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APPENDIX A

THE EFFECT OF TEST STIFFNESS

ON THE UNLOADING BEHAVIOUR OF

CONCEN'l'RICALLY LOADED SHORT NE!>lBERS

As illustrated in Figs. 3.2 and 3.4,

concrete has the abili-cy to "unload" or reduce its stress

capacity vlith increasing strains after the maximum stress

has been reached. This unloading can only be achieved if

the load can be transferred from the concrete to other parts

of the member, to the rest of the structure and to the

testing machine or system that is applying the load. This

transfer of load will depend on the redundancy and tl,erefore

the stiffness of the other parts of the member, the rest of

the structure and the testing machine, the overall stiffness

being defined as the "test stiffness".

Consider the model of a testing machine in

Fig. A.I which is applying load concentrically to a short

composite column which forms part of a simple redundant frame.

The column is assumed to be short enough to prevent lateral

buckling and the beam in the frame is assumed to remain

elastic.

Let L = length of the vertical legs of the testing
m

machine.

A = total crossectional area of the legs,m
Em = elastic modulus of the material in the legs,

In = length of the beam in the frame,

I b = second moment of area of the beam,

Eb = 81astic modulus of the mate£ial in the beam,

P = 1 ._::'1 • the machine legs,~:::,aa ~n

m
P

b -- load carried by thG beam,

P - load carried by the column,
c



/lc
/lm
/l

r

Lc
Ac

=
=
=

=
=
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total compression of the c~lumn,

extension of the machine less,

total movement of the screvrjack relative to

the horizontal loading beam

length of the column,

crossectional area of the concrete in the

column,

A = crossectional area of the steel in thes

Es
E

C
IT

C

=
=

column,

elastic modulus of the steel in the column,

axial strain in the column and

concrete stress in the column at this strain.

For compatibility,

/l =/l+/l
r m c

and for equilibrium,

P = Pb + Pm c

-----(A.l)

----(A.2)

Now /l =c

3PbLb
48Eb l b

The structural redundant stiffness, kb , can be expressed as

k b =
48Eb l b

Lb
3

hence /l
Pb= k bc

Also /l = e: Lc c c

therefore

P
b = kbECLc

-----(A.3)

----(A.4)



Now t!. =m

P ;.,
m m

E Amm
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The testing machine stiffness,

E A
k = m m

m -L--
m

Therefore

P
t!. = m

m km

km' can be '"xpressed as

----(A.5)

----(A.6)

Combining equations (A.4) and (A.2) then

P = P + kbE Lm c c c

and substitution into equation (A.6) yields

t!.m = 1
km

(P + kbE L )c c c -----(A.7)

Now t!.r = t!. + t!.m c

then from equation (A.7) and (A.3)

t!. =
r

1
km

(P + kbE L ) + E Lc c c c c

Differentiating with respect to Ec' then

dt!. 1
dP k L

r ----.£ +~ + L
dE c

= k .
m dE c km c

Now P = cr A + E A E
C C C S S C

-----(A.8)
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The member redundant stiffness, kc' can be expressed as

k c

Therefore

Pc

=

=

E As s
r;-

c

CJCAC + kC£CLC

and
dP

C

d£C
= Ac

dCJ c
d£C

+ k Lc c ----(A.9)

Substitution into equation (A.B) yields

dll
r

d""E:c
= I

km
(A

C

dCJ c
d£c

+ k L ) +c c

kbLC
-k­

m
+ Lc --(A. la)

Instability occurs when a very small increment of screwjack

movement, lI r , produces a very large increment of column

strain. Therefore, the criterion for instability is

dll
r

d£c
= o -----(A.ll)

and from equation (A.IO), when

I
km

(A
C

dCJ c
dEc

+ k L ) +
c c

kbLC
k

m
- + L c = o

Rearranging, then

dCJ c
d£c =

=

L
.- (k + k + k ) --9.

b m c Ac

Et ----(A.12)
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where Et is defined as the test instab~lity modulus and

is a function of the test stiffness, kt' where

k t = kb + k + km c

Therefore

L
Et

c= -k -t Ac

----(A.13)

-----(A.14)

Column instability will therefore occur when the slope of

the descending portion of the stress-strain curve for the

concrete reaches a critical value of the test instability

modulus, Et' given by equation (A.12). This behaviour

is illustrated in Fig. A.2.

Listed below are expressions for Et for

some particular cases discussed in other sections.

(a) Standard Compression Test on a Plain Concrete

Cylinder or Prism.

The instability

of the testing machine stiffness,

modulus, Et' is a function

k, alone wherem

Et = -k
m

LC
Ac

-----(A.1S)

This is referred to in Section 3.2.1. The value of Et can

be increased to give a greater coverage of strain in the test
L

by increasing AC
• However, lateral instability effects

are an obvious lImitation to practical dimensions of the

specimen.

