.012 
0.760 
0.853 

O < elh 0.1 

(4) 

* 
1) 

* 

a 

* 

* 

a 

* 

* 
* 
* 

0 

* 
* 
L 

0.1 3 dh 5 0.7 

(b) 

* 
* 
* 
* 

2 
1.083 
0.086 
1 .O1 7 
1,140 

28 
0.Qm 
0.166 
0.710 
1.296 

* 
* 
* 
* 
* 

31 
0.076 
0.162 
0.7 10 
1,298 

0.1 5 dh 3 1.5 

(s) 

* 
* 
* 
* 
* 

4 
1.026 
0.121 
0.8s 
1.149 

32 
0.976 
O, 159 
0.710 
1,298 

0 

1) 

* 
* 
* 

38 
0.982 
0.164 
0,710 
1,298 

snio* 

0 

.16 
1.047 
0.063 
0.91 4 
1,146 

* 

* 
(I 

* 

* 
* 
(I 

* 
* 

* 

* 
L 

* 

* 



have P/h greater than or equal to 6.6 but less than or 

equal to 30, super-slender columns are assumed to have !/h 

greater than 30,  and ACI-permitted columns are assumed t o  

have (r/h greater than 3 but less than or equal to 30. The 

data were further categorized into five ranges of end 

eccentricity ratio ( e / h )  as shown in Table 3-2.2. 

Differences in the statistics for four different 

ranges of end eccentricity ratios were observed (Table 

3.2.2 Columns 3,5,6 and 7). Slender columns under pure 

axial load (e /h=O)  have a l o w  mean of 0.818 as compared to 

the overall mean of 0.986 while slender columas with e/hr0 

have a relatively high coefficient of variation (16.6 and 

1 5 . 9  percent) as compared to the overall value (12.7 

percent ) . Columns tested under pure bending (e/h=m) have 

the lowest coefficient of variation. The overall minimum 

strength ratio (0.710) and maximum strength ratio (1.296) 

were found to occur for the column with @"h=12.4 and 

e/h=0.571 and for the column with 4'/h=8,1 and e/h=0.136, 

respectively (Table 3.2.1 ) . The probability distribution 

of the strength ratios computed for the 75 test columns is 

plotted on a normal probability scale in Figure 3.2.2 and 

is compared to a normal probability distribution with a 

mean value of 0.99 and a coefficient of variation of 12.5 

percent. The data closely follow the normal c u v e  and can 

be assumed to be normally distributed. 



NORMAL PROBABIUTY DISTRIBUTION 
- M W  VMUE - 0.99 

COEFFICIENT Of  VARIATION - 125 X 
NUMBER OF SPECIMENS = 75 

CUMULATIVE FREQUENCY (Percent) 

Figure 3.2.2 - Probability distribution of strength ratios using FEM of 
composite steel-concrete columns subjected to major axis 
bending w i  thou t moment gradient (al1 columns) . 



After a r e e x d n a t i o n  of t he  three tests by Bondale 

( 1 9 6 6 ) ,  and the th ree  tests by Johnson and May (1978), it 

w a s  decided t o  drop t he se  tests from the comparative study. 

These six columns are iden t i f i ed  by an a s t e r i s k  ( * )  i n  

Table 3 -2 .1 .  I n  t h e  ana lys i s  of the columns of these two 

studies ,  severa l  assiimptions were made because of the lack 

of s u f f i c i e n t  information on geometric o r  material 

propert ies .  Bondale (1966 )  did not give t h e  y i e l d  s t rength 

of the  longi tudinal  re inforc ing  s t e e l  and there were 

conf l i c t ing  concrete s t r eng ths  reported by Bondale (1966)  

and Basu (1967) f o r  the same tests. For the columns t e s ted  

by Johnson and May (1978), the location and y i e l d  s t rength 

of t he  longi tudinal  r e in fo rc ing  steel was not given. Also, 

the columns were reported as par t  of a t e s t  frame. The 

equivalent e f fec t ive  lengths  of the columns were given, 

however, t he r e  was no ind ica t ion  on how the se  values were 

obtained. The assumptions made f o r  t h e  d a t a  of these two 

s tudies  could have affec ted  the  computed ultimate 

strengths . 
T h e  removal of the six columns a f fec ted  the overal l  

s t a t i s t i c s  by s l i g h t l y  decreasing both the mean and 

coef f i c ien t  of va r i a t i on  from 0,986 and 12.7 percent t o  

0.972 and 11.7 percent, respect ively.  The  ove ra l l  minimum 

strength ratio did  not  change, however, the  maximum 

strength r a t i o  w a s  reduced from 1.296 t o  1,184. 

The p l o t  of tested s t reng th  against  the FEM strength 

(Figure 3.2.3(a) ) for the 69 test columns shows a 



For e/h = 00, the strength 
(biiding ment) 5s plotted 
LO kip-in. For al1 other 
values (axial of load) e/h, is the sham strength in // O 

kips . 

O = 69 
Mean Value = 0.972 

C o e f f .  Of V a r .  = 0.117 

b = 0.710 
Naximum = 1.184 

Strength Ratio 

Figure 3 - 2  - 3  - Camparison of tested strength to FEM strength 
for composite steel-concrete columns subjected 
to major axis bending without m a m e n t  gradient 
(some &ta removed due to incomplete or 
insufficient information), 



r e l a t i v e l y  narrow band of s t r eng th  r a t i o s .  A histogram 

showing t h e  frequency, i n  percent,  against t h e  strength 

r a t i o s  (Figure 3.2.3 ( b )  ) demonstrates a r e l a t i v e l y  

symmetric d i s t r i b u t i o n  of values about t h e  mean. The 

s t r e n g t h  r a t i o  s t a t i s t i c s  fox the 69 t e s t  colilmns i n  Table 

3.2.3 do not  show any significant d i f f e r e n c e s  over t hose  i n  

Table 3.2.2 which included al1 75 t es t  coliimns. 

The probability d i s t r i b u t i o n  of t h e  strength r a t i o s  

computed f o r  t h e  69 test  columns is p l o t t e d  on a normal 

p r o b a b i l i t y  s c a l e  i n  Figure  3 .2 .4  and is compared t o  a 

normal probability d i s t r i b u t i o n  w i t h  a mean value of 0.97 

and a c o e f f i c i e n t  of v a r i a t i o n  of 11.5 percent .  The d a t a  

c l o s e l y  follow t h e  normal curve and can be assumed t o  be 

normally d i s t r ibu ted .  

3.2.2 Composite Steel-Concrete Columns Subjected to Major 

Axis Bending With Moment Gradient 

The ultimate s t r e n g t h s  computed using FEM were 

compared w i t h  t h e  u l t ima te  s t r eng ths  of 3 physical tests 

taken f r o m  Roik and Schwalbenhofer ( 1 9 8 8 ) .  

A desc r ip t ion  of t h e s e  3 physical  tests used f o r  t h e  

cornparison of t es ted  t o  FEM s t r eng th  f o r  composite steel-  

concrete  c o l u s  subjected to major agis bending wi th  

moment gradient  is given i n  Table 3.2.4. The table 

inc ludes  information on the geometric and material 

p r o p e r t i e s  of test columns. Included i n  the table is the 

r a t i o  of t e s t e d  t o  FEM u l t ima te  strength ( s t r e n g t h  ratio) 





- NORMAL PROBABIUTY DlSCRlBUTlON . . . . . . - . . - . - 
MEAN VALUE 1 0.87 
COEFFICIENT OF VARUTION - 11.5 X 
NUMBER OF SPECiMENS = 69 

FREQUENCY (Percent) 

Figure 3 .2 .4  - Probabi l i ty  d i s t r i b u t i o n  of s t rength  ratios u s i n g  F E M  of 
composite s t e e l - c o n c r e t e  colurnns subjected to major axis 
bending without moment grad ient  (soma data removed due 
to incomplete or i n s u f f i c i e n t  information)  



T a b l e  3 - 2 . 4  - Description of Composite Steel-Concrete Columns 
Subjected to  Major Axis Bending with Moment 
Gradient Used for C o m p a r i s o n  w i t h  FEM U l t h a t e  
Strength 

- -  - 

TEST VALUES 
TÏeRIoop Applied Applied 

Vol. Axial BMatEnds 
Author Col. h b fac pSs p, pssfyu Ratio &h Laad @pin) *@ 

ûesig. (in.) en.) @si') flc pf f  (kips) MI ML Rafio 

No-: The strength ratio is Mined as the tes- 
s- divided by the FEM strength, 

h = depth of concrete cross-section perpendicular to 
the axis of bending. 

b = width of the concrete cross-section parallei to 
the axis of benâing. 

bu = outside Adth of ties/hoops . 
d' = outside depth of ties/hoops. 
At = area of cross-section of a tie/hoop bar, 
s = spacing of ties/hoops. 
Mi = smaller end mument, positive if member is bent i n  

single curvature, negative if bent i n  double 
curvature . 

= larger end moment ,  always positive.  

The tarm fps was taken as the w e b  yield strength for 
conputing üre ps fyss/ flc ratio. 



for each of the 3 column specimens. The strength ratio was 

taken as the ratio of axial load capacities for the column. 

The mean strength ratio of al1 three test columns was 

0.816 with a coefficient of variation of 1.2 percent. 

These are significantly lower than the mean value of 0.972 

and the coefficient ,of variation of 11.7 percent obtained 

for composite steel-concrete columns subjected to major 

axis bending without moment gradient (Figure 3 . 2 . 3 ( b ) ) .  

3 - 3  COMPARISOH OF FEM METHOD WITH EXPERIMEXTAL RESULTS FOR 

COMPOSITE STEEL-CûHCRETE COLUMaIS SUBJECTED TO MIHOR 

AXIS %EXDIHG 

The ultimate strengths computed using FEM were 

compared with the ultimate strengths of 143 physical tests 

taken from Stevens (1965), Bondale (1966), ~nslijn and 

Janss (1974), Roderick and Loke (1974), Johnson and May 

(1978), Morino et al. (1984), Roik and Mangerig (1987), and 

Roik and Schwalbenhofer ( 1988 ) . The columns were bent in 

synunetric s i n g l e  curvature ( L e .  without moment gradient) 

when subjected to bending moments. Sixty-two of the 

physical tests were eventually removed from the comparison 

for reasons that will be  discussed later in this section. 

A description of these 143 physical tests used for the 

comparison of tested to FEM strength for composite steel- 

concrete columns subjected to minor axis bending is given 

in T a b l e  3.3.1. The table includes information on the 

geometric and material properties of test columns- 



Table 3-3-1 - Description of C o m p o s i t e  Steel-Concrete Col- 
Subjected to Minor Axis Bending Used for 
C q a r i s o n  w i t h  E'EM U l t i m a t e  Strength 

TEST VALUES 
TieRIoop Applied Applied 

Vol. Axial BM at 
Author Col. h b f'= psr p, pssfy, Ratio Ph e/h Load Ends Strength 

Oesig. (in.) (in.) (psi) f'c P*  (kips) (kipin) Ratio 

Sttvem A1 
(1 965) A2 

A3 
A4 
A5 
A6 
gt 
82 
83 
84 
85 
B6 
87 
FA1 
FA2 
FA3 
FA4 
FA5 
REla 
RElb 
RE2a 
RE2b 
RRa 
RE3b 
Ela 
RE4b 
S I G  
S X  
S3G 
S I E  
S E  
S3E 
SIS 
S2s 
S3S 
CVZ 
cv3 
CV4 
CV5 
CV6 
AE1 
A R  
Am 
AE4 
AE5 
AE6 
AE7 
AEa 



T a b l e  3.3.1 - Description of C o m p o s i t e  Steel-Concrete Col- 
Subjected to Minor Axis Bendlng Used for 
Cornparison with FEM Ultimate Strength 

TEST VALUES 
TielHoop Applied Applied 

Vol. Axial BM at 
Auttior COI. h b fJc p=fm M o  b a d  Ends Strenga 

Desig. (in.) (in.) (psi) fS P" (kips) [kipin) Ratio 

6.5 7.0 1441 0.1292 - 3.234 - 
65 7-0 1&67 0.1292 - 2198 - 
6.5 7.0 Z68 a1B2  - 2057 - 
lu) 16.0 Z W  0.6996 0.0042 lm 0- 
12.0 16.0 2230 0.0998 am42 1.471 om2a 
120 16.0 204a 0.0898 a0042 1.m o m a  
12.0 16.0 1903 0.OggB 40012 1 2 3  aome 
lu) 16.0 2413 0.OgsB 40042 1.359 a0028 
120 16.0 2iQ3 a0998 40042 1,495 0- 
12J 16.0 2193 0.0Sô 40042 1,495 0.0028 
120 18.0 p03 0.0996 a m  1.424 0.0028 
120 16.0 2230 0.0996 0.0042 1.471 0.0028 
12.0 16.0 2560 0.09s 0.0042 lm o.cl028 
lu) 16.0 2487 0.- 0.W2 1.319 0- 
lu) 16.0 2481 0.0996 0.0042 1.319 O.cl028 



T a b l e  3-3.1 - Description of Composite Steel-Concrete ~olumris 
Sub jected to Minor Axis Bending Used for 
Cornparison w i t h  F E M  U l t i m a t e  Strength 

TEST VALUES 
TWIOO~ Applied Applied 

Vol. Axial BMat 
Author Col. h b f'= pss prr psfw M o  eh elh h d  Ends -9th 

Desig. (in.) (in.) @si) f'c pa @ps) m-in) W o  

Yaan 
Coeff. of Variation 

Johnson RCS 73 7.9 3609 0.0745 O.ûû28 0.868 0.6019 14.3 0.100 165.5 14â0 US10 ' 
aY7Y 
(1 97s) M m  0.8510 

M. of Variation NIA 



Table 3-3-1 - Description of Composite Steel-Concrete Columns 
Subjected to Minor Axis Bending Used for 
Cornparison with E'EM U l t i m a t e  S b e n g t h  

-. - 

TEST VAUES 
TieRIoap Applieâ Applied 

Vol. Axial BM at 
Author Col. h b fgc pis plr pufF Raio QIh elh load Ends Stragth 

Desig. (in.) (in.) @si) f'c P" (kips) (kip-in) Ratio 

Roik 7 11.8 114 6596 0- 0.- 0.515 0.6029 10.0 0.100 1022.3 12û7.4 
a MafKWg 8 11.8 11.8 6596 am68 0.0050 0515 0- 10d 0.300 sÛi.6 ln72 
( 1 w  9 113 l1B 659ô 0.0868 0.0050 0515 0.- 16.7 0.100 824.0 9733 

10 11.8 11.8 6596 0.- 0.0050 0.515 0.0029 16.7 0.300 410.5 1451.6 
11 11.8 11.8 ô596 0.0868 0.0050 0.515 011029 26.7 0.100 454.6 5363 
12 1 1 6  118 6596 0.0868 0.0054 0.35 0- 26-7 0.300 223.7 7B26 

Yean 
M. of Variation 

N o t e :  The stmngth ratio i s  Aafined as the tes- 
strength dividd by the FEM strength. 

h = depth of concrete cross-section perpendicular to 
the axis of bending. 

b = width of the concrete cross-section parallei to 
the axis of bending. 

p" = 2 (b*+d")At/b"das 
b' = outside width of ties/hoops. 
da = outside depth o f  ties/hoops. 



Table 3.3.1 - ~ e s a i p t i o n  of camposite Steel-Concrete Col imrns  
Subjected to U o r  A x i s  Beriding Used for 
Cornparison with FlEM Wit imate  Strength 

At = area ,of cross-section of a tie/hoop bar. 
s = spacing of ties/haops. 

The temn fyu w a s  taken - as the w e b  Weld strength for 
c q u t i n g  the p.+fur./ f'c ratio. 

t rcm the finaï u y s i s  on the 
. . basis of incaonpleta or i rrsuf f ic iqt  
information, as explained in  the b x t .  

** Excluded from the fuiaL anaiysis on the b a i s  of 
concrete strength (fr,) being l o w e r  thari the 
practical value of 2500 psi, as explained in 
the text. 

*** Revised statistics af- the reumval of b s t s  
identified w i t h  an astarisk (*) as w e l l  as those 
identified w i k h  a double a s t a r i s k  (**) . 



Included i n  t h e  table is the  r a t i o  of t e s t e d  t o  FEM 

ult imate s t rength ( s t r e n g t h  r a t i o )  f o r  each of t h e  143 

column specimens. The strength r a t i o  was taken as t h e  

r a t i o  of bending moment s t r e n g t h s  fo r  columns with e/h=m 

and as t h e  r a t i o  of axial load capac i t i e s  f o r  columns with 

al1 other  e/h values. 

A plot  of t e s t e d  strength against  the  FEM strength 

(Figure 3.3.1 (a) ) shows a r e l a t i v e l y  wide band of s t r e n g t h  

r a t i o s  and a number of possible o u t l i e r s .  These o u t l i e r s  

are i n  the  non-consemative region ind ica t ing  an 

overestimation of t h e  column s t r eng th  by t h e  FEM method. 

Also, a s  t h e  s t rengths  of t h e  columns increase, t h e r e  is a 

proportional  increase  i n  the magnitude of e r ro r .  However 

t h i s  should be expected if t h e  percentage of e r r o r  remains 

r e l a t i v e l y  constant. A histogram giving t h e  f requency, i n  

percent,  against  t h e  s t r e n g t h  ratio (Figure 3 . 3 . l ( b ) )  shows 

a re l a t ive ly  wide and s c a t t e r e d  d i s t r i b u t i o n  of values 

about the m e a n .  T h e  mean s t r e n g t h  r a t i o  of al1 143 test 

columns was 1.004 w i t h  a c o e f f i c i e n t  of v a r i a t i o n  of 26.9 

percent ( ~ i g u r e  3.3.l(b)). 

T h e  calculated mean, c o e f f i c i e n t  of va r i a t ion ,  minimum 

and maximum values of s t r e n g t h  r a t i o s  f o r  al1 t e s t  columns 

l i s t e d  i n  Table 3.3. 1 are shown i n  Table 3.3.2. The 

strength r a t i o  s t a t i s t i c s  shown i n  Table 3.3.2 were div ided  

i n t o  f i v e  categories,  based on the slenderness ratio ( P'h ) . 



For e/h = mI the sttteagth 
(beading moment) is plotted 
in kip-in. For al1 other 
values of e/h, the strength 
(axial load) is uhown in 
kips . 

No. o f  Specinrens = 143 

O 
O #K) 400 6w 800 1000 12m 1400 leOO i r  

M Strength (kips or kip-in) 

n - - 
Mean Value = 

C o e f f .  Of Var, = 
One-Percentile = 

Minimum - - 
- - 

Streagth Ratio 

Figure 3.3.1 - Conparison of tested sl-rength to FEM strength 
for camposite steel-concrete columns subjected 
to minor axis bending (al1 columns) . 



Table 3 .3 .2  - Strength Ratio Statistias of Composite Steel-Concrete 
Columns Subjected to Minor Axis Bending for Differenk 
Ranges of e/h and Q/h, ueing FEM (al1 columns) 

No data avdlabla 
N o t e :  CV stands for the aoeffiaient of variation. 



The data were further categorized into f ive  ranges of end 

eccentricity ratio ( e / h )  as shown in T a b l e  3.3.2. 

Differences in the  statistics for the different ranges 

of end eccentricity ratios (Table 3.3.2 Columns 3,4 ,5 ,6  and 

7) were observed. Slender and super-slender columns with 

e/h=O have a very high coefficient of variation (28.1 and 

30.5 percent). The coe£ficient of variation of slender 

columns decreases significantly with e/h>O but remains 

relatively high at approximately 15 percent. The mean 

value of strength r a t i o s  for super-slender columns ( 1.888 ) 

is extremely high compared to the overall mean value 

(1.004). The mean value of strength ratios for short 

colurnns is low (0.895) compared to the overall m e a n  value 

(1.004)- The overall minimum strength ratio (0.529) was 

found to occur for a column with 8/h=17.5 and e/h=O, while 

the overall maximum strength ratio (2.231) was found to 

occur in a column with P/h=44 and e/h=O, as indicated in 

Table 3.3.1. The probability distribution of the strength 

ratios computed for the 143 test columns is plotted on a 

nomal probability scale in Figure 3.3.2 and is compared to 

a normal probability distribution with a mean value of 1.0 

and a coefficient of variation of 27.0 percent. The data 

do not follow the normal probability distribution and skew 

signi£icantly as shown in Figure 3.3.2. 

Aitex a reexamination of the data £rom Bondale (1966) 

and Johnson and May (1978), it was decided to drop these 



NORMAL PROBABILilY DISfR1BUllON 
MEAN VMUE 1.00 
COEfflClENT OF VARlATiON = 27.0 X 
NUMBER OF SPEClMaJS = 143 

CUMUlATlVE FREQUENCY (Percent) 

Figure 3.3.2 - Probability distribution of strength ratios using F E M  of 
composite steel-concrete columns subjected to minor axis 
bending (al1 columns) . 



t e s t  series al together  f r o m  the comparative study. 

Similarly, a f t e r  a reexamination of the data  f r o m  Stevens 

(1965), it was decided t o  remove a selected niimber of test 

columns of this tes t  s e r i e s  from the comparative study. 

A l 1  of the  above-noted columns are iden t i f i ed  by an 

asterisk ( * )  i n  Table 3.3.1. 

I n  t h e  analysis  of the columns f r o m  Bondale (1966 )  and 

Johnson and May (1978), several  assumptions were made 

because of the  lack of su f f i c i en t  information on geometric 

and/or material properties.  Bondale ( 1 9 6 6 )  à i d  not give 

the y i e ld  s t rength of t he  longi tudinal  re inforcing steel 

and the re  were conf l i c t i n g  concrete strengths reported by 

Bondale ( 1 9 6 6 )  and Basu (1967)  for the same t e s t s .  For t h e  

column tes ted  by Johnson and M a y  (1978), the loca t ion  and 

yield s t rength of t h e  longi tudinal  re inforcing steel were 

not given. Also, t h e  column was reported as par t  of a tes t  

frame. The equivalent e f fec t ive  length  of the  column was 

given, however, there was no i nd i ca t i on  on how t h i s  value 

was obtained. The assumptions that were made f o r  these  two 

studies  could have af f ected t h e  cornputed u l t imate  

capacit ies.  

For the  t e s t s  by Stevens (1965), columns i n  Se r i e s  S 

examined the  e f f ec t  of using different types of aggregates 

i n  the  concrete mixture on the o v e r a l l  s t rength of t h e  

column. The types of aggregates examined include river 

grave1 and sand, expanded clay, and foamed slag and river 

sand with extremely high water/cement r a t i o s  of 0.77, 0.85, 



and 0 . 7  by weight , respect ively . The stress-strain curve 

for  concrete used for the . FEM method is not  ab l e  t o  

properly account f o r  t he se  types of concrete ( M i n a ,  

Hatzinikolas and MacGregor 1979) .  Columns i n  Series B by 

Stevens ( 1 9 6 5 )  used an extremely small width of cross- 

section (3.5 inches)  with high slenderness  r a t i o s  (P/h from 

13.1 t o  44)  t e s t e d  under pure axial load. Such columns are 

l i k e l y  t o  be highly s ens i t i ve  t o  s l i g h t  imperfections i n  

fabrication o r  t o  a misalignment of t h e  column wi th in  the  

t e s t i ng  apparatus  and, hence, were excluded f r o m  the  

comparative s tudy . 
The removal of the 2 1  coliimris a f fec ted  t h e  overa l l  

s t a t i s t i c s  by decreasing both t h e  mean and c o e f f i c i e n t  of 

var ia t ion t o  0.94 and 18.9 percent ,  respect ively.  The 

overal l  minimum strength r a t i o  did not  change, however, the  

maximum strength r a t i o  was reduced from 2.231 t o  1.355. 

The p l o t  of t e s t e d  s t r e n g t h  aga in s t  the  FEM s t r eng th  

(Figure 3.3.3(a)  ) f o r  t he  122 t e s t  co~umns still  shows a 

r e l a t i ve ly  w i d e  band of s t r e n g t h  r a t i o s  and a n u b e r  of 

possible o u t l i e r s .  A histogram giving the  frequency, in 

percent, aga in s t  t h e  strength ratio (Figure 3 .3 .3(b) )  shows 

a wide bu t  r e l a t i v e l y  symmetric d i s t r i b u t i o n  of  values 

about t h e  m e a n .  

The s t r eng th  ratio statistics for t h e  122 test columns 

in Table 3.3.3 show a s i g n i f i c a n t  improvement over those 

given i n    able 3.3.2 which included al1 143 t es t  columns. 



For e/h = m, the stsength 
(bending m o m e n t )  is plotted 
in kip-in. For al1 other 
values of e/h, the strength 
(axial load) is shown in 
kips 

No. of Specimsns = 122 

O 200 400 ô00 800 Io00 1200 1400 le00 1€ 

FEM Strengtfi (kips  or kip-in) 

Strength Ratio 

Flgure 3 .3 .3  - Comparison of tested strength to FEM strength 
for composite steel-concrete columns subjected 
ta minor axis bending (same data removed due 
to incuxuplete or in su f f i c i en t  infonaation) . 



Table 3.3.3 - Strength Ratio S t a t i s t i c s  of Composite Steel-Concrate 
Columns Subjected t o  Minor Axis  Bending f o r  Different 
Ranges of e/h and P/h, using F'EM (some data removed 
due to incomplete or i n s u f f i c i e n t  information) 

Column 

No. n n s 4 

Super Slender Mea n 4 4 

Plh r 30 cv 4 b * 
Mln 4 4 

Max s s 

No. 55 8 S4 55 2 
AC1 Perrnmed Mean 0.852 0.B93 1,014 1.011 0.876 
3<Q/h530 CV 0.206 0.137 0.145 O. 147 0.050 

Mln 0.530 0.758 0.703 0.793 0.942 
Max 1.227 1,166 1.356 1.355 

1 O 
' No data avrilable 
Jote: CV stand4 for the coaffiaient of variation. 



The probabil i ty d i s t r i bu t ion  of the  s t rength  r a t i o s  

computed f o r  t he  122 test columns is plot ted  on a normal 

probability scale i n  Figure 3.3.4 and is compared t o  a 

normal probabil i ty d i s t r i bu t ion  with a mean value of 0 . 9 4  

and a coeff ic ient  of var ia t ion  of 19.0 percent. The data 

closely follow the normal curve and can be assumed t o  be 

normally distr ibuted.  

Considering current construction pract ice ,  it was 

decided t o  fu-rther exclude al1 columns w i t h  a specif ied 

concrete cylinder s t rength  less than 2500 p s i .  For 

concrete strengths reported by cube strengths,  t he  

equivalent standard cyl inder  ( 6  inch diameter by 12  inch 

high) s trength was computed, and this value was used as the 

basis for excluding t h e  column specimens from t h i s  study. 

Using t h i s  c r i t e r ion  resulted i n  the  removal of a fu*her 

4 1  colunins from t h e  data base. T h e s e  colirmns are 

identif ied by a double asterisk ( * * )  i n  Table 3.3.1. The 

removal of these 4 1  columns affected  the overa l l  s t a t i s t i c s  

further by decreasing both the mean and coeff ic ient  of 

variation t o  0.867 and 18.7 percent, respectively. The 

overall  minimum strength ratio did not change. However, 

the maximum strength r a t i o  was reduced from 1.355 t o  1.280. 

After the removal of t h e  4 1  columns, s t a t i s t i c s  were 

recalculated and are  shown i n  Table 3.3.1 for each of the  

studies from which data w e r e  removed. C o l m n s  i n  Table 

3.3.1 that are not identified by a s ing le  o r  double 

as ter isk  represent the 8 1  composite steel-concrete t e s t  



NORMAL PROBABILm DIS(RIBUT1ON - ME4N VALUE - O.Q4 
COEFRCIEW OF VARlATtON - 19.0 X 
NUMBER OF SPECIMENS = 122 

CUMULATIVE FREQUENCY (Percent) 

Figure 3.3.4 - Probability distribution of strength ratios using F E M  of 
composite steel-concrete colurnns subjected to minor axis 
bending (some data removed due to incomplete or 
insufficient information) . 



columns subjected to minor agis bending t h a t  were finally 

used f o r  the comparative study. 

The p l o t  of tested strength against t h e  FEM strength 

(Figure 3.3.5(a)) f o r  the 81 test columns still shows a 

r e l a t ive ly  w i d e  band of s t r eng th  r a t i o s  w i t h  a number of 

points showing non-conservative values. A histogram giving 

the frequency, i n  percent ,  against t h e  s t rength ratio 

(Figure 3.3.5(b)) shows a s l i g h t l y  non-symmetric 

d i s t r i b u t i o n  of values about the m e a n .  

The strength r a t i o  statistics f o r  the 81 t e s t  coliimris 

i n  Table 3.3 .4  show significant improvements over those 

given i n  Table 3 . 3 . 3  which included 122 tes t  columns and 

Table 3.3.2 which included 143 test columns. However, the 

mean value f o r  a l 1  columns reduced t o  0 - 8 6 7 ,  as indicated 

by Figure 3 . 3 . 5 ( b ) .  Note the overa l l  mean value for 

columns subjected t o  combined a x i a l  load and bending moment 

(Table 3.3.4 Column 4 p l u s  Column 6 )  is 0.962. 