(b) Composite Columns - Steel Yielded

This is the case for columns containing a

low yield stress steel where the steel yields before

instability takes place and is referred to in Section 4.1.3.
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Thus, the member redundancy stiffness, kc' is zero. Hence,

Et = - (kb + km)
L c
Ac

-----(A. 16)

For a pin-ended composite column in a

testing machine, there is no structural redundancy and hence

Et = -km

L
c

Ac
----(A.17)

For a dead load test on a pin-ended composite

column, the machine stiffness is zero, hence

Et = o -----(A.18)

Therefore, instability occurs when the maximum load, Psh '

for the column is reached, at which point the concrete has also

attained its maximum stress, f".c

(c) Composite Columns - Steel Elastic

This is the case for columns containing a

high yield stress steel where instability takes place while

the steel is still elastic and is also referred to in Section

4.1. 3. Hence

Et =
L

-(k
b

+ k + k ) ~
m c A

c
-----(A.19)

For a pin-ended composite column in a testing

machine, there is no structural redundancy and hence

Et = -(k + k )m c
L

C
Ac

---(A. 20)
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For a dead load test on a pin-ended

composite colurr.n, ~he machine stiffness i.s zero, hence

Et = - k c

LC
Ac

-----·-----(A.2l)

Note:

Et is

of the

If the test stiffness is high such that the value of

greater than the maximum slope of the descending portion

concrete stress-strain curve, instability will not occur.
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APPENDIX B

THE rlH'LUENCE OF STRAIN GRADIENT

ON EQUILIBRIUM MiD THE APPARENT

ULTIMATE STRAIN OF CONCRETE

Consider the concrete prism shown in

Fig. B.l

Let P = axial force on the prism,c
M = moment about the centre of the prism,c
b = width of the prism,

d = depth of the prism,

EH = maximum concrete strain,

EL = minimum concrete strain,

E = intermediate concrete strain,
c

oH = stress corresponding to EH'

°L = stress corresponding to EL'
x = distance from the centroid to the intermediate

concrete strain, Ec'

° = stress corresponding to E andc c
p = curvature or strain gradient.

The following assumptions are made.

(i) Plane sections remain plane, i.e. the strain

distribution is linear across the section,

(ii) The compressive concrete stress is a function of

strain alone

i.e. ° = F(E)c . c
----(B.l)

(iii) and the tensile strength of the concrete is assumed

to be zero.



Now

and-

p =
cH - E:___ L

d

x =
d E: -E:__ H c
2 --P

dx =
dE:_c

P
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---(B.2)

----(B.3)

-----(B.4)

For vertical equilibrium,

+ d
2

p = J cr bdx
c c

d
"2

Changing the variable to E:
c

from equations (B.I) and (B.4)

p
c = b

p

E: H

f
E: L

F(E: )dE:
C C

----(B.5)

For moment equilibrium,

+ d
2

M - J cr b x dx
c c

d
"2

Changing the variable to

(B.4) and rearranging

E: from equations (B.I) (B.3) and
c

d
~1 = P (-c c 2

E: bH) + _
P p2

E: H

J F(E:)E: dE:
C C c

E: L
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.E
H

Pc EH + EL
+.E... I F (c ) dE --(B.G)= - - ( )p 2 p2 C c

EL

Case I: EL = o

This is the case used by Hognestad et al. (41)

Karsan and Jirsa(96) and Smith(97). From equation (B.2) then

p =
EH
d ----(B.7)

(a)

(B. 7)

Considering the load, P,c
into equation (B.5) then

and substituting equation

P c
= bd

EH

EH

I F(E )dE
C C

o

----(B.8)

Differentiating with respect to EH

o

EH

I
dP

c
dE H

= bd
2

EH
F(E )dE + bd F(E

H
)

c c EH
(B. 9)

and substituting equations (B.l) and (B.8) into equation

(B. 9) then

dPc
dEH

= .!... (O'Hbd - Pc)
EH

-----(B.IO)

For a maximum load

dP
c

dE H
= o



and cr
R =

p
c

bd
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---------(B.ll)

This condition is shown graphically in Fig. B.2. If the

testing machine lacks stiffness, then failure occurs at the

maximum load and equation (B.ll) defines the stress and

therefore the maximum strain, £RU' at failure.

Substituting equations (B.ll and (B.8) into equation (B.ll)

F (£RU) = 1

£RU

£RU

J F(£c)d£c

o

(B .12)

To give a simple quantitative example of the above result,

it is assumed that the stress-strain relationship is the

parabolic shape shown in Fig. 3.4 where

crc = F(£ )
C

£
= f"[2(-.£) ­

c £ o

£
(-.£) 2J

£ o
--------(B.13)

Substituting equation (B.13) into (B.12) then

£RU = 3
- £2 0

---------(B.14)

where £0 is the strain at the maximum stress of the concrete

stress-strain curve. It can be seen from Fig. 3.6(a) that

values of maximum strain predicted by equation (B.14) are

of the same order as those given by the termination points

of the stress-strain curves shown in the Figure. If the

testing machine has reasonable stiffness then strains in

excess of those predicted by equation (B.14) can be achieved

as ,vas the case for tes"ts by Karsan and Jirsa (96) and shown

in Fig. 3.19.

(b) Considering the moment, Mc, it can be similarly shown

that
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dM
C

d EH
= 1 ( 2- crhd - P d - 411 )2E

H
If- c c ---------(B.15)

and for maximum moment,

dM
C

dE H
= o

---------(B.16)
bd 2

Pc 4M
bd + c=erHand

This expression is not amenable to any graphical interpretation

as was equation (B.ll). However, using the simple parabolic

stress-strain curve of equation (B.13) together with equations

(B.5) and (B.6) and substituting into equation (B.16) and re­

arranging

EH = E: o

If the loading

dead weight

E: HU ' where

which defines the condition for maximum moment.

system applying this moment cannot unload, as in a

system, instability or failure occurs at a strain,

E: HU = E: o ------------(B.17)

From equations (B.17) and (B.14) it can be seen that the moment

reaches its maximum value before the load with increasing

strains~

Case 11: p = Constant

If the depth,

equation (B.2)

This is the case used by Clark et al. (85).

d, of the section is constant, then from

E: H - E: L = pd = Constant
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from equation (B.S) and(a) Considering the load,

differentiating with respect

dP bc
d£H

- - (0 - 0 )
P H L

For_ a maximum load

dP
c 0

d£H =

and oH = °L

P ,
c

to £H' then

-----(B.18)

------------(B.19)

This condition is shown graphically in Fig. B.3. It the

testing machine lacks stiffness, instability or failure

occurs at tile maximum load and equation (B.19) defines the

stress and therefore the maximum strain, £HU at failure.

Using the simple parabolic stress-strain curve of equation

(B.13), equations (B.l) and (B.2) and substituting into

equation (B.19)

£HU = £ + ~ pdo -----(B.20)

Values of maximum strain predicted by equation (B.20) are of

the same order as those ShO~l in Fig. 3.18. Higher values

of strain can be attained if the testing machine stiffness

is increased.

Cb) Considering the moment, Mc' it can be similarly shown

that

dM
C

d£H
1- Co bd - P
P H c

Q.<!
2

dP
c---)

dE H
-----(B.2l)

and for maximum moment
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dMc 0dE H
--

p

and c = ., (a
H

+ aL' (B. 22)
bd

This condition is shown graphically in Fig. (B.4) where for

a normal shape of stress-strain curve for concrete, the

maximum moment occurs when the lower strain, EL' is tensile.

For the tests by Clark et al. (85) the strains were always

compressive and the maximum possible moment under this con­

dition occurs when the minimum strain, EL' is zero. with

increasing strains from this point, the moment continually

decreases. From Figs. B.4 and B.3, it can be seen that the

moment reaches its maximum before the load for increasing

strains.
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APPENDIX C

EVALUATION OF THE STRESS-STRi\IN

CURVE OF CONCRETE USING THE METHOD

OF LEAST SQUARES

Consider the same prism shown in Fig.B.l

and use the same notation as Appendix B. For a particular

loading stage, the measured and known values are the edge

strains, gH and gL' the dimensions, band d, the

axial load, P, and the moment, M, about the centroidalc c
axis. The stress-strain curve can be derived from these

values. The curvature Or strain gradient, p, is known as

p =
gH - gL
-d-- ----(C.l)

Using the expression for the load,

of Appendix B,
Pc' from equation (B.5)

gH

J F(g )dg =
c c

gL

p Pc
--0- ----(C.2)

and using the expression for moment,

of Appendix B,
MC' from equation (B.6)

gH

J F (g ) g dg
c c c

gL

=
gH + gL

( " ) p

P
c

b
+ p2

M
c

b --(C.3)

Let the concrete stress-strain curve be represented by a

polynomial expression where
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(Jc = F(£ )
C

= 2 3 n
al£c + a 2 £c + a 3£c···· an£c ----(C.4)

and

the

into

a l ,a2 ,a3····an
method of least

equation (C.2)

are the

squares.

constants to be determined by

Substituting equation (C.4)

£H

f (al £ c

£L

2 3 n) d+ a 2£ + a 3£ ...• a £ £
C C n c c =

p Pc
-b ~

Therefore

(£~ _ £ 2 )

[ L
2

• a
l

(£3 _ £3) (£ n+l _ n+l)
+ H L H £L

3 .a2 + •..• + (n+l) • an]

=
p Pc
-b- ----(C.S)

Substituting equation (C.4) into equation (C.3)

£H

f (al £~
£L

3 ~ n+l)d+ a 2 £c + a 3£c +.•.. +an£c £c

=
£H + £L P Pc

( ~ ) -b- +
P2 1;1

c
~-b

Therefore

an](n+2 y

( n+2 n+2)
£H - £L( £~ - £~)

H L a +..•. ++ 4 2a
lJ

(£~ _ £3)
[ L

£H + £L
( 2 )

P Pc
~-b--

p 2 M
+ c

-~-b-- ---(C.G)

Therefore, for each loading stage, two

equations, (C.S) and (C. G), can be written for the unknown

constants (al ,a2 ,a3•••• an ). Hence, if there are q loading



stages, where

then there are
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Pc' Mc' EH and EL are known for each stage,
2q equations for the n unknown constants a.

Pennington(125) recommends that the number of coefficients

should not be greater than one half of the number of experi­

mental points to eliminate fluctuations of the higher degree

polynomials.

The system of

equations (C.S) and (C.6) for q

in general as follows

2q equations given by both

loading stages may be written

Cll,lal + Cl l ,2 a 2

Cl 2 ,lal + Cl2 ,2 a 2

+

+

a+ Cll,n n

a+ Cl 2 ,n n

=

=

13 1

13 2

Clr,la l + Cl r ,2 a 2 + •••• + Cl ar,n n = f3 r

Cl2q ,2 a 2

Cl 2q- l ,lal

Cl 2q ,lal +

+ Cl 2q- l ,2a 2+

+

+ Cl a2q-l,n n

+ Cl2q ,nan

=

=

f3 2q- l

f3 2q
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Let 6 be the residual for the equation in row r
r

:. or = w [S - la lal + a 2a2+"'+c .a.+ ... +a a)]r r r, r, r ,J J r ,n n

----IC.7)

w is a weighting depending on the relative importance
r

experimental data used to obtain the values of a and
r

For example, in a test on a concrete prism to failure,

where

of the

S .
r

strain data up to the strain at maximum stress might be

numerous whereas strain data beyond this point might be scanty.

By giving additional weighting to the residuals of the equations

containing this latter data will ensure that the descending

portion of the stress-strain curve of "best fit" will be more

influenced by this data than the more numerous data for the

rising portion of the curve.