The probabi l i ty  d i s t r i b u t i o n  of t h e  s t rength r a t i o s  

computed f o r  the 81  t e s t  columns is p l o t t e d  on a normal 

probability scale i n  Figure 3.3.6 and is compared t o  a 

normal probabi l i ty  d i s t r i b u t i o n  w i t h  a mean value of 0.87 

and a coe f f i c i en t  of v a r i a t i o n  of 18.5 percent. The data 

closely follow the  normal curve and can be assumed t o  be 

nonnally d i s t r ibu ted .  
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4 - OVERWEW OF DESIGN METHODS COMPARED IN THIS STUDY 

An overview of the  design procedures given i n  AC1 318- 

95 (Building 1995 )  which is very similar to CSA 823.3-M84 

(Design 1984), t h e  AISC-LRFD Spec i f ica t ions  (1994), 

Eurocode 2 (Design MW), and Eurocode 4 (Design 1994) is 

presented i n  t h i s  chapter. Mirza (1990)  and Tikka and 

Mirza (1992) proposed ref ined equations f o r  c a l c u l a t i n g  the 

flexural r i g i d i t y  f o r  use i n  AC1 and CSA design procedures 

of reinforced and composite s teel -concrete  columns, 

respectively.  A ref ined equat ion f o r  c a l c u l a t i n g  the 

rad ius  of gyra t ion  of composite s teel -concrete  columns is 

proposed i n  t h i s  study f o r  use i n  the  AISC-LRFD design 

procedure. This equation p l u s  those  suggested by Mirza 

(1990)  and Tikka and Mirza (1992)  were a l s o  included i n  t h e  

comparative study and a r e  discussed i n  this chapter .  

A computer program was developed t o  compute t h e  

nominal a x i a l  load resistance ( ) and/or bending moment 

res i s tance  ( M b s )  of each test column using different 

procedures. Figure  4 .1  lists t h e  ca l cu la t ion  procedures 

used for strength ana lys i s  of  reinforced concrete  and 

composite s teel -concrete  columns. I n  an at tempt  t o  compare 

t h e  nominal column s t rengths  detennined from each of t h e  

design methods, al1 material  r e s i s t ance ,  performance, and 

s a f e t y  f a c t o r s  w e r e  set equal to 1.0. T h e  columns used i n  

t h i s  study were pin-ended i n  braced, non-sway frames. 



- AC1 318-95 using 
0=0.4k lg 

- AC1 31 8-95 using 
O=0.2&lg+E& 

- AC1 31 8-95 using 
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Xkka and Mirza 

- AISC-mm Spec* 
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F i g u r e  4.1 - Calculation procedures used for 
strength . analysis of t e s t  colimins . 



4 .1  AC1 318-95 PROVISIOHS 

The design equations given i n  AC1 318-95 (Building 

1995)  and CSA A23.3-M84 (Design 1984)  for the design of 

reinforced concrete and composite steel-concrete columns 

are discussed i n  this section.  A l 1  of t h e  design equations 

apply equally t o  both re inforced  concrete and composite 

steel-concrete columns unless  s t a t e d  otherwise. A s  t he  

refined EI equations by Mirza (1990) and Tikka and Mirza 

( 1 9 9 2 )  w e r e  developed for AC1 318-95 and CSA A23.3-M84, 

these equations a r e  a l so  discussed here. Since CSA A23.3- 

M 8 4  is very similar t o  AC1 318-95, the discussions are 

provided only f o r  AC1 318-95 to prevent r epe t i t ion ,  but are 

applicable t o  both codes. 

4 . 1 . 1 t i m i t a t i o n s  of AC1 318-95 Provisions 

For t h e  design of both reinforced concrete  and 

composite steel-concrete columns, AC1 3 18-95 has 

established severa l  l imi ta t ions .  For reinforced concrete 

columns, these  limitations include: 

- The appl ied ax i a l  load ac t i ng  on t i e d  columns is 

l imited t o  80 percent of the pure ax ia l  load capacity. 

- The area of longi tudinal  re inforc ing  bars shall not be 

less than 0 .01  nor more than 0.08 times t h e  gross  area 

of t h e  cross-section. 

- For rectangular sec t ions ,  t h e  minimum number of 

longi tudinal  bars is £ou. 



- Lateral ties shall be a minimum size of No. 3 for 

longitudinal bars No. 10 or smaller, and at least No. 

4 in size for No. 11, No. 14 and No. 18 longitudinal 

bars - 
- Lateral ties shall have a vertical spacing not 

exceeding 16 longitudinal bar diameters, 48 tie bar 

diameters, or the least dimension of the column, 

- Ties shall be arranged so that every corner and 

alternate longitudinal bar shall have lateral support 

provided by the corner of a tie with an included angle 

of not more than 135 degrees and no bar shall be 

farther than 6 inches clear on each s ide  along the t i e  

from a laterally supported bar. 

For composite steel-concrete columns, the limitations 

include: 

- The applied axial load acting on tied columns is 

limited to 85 percent of the pure axial load capacity. 

- The specified concrete strength, f ,  shall not be 

less than 2500 p s i .  

- The design yield strength of the structural steel core 
s h a l l  be the specified minimum yield strength for the 

grade of structural steel but is not to exceed 50,000 

psi. 

- The area of longitudinal reinforcement s h a l l  not be 

less than 0.01 nor more than 0.08 times the net area 

of the concrete section. 



- A longitudinal bar s h a l l  be located at every corner of 

a rectangular cross-section with other bars not spaced 

farther than one-half the least s ide  dimension of the 

composite member. 

- Lateral ties must extend completely around the 

structural steel core. 

- L a t e r a l  t i e s  must have a minimum diameter of not l e s s  

than  1/50 times the greatest side dimension of the 

composite member, but not less  than No. 3 and not 

greater than No. 5 bar. 

- L a t e r a l  t i e s  shall have a vertical spacing not 

exceeding 16 longitudinal bar diameters, 48 t i e  bar 

diameters, or one-half t u e s  the least dimension of 

the column- 

For both reinforced concrete and composite steel-concrete 

columns, the  l imitat ions include: 

- The upper limit on the slenderness ratio ( @ / h )  is 30.  

Many column t e s t  specimens did not meet some of the 

limits noted above. In such cases, however, these lixnits 

were ignored for computing the AC1 (and CSA) strengths .  

4.1.2 Calculation of Cross-Section Capacity 

The determination of the  cross-section capacity for 

both reinforced concrete and composite steel-concrete 

columns is based on the following assiimptions: 



(a) concrete and steel s tra ins  are compatible and no slip 

occurs; 

(b) strain is linearly proportional to the  distance £rom 

the neutral  &s; 

( c )  xesidual stresses i n  the rolled steel section ( for  

composite columns) are neglected. 

The maximum useable s t ra in  at the extreme concrete 

compression f i b e r  is equal t o  0 . 0 0 3 .  A n  equivalent 

rectangular stress block with a stress ordinate of 0.85f ', 

is used f o r  calculat ion.  The equivalent stress block is 

uni fomly  d is tr ibuted  over a zone bounded by the  edges of  

the cross-section and a straight line located parallel to 

the neutral axis a t  a calculated depth £rom the extreme 

compression fiber. Equation 4 . 1  is used to determine the  

depth of  the  equivalent concrete stress block: 

where a is the depth o f  the equivalent rectangular stress 

block; c is the distance from the extreme compression fiber 

t o  the neutral axis; and fi1 is a numerical c o e f f i c i e n t .  

The c o e f f i c i e n t  Pz is dependent on the concrete strength 

and is computed using Equation 4 .2  or 4.3: 

For fr,14000 p s i  8, = 0.85 ( 4 - 2 )  

For fr,>4000 psi 



For S I  conversion replace 4000 by 30 MPa, 1000 by 10 MPa 

and 0 . 0 5  by 0 . 0 8  i n  Equation 4 . 3 .  The equivalent stress 

block  is illustrated i n  Figure 4.2. Note that the tensile 

s t r e n g t h  of concrete is ignored. 

The re in forc ing  and s t r u c t u r a l  s t e e l s  are assumed t o  

be elastic-perf ect ly plastic. Therefore, at strains less 

than t h e  yield s t r a i n ,  the stress i n  the steel can be 

computed as the modu.lus of e l a s t i c i t y  of steel, Es, times 

t h e  s t ra in .  For s t r a i n s  greater than the yield s t r a i n ,  the 

s t r e s s  i n  t h e  steel is  the  specified yie ld  stress, fy, of 

t h e  s tee l .  The strain hardening is neglected. Note that 

t he  displaced area of concrete i n  the compression zone is 

considered . 
The strength of the cross-section can be represented 

by an axial  load-bending moment in te rac t ion  curve similar 

t o  the one shown i n  Figure 4.3. Due t o  t h e  large number of 

calculations required i n  developing the axial load-bending 

moment in te rac t ion  curve, a computer program was written. 

Details  of the computer program analys is  procedure w i l l  be 

presented in the following sec t ion .  

AC1 318-95 imposes an upper limit on t h e  maximum 

design axial laad,  Pn(-lr permitted for rectangular 

reinforced concrete  cross-sections : 





Mc, 

BENDING MOMENT 

Figure 4 -3 - Schematic cross-section and column axial 
load-bending m o m e n t  interaction diagrams. 



where AB is the gross area of the cross-section; and ASt is 

the total area  of longi tudina l  reinforcement. For 

composite steel-concrete cross-sections,  the  upper limit is 

increased £rom 80 percent to 85 percent  of the nominal 

cross-sect ion capacity and Ast is t h e  t o t a l  area of 

longi tudina l  reinforcement p l u s  the  area of t h e  s t r u c t u r a l  

steel core.  

T h e  upper limit is provided to account for accidental  

e c c e n t r i c i t i e s  not considered i n  the analysis. The value 

of 80 o r  85 percent of the  nominal s t r e n g t h  is m e a n t  t o  

approximate an a x i a l  load strength a t  an e/h r a t i o  of 

approximately 0.10. Since t h e  columns i n  this study have 

been prepared and tested i n  a con t ro l l ed  laboratory 

environment under shor t  time loading, this upper lut was 

not  used f o r  t h e  cornparison. 

4.1.3 Computer Analysis of Cross-Section Capacitp 

The computer program developed f o r  this s tudy uses the  

equations and assumptions as out l ined i n  t h e  previous 

s e c t i o n  t o  compte  the cross-section &al load-bending 

moment i n t e r a c t i o n  cuve. The analysis procedure used and 

presented i n  t h i s  sec t ion  is summarized i n  the flow chart 

i n  Figure 4.4. For determining the cross-section strength, 

AC1 318-95 uses the same analysis approach f o r  both 

re inforcsd  concrete and composite s teel-concrete  columns. 
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Therefore, t o  avoid r e p e t i t i o n ,  both column types w i l l  be 

discussed together.  

The cross-section can cons i s t  of up t o  t h r e e  mater ia l s  

( concrete , longi tud ina l  re inforc ing  steel and s t r u c t u r a l  

steel) , each possess ing a unique s t r e s s - s t r a i n  

re la t ionship ,  In  o r d e r  t o  d i s t ingu i sh  among these  three 

mater ia ls  i n  the a n a l y s i s ,  t h e  cross-sect ion was f i r s t  

d i sc re t i zed  - Since AC1 318-95 uses an equivalent  

rectangular stress block, t h e  concrete was not  d i scre t ized .  

N o  d i s t i n c t i o n  is m a d e  between t h e  concre te  outs ide t h e  

t ransverse  reinforcement (unconfined concre te )  and t h e  

concrete i n s i d e  t h e  t ransverse  reinforcement (confined 

concrete) .  Each longi tudina l  r e i n f o r c i n g  bar w a s  

represented by one element with a s p e c i f i e d  area and 

dis tance from t h e  p l a s t i c  neu t ra l  axis (measured 

perpendicular t o  t h e  a x i s  of bending) . The s t r u c t u r a l  

s t e e l  s ec t ion  requi red  t h e  d i s c r e t i z a t i o n  of both t h e  

f langes and web (Figure 4.5 ) . For major axis bending, the 

flanges w e r e  d i s c r e t i z e d  i n t o  10 s t r i p s  with  t h e  element 

width being equal t o  t h e  flange width. The web w a s  divided 

into 40 s t r i p s  with t h e  element width being equal t o  the 

web thickness.  For minor agis bending, the f langes  w e r e  

d i sc re t i zed  i n t o  40 strips w i t h  the element width being 

equal t o  t h e  flange th ickness .  The web w a s  divided i n t o  10 

s t r i p s  w i t h  t h e  element width being equal to t h e  web depth. 

The area of each s t r u c t u r a l  steel element and the dis tance  

£rom t h e  p l a s t i c  n e u t r a l  axis t o  the centroid of t h e  
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Thidcness in Flange 
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(a) Structural s t e e l  section for composite 
columns subjected to major axis bending . 

40 Strips of Equal 
Thickness in Flange 

10 Strips of E q u a l  

/- in 

(b) Structural steel section for camposite 
columns subjected to minor axis bending. 

F igure  4 . 5  - Discretization of structural steel 
section for composite columns. (The 
nutuber of strips was doubled for 
computing the Eurocode 4 strength) 



element (measured perpendicular  t o  the agis of bending) 

were computed. 

The cross-section axial load-bending moment 

i n t e r a c t i o n  c u v e  represen ts  points of axial load and 

corresponding bending moment that ensure  s t r a i n  

compat ib i l i ty  and a l s o  s a t i s f y  condi t ions  of equil ibrium. 

For this s tudy,  the cross-section i n t e r a c t i o n  curve was 

represented by 102 points.  To ensure t h e  p o i n t s  on the 

i n t e r a c t i o n  curve were e q u a l l y  d i s t r i b u t e d  along its 

length,  the c r i t e r i o n  used i n  determining t h e  p o i n t s  w a s  

based on t h e  end e c c e n t r i c i t y  r a t i o  (e/h). The first point 

w a s  d e t e d n e d  for e/h=O (pu re  &al load)  and t h e  last 

po in t  was determined for e /h=a  (pure  bending ) . The 

remaining 100 po in t s  were d i s t r i b u t e d  along the cross-  

s ec t ion  i n t e r a c t i o n  curve. 

For the a n a l y s i s  procedure, a lower limit ( X )  and 

upper limit (XUpp,,) on t h e  distance of t h e  n e u t r a l  axis 

from t h e  p l a s t i c  cen t ro id  (X) was  es t ab l i shed  (Figure 4 . 6 ) .  

Using a m a r r i m m  concrete strain of  0.003 and a given 

loca t ion  of t h e  neu t r a l  ax i s ,  t h e  strains and stresses i n  

the concrete,  longi tud ina l  r e i n f o r c i n g  steel and structural 

steel can be computed (Figure 4.2) .  The l o c a t i o n  of the  

neu t r a l  axis w a s  var ied and the b i s e c t i o n  method was used 

t o  converge t o  a so lu t ion  (for X) f o r  each of the required 

end eccentricity ratios (e/hreq) . The convergence 
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Figure  4 . 6  - Strain distribution for columns studied. 



tolerance w a s  limited t o  100 i t e r a t i o n s  for numerical 

s l a b i l i t y  . 
For a given loca t ion  of the  neut ra l  agis, t h e  depth of 

the equivalent rectangular s t r e s s  block was computed using 

Equations 4 . 1  t o  4.3. The resul t ing  concrete compressive 

force was then establ ished.  Using the assumption that the 

s t r a i n  is l i nea r ly  proportional to t he  d is tance  £rom the 

neutral  axis, t h e  s t r a i n  i n  each of t h e  longitudinal 

re inforcing s t e e l  bars  and s t ruc tu r a l  steel elements was 

computed. The steel was assumed t o  be e las t ic -perfec t ly  

p las t i c ,  as discussed i n  t h e  previous sec t ion ,  and residual  

s t r e s se s  i n  the  s t r u c t u r a l  s t e e l  sec t ion  w e r e  ignored. 

Figure 4.2 shows a l inear -e las t ic  stress d i s t r i b u t i o n  fo r  

the  s t r u c t u r a l  s t e e l  section,  however, f o r  d i f  f erent  

posi t ions of the  neu t ra l  axis,  t h e  stress d i s t r i b u t i o n  may 

be e las t i c -p las t i c .  For s t e e l  elements within the 

equivalent rectangular s t r e s s  block, the  displaced area  of 

concrete was considered. The resu l t ing  force i n  each of 

the  s t e e l  elements was then determined. 

To determine t h e  applied axial load f o r  t he  given 

location of the  neu t ra l  mis, the  concrete compressive 

force w a s  added t o  t h e  summation of a l 1  steel element 

forces. The net  value is, therefore,  equal to the applied 

axial load on t he  section. Finally,  a sum of moments of 

forces about the neu t ra l  axis was performed. The distance 

from the applied a x i a l  load t o  t he  p l a s t i c  centroid was 

assumed to be equal t o  the required end eccen t r i c i ty .  I f  



the actual end eccentricity ratio (e/h,,,,,l) is equal to 

the required end eccentricity ratio (e/h,& the sum of 

moments about the neutral axis will equal zero. If the 

summation does not equal zero, the location of the neutral 

axis is not correct and another iteration is required. To 

obtain a solution using the bisection rnethod the following 

conditions apply (Figure 4.4): (a) if the summation is 

less then zero, Xr,,=X, and (b) if the summation is greater 

than zero, Xapper=X. 

Once the 102 points on the cross-section axial load- 

bending moment interaction c u m e  were computed, the 

analysis of the column capacity was performed. 

4.1.4  Calculation of Column Capacitp 

For short columns, the column capacity is equal to the 

cross-section capacity. For slender columns, AC1 318-95 

permits the use of a moment magnifier approach to determine 

the column capacity. This approach uses the axial load 

obtained £ r o m  a first-order elastic analysis and a 

magnif ied moment that includes the second-order ef f ects 

caused by the lateral displacement of the c o l m .  

For columns braced against sway, AC1 318-95 defines a 

l i m i t  between short and slender columns. Slenderness 

effects can be neglected ( L e .  the column is a short 

column) if Equation 4.5 is satisfied: 



where k is the effective length factor; (h is the 

unsupported length of the column; r is the radius of 

gyration; Mx is the smaller end moment and is positive if 

the column is bent i n  s ing le  curvature and negative i f  bent 

i n  double curvature; and Mz is the larger end moment, 

always posit ive.  For pin-ended columns, k is equal to 1 . 0 .  

AC1 318-95 defines the radius of gyration, r, f o r  

rectangular columns as equal t o  0.3 times the overall 

dimension in the direct ion stability is being considered. 

F o r  composite steel-concrete columns, there is a further 

l imitat ion that the radius of gyration shall not be greater 

than the value computed by Equation 4 . 6 :  

where Ec is the rnodulus of e l a s t i c i t y  of concrete; Ig is 

the moment of inertia of the gross concrete cross-section 

about the centroidal axis; Ie i s  the moment of  inertia of 

the structural steel shape about the centroidal axis of the 

composite member; and A t  is the area of the structural 

steel shape. AC1 318-95 provides Equation 4 . 7  t o  calculate 

the modulus of e l a s t i c i t y  of  concrete: 



F o r  S I  conversion replace 57000 by 4733 in Equation 4 . 7 .  

For values of  k&/r  greater  than 100, the moment magnifier 

approach is not permitted by AC1 318-95- However, t h i s  

upper limit on k&/r was no t  used f o r  the comparative study 

presented i n  the later part of t h i s  report.  Equation 4 . 8  

is used by AC1 318-95 t o  calculate t h e  magnified moment: 

where Mc is the moment to be used for design of  the  

compression member; and 6, is the moment magnification 

factor  for columns i n  frames braced against sway and is 

computed using Equation 4 . 9 :  

where Cm is an equivalent moment diagram factor;  P, is the 

design axial load for  the given eccentr i c i ty ;  and P, is the  

critical column load. The coefficient of 0 . 7 5  i n  Equation 

4 . 9  represents a stiffness reduction fac tor  which w a s  set 

equal to unity f o r  t h i s  study. Hence, Equation 4 .  9 is 

modif ied t o  : 



The equivalent moment diagram factor is used to account for 

moment gradients in the column and is calculated using 

Equation 4.11 : 

The critical colunn load used in Equations 4 - 9 and 4.10 is 

computed using Equation 4.12. 

where EI is the flexural r i g i d i t y  of the compression 

member. The AC1 moment magnifier approach is strongly 

influenced by the flexural rigidity, EI, of the column 

which varies due to cracking, creep, and nonlinearity of 

the concrete stress-strain curve, among other factors. AC1 

318-95 provides Equations 4 . 1 3  and 4.14 for calculating the 

flexural rigidity of a reinforced concrete column: 

where I,, is the moment of iner t ia  of the reinforcing steel 

about the centroidal a is;  and fid is the ratio of m a x i m u m  

axial dead load to total axial load. For composite steel- 



concrete coliimns, EI can be taken as either the value 

obtained f r o m  Equation 4 . 1 3  or the value computed by 

Equation 4.15:  

In t h i s  study, short-term loads are used. Hence, the  ra t io  

of maximum a x i a l  dead load t o  t o t a l  axial load, , is 

equal to zero. T h i s  r e s u l t s  i n  the fol lowing s impli f ied 

equations f o r  the  ca lculat ion  of flexural r i g i d i t y  

according to AC1 318-95: 

(i) for both reinforced concrete and composite steel- 
concrete columns: 

(ii) for reinforced concrete columns: 

(iii) for composite steel-concrete columns: 

In an attempt t o  take i n t o  account the cracking and 

nonlinearity of the  concrete stress-strain curve i n  

determining EI ,  Mirza ( 1990 ) proposed the  f ollowing design 

equation for calculat ing the flexural rigidity f o r  

reinforced concrete columns: 



The use of Equation 4-19 is subject to the  following 

limitations : 

f ', c 6000psz 
p, z 1% 

Q l h s 3 0  

e l h  2 0.1 

Similarly, Tikka and Mirza (1992) proposed the following 

design equation for  ca lculat ing  the flexural r i g i d i t y  of 

composite steel-concrete columns: 

The use of Equation 4.20 is subject to the following 

l imitations: 

Both Equations 4.19 and 4.20 were statistically developed 

from a theoretical computer analysis of approximately 9500 

and 12000 columns, respectively. The influence of a full 

range of variables on the flexural r i g i d i t y  of slender tied 

columns was undertaken in developing these equations. 



For t h e  comparative study, t he  AC1 slender col- 

strengths were computed i n  three different ways: 

- using Equations 4.16, 4.17, and 4.19 f o r  re inforced  

concrete columns; and 

- using Equations 4.16, 4.18, and 4.20 for composite 

columns. 

Many column t e s t  specimens did n o t  m e e t  some of the limits 

r e l a t e d  t o  Equation 4.19 and 4.20 noted i n  the previous 

paragraph. I n  such cases, however, these limits were 

ignored when computing t h e  AC1 (and CSA) s t r e n g t h s  us ing  

Equation 4.19 o r  4 -  2 0 .  

4.1.5 Computer ~nalysis of Column Capacity 

If a column is defined as being short, tha t  is i f  

Equation 4.5 is s a t i s f i e d ,  the c ro s s - s ec t i on  and column 

axial load-bending moment i n t e r a c t i o n  curves are equal . 
When Equation 4.5 is no t  s a t i s f i e d ,  s lenderness effects are 

considered us ing  t h e  moment magnif ier  approach. The 

computer program developed f o r  this study uses t h e  

equat ions  given in the previous s e c t i o n  t o  compute t h e  AC1 

3 18-95 column axial load-bending moment i n t e r a c t i o n  curve . 
The analysis procedure used and presented i n  this s e c t i o n  

is summarized i n  the flow chart in Figure  4.7. 

The column axial load-bending moment i n t e r a c t i o n  curve 

is developed f r o m  the cross-sect ion axial load-bending 

moment in t e rac t ion  curve. The computer program stores the 



Figure 4 .7  - AC1 column interaction curve 
f l o w c h a r t  . 
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values of the  axial load and corresponding bending moment 

f o r  each of t h e  102 po in t s  used t o  def ine  t h e  cross-section 

in te rac t ion  cume. The only dif ference  between the cross- 

sec t ion  and column in t e r ac t i on  curve f o r  a given axial load 

l eve l  is  t h e  moment capacity (Figure 4 . 3 ) -  The 

re la t ionship  between the moment capaci ty of t h e  cross- 

sec t ion  and column is represented by Equation 4.8 w h e r e  Mc 

is t h e  cross-section moment capacity and M2 is t h e  column 

moment capacity. Since the  cross-section moment capaci ty,  

Mc, has been previously calculated and stored, the column 

moment capacity can be obtained by s h p l y  dividing M, by 

t h e  moment magnification fac tor ,  6,. The corresponding 

a x i a l  load and column moment capaci ty represent one point  

on t he  c o l u n  i n t e r ac t i on  curve. 

T h e  c r i t i c a l  column load, P,, is f i r s t  ca lcu la ted  

using Equation 4.12 (for e/h=O) and compared t o  the pure 

a x i a l  load capacity of t h e  column cross-section. The pure 

a x i a l  load capaci ty of t he  column cross-section is 

calculated using Pnlmru6 / O .  8 f o r  reinforced concrete columns 

and P, / O .  85 f o r  composite steel-concrete columns, where 

P is taken from Equation 4.4 and t he  r e l a t e d  

descript ion.  The lower of t he  two values ( c r i t i c a l  column 

load and pure axial load capacity of the column cross- 

sec t ion)  was used t o  e s t ab l i sh  the column pure axial load 

capacity. Any po in t s  on the  cross-section interaction 



curve that are greater than .the column pure axial load 

capacity are not considered in developing the column 

interaction cume. For points with axial loads less than 

the column pure axial load capacity, each cross-section 

moment capacity (Mc) is divided by the moment magnification 

factor (6,) to obtain the column moment capacity. 

The procedure as outlined'in the previous paragraph is 

applicable to AC1 318-95 using Equations 4.16, 4.17 and 

4.18. For AC1 318-95 using Equations 4.19 and 4.20, a more 

complex analysis approach is required, as indicated in 

Figure 4.7. The reason for t h i s  is that  these flexural 

rigidity (EI) equations are dependent on the end 

eccentricity ratio ( e / h )  of the column. The variable 

flexural rigidity affects the column critical load (P,) 

which in turn affects the moment magnification factor 

( 6 )  Therefore, an iterative approach similar to that  

used for developing the cross-section interaction curve was 

used. The bisection method was used to iterate to a 

temporary end eccentricity ratio (e /htemp) of the column 

such that Equation 4.8 is satisfied. By establishing a 

temporary end eccentricity ratio (e /htemp)  , the f lexural 

rigidity could be calculated and the resulting critical 

column load and moment magnification factor can be 

determined. The column moment capacity is calculated by 

dividing the cross-section moment by the moment 

magnification factor. The actual end eccentricity ratio 



(e/h,,-&) is computed by dividing the column moment 

capacity by the axial load capacity and the depth of the 

column (h). If the  temporary end eccentricity ratio 

(e /h temp)  is equal to the actual end eccentricity ratio 

( e h ) ,  the correct solution has been obtained, 

othewise, f urther iterations are required. The 

convergence tolerance was limited to 25 iterations for 

numerical stability. 

Once the column axial load-bending moment interaction 

cuve was computed, the design axial load ( P d e s )  of the 

column could be determined. The end eccentricity ratio of 

the test column ( e /h teS t )  was successively compared to t h e  

end eccentricity ratio of two adjacent points on the column 

interaction curve (Figure 4.8 ) , Once the test column end 

eccentricity ratio (e/hteSt  ) fell between two adjacent 

points, linear interpolation was used to calculate the 

design axial load (Pe,) of the  test column. 

4.2 AISC-LRFD PROVISIONS 

The design equations given in the AISC-LRFD 

Specifications (1994) for the  design of composite steel- 

concrete columns are discussed in this section. As the 

refined equation for the radius of gyration of composite 

steel-concrete columns was developed for AISC-LRFD 

Specifications, this equation is also discussed here. The 

AISC-LRFD Specifications have no provisions for the design 
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of reinf orced concrete columns. The AISC-LRFD approach 

involves converting the composite cross-section i n t o  an 

equivalent steel cross-section. Once converted, the column 

is designed using the AISC-LRFD design equations for steel 

coltrmns. 

4.2.1 Limitations of the AISC-r.RPD Provisions 

For the design of composite steel-concrete columns, 

the AISC-LFWD Specifications ( 1 9 9 4 )  have several 

limitations that must be checked, To qualify as a 

composite column, the following limitations must be 

satisf ied: 

- The cross-sectional area of the structural steel shape 

must be at least four percent of the total composite 

cross-section 

- The spacing of ties must not exceed two-thirds the 

least dimension of the composite cross-section. 

- The cross-sectional area of the tie reinforcement 

shall be at least 0.007 square inch per inch of tie 

spacing . 
- The encasernent must provide at least 1.5 inches of 

clear cover outside of both the tie and longitudinal 

reinforcement. 

- Concrete must have a specified compressive strength, 
f',, of not less than 3000 psi nor more than 8000 psi 

for normal weight concrete, 



- The specif ied minimum y i e l d  stress of structural  steel 

and reinforcing bars used i n  calculating the strength 

of the composite column s h a l l  not exceed 55,000 p s i .  

For many column test specimens used for the 

comparative study, the  limits noted above were not 

s a t i s f i e d .  F o r  such cases, however, these 1imi.t~ w e r e  

ignored when computing t h e  AISC-LRFD strengths. 