For the "best" values of a, the sum of the

squares of the residuals should be a minimum, hence

r=2q
I 6 2

r=l r

should be minimum.

i.e. 3
aa:­

J

r=2q
I 6 2

r=l r
= o for j = 1 to n

2r 0

r=l r

316 r)

3a j
= o ----IC.B)

Now from equation lC.7)

3(0 )
r

da j
= - w a .

r r,J
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Hence equation (C.8) becomes

2q

I G-w 2 a ·sr=l r r,J r

= 0

+ w2 a . (a lal + a 2a2+" .+a .a·+ •• . +a a)]r r, J r, r, r, J J r ,n -n

----(C.9)

for j = 1 to n.

Expanding equation (C.9) and re-arranging

2q

( I w2 a .a l)alr=l r r,J r,

2q

+ ( I w2 a .a 2)a2+·····
r=l r r,J r,

2q 2q

.... +( I w2 a 2 .)a.+•••. +( I w2 a .a )a
r=l r r,J J r=l r r,J r,n n

=
2q

I w2 a . S
r=l r r, J r

-----(C.lO)

for j = 1 to n.

Equation (C.lO) may be re-arranged in matrix form for

j = 1 to n as follows
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L w
2a la 2+.···+ L w

2a la
r=l r r, . r, r=l r r, r/n

2q

Lw2 a 2 +
1

r r,l
r=

2q 2q 1 a
1

2q

Lw2 a ~
r=l r r,1 r

~ 2 2 ~ 2
i w a 2+· ... + i w a 2a

1
r r, 1 r r, r,nr= r=

2q

Lw2 a a +
r=l! r,2 r,l

2q 2q

a
2

2q

Lw2a ~
r= l rr,2r

;

2q

Lw2ar . ar=l r,l r,l

2q 2q

+ L w2a .a +.... + Lw2a .a
r=l r r,l r,2 r=l r r,l r,n

a.
1

2q

Lw
2a .~

r::;:!rr,lr

2q

Lw2 a a +
l

rr,nr,l
r=

2q 2q
~ 2 ~ 2 2i w a a 2+ .... + i w a

r=l r r,n r, r=l r r/n
a

n

2q

Lw2a ~
r=l r r ,n r

Symmetric matrix
---------(C.ll)

Using the following algorithms where

----(c.13)

---------(C.12)

d. = element in row i, column j,
~,j

2q

d. = L a .a .w 2
~,j r=l r,~ r,J r

2q

b. = L a ~ w2
~ r i r rr=l '

then

and

The matrix equation (C.II) now becomes

[d] • La] = Cb]
nxn nxJ. Ilxl

--------(C.14)
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The solution of equation (C.14) yieids the values of the

coefficients a l to an which when substituted into

equation (C.4) gives the polynomial expression for the

stress-strain curve of best-fit to the experimental data.

A reliable measure of the number of terms, n, in equation

(C.4) to provide a sufficiently high standard of correlation

with the number of experimental points, q, is provided by

comparing the standard error, S, given by

S =

2q <5 2

l: (2:.)
r=lwr

q ---------(C.15)

for different values of n. The residuals, <5, can be
r

calculated from equation (C.?) for the computed values of

the coefficients, a, from equation (C.14).

Note: If tensile strains exist in the crossection and the

normal theoretical assumption, that the tensile strength of

concrete can be neglected, is used, equations (C.2) and (C.3)

-------(C. I?)

------------(C.18)

------------(C.16)

become

c
~H

<pp
J F(E )dE = C

C C J)

0

EH
EH + EL <pp <p 2 MJF(E)E dE = ( 2 )

~+ __c
c c c b b

0

EHi
j+l

and u2 , 1 . = j+l~- ,]
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NOTATION

Unless otherwise defined, the symbols used

in this thesis have the following significance

a 1 I a 2 , a 3 , an

Acci,Accj'

Acd.,Actk '
A .,A t'SCl s 1

ACC,ASC

A
g

AT

A(n,i,j)

b,B

Cm

d,D

e

ex,ey,eX,ey

el,en+l

E,E ,E
c s

Etc,Ets

Eta

Etb

E
ti

fc,fbc

Coefficients of a polynomial

Area of i,j and kth elements of steel and

concrete as defined in Fig. 4.7, Fig. 4.8

Concrete and steel areas as defined in Fig.4.9

Crossectional area of concrete

Crossectional area of steel sections

Gross crossectional area

Crossectional area transformed to concrete

Area of n,i,jth element

Minimum dimension, width of crossection

Initial deflection at midheight in the Ox,

OX and OY directions

Column conversion factor (ACI 318-71(190))

Depth of crossection

Distances as defined in Fig. 4.6

Eccentricity

Eccentricity in Ox, Oy, OX and OY directions

Eccentricity at bottom and top of column

Moduli of elasticity, concrete, steel

Tangent moduli, concrete, steel

Effective elastic modulus for axial load

Effective elastic modulus in flexure

Effective modulus in flexure for inelastic range

Respectively calculated axial and bending stresses

(BS 449 (188))



f ct

f'
C

fn
C

f sy

f uy

F ()

F ( ) ,F ( )c s

h

I

I
c

Is,It

I g

I Icx' cy
IcX,IcY
Isx,I sy
ISX,IsY

Icxy,Isxy

I
TXY

ITx,ITy
I TX ' I Ty

Icci,Iccj'

Icti,Ictk'

Isci,Isti
I Icc' sc

kb,kc,km,kt

kl
u
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Tensile strength of concrete

Compressive strength of concrete cyli.nder

Compressive strength of concrete in a column

Lower yield stress of steel

Upper yield stress of steel

Functions

Length of a column element

Second moment of area

Second moment of area of concrete section
about the centroidal axis of whole crossection

Second moment of area of steel section about
the centroidal axis of whole crossection

Second moment of area of whole crossection
about its centroidal axis

Second moment of concrete, steel areas about
the Ox, Oy, OX (minor) and Oy (major) axes
respectively

Product moment of concrete, steel areas for
the xOy axis system

Product moment of area, transformed to concrete,
for the xOy axis system

Second moment of area, transformed to concrete,
about the Ox, Oy, OX and OY axes respectively

Second moments of the corresponding areas Accito Asc about their own centroidal axes parallel
to the centroidal axis of whole crossection

Structural redundant, member redundant, testing
machine and overall test stiffness as defined in
Appendix A.