4 . 2 . 2  Calculation of the Cross-Section Capacity 

The AISC-LRFD Speci f icat ions  limit the  strength 

interact ion of structural  steel sect ions  subjected to axial 

load and bending moment according to Equations 4 .21 and 

4.22: 

l u  For - 202 
p. 

where Pu is the required compressive strength; P, is the 

nominal compressive strength without bending moment; Mn is 

the required flexural strength; Mn is the nominal flexural 

strength without axial load; and the subscripts x and y 

refer to strong and weak asfis bending, respectively. In 



this study, bending moments about the strong and weak axes 

are considered separately which leads to the following 

s impli f ied equations: 

For -202 
p. 

For - < OZ 
p n  

Equations 4.23 and 4.24 apply to steel sec t ions  and 

modified composite steel-concrete cross-sections.  The 

modifications f o r  composite steel-concrete cross-sect ions  

w i l l  be discussed later. Essential ly,  Equation 4.23 and 

4.24 can be used to describe the axial load-bending moment 

interaction curve for a column of any length. ~ q u a t i o n  

4.25 is used to determine the  nominal compressive strength, 

P,, of the column of any length, including the cross-  

sect ion:  

where A, i s  the gross area of  the steel shape; and Fe= is 

the c r i t i c a l  buckling stress which is  determined by using 

Equations 4 .26  or 4.27: 



F o r  A,>1-5 

where 

where F, is the specified y i e l d  stress of the  steel 

section; A, is the column slenderness parameter; E is the 

modulus of elasticity of the steel section; K is the 

effective length factor; ( is the laterally unbraced length 

of the column; and r is the governing radius of gyration 

about the A s  of buckling. In this study the effective 

length factor, K, is equal to 1.0. 

The above equations apply to steel columns and must be 

modified to incorporate the design of composite steel- 

concrete columns. The first modification involves 

determining a modif ied radius of gyration, r,, that  

replaces r in Equation 4.28. The modified radius of 

gyration is equal to the radius of gyration of the steel 

shape except that it shall not be less than 0.3 times the 

overall depth of the composite cross-section in the plane 

of buckling. 



The second modification 

modified yield stress, F,, that 

Fy, in Equations 4.26, 4.27 and 

involves determinhg a 

replaces the yield stress, 

4.28. The modified yield 

stress is computed using Equation 4.29: 

where Fy, is the specified minimum yield stress of the 

longitudinal reinforcing bars; A, is the area of the 

longitudinal reinforcing bars; A, is the area of the steel 

section; A, is the area of concrete; and cl and c2 are 

numerical coefficients equal to 0.7 and 0.6, respectively. 

The third modification involves determining a modified 

modulus of elasticity, E,, that replaces the modulus of 

elasticity, E, in Equation 4.28. The modified modulus of 

elasticity is computed using Equation 4.30: 

where Ec is the modulus of elasticity of concrete; and cs 

is a numerical coefficient equal to 0 -2. The modulus of 

elasticity of concrete is calculated using Equation 4.31: 



where Ec and f ', are i n  ks i ;  w is t h e  unit 

concrete and f o r  t h i s  study was assumed t o  be 
- 

weight of 

45 l b s / f t 3 .  

For S I  conversion use w equal to 2350 kg/m5 and d iv ide  

Equation 4.31 by 25. 

The nominal f l e x u r a l  s t rength  of t h e  column is 

determined £rom a plastic stress d i s t r i b u t i o n  on t h e  

composite cross-section.  The AISC-LRFD S p e c i f i c a t i o n s  

provide Equation 4.32 as an approximate s i m p l i f i e d  method 

f o r  determining t h e  nominal f l e x u r a l  strength: 

where Z is the plastic s e c t i o n  modulus of t h e  steel 

section;  hl is the  depth of t h e  composite cross-sect ion 

perpendicular to t h e  plane of bending; h2 is t h e  width of 

t h e  composite cross-sect ion p a r a l l e l  to t h e  plane of 

bending; c, is the average distance £rom t h e  compression 

face t o  longi tud ina l  reinforcement near that face and t h e  

dis tance from the tension face  to the l o n g i t u d i n a l  

reinforcement near t h a t  face; and A, is t he  web area of t h e  

encased steel shape. 

When determining the cross-section capac i ty ,  t h e  

column length, Pr is set equal t o  zero i n  Equation 4.28. 

Equations 4.23 and 4.24 can then  be used to determine t h e  



ax ia l  load-bending moment interaction curve f o r  t h e  

composite cross-section,  

4.2.3 Calculation of Column Capacity 

A s  previously stated, Equations 4.23 and 4 .24  are used 

for computing both  the cross-section and column a x i a l  load- 

bending moment i n t e r a c t i o n  curves. The nominal compressive 

strength,  P,, a d  the required flexural s t rength ,  Ma, must 

be modified t o  account for length effects. 

In determining the  nominal compressive s t r eng th  of the 

column for t h e  case of pure axial load, the ac tua l  column 

length is s u b s t i t u t e d  i n t o  Equation 4 .28 .  In  d e t e r m i n h g  

t h e  required f l e x u r a l  s t r eng th ,  the moments must be 

modified t o  account f o r  second-order e f f e c t s  using a moment 

magnifier approach . The AISC-LRFI) Specif i c a t i o n s  provide 

Equation 4.33 f o r  computing t h e  magnified moments: 

where B I  is a moment magnificat ion factor f o r  non-sway 

moments; Mnt is t h e  required f l e x u r a l  strength i n  t h e  

member assuming t h e r e  is no lateral t r a n s l a t i o n  of the 

frame; Bz is a moment magnificat ion f a c t o r  f o r  sway moments 

only; and Mit is the required f l e x u r a l  s t r eng th  i n  the 

member as a r e s u l t  o f  lateral t r a n s l a t i o n  of t h e  frame 

only. In  this s tudy ,  the columns are considered to be 



braced against sway. Therefore, Equation 4 .33  can be  

s impl i f  i e d  io : 

The moment magnification factor, B I ,  is computed using 

Equation 4 . 3  5 : 

Lm B I  = - 2 1.0 
pu 1-- 
P., 

where C, is a factor that accounts for moment gradients i n  

the column and is calculated using Equation 4 . 3 6 :  

where M 1 / M 2  is the r a t i o  of smaller to larger end moments 

and is positive when the  column is bent i n  reverse 

curvature and negative when bent i n  s i n g l e  curvature. The 

elastic buckling load, Pez ,  is determined from Equation 

4.37: 

The column slenderness parameter, A,, i n  Equation 4.37 is 

calculated from Equation 4.28 where the  effective length 



fac tor ,  K r  and the  radius  of gyration, r,, are  t o  be taken 

i n  t h e  plane of bending being considered; 

Once t h e  nominal compressive strength and the  required 

flerniral strength have been modified for length e f f e c t s  and 

second-order e f f ec t s ,  respect ively,  Equations 4.23 and 4.24 

are used t o  determine whether t h e  composite column is able  

t o  resist t h e  applied loading. 

4.2.4 Proposed Modification to AISC-LRFD Provisions 

Tikka and Mirza ( 1 9 9 2 )  examined the AISC-LRFD 

Specifications using a f u l l  range of variables  t h a t  a f f e c t  

composite steel-concrete column strength.  They concluded 

t h a t  t h e  AISC-LRFD method produces a safe  design f o r  

columns subjected t o  major axis bending but  is, i n  some 

cases, unconsei-vative when designing columns subjected t o  

minor axis bending. The unconservative design w a s  found to 

occur i n  columns with l o w  reinforcing s t e e l  r a t ios ,  p,,. 

I n  t h i s  study, t h e  AISC-LRFD Specif icat ions were again 

examined i n  an attempt t o  determine t h e  cause of the 

unconservative design for composite columns subjected t o  

minor axis bending. Af ter  a more comprehensive parametric 

study using t h e  same var iables  as those used by Tikka and 

Mirza ( 1 9 9 2 ) ,  it w a s  fur ther  found that t h e  AISC-LRFD 

Specifications tend to produce unconservative designs for 

composite steel-concrete columns subjected t o  minor agis 

bending when the  following var iables  increase: 



- structural steel index, p,, 

- end eccentricity ratio, e/h 

- slenderness ratio, (r/h 

- the y i e l d  stress of the steel section, Fy 

and when the following variables  decrease: 

- reinforcing steel index, p,, 

- concrete s trength,  f ', 

Through an extensive evaluation of the AISC-LRFD 

Specif icat ions ,  it was found that the computed value of the 

radius of gyration s ign i f i cant ly  affected the design 

strength o f  a composite column. It was also interesting t o  

note that the AISC-LRFD method has no upper limit on the  

usable radius of gyration as does AC1 318-95 (Equation 

4 . 6 ) .  Several equations f o r  the radius of gyration of 

composite columns were examined and the  following equation 

is proposed: 

where I, is the moment of i n e r t i a  of the gross composite 

cross-section; I s the  moment of inert ia  of the steel 

section; 1, is the moment of i n e r t i a  o f  the longitudinal 

reinforcing bars; and Ag is the gross area of the composite 



sec t ion .  The use of Equation 4.38 is subject t o  the 

following l imi t a t ions :  

Many column test specimens did not meet some of these  

limits related t o  Equation 4.38. However, t h e s e  limits 

were ignored when computing t he  AISC-LRFD s t r e n g t h s  using 

Equation 4.38, 

Equation 4.38 was developed based on a t h e o r e t i c a l  

study of 11880 columns bending about t h e  major a x i s  and 

11880 columns bending about the minor axis. These are the 

same columns s tud ied  by Tikka and Mirza ( 1992)  . Equation 

4.38 was chosen because it is  similar t o  Equation 4.6 used 

by AC1 318-95 (1995). Equation 4.38 has l i t t l e  effect on 

t h e  p red ic t ion  of column s t r eng th  when the column is 

subject t o  bending about t h e  major axis of t h e  steel 

sec t ion  but improves the predic t ion  of column strength when 

the  bending is applied about t h e  minor axis of the  steel 

sec t ion .  T h i s  is cons is ten t  w i t h  the conclusions of Tikka 

and Mirza ( 1992 ) , where t h e  AISC-LRFD Specif i c a t i o n s  w e r e  

found to be unconservative for minor axis bending and 

conservative f o r  major agis bending. The use of  Equation 

4.38 does not require any changes t o  the design approach of 

AISC-LRFD Specif icat ions,  except that t h e  existing 



definition of the radius of gyration is proposed to be 

modified to include an upper limit t o  be used for composite 

steel-concrete column design. 

Equation 4.38 allows the inclusion of the longitudinal 

reinforcing steel b a r s  in determining the moment of inertia 

of the steel i n  the composite cross-section as opposed to 

AC1 318-95 which does not permit this- The 0.8 coefficient 

related to the steel contribution indicates "softening" of 

reinforcing and structural steel and is the result of the 

elastic-plastic nature of the stresses developed in the 

reinforcing and structural steel a.t ultimate load. This 

softening effect was also observed by T i k k a  and Mirza 

(1992). 

For t h e  comparative study, the AISC-LRFD col- 

strengths were computed in two different ways: 

- using the radius of gyration as specified in the 
AISC-LRFD Specifications; and 

- using the upper limit of Equation 4-38 on the radius 

of gyration . 

4 .2 .5  C o m p u t e r  Analysis of Column Capacity 

The cornputer program developed for this study uses the 

equations and assumptions given in the previous sections to 

compute the design axial load (Pd,,) of each composite test 

column. The analysis procedure used is presented in this 

section. 



Instead of generating the cross-section and CO 

axial load-bending moment interaction cuves and 

interpolating for the given test column end eccentricity 

ratio (e/ht,,,), as was done for AC1 318-95, a closed fonn 

solution was used. Substituting Equations 4.34 and 4.35 

into Equations.4.23 and 4.24 yields: 

For -202 
p. 

pu F o r  - <O2 
p n  

In the present form, Equations 4.39 and 4.40 can not be 

solved directly since each equation has two unknowns, Mn, 

and Pu ( equal to Pd,,) . However, the test column end 

eccentricity ratio ( e / h t e S t )  is known and the value of Ma 

is equal to Pu times etest which leaves only one unknown 

variable (P,) in Equations 4.41 and 4.42: 



pu For -20.2 
p. 

pu For - < 0 2  
p. 

Both sides of Equations 4 . 4 1  and 4.42 w e r e  then multiplied 

by ( I-P, /PeI  ) to give : 

Multiplying through Equation 4.43 by -(PnPer) and Equation 

4.44 by - ( 2 P # , I ) ,  rearranging and gathering terms of Pu 

results in the f ollowing expressions: 



p. 
For - 2 0 2  

p. 

in which etest is calculated from the t e s t  column end 

eccentricity r a t i o  ( e /h tes t )  and P,, P,1, Cm and Mn are 

values that can be readily calculated using the equations 

presented e a r l i e r .  Equations 4.45 and 4.46 are i n  t h e  f o m  

of a general quadratic equation: kn? + bx + c = O ,  whare x 

= Pu and a, b and c are the constants indicated i n  

Equations 4 .45  and 4 .46 .  The so lu t ion  for a general 

quadratic equation w a s  used to d e t e d n e d  P,: 

Equation 4 .47  g ives  two so lut ions  due to the p l u s  and minus 

signs. It was determined that the minus s ign  gives the 

correct solution since the positive so lut ion  f o r  P, is 

greater than the pure a x i a l  load capacity of the cross- 

section. Note tha t  P, is equal t o  the design axial load 

(pdes )  



4 .3  EUROCODE 2 PROVXSIOIVS 

The design equations given i n  Eurocode 2 (Design 1992) 

f o r  t h e  design of reinforced concrete columns a r e  discussed 

i n  t h i s  sect ion.  Eurocode 2 has no provis ions f o r  t h e  

design of composite steel-concrete columns. Presently,  

there  is a move t o  unify t h e  design codes of most European 

count r ies  t o  a un i f i ed  standard. Eurocode 2 is a European 

Prestandard and w a s  approved as a prospective standard f o r  

provisional appl ica t ion  i n  1 9 9 1 .  

4.3.1 Limitations of Eurocode 2 

For the design of reinforced concrete columns, 

Eurocode 2 has es tabl i shed  several l imi ta t ions .  These are 

siimmarized below: 

- The nominal concrete strength s h a l l  no t  be less than 

1750 p s i  no r  grea ter  than 7300 p s i  unless  its use i s  

appropriately jus t i f  ied. 

- The minimum amount of longi tudinal  reinforcement s h a l l  

be 0.15 times the design a x i a l  load divided by t h e  

yield s t r eng th  of t he  longitudinal bars (O.  1 5 N s d / f y d )  

but  s h a l l  no t  be less than 0.003 times t h e  gross area 

of concrete cross-section. 

- The maximum amount of longi tudinal  reinforcement s h a l l  

be limited t o  0.08 times t h e  q o s s  area of t h e  

concrete cross-section. 



- For short columns (4 ' /h<7 .5 ) ,  the minimum design end 

eccentricity ratio ( e / h )  shall be 0.05- 

- For columns subject to slenderness effects (@/h>7.5), 

the minimum design end eccentricity ratio (e/h) shall 

be 0.1. 

- The maximum slenderness ratio (B/h) shall be 42. 

- The larger dimension of the coliimns shall not exceed 
four times the smaller dimension, 

- The minimum transverse dimension of a coliimn cross- 

section is 8 inches (200 mm). 

- The minimum longitudinal bar diameter is 1/2 inch ( 12 

mm) - 
- A minimum of one longitudinal bar must be placed in 

each corner of a column having a polygonal cross- 

section, 

- The minimum size of the ties shall be 1/4 inch (6 mm) 
but not less than one-quarter the diameter of the 

longitudinal bars. The maximum spacing of ties shall 

be the smallest of: (a) 12 times the diameter of the 

longitudinal bars, (b) the least dimension of the 

column, or (c) 12 in, (3OOmm). 

Many column test specimens did not meet some of the limits 

noted above. In such cases, however, these 1imi.t~ were 

ignored for cornputing the Eurocode 2 strengths, 



4.3.2 Calculation of the Cross-Section Capacity 

The determinat ion of t h e  cross-sect ion capac i ty  is 

based on the fol lowing assumptions: 

(a) s t r a i n s  between concrete and l ong i tud ina l  r e i n f o r c i n g  

steel a r e  compatible and no s l i p  occurs; 

( b )  s t r a i n  is  l i n e a r l y  propor t ional  t o  the d i s tance  £rom 

t h e  n e u t r a l  d s ,  

T h e  maximum useable s t r a i n  at the extreme concre te  

compression f i b e r  is equal to 0.0035. An equiva len t  

rectangular  stress b l o c k  with a stress ord ina t e  of 0.85fcd 

i s  used for ca lcu la t ion .  The des ign  concrete  s t r e n g t h ,  

f is equal t o  t h e  spec i f ied  nominal compressive s t r e n g t h  

(measured cy l inde r  s t r eng th  f o r  t h i s  s tudy)  of concrete .  

The equivalent  stress block is assumed t o  be uniformly 

d i s t r i b u t e d  over a zone bounded by t h e  edges of t he  cross-  

sect ion and a s t r a i g h t  l i n e  loca ted  p a r a l l e l  t o  t h e  n e u t r a l  

axis a t  a depth of 0.8 times t h e  distance £rom t h e  extreme 

compression f i b e r  t o  t h e  neu t r a l  ax i s .  The equiva len t  

rectangular  stress block is i l l u s t r a t e d  i n  Figure 4.9.  

Note t h a t  t h e  t e n s i l e  s t rength  of concre te  is ignored. 

T h e  l ong i tud ina l  re inforc ing  steel is assumed t o  be 

elastic-perf e c t l y  @astic. Theref ore, at s t r a i n s  l e s s  than 

t he  design y i e l d  s t r a i n ,  the  stress i n  t h e  s t e e l  c m  be 

computed as the modulus of e l a s t i c i t y  O £  steel, E,, times 

the s t r k i n .  For s t r a i n s  greater than the design y i e l d  

strain,  the  stress i n  the s t e e l  is the design yield stress, 
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Figure 4 .9  - Equivaient stress block specified by 
Eurocode 2 .  



fyd r of t h e  steel. In this s tudy ,  the design yield stress 

of the re inforcing s t e e l  is equal t o  t h e  measured y i e l d  

stress. The s t r a i n  hardening is neglected. Note t h a t  t h e  

displaced area of concrete  i n  t h e  compression zone is 

considered. 

The st rength of the  cross-section can be represented 

by an a x i a l  load-bending moment i n t e r ac t i on  curve similar 

t o  t he  one shown i n  Figure 4.3. Due to the large number of 

ca lcula t ions  required i n  developing the a x i a l  load-bending 

moment in te rac t ion  curve, a computer program w a s  writ ten.  

Detai ls  of t h e  computer program analysis procedure w i l l  be 

presented i n  the following sect ion .  

There is no e x p l i c i t  upper l i m i t  on the maximum design 

axial load permitted on a cross-section compared to that 

provided by AC1 318-95 using Equation 4.4.  However, there 

a re  provisions i n  Eurocode 2 t h a t  take t h i s  i n t o  

consideration and w i l l  be discussed later. 

4.3.3 Cornputer Analysis of Cross-Section Capacitp 

The computer program developed f o r  this study uses the 

equations and assumptions out l ined  i n  the previous sec t ion  

t o  compte the cross-section axial load-bending moment 

in te rac t ion  curve. The  analysis procedure used and 

presented i n  t h i s  sec t ion  is summarized i n  the flow chart 

i n  Figure 4.10. 
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Figure 4.10 - Eurocode 2 cross-section in teract ion  

curve f lowchart . 



The cross-section c o n s i s t s  of two materials (concrete 

and longi tudinal  r e in f  o rc ing  steel ) , each possessing a 

unique stress-strain re la t ionsh ip .  Since Eurocode 2 uses 

an equivalent rec tangular  stress block, the concrete  is not 

d i sc re t ized ,  No d i s t i n c t i o n  is made between the concrete 

outside t h e  t ransverse  reinforcement (unconfined concrete)  

and the concrete i n s i d e  t h e  t r ansve r se  reinforcement 

(confined concre te ) .  Each longi tud ina l  r e i n f o r c i n g  bar  was 

represented by one element with a s p e c i f i e d  area and 

distance £rom t h e  p l a s t i c  neu t r a l  axis (measured 

perpendicular t o  the a x i s  of bending). 

The cross-section axial load-bending moment 

in t e rac t ion  curve represen ts  po in t s  of a x i a l  load and 

corresponding bending moment that ensure s t r a i n  

compat ibi l i ty  and a l s o  s a t i s f y  condi t ions  of equilibrium. 

For this study, t h e  cross-section i n t e r a c t i o n  cuve was 

represented by 102 po in ts .  To ensure t h e  p o i n t s  on t h e  

in t e rac t ion  curve w e r e  equally d i s t r i b u t e d  along its 

length,  t h e  c r i t e r i o n  used i n  determining t h e  p o i n t s  was 

based on t h e  end e c c e n t r i c i t y  r a t i o  (e/h). The f i r s t  point  

was determined f o r  e/h=O (pure axial l o a d )  and t h e  last  

point  was detemined  f o r  e / h = a  (pure  bending). The 

remaining 100 po in t s  were d i s t r i b u t e d  along the cross- 

sec t ion  i n t e r a c t i o n  curve. 

For the  ana lys i s  procedure, a lower l i m i t  ( X )  and 

upper limit (XUpp,) on t h e  distance of t h e  n e u t r a l  axis 



from the p l a s t i c  centroid ( X )  w a s  established (Figure 4 , 6 ) .  

Using a maximum concrete s t r a i n  of 0.0035 and a given 

location of the  neutral  axis, the s t r a in s  and s t r e s s e s  i n  

the concrete and longitudinal reinforcing s t e e l  can be 

computed (Figure 4.9)  . The location of t he  neu t ra l  axis 

was varied. and the  b isec t ion  method was used to converge t o  

a solut ion  ( f o r  X) for each of the  required end 

eccentr ic i ty  r a t i o s  (e /hreq) .  The convergence tolerance 

was limited t o  100 i t e r a t i o n s  f o r  numerical s t a b i l i t y .  

For a given locat ion of the  neutral  a i s ,  t h e  depth of 

the equivalent rectangular s t r e s s  block was determined and 

the resulting concrete compressive fo rce  was then 

established. Using the  assumption tha t  the s t r a i n  is 

l inear ly  proportional to the distance from t h e  neutral 

axis, t he  s t r a i n  i n  each of t he  longitudinal reinforcing 

s t ee l  bars w a s  computed. The s t e e l  was assumed t o  be 

e las t ic-perfec t ly  plastic, a s  discussed i n  t h e  previous 

section. For reinforcing bars  within t h e  equivalent 

rectangular s t r e s s  block, the  displaced area of concrete 

was considered. The r e su l t i ng  forces i n  each of t h e  steel 

reinforcing bars  was then determined. 

To determine the applied axial load for t h e  given 

location of the  neutral  axis ,  t he  concrete compressive 

force w a s  added t o  t h e  siimmation of fo rces  on al1 

reinforcing steel bars, The net  value is, therefore, equal 

to t h e  applied axial load on the  section. Finally, a sum 

of moments of forces about the neutral axis w a s  performed. 
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The distance from the  applied axial load t o  t h e  p l a s t i c  

centroid was assumed t o  be equal t o  the  required end 

eccentricity.  If the actual  end eccentricity r a t i o  

(e/haCtuaJ) is equal t o  -the required end eccentr ic i ty  r a t i o  

(e/h,*), the  sum of moments about the neutral  axis w i l l  

equal zero. I f  t he  summation does not equal zero, the  

location of t h e  neutra l  axis is not correct  and another 

i t e r a t ion  is requirëd. To obtain a solut ion using the  

bisection method t h e  f ollowing conditions apply (Figure 

4.10) : (a)  i f  t h e  summation is less then zero, XIOw=X, and 

( b )  i f  the summation is grea te r  than zero, XUPPer=X. 

Once the 102 points  on the cross-section axial load- 

bending moment in te rac t ion  curve w e r e  computed, the  

analysis of t h e  column capacity was performed. 

4.3.4 Calculation of the Column Capacity 

In detennining the design column capacity, Eurocode 2 

modifies t h e  f irst-order eccentr ic i t ies  t o  account for 

initial imperfections and second-order e f fec t s ,  i f  

necessary. 

Initial imperfections account f o r  the  dimensional 

inaccuracies and uncertainties i n  the  position of t he  l i n e  

of action of the axial loads. These effects are accounted 

for by increasing the first-order eccen t r ic i t i es  by an 

additional eccen t r ic i ty  , e,, acting i n  t he  most unf avorable 



direction. The additional eccentricity is computed using 

Equation 4.48: 

where 

where 8, is the effective length of the colurmi, io. ; and v 

is the assumed inclination of the column to account for 

initial imperfections. For SI conversion replace 0.0254 by 

1.0 meter in Equation 4.49.  

Slenderness effects must be considered if the 

slenderness ratio, 1, is greater than or equal to the 

critical slenderness ratio, Ad*, of the column computed 

using Equations 4.50 and 4.51,  respectively: 

where i is the radius of gyration of the uncracked 

in the plane of bending; e,r is the gmaller first-order end 

eccentricity, positive if the column is bent in single 

curvature, negative if the column is bent in double 
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curvature; and eoz is the lîrger first-order end 

eccentricity, always positive. 

If the slenderness r a t i o  is less  than the c r i t i c a l  

slenderness r a t io ,  second-order effects can be neglected. 

However , the minimum design end eccentricity including 

imperfections is taken greater than or  equal t o  h/20 where 

h is the depth of the cross-section i n  the plane of 

bending. This limit corresponds t o  an end eccentricity 

ra t io  (e/h) of 0.05, which places an upper limit on the 

design axial load similar t o  the one provided by AC1 318-95 

using Equation 4.4. Equation 4.4 was based on a minimum 

end eccentricity ra t io  of approxhately 0.10 which is 

sl ightly more conservative than the limit used i n  Eurocode 

2. T h i s  limit of minimum eccentricity was not used for 

computing the strength of columns for  which since 

the study dealt with the physical t es ts  on columns. 

Eurocode 2 provides a simplified design method f o r  

determinhg second-order e f fec t s  i n  colum~s. A moment 

magnifier approach is not used in Eurocode 2. A column 

must be designed t o  account for the total eccentricity 

attributed to it which can be calculated using Equation 

4.52: 
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where e u t  is the total design eccentricity; e, is the 

first-order eccentricity; e, is the additional eccentricity 

t a  account for imperfections; and es is the second-order 

eccentricity. 

Equation 4.52 is applicable to columns with equal and 

opposite first-order end eccentricities. To account for 

moment gradients in the column, e, in Equation 4.52 is 

replaced by an equivalent eccentricity, e,, as calculated 

using Equation 4.5 3 : 

w h e r e  e,l is the smaller first-order end eccentricity, 

positive if the column is bent in single curvature, 

negative if the column is bent in double cwature;  and e02 

is the larger first-order end eccentricity, a l w a y s  

positive. 

For this study the second-order eccentricity, e2, was 

calculated by using the "mode1 column" approach. T h i s  

approach is  applicable to columns w i t h  a slenderness ratio, 

A, less than 140, with rectangular or circular cross- 

sections, and with the minimum f irst-order end eccentricity 

greater than 0.1 t h e s  the depth of the cross-section in 

the plane of bending. This minium eccentricity 

requirement was not used for the comparative study in order 
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to study the applicability of Eurocode 2 for columns w i t h  

smaller end eccentricity ratios (e/h<O.l). 

.The model coltmm is an isolated cantilever coliimn 

which is fixed at the base and free at the top and is 

illustrated in.Figure 4.11. The model column is assumed to 

be bent i n  single curvature under loads and moments which 

give the maximum moment at  the base, T h e  maximum 

def leceion, which equals the second-order eccentricity , e2, 

of such a column is calculated using Equation 4.54: 

where  

for 151&35 
a 

f o r  b 3 5  
k, = LO 

and l/r is the curvature of the critical  section at the 

base. The curvature is derived from the equilibrium of 

interna1 and external forces . In cases where great 

accuracy is not required, the curvature i n  Equation 4.54 is 

computed using Equation 4.57: 





where k2 is a coefficient that takes into account the 

decrease in curaature with increasing axial force; EH is 

the design yield strain of the steel reinforcement; and d 

is t h e  e f f e c t i v e  depth of the cross-section in the expected 

direction of stability failure. The c o e f f i c i e n t  k2 can be 

calculated using Equation 4.58: 

where N d  is the ultimate capacity of the cross-section 

subjected to pure axial load only; Nsd is the design axial 

load and N- is the axial load whîch maximîzes the 

ultimate moment capacity of the cross-section. It will 

always be consemative  to assume a value of k2 equal to 

1.0. Equations 4.59 and 4.60 are provided to calculate N d  

and N-, respectively: 

where A c i s  the net area of the concrete cross-section; and 

As is the area of the longitudinal reinforcing bars. 

Once the total design eccentricity, e-t, is found, it 

is multiplied by the design axial load to obtain the column 
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design moment which takes into account initial 

imperfections, moment gradients  and second-order effects .  

The  column design moment is compared with the axial load- 

bending moment in te rac t ion  c m e  at the corresponding 

design axial load level. If  the column design moment lies 

within the cross-section axial load-bending moment 

in te rac t ion  curve, the column. is acceptable f o r  the design 

loads . 

4.3.5 Camputes Analysis of Coluam Capacity 

If a col- is defined as being short, that is if 

(Equation 4.50) is l e s s  than o r  equal t o  Ad* (Equation 

4 - 5 1 ) ,  t h e  cross-section and column axial load-bending 

moment in terac t ion  curves are equal . Otherwise, 

slenderness ef f e c t s  a re  considered and the f i r s t -order  end 

e c c e n t r i c i t i e s  are modified. The computer program 

developed f o r  this study uses the equations given i n  the  

previous sec t ion  t o  compte  the Eurocode 2 column axial 

load-bending moment i n t e r ac t ion  c m e .  The analysis 

procedure used and presented in this section is summarized 

i n  the fiow chart in Figure 4.12. 

The column axia l  load-bending moment in te rac t ion  cume 

is developed f rom the cross-section axial load-bending 

moment interaction curve. The  computer program stores the 



Figure 4 . 1 2  - Eurocode 2 column interaction 
f lowchart , 



value of t he  axial load and corresponding bending moment 

fo r  each of the lO2po int s  used t o  define the cross-section 

interact ion cume . The only dif f erence between the  cross- 

section and column in te rac t ion  c w e  f o r  a given axial load 

level  is the moment capacity (Figure 4.3) .  The 

relationship between the moment capacity of the  cross- 

section and that of t h e  column is. represented by Equation 

4.52 where etOt times the axial load is the cross-section 

moment capacity and e, times the  axial load is t he  column 

moment capacity. Since the cross-section moment capacity 

has been previously calculated and stored,  the column 

moment capacity can be obtained by simply rearranging 

Equation 4.52 to: 

For columns w i t h  moment gradients, the  r i g h t  hand side of 

Equation 4.61 is divided by the  value obtained from 

Equation 4.62 : 

The value of e, is calculated using Equation 4.48 and e2 is 

calculated using Equation 4.54. For each point on the  

cross-section curve, the additional eccen t r ic i ty  , e,, and 

second-order eccentr ic i ty  , e2, are subtracted f r o m  the 

cross-section eccentr ici ty,  etOt, to obtain the  column 
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eccentricity. Bny points  on the cmss-section curve that 

have a column eccentr ic i ty  of less than zero are not 

considered i n  developing the column. interact ion cume. For 

points  w i t h  column eccentricities greater than or equal to 

zero, the value i s  multiplied by the axial load to obtain 

the column moment capacity. 

Once the column ax ia l  load-bending moment interaction 

cume was computed, the design axial load ( P a )  of the 

column could be d e t e d n e d .  The end eccentricity ratio of 

the test column (e /hteSt)  was successively compared to the 

end eccentricity r a t io  of two adjacent points on the  column 

interact ion c u v e  (Figure 4.8 ) . Once the t e s t  column end 

eccentricity ratio (e /hteSt)  f el1 between two adjacent 

points,  l inear  interpolat ion was used to calculate the 

design &al load ( P )  of the test  column. 

N o  equation is provided i n  Eurocode 2 t o  determine the 

pure axial load capacity of a column. For Eurocode 2 ,  the 

column pure axial load capacity in  this study is defined as 

the condition where t he  column eccentr ici ty,  calculated 

using Equation 4.61, equals zero. To determine this point, 

the computer program stores the axial load and negative 

column eccentricity values until a positive column 

eccentricity is obtained. Linear interpolation is then 

used between these two points t o  determine the pure axial 

load capacity of a column. 



4.4 EOROCODE 4 PROvIsrom 

The design equations given in Eurocode 4 (Design 1994) 

for the 'design of composite steel-concrete columils are 

discussed in this section.  goc code 4 has no provisions 

f o r  the design of reinforced concrete columiis. Presently, 

there is a move to unify the design codes of most European 

countries t o  a unified standard. Eurocode 4 was rat i f i ed  

as a European Prestandard in 1992. 

4 A, 1  imitations of Burocode 4 

Eurocode 4 provides two methods for designing 

composite columns: a general method and a simplified 

method. The simplified method discussed i n  this section 

was used for the comparative study. The use of the 

simplified design method is applicable t o  columns that meet 

the following limitations: 

- The column cross-section must have double symmetq and 

must be uniform over the column length. 

- The nominal concrete strength shall not be less than 

1750 psi nor greater than 7300 psi unless its use is 

appropriately justified. 

- The structural steel contribution ratio, d (defined 

later in ~quation 4-64), should be between 0 . 2  and 

0 . 9 .  The steel m e m b e r s  may be rol led or welded. 
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- The cross-sectional area of longitudinal reinforcement 

s h a l l  not be less than 0.003 nor greater than 0.04 

times the grass area of t he  concrete cross-section. 

- The non-dimensional slenderness parameter, A ( def ined 

later i n  Equation 4.65) ,  should not exceed 2 .0 .  

- The concrete cover t o  a flange of a composite column 

should not be less than 1.5 inches (40 mm) o r  one- 

sixth the width of the £lange. 

- For fully-encased steel sect ions,  limits t o  t h e  

thickness of concrete cover are: 

For the y-direction, 1.5 in .  Scy< 0.4b 

For the z-direction, 1.5 in .  Sc& 0 .3h  

The terms of cy, c., b and h are shown in ~igure 4.13. 

Greater cover can be used but is coasidered t o  be 

inef f ec t i ve  when considering column cross-section 

strength and is ignored in calculations. 

- Longitudinal shear resis tance shall be provided by 

bond stresses and friction at the concrete and steel 

sec t ion  in te r face  o r  by mechanical shear connection, 

such that no s igni f icant  s l i p  occurs. 

- The larger dimension of the columns shall not exceed 

four times t h e  smaller dimension* 

- The minimum transverse dimension of a column cross- 

sec t ion  is 8 inches (200  mm). 



Figure 4-13 - Cross-section notation specified by 
Eurocode 4 ,  

(a) Croas- (b) cancrete (c) Structuml (d) Reinforcing 
Sectlon Stresses Steel Steel 

Stresses Sfresses 

F i g u e  4.14 - Plastic stress blocks specified by 
Eurocode 4 .  



- The minimum longi tudinal  bar diameter is 1/2 inch (12 

- A minimum of one longi tudinal  bar must be placed in 

each corner of a column having a polygonal cross- 

sec t ion ,  

- The minimum s i z e  of t h e  t ies  shall be 1/4 inch ( 6  mm) 

but  not- less than one-quarter the diameter of t h e  

longitudinal bars. The maximum spacing of ties sha l l  

be t h e  smallest of: (a) 12 times t h e  diameter of the 

longitudinal bars, (b) the least àimension of t h e  

column, o r  (c) 12 in .  (3OOmm). 

M a n y  column test specimens did not meet some of these  

l imi ta t ions .  For such test colirmns, however, these  

limitations were not taken in to  consideration fo r  

ca lcu la t ing  t h e  Eurocode 4 strengths.  

4.4.2 Calcelation of Cross-Section Capacity 

The d e t e d n a t i o n  of the cross-section capacity is 

based on the asslmrption of using f u l l  p l a s t i c  stress blocks 

f o r  concrete, longi tud ina l  reinf orcing s t e e l  and structural 

s t ee l .  The s t ra ins  i n  t h e  concrete, reinforcing and 

structural steels are not necessarily directly proport ional  

to the distance from t h e  neu t ra l  axis. There is no 1-t 

on the  maximum usable concrete strain since s t r a i n  

compatibil i ty is not required. An equivalent concrete 

stress block w i t h  a stress ordinate of 0.85fd is used for 



the analysis. The design 

to t h e  specified nominal 

concrete strength, f ,  is equal 

compressive strength (measured 

of concrete. The 

to be uniformly 

edges of the cross- 

cyl inder strength fo r  this study) 

concrete s t r e s s  block is assumed 

distributed over a zone bounded by the ! 

section and a straight  l i ne  pa ra l l e l  t o  and located a t  the 

neutra l  axis. The reinforcing and structural s t e e l s  are 

assumed to be yielded i n  compression o r  tension on adjacent 

sides O£ the neutral axis,  The strain hardening of the 

s t ruc tu ra l  s t e e l  section and reinforcing bars is neglected 

and t h e  displaced area of concrete i n  the compression zone 

is considered. A typical plastic stress dis t r ibut ion is 

illustrated i n  Figure 4.14. 

The strength of a cross-section is represented by an 

axia l  load-bending moment in teract ion curve similar t o  the 

one shown i n  ~ i g u r e  4.3. The s h p l i f i e d  method of Eurocode 

4 ellows the interaction curve t o  be approgimated by a four 

point polygon for  major axis bending and a f i v e  point 

polygon for minor axis bending (Figure 4.15 ) For major 

axis bending, points A, C ,  D and B shown in F i g u r e  4.15 

must be calculated. For minor Bais benbing, an additional 

point,  E, must be determined. In this study the  simplified 

polygon interact ion curve was used s ince  this method 

r e f l e c t s  the approach - t h a t  would be used by design 

engineers . 



A 

Polygonal Approxlmatlon 

F i g u e  4 .l5 - Axial load-bending moinent interaction 
culye w i t h  polygonal approximation 
specified by Eurocode 4 for conposite 
cross-section. 
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Point A corresponds t o  the plastic resistance of the 

cross-section i n  pure compression, hrpl,, and is calculated 

usfng Equation 4.63: 

where A, and f, are  the area and design strength of t h e  

structural steel shape, respectively; A, and f are the 

area and design strength of concrete, respectively; and As 

and fsd are the area and design strength of the reinforcing 

s teel ,  respectively. In this study, the par t i a l  safety 

factors for material strengths are set t o  equal d t y ,  

therefore, the design strengths are equal to t h e  nominal 

(measured) strengths- 

Point B corresponds to t h e  plas t ic  resistance of the 

cross-section under pure bending, M .  Point C, N p , ~ ,  

corresponds t o  the axial  load capacity of the cross-section 

under a moment equal to the  plastic resistance of the 

cross-section under pure bending. Point D corresponds t o  

an axial load that  is half of the axial load obtained for 

point C and result ing approximate maximum moment, MmdX,m. 

Point E is an arbitrary point located between points A and 

C m  For this study, Point E w a s  calculated at half the end 

eccentricity ratio as t ha t  used for Point C. Eurocode 4 

provides approximate formulas for calculating points A to 
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E, however, in-this study a computer program was written to 

solve for these points. Detkils of the computer program 

analysis procedure are presented in the following section. 

Eurocode 4 specifies that the structural steel 

contribution ratio, 6 as computed f rom Equation 4 .64 ,  must 

l i e  between 0 - 2  and 0 . 9 :  

If the steel contribution ratio is less than 0 . 2 ,  the 

column should be designed as a reinforced concrete column. 

If the 5 ratio is greater than 0 . 9 ,  the column should be 

designed as a steel column. In t h i s  study, three composite 

steel-concrete columns subjected to  minor axis bending 

(Roik and Schwalbenhofer (1988) columns V121, 0122 and 

Q123) had a steel contribution ratio of 0.161 which is 

outside of these limits. However, these limits were not 

taken into consideration for calculating the Eurocode 4 

strengths for these columns. 

4.4.3 Conputer Analpsis of Cross-Section Capacitr 

The computer program developed for this study uses the 

equations and assumptions outlined in  the previous section 

to compute the cross-section axial load-bending m o m e n t  

interaction c w e .  T h e  simplified approach of Eurocode 4 

requises the computation of four or f ive  points on the 
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cross-section &al load-bending moment interaction curire. 

The first point calculated was for the resistance of the 

cross-section to pure axial load as d e t e d n e d  using 

Equation 4.6'3 (Point A in Figure 4.15). The analysis 

procedure usedm for the remaining points (Points B to E in 

Figure 4.15) and presented in this section is slunmarized in 

the f l o w  chart i n  Figure 

The cross-section 

(concrete, longitudinal 

4.16- 

consists 

reinforcing 

of three materials 

steel and structural 

steel), each possessing a unique stress-strain 

relationship. In order to distinguish among these three 

materials in the analysis , the cross-section was f irst 

discretized. Since Eurocode 4 uses a rectangular plastic 

stress block, the concrete was not discretized. No 

distinction is made between the concrete outside the 

transverse reinforcement (unconfined concrete) and the 

concrete inside the transverse reinforcement (confined 

concrete). Each longitudinal reinforcing bar was 

represented by one element with a specified area and 

distance £ r o m  the plastic neutral agis (measured 

perpendicular to the axis of bending). The structural 

steel section required the discretization of both the 

f langes and web (Figure 4.5 ) . For major axis bending, the 

flanges were discretized into 20 strips with the element 

width being equal to the f lange width. The w e b  was àivided 

into 80 strips with the element width being equal to the 

web thickness. For minor d s  bending, the flanges were 



I - Longkudfnal Reinforcing Steel - Structural Steel section I 
FUR EACH REQUIRED POINT 

Pmq and Mrsq 
Xiow = 0.0 

XuPDdr = 150.0 t- 
USE BISECTION MEiHOD TO ERATE TO lHE EX4CT 

LOCATION OF THE NEURAL AXE (X) 1 

I COUPUE SlRAlNS AND SiRESES IN: 
- CONCRETE 
- LONGrmDINAL RaNFORClNG STEl - STRUCTURAL STEEL SECTWN 1 

DEERMINE APPUED AXiAL LûAû AND 
SUM MOMENTS ABOUT M E  NEUTRAL 

Figure 4.16 - Eurocode 4 cross-section interaction 
curve f lowchar t . 
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discretized into 80 s t r i p s  w i t h  the element width being 

equal to the flange thickness. The w e b  was divided into 20  

strips with the elment width-being equal to the w e b  depth. 

The area of each structural steel element and the distance 

from the plastic neutral axis to the centroid of the 

element (measured perpendicular to the axis o f  bending) 

were computed. 

For the analysis procedure, a lower limit (X1,,) and 

upper l i m i t  (XUPper)  OP the distance of the neutral agis 

from the plastic centroid (II) was established. For a given 

location of the neutral axis, the stresses in the concrete, 

longitudinal reinforcing steel and structural steel can be 

computed (Figure 4.14). The location of the neutral axis 

was varied and the bisect ion method was used to converge ta 

a solution (for X) for each of the required points (Points 

B to E )  on the simplified interaction cuve. The 

convergence tolerance was limited to 100 i t e r a t i o n s  for 

numerical stability. 

For a given location of the neutral axis,  the depth of 

the rectangular concrete plastic stress block is known. 

The result ing concrete compressive force was then 

established. The stress in each of the longitudinal 

reinforcing steel bars and structural steel elements was 

computed. The steel was assumed to be fully yielded in 

compression or tension, as discussed in the previous 

section, and residual stresses were ignored. For steel 

elements within the rectangular concrete stress block, the 
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displaced area of concrete w a s  considered. The resul t ing  

force i n  each of the re inforc ing bars and s t r u c t u r a l  steel 

elements w a s  then determined. 

To d e t e e n e  t h e  applied axial load f o r  the given 

location of the neutral &sr t h e  concrete compressive 

force was added t o  the suuimation of forces i n  al1 

reinforcing bars and structural steel elements. The net 

value is, the re fore ,  equal to the applied axial load on the 

cross-section. Final ly ,  a sum of moments of forces about 

the neutral axis was performed t o  es tabl i sh  t h e  applied 

moment on t h e  sec t ion-  

Once the 4 o r  5 points  on t h e  cross-section axial 

load-bending moment i n t e r ac t i on  curve were computed, the 

analysis of t h e  coluxnn capacity was performed. 

4.4.4 Calculation of Column Capacity 

F o r  computing the resistance of a column under pure 

ax i a l  compression, t h e  non-dimensionalized slenderness 

parameter, A, i n  the plane of bending, is f i r s t  computed 

using Equation 4.65: 

where Nd, is  the plastic resistance of the cross-section 

i n  pure compression and is computed £rom Equation 4.63 with 

t h e  partial sa f e ty  f ac to r s  set equal t o  unity; and Ne, is 
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the elastic c r i t i c a l  load for the column. The e l a s t i c  

critical- load is calculated using Equation 4 .66  : 

where (EI), is the sf fective e l a s t i c  flexural rigidity; and 

4 is the so-called buckling length of the column. In 

Eurocode 4,  t h e  buckling length, 8, includes the effective 

length factor. For t h i s  study the buckling length is equal 

ta the column length. 

Eurocode 4 provides Equation 4.67 to compte the 

effective elastic flexural rigidity under short term loads: 

where E, and 1, are the modulus of e l a s t i c i t y  and moment of 

i n e r t i a  of the structural s tee l  shape, respectively; E d  

and 1, are the modulus of  e l a s t i c i t y  and moment of iner t ia  

of the gross (uncracked) concrete section, respectively; 

and Es and I. are the  modulus of e l a s t i c i t y  and moment of 

inertia of the longitudinal reinforcing s t e e l ,  

respectively.  The modulus of e l a s t i c i t y  of concrete is 

calculated using Equation 4 . 6 8  : 



where Ecd is the secant modulus of elasticity of concrete 

in psi. For SI conversion replace 262,250 psi by 9500 MPa 

and 1160 psi by 8 ma. 

Once the non-dimensionalized slenderness parameter, A, 

is computed, the resistance of the column under pure axial 

load can be determined using Equation 4.69: 

where x is a reduction coefficient for the relevant 

buckling c u v e  that accounts for any initial imperfections 

in the column. In determinhg the reduction coefficient, 

the European buckling curves for steel sections are used. 

Hence, the reduction coefficient can be described by 

Equation 4.70 : 

with a= 05[1+a( l -02)  +A?] (4.71) 

where a. is a factor of imperfection for the relevant 

European buckling curve. For composite columns bending 

about the major axis, a is taken equal to 0.34 and fo r  

composite columns bending about the minor mis, a is taken 

equal to 0.49. - 

For columns subjected to combined d a 1  load and 

bending moments, the moments determined f rom a f irst-order 
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elastic analysis must be modified to include second-order 

effects. However, a column need not be checked for second- 

order e f f ec t s  i f  one of the following equations is 

satisf ied: 

w i t h  =02(2-r)  

where Nsd is the design axial load; and r is the ratio of 

smaller to  larger end moments in the column, posit ive i f  

the m e m b e r  is bent i n  s ingle curvature and negative i f  the 

rnemher is bent in double curvature. 

If neither Equation 4 . 7 2  nor Equation 4.73 is 

satisf ied, Eurocode 4 provides a simplif ied moment 

magnifier approach to increase the larger first-order 

design bending moment, , by a correction factor, k: 

where /3 is an equivalent moment factor to account for 

moment gradients and can be calculated using Equation 4.75:  
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Once the ma@fied moment has been calculated, the 

resistance of the member in combined compression and 

bending must be checked using the following steps: 

The first step involves non-dimensionalizing the 

cross-section axial load-bending moment interaction curve 

(Figure 4.17 ) . The axial loads are divided by the plastic 

resistance of the cross-section under pure compression, 

. The bending moments are divided by the plastic 

resistance of the cross-section under pure bendfng, M$m. 

The design axial load ( N a d )  divided by NrrN is then 

plotted on the interaction curve and corresponds to point 

x d  in Figure 4.17. The associated value for bending, W, 

on the cross-section curve is determined. 

The resistance of the column under pure axial load 

( N x )  divided by N is then plotted on the interaction 

curve ( X  in Figure 4.17) and the corresponding value for 

bending, J Z ~ ,  is determined. The value, pk, is laiown as the 

moment of imperfection of the column. The influence of 

this imperfection is assumed to decrease linearly to the 

value f i .  Where the variation in bending moment along the 

column length 

be calculated 

is approgimately linear, the value of may 

using Equation 4.76: 





The inagnitude of p,  which represents the remaining 

available moment resistance of the column, as shown in 

Figure 4.17,  can be computed using Equation 4.77:  

The value of p should not be taken greater than 1 .0  unless 

the design bendihg moment, , is due sole ly  to the action 

of the eccentricity of the force, Nad (i. e. i n  an isolated 

columns without transverse loads acting between the column 

ends). In this study, the above condition is satisfied, 

therefore, the value p was allowed to be greater than 1.0. 

Finally, the member has sufficient resistance i f  the 

design bending moment satisfies Equation 4.78: 

where kMSd is the maximum design bending moment within the 

column length including second-order effects ,  i f  any. The 

0 . 9  factor i n  Equation 4.78 accounts for the 

simplifications i n  computing the cross-section axial load- 

bending moment interaction curve. The c u v e  was developed 

using a plastic stress distribution with no limitation on 

the concrete strain. Also, the moment according to second- 

order theory is d e t e d n e d  w i t h  the ef fect ive  flexural 
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r i g id i ty .  (EI), us ing  the gross (uncracked) area of the 

concrete section. The 0.9 coeff icient  is not considered t o  

be a safety factor and w a s  not set t o  unity i n  this study. 

4.4.5 Coiputer Analpis of Col- Capacity 

If a column is  defined as being short,  t ha t  is i f  

e i t h e r  Equation 4.72 o r  Equation 4.73 is sa t i s f ied ,  the 

cross-section and column axial load-bending moment 

interaction curves are equal . When ne i ther  Equation 4.72 

nor  Equation 4.73 s s a t i s f i e d ,  slenderness effects are 

considered and t h e  moment magnifier approach is used. The 

computer program developed for this study uses the 

equations and procedure given i n  the previous section to 

compute the Eurocode 4 column axial load-bending moment 

in te rac t ion  curve. The analysis procedure used and 

presented i n  this sect ion is summarized in the flow chart 

i n  Figure 4.18. 

The column axial load-bending moment in teract ion c w e  

is developed £rom the  cross-section in te rac t ion  curve. The 

res is tance  of t h e  column under pure axial compression, Q, 

is first calculated using ~ q u a t i o n  4.69 ( f o r  e/h=O) to 

detelmine the upper limit on the column axial load 

capacity. Any points on t h e  cross-section in teract ion 

curve that have a greater axial load capacity are not  

considered i n  developing t h e  column in te rac t ion  curve. 



I FOR UCH POINT ON CROSS-SECTION CURVE 

and Mcs t- 

F i g u e  4.18 - E u r o c d e  4 column interaction curve 
f lowchart. 



I - CKCULATE /4 AND k 

I 

N Pd,  COUPUED? ? 

Figure 4.18 (continueci) - Eurocode 4 colirmn in te r -  
action curve flowchart. 
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T h e  computer program stores the value of the axial 

load and correspondhg bending moment for each of t h e  four 

or £ive points used to define the  cross-section interact ion 

curve. The only difference between t h e  cross-section and 

column interaction curve for a given axial load level is 

the moment capacity (Figure 

the moment capacity of the 

column can be obtained by 

Equation 4 . 7 9 : 

4.3). The relationship between 

cross-section and t h a t  of t h e  

re-arranging Equation 4.78 t o  

where JZ re la tes  the moment capacity for  a given axial load 

level to the moment capacity of the column under pure 

bending ( ) . The value of p s calculated using 

Equation 4.77 where the relevant terms have been defined 

and are a lso  i l lus t ra ted i n  Figure 4.17. For each of the  

four or f ive  points on t h e  cross-section cunre, Equation 

4.79 is used t o  determine the column moment capacities. 

Each of the new points are stored and represent a polygonal 

approximation of the column interaction curve. 

once the polygonal approximation of the col= axial 

load-bending moment in teract ion c m e  has been computed, 

the design axial load ( P b )  of the column can be - 

determined. To obtain more accurate results, t h e  

approximate column interact ion c w e  was not used direct ly.  
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The end eccentricity ratio of the test column (e/htest) was 

successively compared to the end eccentricity ratio of two 

adjacent points on the column interaction curve. Once the 

test column end eccentricity ratio (e /hteSt )  f el1 between 

two adjacent points, an iterative approach was used to 

determine the design axial load (Pb). 

The two adjacent points o n  the column interaction 

curve were used to establish an upper and lower limit on 

the axial load which was used as the variable in the 

iterative approach. The bisection method was used to 

iterate to a required axial load such that Equation 4.79 is 

satisfied. For the given axial load level, linear 

interpolation of the cross-section interaction curve was 

used to establish the cross-section moment capacity. If 

Equation 4.79 is satisfied for the given axial load and end 

eccentricity ratio, the correct solution ( P h s )  has been 

obtained, otherwise , f urther iterations are required . The 

convergence tolerance was limited to 25 iterations for 

numerical stability. 



5 - COMPARISON OF DESIGN METEODS WITE TEST RESULTS FOR 
REINFORCED CONCRETE COLUMNS 

For t he  comparative s tudy, . re inforced concrete columns 

were divided in to  two separate groups: columns with equal 

and opposite applied end moments ( i . e . symmetrical s ingle 

curvature bending) and columns with unequal applied end 

moments (i-e. moment gradient) .  

5.1 RRIIIIFORCBD COBCRETB COLüMHS WITfIOUT GRBDIEBTZ 

In  an attempt t o  study a full range of variables, 354 

reinforced concrete test columns without moment gradient 

found i n  the l i t e r a tu re  were used to compare t h e  test 

strengths with those obtained f r o m  AC1 318-95, Eurocode 2 

and FEM methods. Note t h a t  AC1 318-95 strengths w e r e  

computed i n  three different ways: (a) using Equation 4.16, 

( b )  using equation 4.17, and (c) using Equation 4.19. 

5.1.1 Description of Column T e s t s  Available in the 

Literature 

A complete description of 384 reinforced concrete test 

columns without moment gradient found i n  the l i t e r a tu re  is 

presented i n  Chapter 3. T h i r t y  of these columns w e r e  not 

used fo r  

strength 

coliimns 

3.1.1- 

cornparison because the  specified nominal concrete 

for these columns w a s  less than 2500 psi ,  T h e s e  

are ident i f ied  with a double-asterisk i n  Table 
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Each column used had a different combination of 

geometric and material properties. The m a x i m u m  and minimum 

values of the overall cross-section dimensions (bxh) , the 

nominal concrete strength ( f ) ,  the end eccentricity ratio 

(e/h) , the slenderness ratio (P'h) , the rein£ orcing steel 

yield stress ( f )  , the reinforcing steel ratio ( p )  , and 

the tie/hoop volumetric ratio (pH)  are listed in Table 

5.1.1. The values shown in the table represent the maximum 

and minimum values of the data; a detailed description of 

each column is given in Table 3.1.1. 

In order to study the effects of variables over a 

broad range, several of the limitations specified by AC1 

318-95 and Eurocode 2 design methods were not imposed in 

this study. AC1 318-95 imposes a lower lwt on the 

reinforcing steel ratio of one percent. The minimum value 

in this study is 0.8 percent (Table 5.1.1) which is not 

significantly lower than the AC1 318-95 limit. AC1 318-95 

also specifies an upper limit of 30 on P/h ratio and 80% of 

the pure axial load capacity on applied axial loads acting 

on tied columns. The maximum value of @'/h used in this 

study is 40 (Table 5.1.1) w h i c h  is significantly higher 

than 30. The use of Equation 4.19 for AC1 318-95 has two 

further limitations: (a) the concrete strength be less than 

or equal to 6000 psi, and (b) the end eccentricity ratio be 

greater than or equal to 0.1. Both of these limits were 



Table S.  1.1 - Sunmury of G e a m e t r i c  and Material Proparties 
of Reinforceci Concrete p l u m n  Specirmens 
without Mament Gradient 

Maximum Values 

Number of Spe-s = 354; h = depth of the concrete cross- 
section perpendicuïar to the axis of bending; b = width of 
the concrete czoss-section parallei to the axis of bendïng. 

Note: 1.0 in. = 25.4 mm; 1000 p s i  = 6 -  895 MPa 



not applied i n  this study. Eumcode 2 specifies that the 

m ~ ~ ~ i m u m  nominal concrete strength shal l  not be greater than 

7300 psi ( 5 0  MPa) wess its use is appmpriately 

justified. ~ h e  maximum f ', used in this study is 8246 p s i  

(Table 5.1.1) which is not significantly higher than 7300 

psi. For short and slender columas, Eurocode 2 specifies 

the  minimum end eccentricity ratio (e/h) of 0 . 0 5  and 0.1, 

respectively. The minimum end 'eccentricity ratio of zero 

i n  this study does not meet the Eurocode 2 limit. U s o ,  

Eurocode 2 imposes a lower limit on the minimum transverse 

dimension of a column cross-section of 8 in, The minimum 

col- size of 3.0 x 3.0 in. (Table 5.1.1) used in this 

study is significantly lower than the Eurocode 2 limit. 

The size and spacing of transverse ties and t h e  cover 

limitations imposed by AC1 318-95 and Eurocode 2 were not 

satisfied for some of the test columns studied. 

5.1.2 Cornparison of ~esign Methods with Test Results 

AC1 318-95, Eurocode 2 and FEM methods were compared 

to the results of 354 reinforced concrete test columns. 

The cornparison was made using the strength ratio which w a s  

defined as the ratio of the  tested ultimate axial load 

strength to the computed ultimate axial load strength 

(P-JP-). The computed strengths (P*s) were based on 

the resistance factors or partial safety factors taken 



equal t o  unity and the measured strengths of the  concrete 

and reinforcing steel 

A summary of the strength ratio (P - t /P&)  s t a t i s t i c s  

computed for three different design methods f o r  columns 

with k'/h=3-30 and e/h=O-1.5 is given i n  Table 5 J . 2 .  The 

design methods compared i n  this t ab l e  include AC1 318-95, 

Eurocode 2 and .FEM. T h r e e  dif f erent  equations for f lexura l  

r i g i d i t y ,  EI, were used f o r  computing AC1 318-95 column 

s t reng ths  (Equations 4.16, 4.17 and 4 . 1 9 ) .  