Effective length of column (ACI 318-71)



K

Kd,Ko,K f

KC (t) ,Kc (T)

K (t),K (T)
s s

1

L,L
C

Lci,Lsi

M

Mc

Mc,Ms

Mi,Mr

Mo
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Concrete age with origin at time of

manufacture of the concrete

Concrete' age at commencement of drying, first

loading and cessation of loading respectively

Creep coefficient rate at time, t,T (Fig.S.l)

Shrinkage rate at time, t,T (Fig. S.l)

Effective length of column

Actual length of column

Length of ith strip of concrete, steel

Applied moment

Magnified ultimate moment (ACI 3lS-7l)

Moment resisted by concrete, steel section

Bending moment at ith, rth section

Moment capacity as a beam (zero axial load)

1-1
P

1-1 ,M
x Y

1-1
u

Mcci,Mccj

Mcti,Mctk
1-1 ,,1-1 t'
sc~ s ~

MI

M2

Plastic moment of steel sections

Moment applied about the Ox, ay axes

Ultimate moment capacity with axial load

applied

Elemental moments corresponding to areas

Acci to Asti as defined in Fig. 4.7

Smaller end moment of column (ACI 3lS-7l)

Larger end moment of column (ACI 3lS-7l)

P
u

nc,ns

NC,Ns

Number of strips or segments into which concrete,

steel area is divided

Constants for hyperbolic creep, shrinkage

function

NX I (n) ,NY' (n) Number of strips into which the nth segment of

area is divided in the OX', ay' direction as

defined in Fig. 4.10

Pbc'Pc Respectively permissible bending and axial

stresses (BS 449)



P

PC'Ps

Pcr

Pmax

Po

P -sh

Psy

Ptc'Pts

P
u

P "P .
cc~ CC)

Pcti,Pctk

Psci,Psti

r

rX,ry

s

t

T

Tnc,Tns

,
ui,ui

uoi

V
r

VI
s
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Applied load

Load carried by concrete, steel

Elastic critical buckling load

Maximum load

Axial load capacity

Axial load capacity as a short column

Load at yield of steel

Tangent modulus buckling load for concrete,
steel section

Ultimate load capacity with moment M appliedu
Elemental forces for corresponding areas
A ,to A t' as defined in Fig. 4.7cc~ s ~

Radius of gyration of crossectional area
transformed to concrete

Radii of gyration of steel section about
ox, ay axes

Plastic section modulus for steel section

Time with origin at first loading of concrete

Time with origin at commencement of drying
of the concrete

Thickness of elemental strips of concrete,
steel

Column deflection at ith section

Initial column deflection at ith section

Column deflection measured from tangent at
midheight

Volume to surface area ratio

wx' (nl,WY' (nl Width of the nth segment in the OX', ay'
directions as defined in Fig. 4.10



xcci,Xccj

x t"X tkc ~ c _
xsci,Xsti
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Distances from the centroidal axis to the
nearest edge of the correspcnding areas
Acci to Asti as defined in Fig. 4.7

:cci':ccj
Xcti,Xctk- -
xsci,Xsti

Distances of

areas A ,to
cc~

for the whole

the centroids of the corresponding
A t' from the centroidal axiss ~

crossection as defined in Fig.4.7

x (n,i,j)

xci ,xsi

x' (n,i,j)

y' (n,i,j)

y

Yo

Yr

z,Zi

z

Cl

13

I3d

y

o

0
0

l1

l1tk ,l1T
j

M:. , l1s
c cc

l1s cs ,M:.
s

Distance from the centroid of the n,i,jth
element to the centroidal axis as defined in
Fig. 4.10

Distance from the ith strip of concrete, steel
to the centroidal axis

Coordinates of the centroid of the n,i,jth
element for the Y'OX' axes system

Column deflection at distance z from an end

Sum of central deflection and end eccentricity
o + eo

Column deflection at the rth section

Distance along ccluITn from an end, ith section

Elastic section modulus for steel section

Angle between the major principal axis and the
direction of the plane of the applied end moments

Angle between the neutral axis and the major
principal axis

Ratio of maximum design dead load to maximum
design total load (ACI 318-71)

A constant, taken as 0.00075

Moment magnification factor (ACI 318-71)

Central deflection

Deflection

Interval of time commencing at time tk,T
j

Increment in applied concrete, creep, shrinkage
a~d applied steel strain respectively



£

£
a

£ £ao' ar

£ac'£aci

£as' £asi

£ ,£
C S

£ (t)c

£ cc (t)

£cs(t)

£cci'£ccj

£cti'£ctk
£ ., £ t'Scl. s l.