T a b l e  5.1.2 gives the coeff ic ient  of variation,  mean, 

m a x i m u m  and minimum values of s t rength r a t i o s  f o r  each of 

t h e  d i f f e r en t  design methods. For t h e  statistical 

analysis ,  the columns s tudied were divided i n t o  two groups: 

Group 1 considered al1 columns with a slenderness r a t i o  

greater than 3 but less than or equal t o  30 tha t  are 

subjected t o  pure axia l  load (end eccen t r i c i t y  r a t i o  of 

zero); and Group 2 included al1 columns with a slenderness 

r a t i o  greater than 3 but  less than o r  equal to 30 t ha t  have 

an end eccent r ic i ty  ratio greater then or  equal t o  0.1 but 

less than o r  equal t o  1.5. Table 5-1.2 includes the 

s t a t i s t i c s  f o r  a t o t a l  of 311 columns. Columns having a 

slenderness r a t i o  less than 3 (pedes ta ls )  o r  greater than 

30 (super slender columns) o r  having an end eccentricity 

ratio grea te r  than zero but less than 0.1 are not included 

i n  this t ab l e -  



Table 5.1.2 - Surmnary of Strength R a t i o  Statistics for D i f f e r e n t  Design Methods 
for Reinforceci Concrete Columns without Moment Gradient. 

(a) CMclsnt  of Varlatlon 

(b) Msan Stnngth Ralo 

Q ~ P  
Number 

(1) 

(c) Maitlmum Value of Strength Ratio 

ACI ushg 
Eq. 4.19 

(ci) Minimum Value of Strength RatIo 

FEM 

(9) 

Eurocode 
2 

m 

~~ End 
Ratio 

-' 

I/a 
ot 

Speclmena 
(4) 

AG Ming 
Eq, 4,16 

(s) 

ACI uslng 
Eq. 4.17 

(s) 
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Tables Al. 1 t o  Al. 5 in Appendix A provide a more 

detailed analysis of the strength ratio statistics for each 

of the design methods. The tables examine 5 groups of 

slenderness ratios as well as 5 groups of end eccentricity 

ratios for a total of 25 separate combinations. The tables 

include the number of test specimens in the group and the 

mean, coefficient of variation, minimum and maximum values 

of the strength ratios. A l 1  354 columns are included in 

the statistics for these tables- 

A review of Table 5.1.2 and Tables Al. 1 through A1.5 

leads to the following observations: 

(1) The columns tested under pure axial load tended to 

have a higher coefficient of variation than columns 

tested with eccentric loading (Table 5.1.2 ) - The 

columns under pure axial load are very sensitive to 

slight imperfections in the column or misaïignments of 

the testing apparatus. Any resulting eccentricities 

can greatly affect the resulting test ultimate 

strength. Columns that are tested under eccentric 

loads tend to be less sensitive to these slight 

imperfections or misalignments. 

(2) The coefficient of variation of the strength ratio 

using AC1 318-95 tends to be affected by the f lexural 

rigidity equation used. The more simplif ied equation 

(Equation 4.16) produced a coefficient of variation of 

24.5 and 12.5 percent for columns of Group 1 (e/h=O) 

and Group 2 (e/h=O. 1-1.5), respectively ( C o l -  5 of 
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Table 5.1.2). The more complex equation (Equation 

4.19), suggested by Mirza ( I W O ) ,  produced a 

coefficient of variation of 14.4 and 11.9 percent for 

the same column groups (Column 8 of Table 5.1.2). 

(3) AC1 318-95 uses the flernval rigidity, 1 ,  only for  

slender column design. Hence, for short columns, BCI 

318-95 with al1 three E I  equations w i l l  produce 

identical results .  T h i s  implies that slender columns 

under pure axial load would have a significantly 

higher coefficient of variation than those given in 

Columns 5 ,  6, and 8 of T a b l e  5.1.2. This can be 

observed from Tables A l .  1, 81-2 and A1.4. men 

Equations 4 . 1 6 ,  4.17 and 4.19 are used, AC1 318-95 

produces a coefficient of variation of strength rat ios  

equal to 3 3 . 9 ,  19 .2  and 17.2 percent, respectively, 

for slender columns under pure axial load (6.6~(1/h~30 

and e/h=O), and a constant coeff ic ient  of variation of 

10.5 percent w i t h  al1 three equations for short 

columns under pure axial load (3<P/h<6.6 and e/h=O). 

This is indicated by column 3 of Tables Al. 1, Al. 2 and 

A1.4. 

( 4 )  Eurocode 2 produces coefficients of variation of 

strength ratios w h i c h  are similar t o  those produced by 

AC1 318-95 using Equation 4.17. FEM has consistently 

l o w  and the  l e a s t  variable coeff ic ients  of  variation 
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of strength r a t ios .  This can be observed £rom Table 

5.1.2 and Tables 81.3 and AIS. 

( 5 )  ~ 1 1  design methods produced mean s t r eng th  r a t i o s  

c l o s e r  t o  o r  higher than 1.0, although FEM produced 

the. lowest mean strength ratios. 

Figure 5.1.1 shows the . cumulative frequency 

d i s t r i b u t i o n  s t r e n g t h  r a t i o s  fo r  t h e  

d i f f e ren t  design methods p l o t t e d  on a normal probabi l i ty  

scale .  The curires in Figure 5.1.1 represent the data  f o r  

a l 1  354 test columns. The C u m e s  for AC1 318-95 using 

Equations 4.16, 4.17, and 4.19, and Eurocode 2 follow one 

another f a i r l y  c losely from the one-percentile t o  the  90- 

percent i le  values of the s t r eng th  r a t ios ,  but  become 

progressively more consenrative beyond the 90-percentile 

values. The  FEM produces t h e  least consemative resu l t s ,  

followed by AC1 318-95 using Equation 4.19 f o r  EI.  T h i s  is 

expected s i n c e  the FEM and Equation 4.19 take i n t o  account 

cracking of the concrete and t h e  nonlinear behavior of t h e  

concrete and steel a t  ultimate s t rength.  

The one-percentile value f o r  al1 methods is 

approeimately 0.70 w h i l e  t h e  f ive-percenti le value is 

approximately 0.79 f o r  FEM and 0.85 f o r  al1 o t h e r  methods. 

Note t h a t  for es tab l i sh ing  safety i n  design equations, t h e  

f ive-percent i le  and one-parcenti le values are more 

important than  the mean value (Mirza 1990). 





5.1.3 Effects of Major Variables on Strength Ratios 

The effects of  concrete strength ( )  , end 

eccentricity ratio ( e / h )  , slenderness ratio ( Q h ) ,  

reinf  orcing steel index (pzsfF/f '=) , and tie/hoop 

volumetric ratio (p* )  on the maximum, mean and minimum 

values of strength ratios (P-JP*) obtained using AC1 

318-95, Eurocode 2 and.FEM are examined in this section. 

Since the values of concrete strength, end 

eccentricity ratio, slenderness ratio, reinforcing steel 

index and tie/hoop volumetric ratio used in this study were 

not controlled variables, strength ratios had to  be grouped 

i n t o  ranges. Up to ten separate ranges were used in 

plot t ing  each of the figures presented in this section. 

The maximum, mean and minimum strength ratios were 

determined for each of the ranges. Grouping the strength 

rat ios  resulted i n  having a significantly dif ferent  number 

of colunrns in some of  the ranges. This may explain the 

jaggedness of the lines associated with some of the figures 

presented in this section. 

Figures 5.1 .2 .a  and 5.1.2.b examine the effect of 

concrete strength (f ',) on the maximum, mean, and minimum 

strength ratios. Because of the many di f  ferent values of 

concrete strength used, ton ranges of concrete strength 

w e r e  set a t  2500-2650, 2650-3300, 3300-3950, 3950-4600, 

4600-5250, 5250-5900, 5900-6550, 6550-7200, 7200-7850, and 
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*. (i) AC1 using Eq. 4.16 
s 
8 * 
s 8 

a 
8 

(iii) Eurocode 2 

2000 3000 4000 5000 6000 7000 8000 9000 
Concrete Strength (ffc) (psi) 

Figure 5.1.2.a - E f f e c t  of wncrete strength on strength 
ratios obtained from different design 
methods for reinforced concrete colurnns 
without moment gradient (n varies for 
each f I o ;  total number of specimens=354), 



(iv) AC1 using Eq. 4.1 9 

I I 1 I I I 

(v) FEM 

2000 3000 4000 5000 6000 7000 8000 9000 

Concrete Strength (f'3 (psi) 

Figure 5.1.2.b - E f f e c t  of concrete strength on strength 
ratios abtained fran different design 
methods for  reinforced concrete columns 
without mament gradient (n vazies for 
each f '.; t o t a l  nimiber of spetzhens=354). 
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7850-8300 ps i .  I t  can be seen from these figures that, as 

the concrete strength increases, the dif ferences  between 

the m a K i m u n  and minimum strength r a t i o s  decrease for al1 

design methods. AC1 318-95 using b o t h  Equat ion  4 . 1 6  and 

4.17 tends to produce the greatest dif ferences  between the 

maximum and minimum strength ratios for concrete strengths 

f ',c5000 p s i .  The differences between the maximum and 

minimum values of strength ratios for Eurocode 2 and AC1 

318-95 using E~uat ion  4 . 1 9  were less s igni f icant .  The  

smallest dif ierences  between the m&um and minimum 

strength ra t ios  over the ent ire  range of concrete strengths 

were obtained for FEM. Mso,  the mean strength ratio for  

FEM tended to follow closely a value of 1.0 over the ent ire  

range of f', as opposed t o  the other methods that  had mean 

strength ratios generally above 1 .0 .  The minimum strength 

ratio curve was similar in shape and magnitude over the 

entire range of concrete strengths for al1 design methods. 

Figures 5.1.3 .a and 5 . 1 . 3 . b  examine the effect of the 

end eccentricity ratio ( e h  on the maximum, mean, and 

minimum strength ratios. Because of the many different end 

eccentr ic i ty  ratios used, e ight  ranges of end eccentricity 

ratio w e r e  set at 0 ,  0-0.2, 0.2-0.4, 0 . 4 - 0 . 6 ,  0 .6-0 .8 ,  0 .8-  

1 . 0 ,  1.0-1.2 and 1 . 2 - 1 . 3 .  Al1 methods, except FEM, 

produced large differences between maximum and minimum 

strength ratios at  low end eccentr ic i ty  ratios (Figures 

5 . 1 . 3 . a  and 5 .1 .3 .b)  . AC1 318-95 using Equation 4 .19  



(i) AC1 using Eq. 4.16 

1 1 1 I 

(il) AC1 using Eq. 4.17 

I I 1 I I I 1 1 I 

(iii) Eurocode 2 

O 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

End Eccentricity Ratio (eh) 

F i g u r e  5.1.3 .a - E f f e c t  o f  end eccentrici- ratio on 
strength ratios obtained from different 
design methods for reinforcd concrete 
columns without manent gradient (n varies 
for each e/h ratio; total number of 
specimens=354 ) 
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(iv) AC1 using Eq. Al 9 

I 1 I I I i I I I 

(v) FEM 

O 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

End Ewntricity Ratio (eih) 

Figure 5.1.3.b - E f f e c t  of end eccentriq ratio on 
strength ratios obtained from different 
design methods for reinforceci concrete 
colmmis without manant gradient (n varies 
for each e/h ratio; total number of 
speaimAns=354 ) 
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reduced the difference between the maximum and minimum 

strength ratios significantly i n  this region of e/h since 

Equation 4.19 includes the effect of e/h on EI. As the end 

eccentricity ratio increased, the difference between the 

maximum and- minimum strength r a t i o s  tended to decrease for 

a l 1  methods. However, the mean strength r a t i o s  tended t o  

become less consemative for increasing e/h values. Note 

tha t  the FEM method produced the most consistent results  

over the  e n t i r e  e/h range as can be seen from Figures 

5.1.3.a and 5.1.3. b. The minhum strength ratio cume was 

similar i n  shape and magnitude over the en t i r e  range of end 

eccentricity ra t ios  fo r  a l 1  design methods. 

Figures 5.1.4 .a and 5.1.4.b examine t h e  effect of the 

slenderness ratio h )  , on the maKi.mum, mean and minimum 

strength ratios. Because of the many different slenderness 

ra t ios  used, nine ranges of slenderness r a t i o s  were s e t  a t  

2-4.5, 4.5-9, 9013.5, 13.5-18, 18922.5,  22.5-27, 27-31.5, 

31.5-36 and 36-40. From the figures it can be seen that 

the slenderness r a t io  affects the strength ratios for al1 

design methods. AC1 318-95 using Equation 4.16 and 4.17 

tends t o  produce strength r a t ios  that become more variable 

as the slenderness ratio increases, whereas AC1 318-95 

using ~ q u a t i o n  4.19 produces si@f icantly better results.  

Eurocode 2 produced strength ratios that  did not show any 

significant improvements over the strength r a t i o s  obtained 

£ r o m  AC1 318-95. However, the strength r a t i o s  obtained 



(ii) AC1 using Eq. 4.17 . 

O 5 10 15 20 25 30 35 40 45 
Slenderness Ratio (Uh) 

Figure 5.1.4 .a - E f f e c t  of alandemess ratio on strength 
ratios obtained from different design 
methods for reinforced concrete columns 
without moment gradient (n varies for each 
@/h ratio; t o t a l  number of specimens=354). 
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O 5 I O  15 20 25 30 35 40 45 
Slendemess Ratio (&h) 

Figure 5.1 .4 .  b - Ef fect of alenderneas ratio on strength 
ratios obtained from different design 
methods for reinforced conarete columns 
without moxnent gradient (n varies for each 
#/h ratio; total number of specimans=354). 
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from FEM demonstrated l o w  v a r i a t i o n s  over the entire range 

of P/h values. For slenderness ratios less than 30, al1 

design methods , except FEM, produce consemative values of 

mean s t rength r a t i o s .  The m e a n  s t r e n g t h  ratios d e t e d n e d  

£rom FEM tended to become less consemative as t he  

slenderness ratio increased and were less than 1.0 at 

l/h220. The &hum strength ra t io  c-e was similar in 

shape over the ent i re  range o f  slenderness ratios f o r  al1 

design methods. 

Figures 5.1.5.a and 5.1.5.b examine t h e  effect of 

and minimum s t rength  ratios. Because of the  many d i f f e r e n t  

re inforcing steel index values used, ten  ranges of 

re inforcing steel indices were set a t  0-0.11, 0.11-0.22, 

0.22-0.33, 0.33-0.44, 0.44-0.55, 0.55-0.66, 0.66-0.77, 

0.77-0.88, 0.88-0.99, 0.99-1.1. The zigzag nature  of the  

p l o t s  for s t rength  ratios produced by AC1 318-95 using 

Equation 4.16 is, probably, caused by the grouping of the 

strength r a t i o s  and due to t h e  fact t h a t  the contr ibut ion 

of t h e  reinforcing steel is not included i n  Equation 4.16 

used f o r  ca lcu la t ing  the flexural r i g i d i t y ,  E L  Equation 

4.17 used i n  AC1 318-95 f o r  computing E I  includes  the 

contribution of the reinforcing steel and can be seen to 

improve the results p l o t t e d  i n  Figure 5.1.5. a. The results 

f o r  Eurocode 2 and AC1 318-95 using Equation 4.19 improved 

as t h e  reinforcing steel index increased. FEM had the most 



A ( i )  AC1 using Eq. 4.16 
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(il) AC1 using Eq. A17 

I I I I 1 

(iil) Eurocode 2 

Reinforcing Steel Index ( p , f , / f f , )  

Figure 5.1.5.a - E f f e c t  of reinforcing steel index on 
strength ratios obtained from diff erent 
design methoda for reinforced cancrete 
columns without moment gradient (n varies 
for each pnfyl/f 'c  ratio; total n&r of 
specimens=354 ) 
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Figure 5.1.5.b - E f f e c t  of reinforcing steel index on 
s trength ratios obtained fran diff erent 
design methods for reinfor- conarete 
columns without moment gradient (n varies 
for each pmfw/f'c ratio; total nimiber of 
specimens=354 ) 
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consistent and narrow range of strength ratios over the 

en t i r e  range of p,,fF/f ', values. The minimum value cume 

was similar in shape and magnitude over the entire range of 

the  reinforcing steel index for al1 design methods. 

Figures 5 i 1 . 6 . a  and 5 .1 .6 .b  examine the ef fec t  of the 

tie/hoop volumetric ratio (Pm) on the m a x i m u m ,  mean, and 

minimum strength ratios. This ratio is defined as the  

volume of transverse ties o r  hoops divided by the volume of 

concrete core (out-to-out of ties o r  hoops) over a unit 

length of a c o l m .  The equation used t o  compute the 

tie/hoop volumetric ratio is presented as a footnote i n  

Table 3.1.1. A t i e  o r  hoop is the transverse reinforcement 

used to tie and restrain t h e  longitudinal reinforcing steel 

and has a confining a f f e c t  on the concrete core it 

surrounds. Ties and hoops are used interchangeably i n  this 

report i n  order to remain consistent with the literature. 

Because of t h e  many different tie/hoop volumetric ratios 

used, e igh t  ranges of t ie/hoop volumetric ratios were set 

at 0-0.005, 0.005-0.01, 0.01-0,015, 0.015-0-02, 0.02-0.025, 

0.025-0.03, 0.03-0.035, 0.035-0.04. It can be seen that as 

the tie/hoop volumetric rat io increases, the di f  ference 

between the maximum and minimum strength r a t i o s  decreases 

for al1 design methods. This may be due, perhaps, t o  the  

limited number of t e s t  columns with bigh tie/hoop 

volumetric ratios. AC1 318-95 using Equation 4.16 and 4.17 

tends t o  produce the  greatest differences between the 
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Figure 5.1-6. a - E f f e c t  of tie/hoop volimrntric ratio on 
8-ength ratios obtained from different 
design methods f o r  reinforcd concrete 
columns without moment gradient (n varies 
for each p" ratio; to ta l  number of 
specimens=354 
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(iv) AC1 using Eq. 4.19 
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(v) FEM 

TieIHoop Volumetric Ratio (p") 

F i g u r e  5.1.6 .b - E f f e c t  of tie/hoop volumetric ratio on 
s trength ratios obtained f rom &if ferent 
design laethods for reinforceci concrete 
columns without moment gradient (n varies 
for each p" ratio; total nimiber of 
s p e ~ s = 3 5 4  
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maxjmum and minimum s t rength  ratios for tie/hoop volumetric 

ratios pmsO. 0 2 .  Less signif icant dif ferences between the 

maximum and minimum s t reng th  r a t i o s  were obsemed f o r  

Eurocode 2 and for AC1 318-95 using Equation 4.19. The 

srnallest differences between t h e  m a x i m u m  and minimum 

s t rength  r a t i o s  over t h e  e n t i r e  range of tie/hoop 

volumetric r a t i o s  w e r e  observed for FEM. However, the mean 

s t rength  r a t i o  determined from FEM tended t o  be less than 

1.0 over almost the e n t i r e  range of pN plotted. The 

Mnhum value curve was similar i n  shape and magnitude for 

al1 design methods. 

The following conclusions can be sllmmarized from t h e  

data plotted i n  Figures 5.1.2 t o  5.1.6 and t he  related 

discussion: 

(1) The s trength ratios produced by AC1 318-95 using 

Equation 4.16 demonstrated a pronounced e f f ec t  of most 

of the  major variables investigated. 

( 2 )  AC1 318-95 using Equation 4.17 demonstrated an 

improved effect on the s t rength  r a t i o  variations due 

t o  al1 of t h e  major variables examined when compared 

to the  results obtained from AC1 318-95 using ~ q u a t i o n  

4.16. 

(3) The s trength ratios produced by AC1 318-95 using 

Equation 4.19 demonstrated significantly improved 

statistics as compared to those obtained using both 

Equations 4.16 and 4.17. This was expected s ince  



Equation 4.19 for  EI takes into  account the ef fect of 

e/h ratio as a function of cracking i n  concrete caused 

by the presence of bending moment. 

( 4 )  T h e  strength ratios obtained for Eurocode 2 were 

affected by most of the variables investigated. The 

results for Eurocode 2 tended to follow similar trends 

as those observed for AC1 318-95 using Equation 4.17. 

(5) The FEM produced the most consistent results that 

tended t o  be least affected by the variables examined. 

However, at slenderness ra t io s  (r/h>20 the mean 

strength ratios decreased below 1.0. 

( 6 )  The  minimum strength ratio curves for al1 methods 

tended to  follow a similar trend f o r  al1 variables 

examined i n  this study. N o  significant differences i n  

this region were noticeable for any of the design 

methods . 

5 . 2  REXlllFORCED CûBCRSTE COLUMaIS WïTH MOHEl42 GRADIWT 

Fourteen reinforced concrete test columns with moment 

gradient found i n  the literature were used to compare the 

test strengths with those obtained from AC1 318-95, 

Eurocode 2 and FEM methods. 



5.2.1 Description of Column T e s t s  àvailable in the 

Literature 

A complete description of the 1 4  reinforced concrete 

test columns w i t h  moment gradient found i n  the literature 

is presented i n  Chapter 3. 

Each coliimn used had a d i f fe ren t  combination of 

geometric and material properties. The maximum and minimum 

values of the overal l  cross-section dimensions (bxh) , the 

nominal concrete s trengths ( f )  , the  end eccentr ici ty 

r a t i o  (e/h ) , t he  slenderness r a t io  ( h ) , the reinforcing 

s t e e l  y ie ld  stress ( )  the reinforcing steel r a t i o  

( p , ) ,  the tie/hoop volumetric ratio (p") , and the r a t i o  of 

smaller to l a rger  end moment ( M ~ M Z )  are l i s t ed  i n  Table 

5.2.1. The values shown in the table represent the m a x i m u m  

and minimum values of the  data; a deta i led  description of 

each column is given i n  Table 3.1.4. 

Due t o  the limited niimher of tes t  columns available i n  

the l i t e r a tu re ,  several of the limitations specified by AC1 

318-95 and Eurocode 2 were not used i n  this study. AC1 

318-95 speci f ies  an upper l u t  of 30 on &'/h ratio which is 

signif icant ly lower than the maximum value of 40 used i n  

t h i s  study (Table 5.2.1). AC1 318-95 a l so  imposes a limit 

of 80% of the pure axia l  load capacity on the  applied agial 

loads act ing on t ied  columns. nurocode limits the minimum 

transverse d e n s i o n  of a column t o  8.0 in. which is 



Table 5.2.1 - Summary of Geametric and Material Properties 
of Reinforceci Concrete Col= S p e w s  
w i t h  Moment  radiant* 

Minimum Values 

bxh (in. x in.) 

Maximum Values 

E: 14; h = *th of the concrete crossr 
* section O - d a r  to *e axie of b c i i n g ;  b = w i d t h  of 

the concrete cross-saction parailel to the axis of bending; 
Ml= the amallet end moment, .positive if menber is bent in 
single curvature, negative zf bent in double ~urvature; 

= the largmr end mnmarit, always positive.  

N o t e :  1.0 in. = 25.4 rpm; 1000 psi  = 6.895 MPa 



greater than the  minimum column size of 4.4 x 2.5 in. used 

i n  this study (Table 5.2 1 ) . 

5 . 2 . 2  Cornparison of Design Methods with Test R e s u l t s  

AC1 318-95, Eurocode 2 and FEM methods w e r e  compared 

t o  the  r e s u l t s  of 14 reinforced concrete t e s t  columns. The 

cornparison w a s  made based on t h e  s t rength  r a t i o  which is 

defined as the  r a t i o  of the t e s t e d  ultimate axial load 

s trength t o  the  computed ul t imate ax ia l  load strength 

( P e s t / P a s ) .  The computed s t reng ths  ( P )  were based on 

the  res i s t ance  fac tors  o r  p a r t i a l  sa fe ty  fac tors  taken 

equal t o  unity and the measured s t rengths  of t he  concrete 

and reinforcing s tee l .  A s m a r y  of the  s t rength r a t i o  

(Pes  JPes) s t a t i s t i c s  computed f o r  t h e  three d i f f e r en t  

design methods is given i n  Table 5.2.2. Note that three 

different equations f o r  f l exu ra l  r i g i d i t y ,  EX, were used 

fo r  computing AC1 318-95 s t rengths  (Equations 4.16, 4.17 

and 4.19) . 
The eight Group 3 columns had a slenderness r a t i o  

greater than 14 but  less than 30 with an end eccen t r i c i ty  

r a t i o  greater than 0 . 1  but  less than o r  equal t o  1.5. An 

examination of s t a t i s t i c s  f o r  these  columns in  Table 5.2.2 

(Group 3)  leads t o  the following observations: 

(1) The coeff ic ient  of va r ia t ion  of the strength r a t i o s  

f o r  AC1 318-95 w a s  s i gn i f i can t ly  affected by t h e  

f l exu ra l  r i g i d i t y  equation used: 42.5 percent when 



Table 5.2.2 - Simimary of Strength R a t i o  S t a t i s t i c a  for Different Design 
Methods for Reinforced Concrete Colunms w i t h  Moment Gradient. 

I (a) CoeiTîclenî of Varlmtlon 

I (c) MWmum Value af Stirngth Ratla 

FEM 

(e) 

l (cl) Mlnlmum Value of Shngth Ralo 

ACI ualng . 
Eq. 4.19 

(8) 

Eu- 
2 

Qroup 
Number 

(1) - 

ACI ustng 
E q  *16 

(9 

End 
m .,,, 

(3) 

Stemdemess 
f33W 
Ilb 

ACI wfng 
Eq. 4.17 

(s) 

Number 
of 

Splmsns 
(4) 
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Equation 4.16 w a s  used t o  21.7 percent when Equation 

4.17 was employed for computing E L  Equation 4.19, 

proposed by Mirza (IWO), showed an improvement over 

t h e  o ther  two equations with a coeff ic ient  of 

va r ia t ion  of strength r a t i o s  equal t o  18 .1  percent. 

The coeff ic ient  of  var iat ion of t h e  s t rength r a t i o s  

for Eurocode 2 (17.1%) w a s  slightly lower than t h a t  

f o r  AC1 318-95 using Equation 4.19,  w h i l e  FEN produced 

the lowest coefficient of variation of the  strength 

ratios (11.5%). 

The mean values of strength r a t i o s  f o r  al1 design 

methods, except FRtï, were r e l a t i v e l y  high. There was 

no s ign i f i can t  difference in the mean values of t h e  

s t r eng th  r a t i o s  f o r  Eurocode 2 and AC1 318-95 using 

Equation 4.17 and 4.19. 

For the six columns with P/h=40 and e/h=0.2-0.4 (Group 

t he r e  appears to be no significant d i f  f erence between 

s t rength  statistics f o r  columns obtained for dif f eren t  

design methods, with the exception of FEM. The s t a t i s t i c s  

obtained using FEM were similar for both Group 3 and Group 

4 colmms, as indicated i n  Table 5 . 2 . 2 -  

The observations noted i n  the  f oregoing paragraphs 

cannot be considered conclusive because of the  l imited 

number of tests (merely 14)  available £rom the  literature 

for reinforced concrete columns sub jected t o  moment 

gradient.  



6 - COMPARISON OF DESIGN METHODS WITH TEST RESULTS FOR 
COMPOSITE STEEL-CONCRETE COLUMNS SUBJECTED 

TO MAJOR GXXS BENDING 

For the comparative study, composite steel-concrete 

columns subjected to major axis bending were divided into 

two separate groups: columns with equal and opposite 

applied end moments (Le. symmetric single curvature 

bending) and columns with unequal applied end moments ( L e .  

moment gradient ) . 

6.1 COMPOSITE STEEL-CONCRETE COLüMüS SUBjECTED TO MAJOR 

AXIS BENDIHG WI!I!HOUT MOMENT GRADI- 

In an attempt to study a full range of variables, 69 

composite steel-concrete test columns subjected to major 

axis bending without moment gradient and found in the 

literature were used to compare the test strengths with 

those obtained from AC1 318-95, AISC-LRFD Specifications, 

Eurocode 4 and FEM methods. Note that AC1 318-95 strengths 

were computed in three dif ferent ways: (a) using Equation 

4.16, (b) using Equation 4.18, and (c) using Equation 4.20. 

Similarly, the AISC-LRFD strengths were computed in two 

different ways: (a) using the radius of gyration as 

specified in the AISC-LRFD Specifications, and (b) using 

the radius of gyration with the upper limit of Equation 

4.38. 



- 
6.1.1 ~escription of Colmm Tests Available in the 

A complete description of 75 composite steel-concrete 

t e s t  columns subjected to major agis bending without moment 

gradient and found i n  the l i t e r a t u r e  is presented i n  

Chapter 3. Six of these  columns were not used fo r  

cornparison because of t h e  incomplete o r  insuff i c i e n t  

information available . These columns are iden t i f  ied with 

an asterisk in Table 3.2.1. 

Each column used had a different combination of 

geometric and material propert ies .  The maximum and miaimm 

values of the  overall cross-section dimensions (bxh), t h e  

nominal concrete strength ( f )  , the  end eccen t r ic i ty  ratio 

( e h )  t he  slenderness ratio ( h ) ,  t h e  s t ruc tu ra l  steel 

sect ion y ie ld  s t ress  ( f ) ,  the reinforcing steel y i e l d  

stress ( f ) ,  the structural steel r a t i o  ) tfie 

reinforcing s t e e l  ra t io  ( p )  , and the  tie/hoop volumetric 

r a t i o  (p") are listed i n  Table 6.1.1. The values shown in 

the table represent the  maHimm and minimum values of the 

data; a detai led description of each column is given i n  

Table 3.2.1. 

I n  order t o  study t h e  e f f ec t s  of variables over a 

broad range, several of t h e  l imi ta t ions  specif ied by AC1 

318-95, AISC-LRFD and Eurocade 4 design methods were not  

used in t h i s  study. AC1 318-95 has a limit of 85 percent 



T a b l e  6.1.1 - Sunanary of Geometric and Materiaï Properties 
of Campasite Steel-Concrete Column Specimens 
Subjected to Maj2r Axïs Bending w i t h o u t  - 
Moment Gradient 

Properties I Minimum Values 

1 bxh (in. x in.) I 6.3 x 6.3 

Maximum Values 

* Number of Specimens = 69; h = depth of the concrete cross- 
section perpendicular to the axis of bending; b = w i d t h  of 

-the concrete cross-section parallel to the axis of bending. 

f* 16 specimens were tested under pure bending (e/h=m) 

N o t e :  1 . O  in. = 25.4 mm; 1000 p s i  = 6.895 MPa 



of the  

acting 
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pure axial load capaci ty  on the applied axial loads 

on composite columns. AC1 318-95 also imposes an 

upper limit on t h e  s t r u c t u r a l  steel sect ion yield strength 

a t  50,000 p s i  which is s ign i f i c an t l y  lower than t h e  maKimm 

value of 113,686 p s i  used i n  this study. In addition, AC1 

318-95 has a lower limit on the longitudinal re inforcing 

steel ratio of one percent which is above t he  minimum value 

of zero (Table 6.1.1) . S i m i l a r l y ,  AISC-LRFD Specif ica t ions  

have a lower 1-t on the structural steel ratio of 4 

percent and an upper limit on the useable structural s t e e l  

and longitudinal reinforcing steel y ie ld  s t rength  of 55,000 

p s i .  The use of Equation 4.20 for AC1 318-95 and Equation 

4.38 for the AISC-LRF'D Specif i c a t i o n s  have two f urther 

l imi t a t ions  which Include: (a )  t h e  s t ruc tu r a l  steel  r a t i o  

must be between 4 and 10 percent, and (b )  the  end 

eccent r ic i ty  ratio be greater than o r  equal t o  0.1. B o t h  

of these limits were not appl ied in this study. Eurocode 4 

imposes an upper limit on t h e  concrete s t r e n g t h  of 7300 p s i  

which is not  s ign i f i can t ly  d i f f e r e n t  from the maximum value 

of 8093 p s i  used i n  this study. The minimum reinforcing 

s t e e l  r a t i o  imposed by Eurocode 4 is 0.3 percent which is 

above the  minimum value of zero (Table 6.1.1 ) . Eurocode 4 

limits the minimum transverse dimension of a column at 8 

in .  which is not s ign i f i c an t l y  d i f fe ren t  f r o m  the minimum 

column size of 6.3 x 6.3 in. used i n  this study. The s i z e  

and spacing of transverse t ies  for AC1 318-95, AISC-LRFD 



Speci f ica t ions  and Eurocode 4 were n o t  satisfied for some 

of t h e  t e s t  columns used i n  this study. 

6.1.2 Cornparison of Design Methods with Test R e s u l t s  

AC1 318-95, A I S C - W D ,  Eurocode 4 and FEM methods were 

compared t o  the r e s u l t s  of 69 composite s tee l -concre te  t es t  

columns subjec ted  t o  major axis bending. The cornparison 

w a s  made using t h e  s t r e n g t h  r a t i o  which w a s  def ined  as t h e  

r a t i o  of t h e  t e s t e d  ul t imate  strength t o  the computed 

ult imate s t r eng th .  For columns wi th  e/h<-, t h e  ul t imate  

s t rength  was taken as the ul t imate  axial load strength, and 

for columns with e/h=a, the u l t b a t e  strength was taken a s  

t h e  ul t imate  bending moment strength . The computed 

s t rengths  w e r e  based on the  r e s i s t a n c e  factors o r  p a r t i a l  

s a f e t y  factors taken equal to unity and the measured 

s t rengths  of t h e  concrete,  rein£ o rc ing  steel, and 

s t r u c t u r a l  steel. 

A sunmiary of t h e  strength ratio statist ics computed 

for four d i f f e r e n t  design methods f o r  columns w i t h  Q"h=2.9- 

30 and e/h=O-00 is given in Table 6.1.2. The  design 

methods compared i n  t h i s  t a b l e  inc lude  AC1 318-95, AISC- 

LRFD Speci f ica t ions ,  Eurocode 4 and FEM. Three d i f f e r e n t  

equations for f l e x u r a l  r i g i d i t y ,  EX, were used for 

computing AC1 318-95 column s t r e n g t h s  (Equations 4.16, 4.18 

and 4.20) .  Two different va lues  for t h e  radius of 



Table 6.1.2 - Summary of Strength Ratio Stat i s t i c s  for Different Design Methods 
for Composite Steel-Concrete Columns Subjected ta Major Axis 
Bending without Moment Gradient. 

(a) CoatRclsnt of Varlatlon , . 

1 11-12 O 3 0.071 W1 0.011 0.056 0.056 0.071 0.072 
2 3-30 0.1 1.6 30 O. 1 03 O. 163 0,171 0.226 0.218 O. 1M) O, 135 
3 29 00 16 0.1 16 0.1 16 0,091 0,080 0.080 0,116 0,063 

l (b) Mean 8ttength Ratio 

FEM 

I (c) Maxlmum Value of Stnngth Ralo 

AC1 mlng 
Eq. 4.20 

I (d) Mlnlmum Valus of Strength RatIo 

lUSGLRFD 
"Ing Eq' 

438 

A1SG 
M F 0  

(1 1) 

ACI using 
Eq. 4.18 

(4) (3) , (1) (10) 

~ u r ~ c ~ d ~  
4 

(6) 

of 
Number 

SP=lmens 

End 
Eccentrtdty 
Ratlo elh 

(2) 

Grwp 
Number 

(O) (s) 

ACI vahg 
Eq. 4.16 

Slenderness 
Ralo 
e /h  

(8) 
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gyration, r, were used for computing the AISC-LRFD column 

strengths . 
Table 6 . 1 - 2  gives the coefficient of variation, mean, 

maximum and minimum values of the strength ratios. For the 

statistical analysis, the columns studied were divided into 

three groups: Group 1 considered al1 columns having an end 

eccentricity ratio of zero (pure axial load) and 

slenderness ratio of 11-12 (Le. 3 < l r / h ~ 3 0 ) ;  Group 2 

included al1 columns with an end eccentricity ratio greater 

than or equal to 0 . 1  but less than or equal to 1.5 and with 

a slenderness ratio greater than 3 but less than or equal 

to 30; and Group 3 considered al1 columns having an end 

eccentricity r a t i o  of infinity (pure bending) and a 

slenderness ratio of 2 . 9  (Le. P/h<3). Table 6.1.2 

includes the statistics for a total of 49 columns- The 

remaining 20 columns having an end eccentricity r a t i o  of 

zero and a slenderness ratio less than 3 (pedestals) are 

not included in this table. 

Tables BI. 1 to BI. 7 in Appendix B provide a somewhat 

more detailed analysis of the strength ratio statistics for 

each of the design methods. The tables examine 5 groups of 

slenderness ratios as well as 5 groups of end eccentricity 

ratios for a total of 25 separate combinations. The tables 

include the number of test specimens in the group and the 

mean, coefficient of variation, minimum and maximum values 



of the strength r a t i o s .  Al1 69 columns are included in the 

s t a t i s t i c s  f o r  these tables . 
A review of Table 6.1.2 leads t o  the following 

observations : 

(1) The columns tes ted  under pure ax ia l  load and pure 

bending (Groups 1 and 3 )  tended t o  have a lower 

coeff ic ient  of var ia t ion  than coliimns tested with 

eccentric loading (Group 2 i n  T a b l e  6.1.2 ) . This is 

opposite t o  what was observed for reinforced concrete 

coltrmns (Table 5.1.2). 

( 2 )  The  coef f ic ien t  of variat ion of t h e  s trength r a t i o s  

using AC1 318-95 tends not to be significantly 

affected by t h e  f lexura l  r i g i d i t y  equation used (Group 

2 values i n  Coliimns 5, 6 and 10 of Table 6. 1 .2 ) .  

( 3 )  The coef f ic ien t  of variat ion of the s t rength  ratios 

using the AISC-LRFD Specifications (Columns 8 and 9 of 

Table 6.1.2) was low for Group 1 and Group 3 co~umns 

(e/h=O and o ~ )  but was s igni f icant ly  higher fo r  Group 

2 columns ( e h = O  1 - 1 5 )  as compared t o  al1 other 

methods. 

( 4 )  The coef f ic ien t  of variat ion of the s t rength  r a t i o s  

for Eurocode 4 was similar t o  those produced by AC1 

318-95 using al1 three  EI equations (Equation 4.16, 

4.18 and 4.20). FEM has the  lowest coeff ic ient  of 

variation of the strength r a t i o s  f o r  Group 2 (e/h=O . 1- 
1.5) co1u.m.n~. 
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The m e a n  value O£ the strength r a t i o s  f o r  t h e  AISC- 

LRFD Specifications (Column 8 and 9 of Table 6-1.2) 

was significantly higher f o r  Group 1 and Group 2 

columns than for al1 other  methods. Blso, the mean 

value af the  strength r a t i o s  fo r  the AISC-LRFD 

Specifications tends t o  decrease as t h e  end 

eccentricity ratio increases. T h i s  is opposi te  t o  

that observed for  al1 other design methods. This 

indicates  t ha t  the simplified equation for  detennining 

the nominal f lexural strength (Equation 4.32) may be 

slightly unconservative. 

There were no significant differences i n  mean values 

of the strength ratios for Eurocode 4 and AC1 318-95 

using al1 three EI equations (Equation 4.16, 4.18 and 

4 . 2 0 ) .  

The maximum and minimum values of the strength ratios 

f o r  t h e  BISC-LRFD Specifications were s ignif icant ly  

higher f o r  Group 1 columns and were s ign i f ican t ly  

lower for Group 3 columns when compared to al1 other 

methods . 
Figure 6.1.1. a shows the  cumulative f requency 

distribution of strength ratios f o r  four d i f  f erent design 

methods p l o t t e d  on a normal probabil i ty  scale. The four 

methods compared include AC1 318-95 using Equation 4.18, 

the  AISC-LRFD Specif ications , Eurocode 4 and FEM. The 

curves i n  t h e  figure represent the  data for al1 69 tes t  

columns. The curves for AC1 318-95 using Equation 4.18 and 





Eurocode 4 

the least 

follow one another closely.  The FEM produces 

consemative results, while MSC-LRFD produces 

the most consemative r e su l t s  over the en t i re  range of 

s t rength  ra t ios  . The five-percentile value is 

approximateiy 0.77 f o r  FEM, 0.84 f o r  AC1 318-95 using 

Equation 4.18 and 0.87 f o r  both the AISC-1;RFD 

Specifications and Eurocode 4. 

Figure 6.1.1. b shows the cumulative f requency 

d i s t r ibu t ion  of s t rength  r a t i o s  p lo t ted  on a normal 

probability scale f o r  AC1 318-95 using Equations 4.16, 4.18 

and 4.20. The curve f o r  AC1 318-95 using Equation 4.20 

follows closely t h e  curve for AC1 318-95 using Equation 

4.18 over the e n t i r e  range of strength ra t ios .  However, 

t h e  cume for AC1 318-95 using Equation 4.16 is more 

consemative than that f o r  Equation 4.18, w h i c h  was also 

t h e  case for reinforced concrete columns. The five 

percen t i l e  values are 0.84 f o r  AC1 318-95 using both 

Equations 4.18 and 4.20 and 0.94 f o r  AC1 318-95 using 

Equation 4.16. 

Figure 6.1.1 c shows the cumulative f requency 

d i s t r ibu t ion  of strength ratios plot ted  on normal 

probability scale f o r  the AISC-LRFD Specifications and t h e  

AISC-LRFD Specifications using Equation 4.38. From the 

f igure  it c m  be seen that there is very l i t t l e  difference 

between the two curves. This is expected since Equation 

4.38 w a s  chosen t o  improve the  predicted strength of 

composite steel-concrete columns subjected t o  minor d s  



M I  b l g n  Mahoâ 

1 - Ki uring Eq. (4,16) : M w n  Stmngth Rat10 - 1,12 
Cooff. of Var, = 15,8X 

2 - AC1 udng Eq. (4.18) : Mean Stmngth Ratlo - 1.05 
Coeff. of Var. - 13.6% 

3 - AC1 udng Eq. (4.20) : M w n  Stmngth R d o  = 1.08 
Coaff, of Var. - 13.3% 

1 
. - ,LI@-' 

f8' 

CUMULATNE FREQUENCY (Percent) 

Figure 6.l.l.b - Probability distribution of strength ratios of camposite 
steel-concrete columna subjeoted to major a x i s  bending 
without moment gradient for different design methods (n=69). 





bending and was not intended 

s t rength  for composite columns 

to improve the predicted 

sub jec t ed  to major axis 

bending. The £ive percentile values are 0.87 for  AISC-LRFD 

and 0 . 8 6  for AISC-LRFD using Equation 4.38. 

6.1.3 Effects of Major Variables on strength Ratios 

The effects of concrete  s t r e n g t h  ( f )  , end 

e c c e n t r i c i t y  r a t i o  (e/h ) , slenderness r a t i o  (P /h) ,  

structural steel index ( s s f / f '  and t i e / h o o ~  

volumetric r a t i o  (p") on t h e  maximum, mean and minimum 

values of s t r e n g t h  r a t i o s  obtained using AC1 318-95, AISC- 

LRFD Spec i f i ca t ions ,  Eurocode 4 and FEM are examined in 

t b i s  sec t ion .  

Since the values of concre te  s t rength ,  end 

e c c e n t r i c i t y  r a t i o ,  slenderness r a t i o  , s t r u c t u r a l  steel 

index and t h e  t i e /hoop  volumetric ratio used i n  this s tudy 

were not  c o n t r o l l e d  variables, s t r e n g t h  r a t i o s  had t o  be 

grouped i n t o  ranges. Up t o  t e n  s e p a r a t e  ranges were used 

i n  p l o t t i n g  each of the  figures presented in this sect ion.  

The maximum, mean and minimum s t r e n g t h  r a t i o s  were 

determinad for each of the ranges. Grouping the s t r eng th  

r a t i o s  r e s u l t e d  i n  having a signif icantly dif f e ren t  number 

of columns i n  some of the ranges. This may explain t h e  

jaggedness of the lines associated w i t h  some of the  figures 

presented i n  this sec t ion .  



Figures 6.1.2.a t o  6.1.2.c examine t h e  effect of 

concrete  s t rength  (f ',) on the maximum, m e a n ,  and minimum 

strength r a t i o s .  Because of t h e  many different values of 

concrete  s t rength  used, nine ranges of concrete strength 

were set a t  3000-3300, 3300-3950, 3950-4600, 4600-5250, 

5250-5900, 5900-6550, 6550-7200, 7200-7850, and 7850-8100 

ps i .  It  can be seen from these  f igures  t h a t  t h e  rnaxhun, 

m e a n  and minimum strength r a t i o s  remains r e l a t i v e l y  

constant  over the entire  range of concrete s t r eng th  f o r  a l 1  

design methods, except f o r  the BISC-LRFD Specif i ca t ions .  

However, the m e a n  value of t h e  s t r eng th  r a t i o  t ends  t o  

become less conservative as t he  concrete strength 

increases .  The AISC-LRFD Specif icat ions  and t h e  AISC-LRFD 

Speci f ica t ions  using ~ q u a t i o n  4.38 are s i g n i f i c a n t l y  

a£ f ec ted  by t h e  concrete s t rength.  For concrete s t rengths  

between approgimately 5500 and 7000 psi, both C u m e s  

produce s ign i f i can t ly  high values for t h e  maximum, m e a n  and 

minimum s t rength  r a t i o s  (~ igu re  6.1.2.b). FEM produced the 

most cons is ten t  results over t h e  e n t i r e  range of concrete 

strength as can be seen by Figure 6.1.2.c. 

Figures 6.1.3.a t o  6.1.3 .c examine t h e  effect of the 

end eccen t r i c i ty  ratio ( e / h ) ,  on the maximum, mean, and 

minimum s t rength  r a t ios .  Because of the many different end 

e c c e n t r i c i t y  ratios used, e igh t  ranges of end e c c e n t r i c i t y  

ratio w e r e  set at 0,  0-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8- 

1.0,  1.0-1.1 and a. N o t e  t h a t  no tes t  data were ava i lab le  



(i) AC1 using Eq. 4.16 
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(ii) AC1 using Eq. 4.18 . 
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(iii). Eurocode 4 
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Concrete Strength (f' =) (psi) 
Figure 6.1.2.a - E f f e c t  of concrete atrength on strength 

ratios obtained froai different design 
mathods for composite steel-concrete 
columns subjected to major axis bendina 
without moment gradient- (n varies for éach 
f'=; total number of specimens=69). 



I I 1 1 I 1 

(v) AISC-LRFD using Eq. 4.38 
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Concrete Strength (ffC) (psi) - 

f i v e  6 1.2. b - Effeat of concrete sttength on s trength 
ratios obtained from different design 
methode for composite steebcancrete 
colurrins subjected to major axis  bending 
without mrvnnnt gradient (n varies for each 
f ',; total nimiber of sper?imans=69) . 



(vi) ACI using Eq. 4.20 
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(vif) FEM 
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Figure 6.1.2. c - E f f e c t  of concrete strength on strength 
ratios obtained fraru difcerent design 
methoch for -si te s tee1 nconcrete 
columns subjecteâ to major awis bending 
without inrnri~nt gradient (n varies fol: each 
frc; toiaï  ninaber of spec.imens=69) . 



(i) AC1 using Eq. 4.16 
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(ii) ACI using Eq. 4.1 8 
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(iii) Eurocode 4 

End Eccentricity Ratio (elh) - -  . 

Figure  6.1.3 .a - E f f e c t  of end eccentricity ratio on 
strength ratios obtained from different 
design methods for composite steel -concrete 
calumns subjected to major axis bending 
without moment gradient (n varies for each 
e/h ratio; total number of specimens=69) . 



(iv) AlSCLRFD 
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(v) ABC-LRFD ushg Eq. 4.38 
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End Eccentricity Ratio (efh) 

Figure 6.1.3.b - E f f e c t  of end eccentrici- ratio on 
strength ratios obtained f rom different 
design methods for composite steel-concrete 
colimins subjected to major ax ia  bending 
without moment gradient (n varies for each 
e/h ratio; t o t a l  number of specimene=69) . 



(vï) AC1 using Eq. 4.20 

I I I 1 I I I 1 I 

(ai) FEM 

O 0.2 0.4 0.6 0.8 7.0 1.2 1.4 1.6 

End Eccentricity Ratio (e/h) 

Figure 6.1.3. c - E f f e c t  of end eccentricity ratio on 
strength ratios obtained from different 
design methods for composite steel-concrete 
coluums subjected to major axis bending 
without mament gradient (n varies for each 
e/h ratio; total number of specimens=69) , 



f o r  end eccen t r i c i t y  ratios i n  t h e  range grea te r  than 1.06 

and less than a. The curves i n  t h e  figures, therefore,  

were extended f r o m  t h e  e/h value of 1.06 to the case of 

pure bending (e/h=-) . The ef  f e c t  of the end eccen t r i c i t y  

r a t i o  can not be clearly es tabl i shed £rom Figures 6.1.3.a 

t o  6.1.3.c due, perhaps, t o  t h e  lower number of test  data 

available f o r  certain ranges of e f h  r a t i o s  p l o t t e d  i n  these 

f igures .  However, t h e  s t r eng th  r a t i o s  for AC1 318-95 using 

Equation 4.16, AISC-LRFD, and AISC-LRFD using ~quation 4.38 

appear to be more affected by t h e  end eccen t r i c i ty  r a t i o  

than those f o r  AC1 318-95 using Equation 4.18, Eurocode 4, 

AC1 318-95 using Equation 4.20, and FEM. A l 1  methods, 

except FEM, have mean strength r a t i o s  greater than 1.0 for 

e/h r a t i o s  over almost t h e  e n t i r e  range between O and 1.06. 

FEM had a mean s t rength  ratio below 1 .0  for most of t h e  e/h 

r a t i o s  e x d n e d .  

Figures 6.1.4.a to 6.1.4.c examine t h e  effect of the  

slenderness r a t i o  ( P ' h )  on t h e  maximum, mean and minimum 

strength r a t i o s .  Because of t h e  many di f fe ren t  slenderness 

r a t i o s  used, seven ranges of slenderness r a t i o s  w e r e  set at 

2-4.5, 4.5-9, 9-13.5, 13.5-18, 18-22.5, 22.5-27 and 27-29. 

The strength r a t i o s  obtained by AC1 318-95 using Equation 

4.16 were significantly affected by high slenderness ra t ios  

(P/h>15). AC1 318-95 using Equations 4.18 and 4.20 and 

Eurocode 4 w e r e  not s i g n i f i c a n t l y  af fec ted  by the  



( i )  AC1 using Eq. 4-16 

I 1 I I I I I 1 

(II) AC1 uslng Eq. 4.1 8 

I I I I I l 1 I 

(iii) Eurocode 4 

O 5 I O  15 20 25 30 35 40 45 

Slendemess Ratio (Ph) 

Figure 6.1 .4 .  a - E f f e c t  of slenderness ratio on strength 
ratios obtained from different design 
methods for composite steel-concrete 
columns subjected to major a r i s  bending 
without mament gradient (n varies for each 
!/h ratio; total number of specimens=69) . 
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(v) AISC-LRFD uslng Eq. 4.38 

O 5 10 15 20 25 30 35 40 45 
Slendemess Ratio ( e h )  

Figure 6.1.4.  b - E f f e c t  of slendeniees ratio on strength 
ratios obtained from different design 
msthods for composite steel-cancrete 
columns subjected to major a r i s  bending 
without mument gradient (n varies for each 
@/h ratio; t o t a l  number of specimans=69) . 



(vi) AC1 using Eq. 4.20 

I 1 1 I I 1 1 1 

(vii) FEM 

10 15 20 25 30 35 40 
Slendemess Ratio (&h) 

F i g u r e  6.1.4. c - Effect of elendemess ratio on etrength 
ratios obtained from different design 
methods for coniposite steal-concrete 
columns subjected to major axis bending 
without moment gradient (n varies for each 
d/h ratio; total ninnber of epecimens=69). 



slenderness r a t i o  and 

the r e s u l t s  obtained 

250 

showed a significant inprovernent over 

f r o m  AC1 318-95 using Equation 4.16, 

although the difference between t h e  m a x i m u m  and minimum 

strength r a t i o s  f o r  Eurocode 4 w a s  somewhat high f o r  

slenderness r a t i o s  ranging from .8 t o  15. The s trength 

ratios for t h e  ALISC-LRSD speci f ica t ions  and the AISC-LRFD 

Specif icat ions using Equation 

af f ected by the  slenderness 

slenderness ratios ranging from 

4.3 8 were signif i can t ly  

ratio, pa r t i cu l a r ly  for 

8 to 15. FEM had t h e  most 

consis tent  and narrow range of strength r a t i o s  over t he  

en t i r e  range of slenderness r a t i o s .  

F i g u r e s  6.1.5.a t o  6.1.5 .c examine the a f f e c t  of t h e  

s t l u c t u r a l  s t e e l  index (psSfyss / f  '=) , on the m m u m ,  mean, 

and minbum strength ra t ios .  Because of the  m a n y  di f fe ren t  

s t ruc tu ra l  s t e e l  index values used, seven ranges O£ 

s t r uc tu ra l  s t e e l  index w e r e  set at  0.2-0.4, 0.4-0 - 6 ,  0.6- 

0 . 8 ,  0.8-1.0, 1.0-1.2, 1.2-1.4 and 1.4-1.6. For al1 

methods, the difference between t h e  maximum and minimum 

strength r a t i o s  reduced as t h e  structural steel index 

increased. The zigzag nature of t he  plots for t h e  s t rength 

r a t i o s  produced by AC1 318-95 using Equation 4.16 is, 

probably, caused by t h e  grouping of the  s t rength  r a t i o s  and 

due t o  the fact that t h e  contr ibut ion of t h e  s t ruc tu ra l  

s t e e l  is not included in ~quat ion  4.16 used for calculat ing 

the  flexural r ig id l ty ,  E L  Equations 4.18 and 4.20 used 

with AC1 318-95 fo r  computing BI include t h e  contribution 



Min Mean Max 

(i) AC1 using Eq. 4.16 

1 L I I l I I 1 I 

(ii) AC1 using Eq. 4.18 

I I I I I I I 1 I 

(iii) Eurocode 4 

Structural Steel Index (p,f,/fl.) 

Figure 6.1.5, a - E f f e c t  of structural  s t e e l  index on 
strength ratios obtained f rom different 
design gethods for composite steel- 
concrete columns subjecteà to major ax is  
bending without moment  gradient (n varies 
for each pufyu/f '. ratio; to ta l  number of 
specimens=69) . 



(iv) NSC-LRFD 

I I I I 1 I I 1 1 -  - 

(v) AEGLRFD wing Eq. A38 
--*. -*... .. 

% 

O 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Structural Steel Index (p,f,/ft,) 

Figure 6. 1.5.b - E f f e c t  of structura l  steeï in& on 
s trength ra t ios  obtained f rom dif ferent 
design methods for composite steel- 
concrete colimuis subjected to major a s  
bending without m o m e n t  gradient (n varies 
for each ~ ~ f ~ / f ' ~  ratio; total nimiber of 
s p e m s = 6 9 )  . 



(vl) AC1 using Eq. 4-20 

1 I I 1 I I I I I 

(vil) FEM 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Structural Steel Index (p-fw/ftc) 

Figure 6.1.5. c - Effect of structural steel index on 
s t r e n g t h  ratios obtained from different  
design methods for composite steel- 
concrete columns subjected to major ;rxis 
bending without moment gradient (n varies 
for each pufm/f'c ratio; total number of 
sp8-8=69) . 



of t h e  structural steel and can be seen to improve the  

r e s u l t s  plot ted i n  F i g u r e s  6.1.5.a and 6.1.5.c. The 

s t r e n g t h  rat ios obtained f o r  Eurocode 4 show a trend 

similar t o  t h e  results o b t a i n e d  f r o m  AC1 318-95 using 

E q u a t i o n s  4.18 and 4.20. The maximum, mean and minimum 

v a l u e s  of the s t r e n g t h  ratios f o r  the AISC-LRFD and the 

AISC-LRFD using E q u a t i o n  4.38 tend to decrease as the  

structural steel index increases. The strength ratios for  

FEM are n o t  s i g d f i c a n t l y  a f f e c t e d  b y  the structural steel 

index, however, the mean strength r a t i o  is less than 1.0 

f o r  m o s t  of t h e  pssfF Jf '= values examined. 

F i g u r e s  6.1.6 .a t o  6.1.6.c examine t h e  effect of the 

t i e / h o o p  volumetric ratio (p") on the  maximum, mean, and 

minimum s t r e n g t h  ratios. Because of the many different 

values of t h e  t i e / h o o p  volumetric ratio used ,  ten ranges of 

t i e / h o o p  volumetric r a t io  w e r e  set at 0, 0-0.0033, 0.0033- 

O.OO66, 0.0066-0.0099, 0.0099-0 .0132, 0.0132-0 . 0165, 

0.0165-0.0198, 0.0198-0.0231, 0.0231-0.0264 and 0.0264- 

0.0297. The p lo t s  of t h e  s t r e n g t h  ratios for al1 methods,  

except for FEM, are similar over almost t h e  e n t i r e  range of 

p" ratios examined. The d i f f e r e n c e  between t h e  m a x i m u m  

and minimum s t r e n g t h  ratios for  al1 design methods is large 

for p"iO.005 b u t  reduces and becomes consistent for 

p">0.005. N o t e  that the majority of t e s t  columns had 

t i e / h o o p  volumetric ratios i n  the range of 0.0 t o  0.005. 



(i) ACI using Eq. 4.16 

(il) AC1 using Eq. 4.18 

(II) Eurocode 4 

0.005 0.010 0.015 0.020 0.025 
TieIHoop Volumetric Ratio (p ' ') 

Figure 6.1.6. a - E f f e c t  of tie/hoop volumetric ratio on 
s trength ratios obtained from dif feren t 
design methoda for composite steel- 
concrete columns sub jecteà to major axis 
bending without moment gradient (n varies 
for each p" ratio; total ntnnber of 
specimens=69) . 



(iv) NSC-LRFD 

0.005 0.010 0.015 0.020 0.025 

TieIHoop Volumetric Ratio (pu) 

Figure 6.1.6 .b - E f f e c t  of tie/hoop volumetric ra t io  on 
strength ratios obtained from different 
design methods for camposite steel-  
concrete columns subjected to major axis 
bending without moment gradient (n varies 
for each p" ratio; total number of 
speclIinens=69). 