£0

£ ps

£ sy

lOt

£rl(n)

£r2(n)

£r3(n)

£r(n,i,j)

£ (n, i, j )

£R'£L
Iel, e1

Vcc'Vct
vsc'V st
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strain, in general

Centroidal axis strain

Centroidal axis strain at midheight, rth section

Applied centroidal axis strain to the concrete,
ith section

Applied centroidal axis strain to the steel,
ith section

Applied strain to the concrete, steel

strain applied to the concrete at time t

Creep strain of the concrete at time t

Concrete shrinkage strain at time t

Strain at the nearest edge of corresponding
areas, Acci to Asti ' to the centroidal axis
for the whole crossection

strain corresponding to compressive strength
of concrete fn

c
Strain corresponding to short column load Psh
Yield strain for steel

strain at instability of an axially loaded
column

Residual strains at three corners of the nth
segment of area

Residual strain at the centroid of the
n,i,jth element

Applied strain at the centroid of the n,i,jth
element

Maximum, minimum strain at a section

Slope at end of column

Coefficients which define the slope of the
stress-strain curves as in Fig. 4.6



Pc,Pci

Ps,Psi

Po

Px

ac,a s

asI"' ast

arl,ar2,ar3

aH,aL

l'

1'c (t) ,1'c (T)

- 353-

Curvature applied to concrete, ith section

curvature applied to steel, ith section

Curvature at central sec~ion

Curvature in the Ox direction

Stress in concrete, steel

Ste21 stress in longitudinal, tangential

direction

Steel residual stresses

stress corresponding to strain EH,EL

Capacity reduction factor (ACI 318-71)

Creep coefficient at time t, T
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TABLE 2.2

TESTS BY SALIGER (27) ON STEEL CHANNELS ENCASED IN REINFORCED CONCRETE (FIG.2.4)

I
Column Type of Concrete Structural Steel Concrete Max. Theoretical Addit. Strength

Type Binder Area Steel Yield Strength Test Max. Load Provided by
I Area Stress I Load Binders
I

Ac As oF f" f"A + f A I,

I
~sy c c c sy s

(sq.in.) (sq.in.) (kipsj (kipsj (kips) (kips) (kips) (percent)

I
sq. in.) sq. in. )

(1) (2 ) (l) - (2) (1)-(2)
I (2)

I

1 Spiral 153.0 4.18 34.1 2.07 518 460 58 12.6

2 I Spiral 147.5 9.64 37.7 2.07 735 668 67 10.0
I

3 Spiral 147.5 9.64 37.7 2.07 756 668 88 13.2

4
I
Rectangular 111.0 10.33 37.7 2.07 631 I 620 11 1.8

5 Spiral 196.0 9.32 43.2 2.07 866 809 57 7.1

W
--.J
~



TABLE 2.3

TESTS BY TALBOT AND LORD (28) ON BUILT-UP STEEL SECTION WITH A CONCRETE CORE (FIG2.5(b»

Column Max. Load Concrete Concrete Max. Load Theoretical Ratio of
Length for Bare Mix Strength from for Composite Concrete Stress Max.Lcad for

Steel Prism Tests columns at Failure for Composite to
Eection Composite Bare Steel

Columns Cc,lumns.
C(5)-(2), (5 )

A j ["( 2) ]
c

I
(ft. ) (kips) Cement:3and:Agg. ( Ib . / sq • in. ) (kips) (lb./sq. in.)

(1) (2) (3) (4) (5 ) (6 ) (7 )

2.33 I 488 1 : 2 : 4
I

I4.67 445 1 : 2 : 4 1420 586 1320 1. 32

10.00 415 1 : 2 : 4 1420 543 1200 1.31

15.33 372 1 : 2 : 4 1200 497 1170 1. 34

19.33 360 1 : 2 : 4 1060 489 1210 1. 36

10.00 415 1 : 1 : 2 2470 641 2120 1.54

10.00 415 1 : 3 : 6 680 519 970 1. 25

I
w
--J
[\)

I



TABLE 2.4

TESTS BY BURR (3) ON BATTENED AND LACED STEEL I>IEMBERS FILLED WITH CONCRETE .(FIGS. 2.9, 2.10)

Column Column Type Steel Concrete Steel Load Maximum Steel Concrete Concrete
No. Area Area Yield Load Stress Stress Secant

Stress Modulus
As A f sy

p (J Vc Ec s c
(sq.in.) (sq. in.) (kips/ (kips) (kips) (kips/ (lb./sq. I (lb./sq.

sq.in.) sq. in.) in. ) in.x10 6
)

(1) (2 ) (3) (4) (5 ) (6) (7) (8) (9) (10)

1 Angles. Fig. 2.9 4.00 - 40.8 148 37.05 - -
2 " " - " 152 38.00 - -

3 & 4 " " 38.25 " 120 16.99 1360 2.32

"
I" " " " 160 24.85 1580 1.85

" " " " " 180 29.85 1580 1. 54

" " " " " 224 40.80 1620 1.16+

5 Channels. Fig. 2.101 4.76 - " 155 32.60 - -
6 " " - " 153 32.14 - -
8* " " 45.00 " 120 15.75 1000 1.84

" " " " " 160 21. 55 1280 1.72

" " " " " 200 26.10 1480 1. 65

" " " " " 252 40.80 1300 0.92+

* Column No.7 omitted because of premature failure. + Half of initial value.
-L I I I I 1 I

I
W
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W
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TABLE 2.5

LOAD SHARING FOR STEEL AND CONCRETE IN COMPOSITE COLUMNS AT FAILURE (WARREN FIG. 2.5(c»

Column Type Steel Concrete Concrete Maximum Steel Yield Concrete Crush
No. Area Area Elastic Load Criterion Criterion

Modulus
Steel Concrete Steel Concrete
Stress Stress Stress Stress

I
(sq. in. ) (sq.in.) (lb./sq. (kips) (kips/ (lb./sq. (kips/ (lb./sq.

in.xl0 6
) sq. in.) in. ) sq. in. ) in. )

(1) (2 ) (3) (4 ) (5) (6) (7 ) (8 ) (9) (10)
I

1 IBare Steel 8.44 - - 363 43.0 - 43.0 -

I
2 I Concrete 8.44 14 7.8 3.60 678 43.0 2130 38.5 I 2390I Core I

I

3 Fireproofed 8.44 187.5 4.56 765 43.0 2140 33.0 2590

I
W

~
I



TABLE 2.6

CONCEIITRIC LOAD TESTS ON BARE STEEL AND COI~OSITE COLU!~S (FIG.2.11) BY I~"~~ER ET AL. (34)

I
Steel IConcreteCol-umn Mark Number Channel Maximum Load Maximum Steel Load lIJaximum Concrete Ratio of £flaX.