(vi) AC1 using Eq. 4.20 

I I I I I 

(vii) FEM 

0.005 0.010 0.015 0-020 

Tie/Hoop Volumetrïc Ratio 

Figure 6.1.6. c - Ef fect of tie/hoop volumetric ratio on 
strength ratios obtained from dif ferent  
design methods for camposite steel- 
concrete c o l m s  subjected to major axis 
bending without moment gradient (n varies 
for each p" ratio; t o t a l  number of 
specimens=69) . 
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I t  is f o r  this reason that the high var iab i l i ty  of strength 

ra t ios  is occurring over this small range of p" values, 

and is not spreaded out uniformly as was the case for the  

strength ra t io  c w e s  f o r  other variables discussed 

previously. The effect of p" on strength ratios obtained 

for  FEM (Figure 6.1.6.c) is minimal because of  the  fact 

that  the  lateral confinement of concrete provided by 

ties/hoops was included i n  FEN analysis of strength. 

The following conclusions can be sttmmarized f r o m  the 

data plotted i n  Figures 6.1.2 t o  6.1.6 and t he  re la ted 

discussion: 

(1) The strength r a t i o s  produced by AC1 318-95 using 

Equation 4.16 demonstrated a pronounced effect of most 

of the  major variables investigated. The strength 

r a t i o s  become less conservative as the  concrete 

strength increases while becoming more consemative a s  

the slenderness r a t i o  and s t ruc tura l  s tee l  index 

increase. 

(2) AC1 318-95 using Equation 4.18 demonstrated an 

improved effect on t h e  strength r a t i o  variations due 

t o  al1 of the major variables examined when compared 

to t he  results obtained £rom AC1 318-95 using ~ q u a t i o n  

4.16. 

(3 )  The strength r a t i o s  produced by AC1 318-95 using 

Equation 4.20 gave s t a t i s t i c s  similar to those 

obtained from AC1 318-95 using Equation 4.18. Note 



that Equation 4.20 takes in to  account the e f f e c t  on E I  

of e/h r a t i o  as a fuaction of cracking of concrete 

caused by the presence of bending moment. 

( 4 )  The strength r a t io s  pmduced by the AISC-LRFD 

Specifications demonstrated a pronounced e f f e c t  of al1 

of the major variables investigated, par t icu la r ly  the  

concrete strength, t he  slenderness r a t io ,  and the  

s t ructura l  s t e e l  index. 

( 5 )  The strength r a t io s  produced by the ASSC-LRFD 

Specifications using Equation 4.38 produced sunilar 

results as the egisting AISC-LRFD Specification. This 

w a s  expected since Equation 4.38 was chosen t o  improve 

the predicted strengths of composite steel-concrete 

columns subjected t o  minor agis bending and was not 

intended t o  improve the  predicted strength f o r  

composite columns subjected to major axis bending. 

( 6 )  The strength r a t i o  s t a t i s t i c s  for Eurocode 4 were 

similar t o  those obtained from AC1 318-95 using 

Equations 4.18 and 4.20. 

( 7 )  The FEM produced the most consistent results that 

tended t o  be l eas t  affected by the variables examined. 

However, i n  most cases, the mean strength r a t i o s  were 

below 1.0 for the  FEM procedure used. 



6.2 COMPOSITE STEEL-COICRETE COfiUMlPS SUBJECTED TO MAJOR 

AXIS BEHDIHG WLTH MOMKNT GRADIENT 

Three composi-te steel-concrete test columns subjected 

to major axis bending with moment gradient found in the 

literature were used to compare the test strengths with 

those obtained f rom AC1 318-95, AISC-LRFD Specifications, 

~urocode 4 and FEM design methods. 

6.2.1 Description of Column Tests Available in the 

Literature 

A complete description of the 3 composite steel- 

concrete test columns subjected to major axis bending with 

moment gradient and found in the literature is presented in 

Chapter 3. 

Each  col^ used had a different combination of 

geometric and material properties, The maximum and minimum 

values of the overall cross-section dimensions (bxh) , the 

nominal concrete strength (f',), the end eccentricity ratio 

( e / h ) ,  the slenderness ratio (CI'h), the structural steel 

section yield stress ( f )  , the reinforcing steel yield 

stress f )  , the structural steel ratio ( p ) ,  the 

reinforcing steel ratio ( p )  , the tie/hoop volumetric 

ratio ( p " ) ,  and the ratio of smaller to larger end moment 

( M z / M 2 )  are listed in Table 6.2.1. A few more details are 

given in Table 3.2.4, 



Table, 6 - 2  . 1 - Sumniary of G e n m n t r i c  and Material Properties 
of C c m p o s i t e  Steel-Concrete Column Specimens 
Subjecw to Major Axis Bending w i t h  Moment  

Maximum Values 

~radient-  

* Numbet of  Specimens = 3; h = depth of the wncrete oross- 
section 'cular to the axis of bending; b = radth of 
the conc=sa-section parallal to the axis of bentiing; 

= the smaller end moment, positive if t œ m b e z  is bent in 
single cunrature, negative if bent in double m a t u r e ;  
b Q  = the larger end manmnt, al- positive. 

PmpertSes 

bxh (in. x in.) 

f ' c  (P@ 

Note: 1.0 in. = 25.4 rma; 1000 psi = 6.895 MPa 

Minimum Values 

11.0 x 11.0 

7423 



Due to the limited number of  ava i lab le  t es t  coliimns i n  

t h e  l i t e r a t u r e ,  severa l  of the l imi t a t ions  imposed by AC1 

318-95, AISC-LRFD and Eurocode 4 design methods were not  

used i n  t h i s  study. AC1 318-95 imposes a lower limit on 

t h e  longi tudina l  r e in fo rc ing  steel ratio of one percent ,  

which is not s i g n i f i c a n t l y  d i f f e r e n t  from the value of 0.79 

percent  used i n  this study. The use of Equation 4.20 i n  

AC1 318-95 and ~ q u a t i o n  4.38 i n  the  AISC-LRFD 

Spec i f ica t ions  requi res  that the s t r uc tu r a l  steel ratio be 

limited t o  a maximum of 10 percent  which is below the value 

of 14 -45  percent used f o r  t h e s e  tests ( T a b l e  6.2 - 1). The 

AISC-LRFD Spec i f ica t ions  also have an upper limit on t h e  

useable re inforcing steel y i e l d  s t rength  of 55,000 p s i ,  

which is  not s i g n i f i c a n t l y  d i f f e r e n t  from 60,919 ps i  used. 

Eurocode 4 imposes an upper limit on the concrete s t r e n g t h  

of 7300 p s i  which is  n o t  s i g n i f i c a n t l y  different than 7423- 

7989 p s i  used f o r  these  tests, 

6 . 2 . 2  Cornparison of Design Methods with T e s t  R e s u l t s  

AC1 318-95, AISC-LRFD, Eurocode 4 and FEM methods w e r e  

compared t o  t h e  r e s u l t s  of 3 composite s teel -concrete  test  

columns subjected t o  major agis bending. The cornparison 

w a s  made based on t he  s t r e n g t h  r a t i o  which is defined as 

t h e  r a t i o  of t h e  t e s t e d  ultimate axial load s t r e n g t h  to t h e  

computed ul t imate  axial load s t r e n g t h  ( P - J P - )  . The 

computed s t rengths  (P-) were based on t h e  resistance 
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- 
factors or partial safety factors taken equal to unity and 

the measured strengths of  the concrete, structural steel 

and reinforcing steels. 

Table 6 . 2 . 2  gives the coefficient of variation, mean, 

maximum and minimum values of the strength ratios 

(pas J P ~ )  for each of the design methods studied. 

examination of Table 6 .2 .2  leads to the following 

observations : 

The  coef f ic ient  of variation of the strength ratios 

for al1 design methods is low. This is probably due 

to the f ac t  that al1 columns were taken from the same 

investigation. 

T h e  strength ratio statistics computed for AC1 318-95 

using al1 three EI equations (Equations 4 .16 ,  4.18 and 

4 . 2 0 )  w e r e  identical .  This was expected since two of 

the three column specimens were below the l imiting 

value and the third one was barely above the l imiting 

value of k&/r computed £rom Equation 4 . 5  for short 

columns. Hence, the effect of flexural rigidity, EI, 

was negligible. 

The mean, maximum and minimum strength ratios for 

AISC-LRFD and AISC-LRFD using Equation 4.38 tend t o  be 

more conservative than those for al1 other methods. 

The mean, maximum -and minimum strength ratios for 

Eurocode 4 and FEM are shilar to but somewhat lower 

than those obtained for AC1 318-95. 



Table 6.2.2 - Suiiniary of Strength Ratio Statistics for Different D e s i p  Methode 
for Composite Steel-Concrete C o l m s  Subjected to Major Axis 
Bending with Moment Gradient. 

I (a) C ~ c l s n t  of Varlatlon 

4 10.7 0.3 - 0.8 3 0.008 0.008 0.01 O 0.034 0.035 0,008 0.012 

(b) Mean 8tiength Ralo 

FEM 

4 10.7 0.3 - 0.8 3 0,926 0.828 0.905 1.124 1.126 0.926 0.816 

(c) Maxlmum Value ol Strength Rmtlo 

Aauslng 
Eq. 4.20 

(d) Mlnlmum Value ot Wength Ralo 

AKICLRFD 
*ng 

436 
tg 

1 (  
(8) 

E W W O ~ ~  
4 

(1 1) (9) (s] 

wnp 
Eq. 4.18 

(1 0) (s) 

Aauekg 
Eq. 4-16 

1) 

Qroup 
Number 

(3) 

End 
EccanMctiy 
Rd@ elh 

(2) 

Slendemess 
RatIo 
( / b  

(4) 

Number 
of 

Speclmena 



The observations 

cannot be considered 

- 
noted in the foregoing paragraph 

conclusive because of the limited 

number of tests (merely 3) available from the literature 

f o r  composite steel-concrete . colums sub jected to major 

axis bending with moment gradient. 



7 - COMPARISON OF DESIGN METHODS WlTH TEST RESULTS FOR 
COMPOSITE STEEL-CONCRETE COLIJMlYS SUBJECTED 

TO MINOR AXIS BENDING 

For the comparative study, only composite steel- 

concrete columns subjected to minor axis bending without 

moment gradient were examined. This is because no test 

results are available in the literature searched for 

composite steel-concrete columns subjected to minor agis 

bending with moment gradient. 

7.1 COMPOSITE STEEZ-WBCRETE COL-S SOBJgCTBD !CO MIHOR 

AXIS BEHDIHG WITHOUT MOMBaIT GRADIBbiT 

In an attempt to study a full range of variables, 81 

composite steel-concrete test columns subjected to minor 

axis bending without moment gradient and found in the 

literature were used to compare the test strengths with 

those obtained from AC1 31 8-95, AISC-LRFD Specif ications, 

Eurocode 4 and FEM methods. N o t e  that ACf 318-95 strengths 

were computed in three different ways: (a )  using ~quation 

4.16, (b) using Equation 4.18, and (c) using Equation 4.20. 

Similarly, the AISC-LRFI) strengths were computed in two 

di f  f erent ways : (a) using the radius of gyration as 

specif ied in the BISC-LRFD Specif ications, and (b) using 

the radius of gyration with the upper l M t  of Equation 

4.38. 



7.1.1 Description of Column Tests &vailable in the 

Literature 

A complete description of 143 composite steel-concrete 

t e s t  columns subjected t o  minor axis bending without moment 

gradient and found i n  the  l i t e r a t u r e  is presented i n  

Chapter 3 .  Twenty-one of these. columns were not used f o r  

comparison because of t he  incomplete o r  insuf f ic ien t  

information available.  These columns are identified with 

an as te r i sk  in Table 3.3.1. I n  addition, another set of 4 1  

columns was not used f o r  comparison because the specif ied 

nominal concrete strength was l e s s  than 2500 ps i .  These 

coliunns are ident i f ied  with a double-asterisk i n  Table 

3.3.1. 

Each column used had a d i f fe ren t  combination of 

geometric and material properties. The maximum and minimum 

values of the overall cross-section dimensions ( b r r h ) ,  the  

nominal concrete s t rength  ( f ) ,  the  end eccentricity r a t i o  

( e / h )  , the slenderness r a t i o  (Q'h)  , the  s t ruc tura l  s t e e l  

section yield s t r e s s  ( f ) ,  the reinforcing steel yield 

s t ress  ( f ) ,  t h e  s t ruc tura l  steel r a t i o  ( p ) ,  the 

reinforcing steel r a t i o  (P,) , and the tie/hoop volumetric 

r a t io  (pM)  are listed i n  Table 7.1.1. The values shown i n  

t h e  table represent the maximum and minimum values of the  



Table 7.1.1 - Sumiiary of Geometric and Wterial Properties 
of Camposite Steel -Concrete Col-. Specimens 
Sub jected to Minor Axis Bending- 

t?umber of Spe- = 81 ; h = depth of the concrete cross- 
section perpemdicular to the axis of bending; b = width of 
the concrete crross-section parallal to the axis of bending. 

! 

N o t e :  1.0 in. = 25.4  mm; 1000 psi  = 6.895 MPa 

Pmperties 

bxh (in. x in.) 

f ' c  (Pa) 

e/h 

e/h 

fvu (iwi) 

fyr @si) 

P u  06) 

Pm ("k) 

P" (%) 

Minimum Values 

6.3 x 6.3 

2624 

0.00 

6.0 

32928 

31 91 0 

2.70 

0.00 

0.000 

Maximum Values 

16.0 x 12.0 

7646 

0.71 

28.9 

72052 

60919 

12.92 

3.1 4 

0.295 



data; a detailed descr ip t ion  of each column is given in 

Table 3.3.1. 

In order '  ta study the e f f e c t s  of va r iab les  over a 

broad range, several of the limits imposed by AC1 318-95, 

AISC-LRFD and Eurocode 4 design methods were not used i n  

t h i s  study. These limits are discussed in section 6.1.1 

and w i l l  not be repeated here. 

7.1.2 Cornparison of Design Methode w i t h  Test Results 

AC1 318-95, AISC-LRFD Specifications, Eurocode 4 and 

FEM methods w e r e  compared t o  t he  results  of 81 composite 

steel-concrete test  columns subjected to minor axis 

benàing. The cornparison was made using the strength ratio 

which was defined as t he  r a t i o  of the  tested ultimate &al 

load strength to the computed ultimate axial load strength 

( P ~ ~ / P ~ s ) .  The computed strengths ( P h s )  w e r e  based on 

the resistance fac to r s  or partial  safety factors taken 

equal to unity and the measured strengths of t h e  concrete, 

rein£ orcing s t e e l  and structural steel. 

A summary of the s t rength  ra t io  (Pas JP-) s t a t i s t i c s  

computed for four d i f f e r e n t  design methods for columns with 

t/h=5-30 and e/h=O. 1-1.5 is given i n  Table 7.1.2. The 

design methods compared i n  t u s  t ab l e  include AC1 318-95, 

AISC-LFWD Specifications-, Eurocode 4 and FEM. T h r e e  

dif f erent equations f o r  f lexural r igidity , BI, were used 

fo r  computing AC1 3 18-95 column strengths ( Equations 4.16, 
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4.18 and 4.20). Two di f  ferent  values f o r  the radius of 

gyration, r, were used for computing t he  AISC-LRFD column 

s t reng ths  - 
Table 7.1 .2  gives the coef f i c ien t  of variation,  mean, 

maximum and minimum values of t he  strength ra t ios .  For the 

statistical analysis, the columns studied were divided i n t o  

two groups: Group 1 considered al1 columns having an end 

eccen t r i c i t y  ratio of zero (pure axial load) and 

slenderness ratio of 5-18 ( L e .  3 < P / h ~ 3 0 ) ;  and Group 2 

included al1 columns with an end eccentricity ratio greater 

than or equal to 0.1 but less than or equal to 1.5 and with 

a slenderness r a t i o  g r e a t e r  than 5 but less than o r  equal 

to 30. Table 7.1.2 includes t h e  s t a t i s t i c s  for  a total of 

76 coliimris. The remaining 5 columns having an end 

eccentricity ratio greater than zero but  less than 0.1 are 

not included i n  this table. 

Tables C 1 . l  t o  C L 7  i n  Appendix C provide a somewhat 

more de ta i l ed  analysis of the strength r a t i o  s t a t i s t i c s  f o r  

each of the design methods. The tables examine 5 groups of 

slenderness r a t i o s  as well as 5 groups of end eccentricity 

r a t i o s  for a total of 25 separate combinations. T h e  t a b l e s  

include the number of test specimens i n  the group and the 

mean, coeff ic ient  of variation, minimu and d m  values 

of the strength ratios. A l 1  81 columns are included i n  the 

s t a t i s t i c s  for these tables. 



- 
A review of Table 7.1.2 l eads  to the iollowing 

observations: 

The coef f i c ien t  of var ia t ion  of the strength r a t i o s  

using AC1 318-95 tends t o  be significantly affected by 

the flexural r i g i d i t y  equation used (Group 2 values 

in C o l i i m n s  5, 6 and 10 i n  Table 7.1.2). 

The. coef f i c ien t  of var ia t ion  of the strength ratios 

for the AISC-LRFD Specifications (Co l innn  8 i n  Table 

7.1.2) w a s  low for Group 1 col&s and high for  Gmup 

2 coli'rmns. The AISC-LRFD Specif i ca t ions  using 

Equation 4.38 (Column 9 in Table 7.1.2) denonstrated 

similar results but showed an improvement for Group 2 

colrimns . 
The coef f i c ien t  of var ia t ion  of s t rength  ratios for 

Eurocode 4 showed an improvement over AC1 318-95 using 

a l1  three EI  equations (Equations 4.16, 4.18 and 

4.20 ) . FEM had t h e  lowest coef f i c ien t  of variat ion of 

strength r a t i o s  for Group 2 columns. 

The m e a n  values of the strength r a t i o s  f o r  the BISC- 

LRFD Specif icat ions and the BISC-LRFD Specifications 

using ~quation 4.38 (Column 8 and 9 of Table 7.1.2) 

were significantly higher for Group 2 columns than 

those for al1 other methods. 

Figure 7.1.1. a shows the cumulative f requency 

distribution of s trength r a t i o s  (P-JP-) for four 

d i f fe ren t  design methods plot ted  on a normal probabili ty 
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scale. . The four  design methods compared include AC1 318-95 

using Equation 4.18, t h e  AISC-LRFD Specifications,  Eurocode 

4 and FEM. The curves in t h e  figure represent t h e  data for 

al1 81 t e s t  columns. The curves f o r  AC1 318-95 using 

Equation 4.18 and the AISC-LR~D Specifications follow one 

another c lose ly-  The curve for Eurocode 4 is less 

consemative than t h e  AC1 318-95 and =SC-LRFD methods with 

FEM producing the least consemative r e s u l t s  over  the  

e n t i r e  range of s t r eng th  r a t i o s .  The f ive-percent i le  value 

is approximately 0.60 f o r  FEM, 0.80 f o r  both AC1 318-95 

using Equation 4.18 and Eurocode 4, and 0.85 for the AISC- 

LRFD. 

Figure 7.1.1. b shows the  cumulative frequency 

d i s t r ibu t ion  of s t r eng th  r a t i o s  (P-JP*) p lo t t ed  on a 

normal probabi l i ty  scale for AC1 318-95 using Equations 

4.16, 4.18 and 4.20. The c m e  for AC1 318-95 using 

Equation 4.20 follows the curve for AC1 318-95 using 

Equation 4.16 over almost t h e  en t i r e  range of s t r eng th  

ratios examined. However, t h e  curve for AC1 318-95 using 

Equation 4.18 is more consemative than t h a t  f o r  Equation 

4.16, which is opposite t o  what was observed f o r  both 

reinforced concrete columns and composite steel-concrete 

columns bending about t h e  major &S. This is also 

opposite to what was expected since Equation 4.18 includes 

t h e  affect of t h e  s t r u c t u r a l  s t e e l  i n  ca lcu la t ing  t he  

flexural r i g i d i t y ,  EI. The f i v e  percent i le  values are 0.73 
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f o r  AC1 318-95 using Equation 4.20, 0.77 for AC1 318-95 

using Equation 4.16 and 0.80 for AC1 318-95 using Equation 

4.18. * 

Figure 7.1.1. c shows the cumulative f requency 

distribution of strength ratios ( P t e s t / P b )  plotted on a 

normal probability scale for the AISC-LRFD Specifications 

and the AISC-LRFD Specifications using Equation 4.38. From 

the figure it can be seen that there is a significant 

difference between the two curves. This is expected since 

Equation 4.38 was chosen to improve the predicted strength 

of composite steel-concrete columns subjected to minor axis 

bending. The use of using Equation 4.38 shifts the results 

of the AISC-LRFD Specifications upwards to a more 

conserirative region but does not significantly reduce the 

variability of the strength ratios. The five percentile 

values are 0.85 f o r  t h e  AISC-LRFD and 1.04 f o r  AISC-LRFD 

using Equation 4.38. 

7.1.3 Effects of Major Variables on Strength Ratios 

The effects of concrete strength ( f )  end 

eccentricity ratio (e/h) slenderness rat io  ( t / h ) ,  

volumetric ratio (p") on the maximum, mean and minimum 

values of strength ratios ( P - J P - )  obtained using AC1 





318-95, AISC-LRFD Specif icat ions,  Eurocode 4 and FEM are 

examined in t h i s  sec t ion .  

Since the values of concrete  strength, end 

eccen t r i c i ty  r a t i o ,  slenderness r a t i o ,  s t r uc tu r a l  steel 

index and tie/hoop volumetric r a t i o  used i n  this study were 

not controlled variables, strength r a t i o s  had t o  be grouped 

into ranges. U p  to ten separate ranges were used i n  

plotting each .of t h e  figures presented i n  this sec t ion .  

T h e  maximum, mean and minimum value of s t rength  r a t i o s  were 

deterrnined for each of the ranges. Grouping the s t reng th  

r a t i o s  resulted in having a s i g n i f i c a n t l y  different number 

of columns i n  some of t h e  ranges. This may explain the 

jaggedness of the l i n e s  associated with some of t he  f i gu re s  

presented i n  t h i s  sec t ion .  

Figures 7.1 .2 .a  t o  7 .1 .2 .c  examine the effect of 

concrete strength ( f )  on t h e  m a x i m u m ,  mean, and minimum 

s t rength  ratios. Because of the many different values of 

concrete strength used, nine ranges of concrete s t r eng th  

were set a t  2500-2650, 2650-3300, 3300-3950, 3950-4600, 

4600-5250, 5250-5900, 5900-6550, 6550-7200 and 7200-7700 

ps i .  It can be seen £rom these f i g u r e s  t h a t  t he  maximum, 

mean and minimum strength r a t i o s  for al1 methods V a r y  over 

t h e  entire range of the concrete s t rength .  For concrete 

s t rengths  greater than 6500 ps i ,  al1 C u m e s  tend t o  dev ia te  

upward towards t h e  consemative region. This is due, 

probably, t o  the l imi ted  test  data available for concrete 
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Figure 7.1.2.a - Effect of concrete stsength on strength 
ratios obtained from different design 
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Figure 7.1.2.b - E f f e c t  of concrete strength on strength 
ratios obtained from different design 
methocb for composite steel-wncrete 
columns subjected to minor axis bending 
(n varies for each f'=; total number of 
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Figure 7.1.2. c - Effect of concrete strength on etrength  
ratios obtained from diffesent design 
methods for composite steel-concrete 
columns subjected b minor axis  benâing 
(n varies for each f'& total number of 
specimena=81) . 
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s t r eng ths  greater than  6500 ps i .  The  s t rength  r a t i o s  fo r  

AC1 318-95 using Equation 4.20 s h o w  an improvement over t he  

s t r eng th  r a t i o s  obtained f o r  AC1 318-95 using Equations 

4.16 and 4.18. The strength r a t i o  c m e s  for Eurocode 4 

a l s o  show an improvement over t h e  r e s u l t s  obtkined f o r  AC1 

318-95 using Equations 4.16 and 4.18. The s t r e n g t h  r a t i o s  

f o r  t h e  AISC-LRFD and the AISC-LRFD using Equation 4.38 

tend to be more consemative than those obtained f o r  al1 

o the r  design methods. FEM produced the most consistent 

r e s u l t s ,  however, t h e  mean strength r a t i o s  were below 1.0 

f o r  almost al1 of the concrete strengths examined (Figure 

7.1.2.c) . 
Figures 7.1.3 .a t o  7.1.3.c examine the  effect of the  

end eccentricity r a t i o  ( e / h ) ,  on the maximum, mean, and 

minimum s t rength  r a t i o s .  Because of t h e  many d i f f e r e n t  end 

e c c e n t r i c i t y  ratios used, f i v e  ranges of end e c c e n t r i c i t y  

r a t i o  w e r e  set at O ,  0-0.2, 0.2-0.4, 0.4-0.6 and 0.6-0 . 75. 

The e f f e c t  of t h e  end eccentricity r a t i o  can not  be c l e a r l y  

es tab l i shed  £rom Figures 7.1.3.a t o  7.1.3.c due, perhaps, 

to t h e  lower number of t e s t  data ava i l ab le  f o r  c e r t a i n  

ranges of e/h r a t i o s  p lo t ted  i n  these figures. However, 

the strength rat ios  f o r  AC1 318-95 using Equations 4.16 and 

4.18, AISC-LRPD and AISC-LRFD using Equation 4.38 appear t o  

be more affected by the end e c c e n t r i c i t y  r a t i o  than those 

f o r  AC1 318-95 us ing  Equation 4.20, Eurocode 4 and FEM. 

Al1 methods, except FEM, have mean s t r eng th  r a t i o s  greater 

than 1.0 over almost t h e  entire range of  e/h between O and 
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Figure 7.1.3 ,a - E f f e c t  of end eccentricity ratio on 
strength ratios obtained from different 
design methods for composite steel- 
wncrete columns subjected to minor axis 
bending (n varies for each e/h ratio; 
total number of specimens=81) . 
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Figure 7.1.3. b - Ef fect of end eccentricity ratio on 
strength ratios obtained from different 
design xnethods for composite steel- 
concrete columns sub jected to minor axia 
bending (n varies for each e/h ratio; 
total number of specimens=81). 
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Figure 7.1.3. c - E f f e c t  of end eccentrici- ratio on 
strength ratios obtained frau different 
design methods for composite s t e e l -  
concrete columns aubjected to minor axis 
bending (n varies for each e/h ratio; 
total  number of specimens=81) . 



0.71. FEM had a mean s t r e n g t h  r a t i o  below 1.0 for most of 

t h e  e/h ratios examined, 

Figures 7.1.4.a to 7.1.4.c examine t h e  e f f e c t  of t h e  

slenderness rat io ( t h )  on the m;ixi.mum, mean and minimum 

s t r eng th  ratios. Because of the many d i f f e r e n t  s lenderness  

ratios used, s i x  ranges of s lenderness  r a t i o s  w e r e  set at 

5-9, 9-13.5, 13.5-18, 18-22.5, 22.5-27 and 27-29, From t h e  

f i g u r e s  it can be seen t h a t  t h e  slenderness rat io a f f e c t s  

the s t r eng th  ratios for al1 design methods. A s  t h e  

slenderness ratio increases ,  the mean s t r eng th  ratio tends 

to  increase  for al1 design methods. The strength ratios 

obtained for AC1 318-95 using Equation 4.20 and Eurocode 4 

showed an improvement over t h e  s t r e n g t h  r a t i o s  for AC1 318- 

95  using both Equations 4.16 and 4.18. The strength r a t i o s  

for t h e  AISC-LRIP and t h e  AISC-LRFD using ~quation 4.38 

were most signif icantly af f ected by the s lenderness  r a t i o .  

FEM had t he  m o s t  c o n s i s t e n t  r e s u l t s  over  the e n t i r e  range 

of slenderness ratios examined. 

Figures 7.I.S.a t o  7.1.5.c examine t h e  e f f e c t  of t h e  

and minhum strength r a t i o s .  Because of t h e  many d i f f e r e n t  

s t r u c t u r a l  steel index values  used, t e n  ranges of 

structural steel index were set at 0-0.2, 0.2-0.4, 0.4-0.6, 

0.6-0.8, 0.8-l.Of 1.0-1.2, 1.2-1.4, 1.4-1.6, 1.6-1.8 and 

1.8-2.0. For al1 methods, t h e  d i f f e rence  between the  

maximum and min'imum strength ratios tended t o  reduce as the 
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F igure  7.1.4.a - E f f e c t  of slendemese ratio on strength 
ratios obtained from different design 
methods for composite steel-concrete 
oolumns subjected to minor axis bending 
(n varies for each Q/h ratio; t o t a l  
number of specimens=81) - 
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F i g u r e  7.1.4 .b - E f f e c t  of slendernese ratio on etrength 
ratios obtained fran different design 
methods for composite steel-concrete 
columns subjected to minor axis bending 
(n varies for each @/h ratio; total 
number of sperrimAns=81) . 
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Figure 7.1.4.c - E f f e c t  of alendemess ratio on strength 
ratios obtained fram different design 
methods for composite steel-concrete 
columns subjected to minor ax is  bending 
(n varies for each @/h ratio; total 
n e  of specimns=81) . 
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Figure 7.1.5 .a - E f f e c t  of structural steel index on 
sbength ratios obtained from different 
design-methods for camposite steel- 
concrete columns subjecteà to minor a x i s  
bending (n varies for each p..fyu/ftc 
ratio; total nuniber of specimens=81) . 
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F i g u r e  7.1.5. b - Effect of structural steel index on 
strength ratios obtained from dif ferent  
design methods for composite steel- 
concrete columns sub jected to minor ax is  
bending (n varies for each ~ = f ~ / f ' ~  
ratio; t o t a l  nrmihAr of specimens=81) , 



(vi) AC1 using Eq. 4.20 

(vii) FEM 
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Figure 7.1 - 5 . c  - E f f e c t  of structural steel index on 
strength ratios obtained from dif ferent 
design methods for composite steel- 
concrete columns subjected to minor axis 
banding (n var ies  for each p-fy.s/f0, 
ratio; total nurnber of specimens=81) , 



structural steel index increased. The 

obtained from AC1 318-95 using Equation 

- 
strength r a t io s  

4 .20  showed an 

improvement over the strength r a t i o s  obtained from AC1 318- 

95 using both E-quations 4.16 and 4 . 1 8 .  Note that Equation 

4.16 does not include the ef fec t  of the structural s t e e l  i n  

ca lcula t ing the f lexural r ig id i ty  , EI  . The strength ratios 

obtained for  Eurocode 4 were similar t o  those obtained from 

AC1 318-95 using Equation 4 .20 .  The strength r a t i o s  for 

t h e  AISC-LRFD and the AISC-LRFD using Equation 4 .38  

gradually become less consemative as the structural s t e e l  

index increases. FEM produced the most consistent results ,  

however, the mean strength ratio was less than 1 .0  for most 

of the pssfms/f '= values examined. 

Figures 7 . 1 . 6  .a t o  7.1.6 .c examine the e f fec t  of the  

tie/hoop volumetric r a t i o  (pn)  on the maximum, mean, and 

minimum strength ratios. Because of the  many different 

values of the  tie/hoop volumetric r a t i o  used, ten ranges of 

tie/hoop volumetric r a t i o  were set at 0 ,  0-0.00033, 

0.00033-0.00066, 0.00066-0.00099, 0.00099-0.00132, 0.00132- 

0.00165,  0.00165-0.00198, 0.00198-0.00231, 0.00231-0.00264 

and 0.00264-0.00297. Note t h a t  the majority of test 

columns had tie/hoop volumetric rat ios  i n  the range of 

0.0017 t o  0.0030.  It is  for this reason t h a t  the high 

var iab i l i ty  of strength ra t ios  is occurring over this mal1 

range of p" values, and is not spread out unifody as was 

the  case for the strength r a t io  curires for other variables 
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Figure 7.1.6. a - Effect of tie/hoop volumetric ratio on 
strength ratios obtained f rom different 
design methods for composite steel- 
concrete columns subjected to minor axis 
bending (n varies for each p" ratio; 
to tal  number of specimens=81) . 
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Figure 7.1.6.b - Effect of tie/hoop volumgtric ratio on 
strength ratios obtained from different 
design methods for composite steel- 
concrete columns aubjected to minor axis 
bending (n varies for each p" ratio; 
t o t a l  number of s~eeimRns=811 . 
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Figure 7.1.6.c - E f f e c t  of tie/hoop volumetric ratio on 
strength ratios obtained from different 
design methods for composite steel- 
concrete columns subjected to minor axis 
bending (n varies for each p" ratio; 
total number of specimens=81) , 
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discussed previously. For al1 methods, t h e  dif f erence 

between the  maximum and minimum strength ratios tends t o  

decrease as the tie/hoop volumetric ratio increases. The 

e f f e c t  of pm on strength ratios obtained for FEM (Figure 

7.1.6. c) is minimal because of t h e  f act. that the lateral 

confinement of concrete provided by ties/hoops w a s  included 

i n  FEM analysis of strength. 

The following conclusions can be stfmmarized £rom the  

data plot ted  i n  Figures 7.1.2 t o  7.1.6 and the related 

discussion: 

(1) The strength r a t i o s  produced by AC1 318-95 using 

Equation 4.18 and Equation 4.16 were af fec ted  by most 

of t he  major variables investigated.  The strength 

r a t i o s  tended t o  become less consemative as the end 

eccentricity ratio increased and more consemative as 

the slenderness r a t i o  increased. 

( 2 )  The strength r a t i o s  produced by AC1 318-95 u s h g  

Equation 4.20 and Eurocode 4 gave s t a t i s t i c s  somewhat 

be t t e r  than those obtained from AC1 318-95 u s h g  

Equations 4.16 and 4.18. Note t h a t  ~ q u a t i o n  4.20 

takes i n t o  account t h e  effect on EX of e/h r a t i o  as a 

function of cracking of concrete caused by the 

presence of bending moment. 

(3) The s t reng th  r a t i o s  produced by the AISC-LRPD 

Specif icat ions demonstrated a pronounced e f f e c t  of al1 
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of the  major variables investigated, particularly the 

end eccentricity rat io  and structural steel index. 

( 4 )  The s t rengthra t io  s t a t i s t i c s  obtained for the BISC- 

L R ~ D  Specifications using Equation 4.38 showed a 

similar trend as those computed for the AISC-LRFD 

Specif ications . However, the strength ratio 

s t a t i s t i c s  for the AISC-LRFD Specifications using 

Equation 4 .38  produced an overall shift i n  the results 

towakds the consemative s ide .  This was expected 

since Equation 4 .38  was chosen to do just that for 

steel-concrete composite colum~s subjected t o  minor 

axis bending. 

( 5 )  The FEM produced the most consistent results that 

tended to be least affected by the variables examinad. 

However, i n  most cases,  the mean strength ratios  were 

below 1 . 0  for the FEM procedure used. 
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8 - SUMlMARY. CONCLUSIONS AND RECOMMENIBATIONS 

8.1 SUMMARY 

This study preaents a s t a t i s t i c a l  evaluation and 

cornparison of the e f f e c t s  of d i f ferent  parameters on the  

ultimate strength of rectangular reinforced concrete 

columns and composite steel-concrete columns (s tructural  

steel shapes encased in concrete subjected t o  major and 

minor axis bending). The columns studied involved normal- 

density , nomal-strength concrete , were pin-ended, and had 

both equal and unequal load eccen t r i c i t i e s  act ing a t  the  

column ends. To study the f u l l  range of variables, 384 

reinforced concrete columns without moment gradient, 14  

reinforced concrete columns with moment gradient, 75 

composite steel-concrete columns subjected t o  major axis 

bending without moment gradient, 3 composite steel-concrete 

columns subjected to major axis bending w i t h  moment 

gradient, and 143 composite steel-concrete columns 

subjected to minor axis bending w i t h o u t  moment  gradient 

were taken fron the l i t e ra tu re .  No new t e s t s  w e r e  

conducted f o r  this study. 

The results of the  physical tests found i n  the  

l i t e r a t u r e  were compared against the ultimate column 

strengths computed using AC1 318-95, the AISC-LRFD 

Specif ica t ions ,  Eurocode 2, Eurocode 4, and FEM. For AC1 

318-95, proposed equations by Mirza (1990) and Tikka and 

Mirza (1992)  fo r  d e t e d n i n g  the f l exura l  rigidity of 
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reinforced concrete columns and composite steel-concrete 

columns, respectively, were a lso  included i n  this study. A 

new equation fo r  computing the radius of gyration of 

encased composite column cross-sections is proposed for use 

i n  the. AISC-LRFD procedure and its evaluation was also 

included i n  the study. 

Various combinations of the specified concrete 

strength, the  e n d  eccentrici ty rat io,  the slenderness 

ra t io ,  the  reinforcing s t e e l  index, the structural s t ee l  

index and the tie/hoop volumetric r a t io  were used t o  study 

the  e f fec ts  of these variables on t h e  computed coluipn 

strengths . 
Based on the  statistical analysis of the  major 

variables t h a t  affect column strength, a comparison of 

different design methods is presented. Most of the  design 

methods were affected t o  some degree by some o r  a l 1  of the 

variables studied. The va r i ab i l i ty  of each of the  design 

methods used for  computing the ultimate strength of 

reinforced concrete and composite steel-concrete columns is 

documented. 

WITHOUT MOMEET GRADIEHT 

From the discussion, tables and plots given in Chapter 

5 for reinforced concrete columns without moment gradient, 

the following conclusions seem to be valid: 
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(1) &CI 318-95 using Equation 4.16, i n  most cases, 

produces the most consemative r e s u l t s  for the mean 

strength r a t i o s  but also  has the highest variability 

when compared t o  AC1 318-95 using both Equations 4.17 

and 4.19. Note that Equation 4.16 is t h e  s impl i f ied  

flexural rigidity equation which only accounts f o r  t h e  

concrete contribution. 

( 2 )  AC1 318-95 using Equation 4.17 demonstrated an 

improved ef fect on the strength r a t i o  statistics due 

t o  al1 of t he  major variables  examined when compared 

t o  the  resu l t s  obtained £rom AC1 318-95 using Equation 

4.16. T h i s  is due, probably, t o  the f a c t  t h a t  

Equation 4.17 accounts f o r  the contribution of both 

the concrete and longitudinal reinforcing s t e e l .  

(3 )  AC1 318-95 using ~quation 4.19 was not s i gn i f i can t ly  

affected by most of t he  major variables examined. The 

strength r a t i o  s t a t i s t i c s  showed an improvement over 

those obtained for AC1 318-95 using both Equations 

4.16 and 4.17. T h i s  is  due, probably, t o  the fact 

t h a t  Equation 4.19 accounts for t h e  contr ibut ions of 

concrete, longi tudinal  re inforc ing s t e e l ,  and e/h 

ra t io .  Note that the e/h r a t i o  is taken as a funct ion 

of cracking of concrete caused by the presence of 

bending moment, 

(4 )  The strength r a t i o  s t a t i s t i c s  for Eurocode 2 were 

affected by most of the major variables examined and 



tended to show a trend similar to that obtained £ r o m  

AC1 318-95 using Equation 4.17. 

( 5 )  FEM produced the most consistent results and was not 

significantly affected by the variables examined. 

This was demonstrated by the relatively small 

differences between the maximum and minimum strength 

ratios over the full range of variables studied. 

However, the mean strength ratios were below 1.0 in 

many cases. 

8-  3 COESCLUSIONS RELATED TO REXHFORCED CONCRETE COLUMHS WITX 

MOHEm GRADIEaIT 

From the discussion given i n  Chapter 5 for reinforced 

concrete columns with moment gradient, the following 

conclusions seem to be valid: 

The strength ratio statistics £or AC1 318-95 were 

significantly affected by the flexural rigidity 

equation used: Equation 4.16 demonstrated the highest 

variability of strength ratios followed by AC1 318-95 

using Equations 4.17 and 4.19. 

The strength ratio statistics for Eurocode 2 were 

similar to those obtained from AC1 318-95 using 

Equations 4.17 and 4.19. 

Again, the FEM produced the most consistent strength 

ratio statistics with a significant improvement over 

those obtained for al1 other methods. 
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8.4 Cû111CLUSXOXS RgLATED TO =SITE STEK~PC~~VCKETE C û L m S  

SUBJBCTED !CO MAJOR AXIS BEIaDING WITHOUT HOMEM9 

G R A D I ~  

From t h e  discussion,- tables  and plots  given i n  Chapter 

6 fo r  composite steel-concrete columns sub jected to major 

axis bending without moment gradient, the f ollowing 

conclusions seem t o  be valid: 

(1) The strength r a t i o s  from AC1 318-95 using Equation 

4.16 w e r e  affected by most of the variables examined. 

( 2 )  Improved strength r a t i o  s t a t i s t i c s  were obtained for 

AC1 318-95 using Equations 4.18 and 4.20 and for 

Eurocode 4. The s t a t i s t i c s  were s;milar for the three 

procedures. Note t h a t  Equation 4.20 for EI takes into 

account the effect of e/h r a t i o  as a function of 

cracking of concrete caused by t h e  presence of bending 

moment. 

( 3 )  The  strength ratios produced by the AISC-LRFD 

Specifications demonstrated a pronounced e f f ec t  of al1 

of the major variables examined, par t icular ly ,  the 

concrete strength. The BISC-LRFD Specifications using 

Equation 4.38 produced similar results. Note tha t  

Equation 4.38 w a s  chosen t o  improve the predicted 

s t rength  of composite steel-concrete columns subjected 

t o  minor axis bending and w a s  not intended to improve 

the predicted strength for composite columns subjected 

t o  major axis bending. 
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( 4 )  The s t rength r a t i o  statistics f o r  FEM tended t o  be 

least affected b y '  the variables examine& The 

differences between the maximum and minimum strength 

ra t ios  were re la t ively  mal1 as compared t o  al1 other 

methods. However, the mean strength ra t ios  fell below 

1.0 in most cases. 

SUBJBCTED TO MIbfOR AXIS BKmIIaG WITHOUT BmlmeT ORBDImT 

From the discussion, tables and plots given i n  Chapter 

7 for composite steel-concrete columns subjected to minor 

agis bending without moment gradient, the  f ollowing 

conclusions seem to be valid: 

(1) The strength r a t i o s  for AC1 318-95 using Equation 4.16 

and Equation 4.18 were affected by most of the 

variables e x d n e d  . 
( 2 )  The strength r a t i o  s t a t i s t i c s  f o r  AC1 318-95 using 

Equation 4.20 and f o r  Eurocode 4 showed an improvement 

over those obtained for AC1 318-95 using Equations 

4.16 and 4.18. Note that ~ q u a t i o n  4.20 takes in to  

account the effect of e/h as  a function of cracking of 

concrete caused by the presence of bending moment. 

(3) The strength r a t i o  statistics produced by AISC-LRFD 

demanstrated a pronounced ef fec t  of al1 of the major 

variables examined. The AISC-LRFD usbg ~ q u a t i o n  4.38 

produced similar but more consemative results .  T h i s  

was expected since Equation 4.38 was chosen to hprove 



the predicted strength composite 

columns subjected to minor axis bending. 

steel-concrete 

~ h e  strength ratio statistics for FEM tended to be the 

least affected by the variables examined. However, 

the mean strength ratios were below 1.0 in most of the 

cases exdned. 

 or final (more accurate) designs, Equation 4.19 

proposed by Mirza (1990) and Equation 4.20 proposed by 

Tikka and Mirza (1992), are recommended for use in AC1 318- 

95 f o r  determining the  flexural rigidity of reinforced 

concrete and composite steel-concrete columns , 
respectively. The existing AC1 318-95 equations (Equations 

4.16, 4.17 and 4.18) may be used as a substitute in most 

cases, particularly for initial sizing of members. 

Equation 4.38 for determining the maximum useable 

radius of gyration for composite steel-concrete columns is 

recommended for use in the AISC-LRFD procedure. TUS 

equation tends to increase the minimum strength ratios for 

composite steel-concrete columns subjected to minor axis 

bending . 
Due to the limited number of physical test columns 

subjected to moment gradient available in the literature, 

it is suggested that further experimental research be 

focused in this area. 
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The relatively low mean strength ratios found for FEM 

for composite steel-concrete colwnns sub jected to minor 

axis  bending raise some concerns. Further studies to 

determine the cause of this observation are. recommended. 
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Table Al.1 - Strength Ratio Statistios for Reinforcd Concrete Columns 
without Moment Gradient for Different Ranges of e/h and Q/h 
using ACX Code w i t h  Equation 4 .l6. 

Column 
5P 
(1) 

Pedeatal 
Pm53 

no 6.tr a l r a i l e  
Note :  CV m t r a d .  for t h  aoeffioisat of variation. 

S M  

3.(ûlh<6.6 

Slender 
aedpmdw 

Super Slender 
@lh>.30 

ACI PWrIlltted 
3.(P/h~30 
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No. 
Mean 
CV 
Mln 
Max 

NO, 
M W ~  
CV 
Mln 
Max 

NO. 
Mean 
cv 
Mln 
M a  

NO. 
Mean 
CV 
Min 
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NO. 
Mean 
CV 
Mln 
M a  

& = O  

(3) 

1 O 
1 .CS8 
0.004 
0.821 
1.196 

79 
1.1% 
0.105 
0.874 
1.468 

72 
1,139 
0.339 
0.685 
2S55 

2 
2340 
0.042 
2270 
2410 

151 
1.137 
0.245 
0,685 
2555 

O MI < 0.1 

(4) 

1 
1.161 
0.000 
1.161 
1.161 

* 
e 
* 

O 
1.162 
0.248 
0.872 
1527 

3 
1.499 
0.021 
1,463 
1,621 

6 
1.162 
0.246 
0.872 
1,627 

0.1 I( ani 5 0.7 

(5) 

4 
1.093 
0.085 
1 .O1 4 
1.201 

12 
0.979 
0.089 
0.831 
1,128 

121 
1.071 
0.1 18 
0,702 
1,601 

18 
1,058 
0.285 
0.7W 
1.623 

133 
1 .Og3 

0.1 19 
0.752 
1.681 

0.1 5 alh 5 1.5 

(e) 

4 
1,093 
0.085 
1,014 
1.201 

elhem 

CI) 

* 

n 

n 

* 

1 O 
0.836 
0.133 
0.627 
1,128 

141 
1.058 
0.110 
0.752 
1,581 

18 
1 ,059 
0.285 
0.759 
1,623 

160 
1,042 
O. 125 
0.627 
1,561 

n 

* 
* 
* 
* 

e 

* 

* 
(I 

h 

* 

n 

* 
* 



' Table A1.2 - Strength Rat io  S t a t i s t i c s  for Reinforced Concrete Columns 
withoÜt Moment Gradient for Different Ranges of e/h and Q/h 
using AC1 Code with Equation 4 . 1 7 ,  

No, 1 O 1 4 4' * 
Mean 1 .O68 1,161 1,093 1.093 rn 
CV 0.084 0,000 0.085 0,005 
Mln 0.021 1.161 1.014 1.014 * 
Max 1.196 1.151 1.201 1,201 

No. 79 * 12 19 
Mean 1.135 * 0.979 0.036 * 
CV 0.105 * 0.089 0,133 a 

Mln 0,874 0.831 0.627 
Max 1,466 1) 1.126 1.126 * 

NO. 72 6 121 141 I 

Mean 1.046 1.208 1,073 1.056 * 
CV O. 192 0.295 O. 128 0.128 
Mln 0.685 0.894 0,818 0.812 * 
Mm 1 .B58 1.696 1.702 1.702 a 

No. 2 3 18 18 
Mean 2,201 1.511 1,020 1 ,MO 
CV 0.081 0.025 O. 138 O. 138 
Min 2.074 1 A68 0.844 0.844 * 
Max ' 2.328 1.534 1,229 1.229 * 

NO. 151 6 1 33 160 * 
Mean 1.093 1.208 1,064 1 .O42 * 
W 0.164 0,295 O. 1 28 O, 134 
Mln 0.685 0.894 0.018 0.627 a 

Ma 1.958 1,598 1,702 1.702 * 

No data avrilabla 
N o t e :  CV itan& for the aoeffiaient of variation. 





Table A î . 4  - Strength Ratio Statietios for Reinforced Concrete Columns 
without Moment Gradient for Di f ferent  Ranges of e/h and P/h 
using AC1 Code w i t h  Equation 4 . 1 9 ,  

* #O data rvrilWe 
Note:  cy itan& for the oosffiaient o f  vadation. 

Column 
VP 
(1) 

Pedestal 
Pth 5 3 

Shorl 
3 < Qni + 6.6 

Siender 
ü . 6 ~ Q l h d ~  . 

Super Slender 
4th 3O 

AC1 Penltted 
3 4 Q I h d 3 0  

(2) 

No. 
Mean 
CV 
Mln 
Max 

NO. 
Mean 
CV 
Mln 
Mm 

NO. 
Mean 
CV 
Mln 
MRX 

NO. 
Mean 
CV 
MIn 
M U  

NO. 
Mean 
CV 
Mh 
M a  

m=o 
(3) 

10 
1.068 
0.084 
0,921 
1.196 

79 
1,135 
0.105 
0.074 
1,466 

72 
1.040 
0.172 
0.685 
1 .Sn 

2 
1.762 
0.074 
1.689 
1.875 

151 
1.090 
O. 144 
0.685 
1.527 

O eni < 0.1 

(4) 

1 
1,161 
0.000 
1.151 
1,161 

* 
e 

* 

6 
1.083 
O.= 
0.844 
1.388 

3 
1.285 
0.014 
1.263 
1,297 

5 
1,083 
0,220 
0.844 
1,366 

0,l  5 eni 5 0.7 

(6) 

4 
1,093 
0.085 
1.014 
1,201 

12 
0.079 
0.089 
0,831 
1.128 

121 
1.059 
0.111 
0.855 
1.521 

18 
1 ,O1 2 
0.093 
0,875 
1,162 

1 33 
1.051 
0.1 12 
0.831 
1 -521 

0.1 5 elh 5 1.5 

(s) 

4 
1.093 
0,085 
1.014 
1.201 

18 
0.036 
0.133 
0.627 
1,126 

141 
1,051 
0.1 12 
0.855 
1.521 

18 
1,012 
0.093 
0.875 
1.162 

160 
1.037 
0.119 
0.627 
1.521 

- 

t?fh=m 

* 
* 
* 

a 
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O 

a 

a 
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fi 

* 
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Table B1.1 - 8trength Ratio Statistice for -aite Steel-Concrete 
Columns Subjected to Major Axia Bending w i t h o u t  Moment 
Gradient for Different Ranaes of e/h and Q/h using AC1 - 
Code w i t h  Equation 4.16.  

Super Slender 
cm.30 

(2) 
No. 

Mean 
CV 
Mln 
Max 

No, 
Mean 
CV 
Min 

No. 
Mean 
CV 
Mln 
MRK - 
No. 

Mean 
CV 
Mln 
Max - 
No. 

Mean 
CV 
Mln 
Mm - 

H o k :  CV m + r n A l  for t h  aeeffioiant of variation. 



- - - - - - -- 

w e 

v 

* Y 

e v 

(9) (9) 
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, Table El. 3 - Strength Ratio S t a t i s t i a s  for Composite Steel-Concrete 
Columns Subjected to Major b i s  Bendina withaut Moment 
Gradient for Di f ferent  Ranges of e/h aid P/h using 

- - - - - 

0 
No. 

Mean 
CV 
Mln 
Max - 
No, 

Mean 
CV 
Mln 
Max - 
No, 

Mean 
CV 
Mln 
Max 

Column 
TY pe 
iii 

Short 
3 < 4th < 6.6 

No. 
Mean 
CV 
Mln 
Max 

No. 
Mean 
CV 
Min 
Max - 

Super Slender 
PAIF 30 

N o t a :  CV stands for the ooeffiaiant of variation. 



Table B1.4  - Strength Ratio S t a t i s t i u a  for Composite Steel-Conarete 
Columne Subjected to Major Axis Bendinq without Moment 
Gradient for Dif ferent  Rangea of e/h and P/h ueing 
AXSC-LRED Speo i f iaa t ions .  

No. 
Meen 
CV 
Mln 
Max - 
No. 

Mean 
CV 
Min 
Max 

No. 
Mean 
cv 
Mln 
Mm - 
No. 

Mean 
CV 
Mtn 
Max 

No. 
Mean 
CV 
Mtn 
Max - 

Slender 
6.85Qlh53û * 

Super Slender 

Qlh ~ 3 0  

N o t e :  CV ntanâa for the c o s i f i d e n t  o f  variation. 



Table 81.5 - Strength Ratio S t a t i s t i a s  for Composite Steel-Conarete 
Columne Subjeuted to Major Axis  Bending without Moment 
Gradient for Dif ferent  Rangea of e/h and P/h using 
AISC-LRFD Spea i f iaa t ions  with Equation 4 . 3 8 .  

Column 
1Lw 

No. 
Mean 
CV 
Mln 
Max - 
No. 

Mean 
CV 
Min 
Max - 
No. 

Meen 
CV 
Min 
Max 

No. 
Mean 
CV 
Mln 
Max 

No, 
Mean 
CV 
Mln 

Short 
3 4 4h 4 6.6 

Super Slandet 

ta >- 30 

+ a0 data avrilabl. 
N o t e :  CV a h &  for the aomffiaient of variation. 



Table B1.6 - Strength Ratio Statietics for Camposite Steel-Concrete 
Columns Subjected to Major Axie Bending without Moment 
Gradient for Different Ranges of e/h and P/h using AC1 
Code - with Equation 4.20. 

Column 
TVpe 

(1) 

. . . . . . - 

Short 
3 4 Ph 6.6 

Super Slender 
Ph k30 

1T, 
No, 

Mean 
CV 
Mtn 
Max - 
No, 

Mean 
CV 
Mln 
Mw 
1 

No. 
Mean 
CV 
Min 
Max 

No. 
Mean 
CV 
Mln 
Max 

No. 
Mean 
CV 
Mln 
Max 
I 

N e t s :  CV m t a n d i  fax the, ooaf f idant  of vsriation. 



Table B1.7 - Strength Ratio Statietiae for Composite Steel-Concrete 
Columns Subjected to Major Axis Bending without Moment 
Gradient for Dif ferent  Ranges of e/h and Q/h ueing 

Column 
Vpe 

Short 
3 * Qlh < 6.6 

Super Slender 
Ph p30 

(2) 

No. 
Mean 
CV 
Mln 
Max - 
No, 

Mean 
CV 
Mln 
Max - 
No. 

Mean 
cv 
Mln 
Max - 
No. 

Mean 
CV 
Mln 
Max - 
No. 

Mean 
CV 
Mln 
M a  - 

No&: CV &an& for the a o s f f i o i e n t  of variat ion.  





Table C1.1 - Strength Ratio S t a t i a t i c s  for Composite Steel-Concrete 
Columns Subjected t o  Mfnor A x i s  Bendfng for D i f f e r e n t  
Ranges of e/h and Q/h using AC1 Code w i t h  Equation 4.16. 

No. 
Pedeatal 1 Mean 

Max 

No, 
Shorl Mean 

3 .( Ph .( 6.6 CV 
Mln 
Max 

No. 
Slender Mean 

6.6 i th 3 30 CV 
Mln 
Max 

No. 
Super Slender Mean 

Qlh r 30 cv 
Min 
Max 

No. 
AC1 Parmittecl Mean 
3 < tm 5 30 CV 

Mln 
Max 

Ho datm availabls 
Nota: CV atands fox the ooeffiaient of variation. 
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Table C1.5 - Strength Ratio Statietias for Composite Steel-Conarete 
Colurnns Subjeoted to Minor Axie Bending for Di f ferent  
Ranaes of e/h and Q/h ue ing  AISC-LRFD Spsaificatione 
w i t h  Quation 4.38 .- 

Column 
TY PQ 

(1) (2) 

No. 
Pedestal Mean 
0th 5 3 CV 

Mln 
Max 

No. 
short Mean 

3 4 @ni 6.6 CV 
Mln 
Max 

No. 
Slender Mean 

6.8 j, Qlh 5 30 CV 
Mln 
Max 

No. 
Super Slender Mean 

Ph >- 30 CV 
Min 
Mm 

No* 
AC1 Pemitted Mean 
3<Pni530 CV 

Mln 
Max 

* lila datir rvrilrblr 
Nota:  CV m t a n d a  for  the aoef f ia ient  o f  vaziation. 



Table C1.6 - Strength Rat io  Statistics for Composite Stee l -Concrete  
Columns Subjected to  Minor Axie Bending for D i f f e r e n t  
R a n g e s  of e/h and P/h ueing  AC1 Code with E q u a t i o n  4 . 2 0 .  

No. 3 * 2 2 * 
Mean 0.910 * 1.089 1,089 * 
CV 0,028 0,056 0.056 * 
Mln 0.882 1.046 1.046 * 
Max 0.930 1,132 1.132 

NO. 32 5 38 39 * 
Mean 0,888 1.010 1,036 1.032 * 
CV 0.203 0,130 O, 173 O. 1 73 * 
Mln 0.602 0.837 0,827 0.827 
Mm 1 .M)6 1.202 1 579 1,679 a 

No. * * * 
Meen * * * a * 
CV 1i * * a * 
Min * * a 

Mm * * * 

No. 35 6 40 4 1 * 
Mean 0.890 t ,010 1.039 1.035 
CV O, 103 O. 130 O, 169 0.169 * 
Mln 0.582 O. 83f 0.827 0.827 
Mar 1.606 1,202 1.679 1,678 * 

Il0 &ta rvrilable 
N o t e :  <IV itands for the aoeffiaient of variation. 



Table C1.7 - Strangth Ratio Statistics for Composite Steel-Concrete 
Columns Subjected to Minor Axi.8 Bending for Different 
Ranges of e/h and P/h using FEM. 

No. 3 2 2 .  * 
Short Mean 0.840 1.022 1.022 * 

3 < Qih < 6.6 CV 0.031 * 0,014 0.01 4 
Mln 0,812 1.012 1.012 * 
Max 0,863 1.032 1.032 * 

NO. 32 S 38 39 
Slender Mean 0,734 0.910 0,969 0,965 

6.6 5 Qîh 5 30 CV O. 143 0.102 O, 143 0.143 * 
Mln 0.530 0,760 0.793 0,793 * 
Max 0,941 0.992 1,280 1.280 * 

No, * * * * 
Super Slender Mean * * * e * 

Plh +30 CV * * * * 
Mln * * * * 
Max * * * 

NO. 35 5 40 4 1 * 
ACI Permmed Mean 0.743 0.910 0,972 0.968 * 
3 < @ n i 5 3 0  CV 0.141 0.102 0,139 0.140 

Mln 0.630 0.759 0.703 0,793 * 
Max 0.941 0,092 1,280 1.280 * 

* lllo &ta rvrilibls 
N o t e :  CV stanâs for the coeffiaient of variation. 
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