Type of Spacing Area I Area Colurnn Carried Steel Yield Carried Concrete Prism COtlCI-ete
Tests Load by Steel Stress Stress by Cone. Stress Strength S"tL'ess to

(in) (sq.in) (sq.in) (kips) (kips) (kips/ (kips/ (kips) (10/ (lb/
Prism Strength

sq.in) sq. in) s~.in) sq.in)
(1) (2) (3) (4) (5 ) (6 ) I (7) (8) (9 ) (10 ) (ll) (12) (13) (14)

II 1 3 2.95 5.85 - 228 228 39.1 39.1 - - - -
II 4 2 7.10 I 6.13 - 245 245 40.0 41.3 - - - -

V 1 2 2.95 5.89 - 245 245 41.6 41.1 - - - -
V 4 1 7.10 6.06 - 246 246 40.6 40.6 - - - -
II 1

I
3

I
2.95 5.90 18.1 268 248 42.0 42.0 20 lll0 3830 0.29

II 2 3
,

4.72 5.86 29.0 325 239 40.8 40.8 86 2970 3750 0.75I

II 3 i 3 5.91 5·97 36.3 350 239 40.0 40.0 III 2790 3520 I 0.84
I

II 4 4 7.10 5.87 43.6 362 234 39.9 39.9 128 2940 4110 0.72

V 1 3 2.95 5.91 38.3 340 239 40.5 40.5 101 2640 3850 0.69

V 2 3 4.72 5.81 49.3 358 230 39.6 39.6 128 2600 3940 0.66

V 3 3 5.91 5.82 56.5 373 231 39.8 39.8 142 2520 3840 0.66

V 4 3 7.10 5·77 63.7 435 238 41. 3 41. 3 197 3100 4540 0.68

I
Gl
-..J
U1

I
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TABLE 2.7

SU~MARY OF ECCENTRIC LOAD TESTS BY BONDALE

(8) ON ENCASED JOISTS AND BUILT-UP SECTIONS

Nominal IEec.
Length

Column
Reference

(in. ) (in. )

Axis of
Bending

Test
Max.
Load

Ptest
(Tons)

Theoret.
Hax.Load

Ptheory
(Tons)

Ptest

Ptheory

(a) 4" xl}" @ Slb. RSJ with four 0.21" dia. steel long.

bars with i" dia. binders at 2" centres encased in concrete

to 6" x 3}" overall size with 1" concrete cover all round.

RW 120.0 120 0 Minor 23.6 24.6 0.96

RW 100.1 100 1 " 9.3 9.1 1.02

RW 80.2 80 2 " 9.7 7.8 1.24

RW 60.3 60 3 n 8.0 6.9 1.16

RS 120.0 120 0 Major 47.8 65.9 0.73

RS 100.1 100 1 " 41. 2 33.5 1.23

RS 80.2 80 2 n 31.3 25.8 1.21

RS 60.3 60 3 " 24.9 21.7 1.15

(b) Four 1" x 1" x l~n angles connected with 1~" dia. single

lattice to form a 4" x 2~" section and encased in concrete to

5,." x 4"" overall size with in concrete cover all round

LW 120.0

LW 100.1

LW 80.2

LW 60.3

LS 120.0

LS 100.1

LS 80.2

LS 60.3

120

100

80

60

120

100

80

60

o
1

2

3

o
1

2

3

Hinor

"
"
n

~1ajor

"
n

"

34.8

18.5

15.2

13.5

44.1

34.8

24.9

21.9

37.2

18.4

15.2

12.8

59.9

31.5

24.0

20.5

0.93

1.01

1.00

1.05

0.74

1.10

1.04

1.07



TABLE 2.8

COMP.\RISON OF THREE ~iliTHODS FOR CALCULATING TAl~GENT MODULUS LOAD FOR TUBES USING
- KNOWLES AND PA~K'S (24) RESULTS

I ! i

P ~ . I Eff. Concrete Iudividual Tangent Modulus Combined Tangent Modulus Max. Tangent K)dnl.us!
Steel Tube roperc~es'T' I St " Ptest Pts ! Ptc Po P~est Ps Pc Po )1 Ptest Pts Pc ,1 Po PshOt!....engtr. rengl:o.Q.

I (in) (psi) (kips) (kips) I (kips) (kius) (kips) (kips) (kips) 1- 0 I (kips) (kips) (kips) (kips
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10 ) (11) (12) (13) (14) I (15) (16)

Shape-Circular 68 5805 138.2 114.7 24.9 139.6 0.99 llO.7 35.4 146.1 0.95 114.7 36.5 151.2 176.9
Out.dia.=3.5 in. 56 5745 160.0 121.9 30.1 152.0 1. 05 119.4 37.6 157.0 1.02 121.9 38.4 160.3 176.4
!J:'hickness 44 5650 160.8 127.7 35.0 162.7 0.99 126.2 39.2 165.4 0.97 127.7 39.6 167.3 175.7
= 0.23 in. 32 6060 206.5 132.1 41.6 173.7 1.19 131. 3 43.3* 174.6 1.18 132.1 43.6* 175.7 179.0
f sy = 58 ksi 20 5925 223.0 135.1 42.6 lTT.7 1.26 135.1 42.7* 1TT.8 1.25 135.1 42.7* lTT.8 lTT.9
Es = 31 X 106 psi.

Shape-Circular 68 5995 50.5+ 30.6 28.2 58.8 0.86 25.4 37.0 62.4 0.81 30.6 42.1 72. '"{ 83.3
Out.dia.=3.25 in. 56 5365 66.2 33.2 31.2 64.4 1.03 29.7 37.9 67.6 0.98 33.2 43.5 76.7 82.0
T'hickness 44 5925 I 80.0 35.3 39.6 74.9 1. 07 33.1 43.9 TT·O 1.04 35.3 45.5 I 80.8 83.2
= 0.055 in. 32 5925 90.0 36.9 43.7 80.6 1.12 35.4 45.6* 81. 0 1.11 36.9 45.7*, 82.6 83.2
f sy = 70 ksi 20 5925 110.0 38.0 45.5 83.5 1.32 37.1 45.5* 82.6 1.33 38.0 42.8* 80.8 83.2
Es = 31 X 106 psi 10 5925 119.2 38.4 45.7 84.1 1.42 38.2 45.0* 83.2 1. 43 38.4 40.3* 78.7 83.2

Shape-Square 68 5200 80.0 59.5 24.5 84.0 0.95 56.5 31.4 87.9 0.91 59.5 3l. 5 91.0 104.8
3 in. x 3 in. 56 4935 86.6 62.5 28.5 91.0 0.95 62.0 32.3 94.3 0.92 62.5 33.6 96.1 105.6
Thickness 44 6780 95.0 64.8 42.9 107.7 0.88 63.7 44.4 108.1 0.88 64.8 43.7 108.5 118.6
= 0.131 to 0.133 in. 32 6535 104.0 66.5 46.7 113.2 0.92 67.3 46.2 113.5 0.92 66.5 47.9 114.4 118.1
f sy = 47 ksi 20 5925 113.2 67.7 43.0 110.7 1.03 68.3 44.3 112.6 l.00 67.7 44.9 112.6 113.8
Es = 31 X 106 psi 10 5925 115.0 68.4 43.8 112.2 1.03 68.4 44.9 113.3 1.02 68.4 44.9 113.3 113.8

I
W
---J
---J
I

* Negative concrete tangent modulus. + Some eccentricity of loading.
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TABLE 2.9

DETAILS OF ECCENTRIC LOAD TESTS ON CONCRETE FILLED TUBES BY KNOWLES AND PARK (23)

Tube Length Exper. Axial P Initial Central Maximum IUltimate M P M
Max. Load u Eccen- Deflection Moment Moment u ~+~
Load Capacity

p
tricity at l1ax. 11 =P (e+o) Capacity M P M

0 0 0 0
P P e Load u u M

u 0
(iR. )

0
in. (kips) (kips) (in. ) (kip.ins.) (kip.

ins. ) I(1) (2 ) (3) (4) (5) (6) (7) (8) (9) (10) I (11)

3.5 in. OD 32 124.6 206.5 0.604 0.3 0.46 94.7 144.3 0.656 1.260

56 105.5 160.0 0.660 0.3 0.36 69.6 144.3 0.482 1.142

32 43.8 206.5 0.212 1.0 0.30 57.0 144.3 0.395 0.607

44 43.0 160.8 0.268 1.0 0.20 51. 6 144.3 0.357 I 0.625

3.25 in. OD 32 67.8 90.0 0.753 0.3 0.47 52.2 55.0 0.950 1.703

32 20.0 90.0 0.222 1.0 0.15 23.0 55.0 0.418 0.640

3.00 in. square 32 77.8 104.0 0.747 0.3 0.19 37.7 98.8 0.382 1.129

56 63.2 86.6 0.730 0.3 0.41 44.9 98.8 0.455 1.185

32 48.7 104.0 0.468 1.0 0.32 64.2 98.8 0.650 1.118

L 56 35.2 86.6 0.406 1.0 0.45 51.0 98.8 0.516 0.922

I
w
'-J
(»
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TABLE 2.10

DETAILS OF ECCENTRIC LOAD TESTS ON CONCRETE ALLED TUBES

I
-

Specimen Ratio of Ratio of Ratio of Experi- Load Ratios
Number Length Eccen- Wall mental

to tricity Thickness Maximum
Diameter to to Load

~ ~ Diameter Diameter I P P

1 t P Pexact
-P--

e cos
er er er (kips)

(1 ) (2) (3) (4) (5 ) (6 ) (7)

TESTS AT IMPERIAL COLLEGE BY NEOGI (25 )

M1 19.64 0.281 0.030 140 1.027 1.048
M2 19.67 0.225 0.031 158 1.033 1.060
M3 19.67 0.262 0.034 135 1.030 1.056
M4 19.76 0.283 0.039 141 1.015 1.041
M5 19.67 0.282 0.042 147 1.000 1.023
M6 19.67 0.225 0.043 166 1.010 1.033
M7 19.54 0.282 0.052 170 0.984 1.009
M8 23.73 0.226 0.068 123 0.993 1.036
M9 23.73 0.226 0.070 123 1.014 1.051
1110 23.60 0.225 0.036 94 1.021 1.055
C5 11.08 0.050 0.014 217 1.230 1. 243
C6 11.10 0.050 0.022 235 1.160 1.200
C7 13.50 0.050 0.014 191 1.300 1. 314
C8 13.50 0.050 0.024 181 0.989 1.016
C9 15.97 0.125 0.014 80 0.923 0.946
C10 16.00 0.125 0.026 118 1.015 1.036
Cll 16.00 0.175 0.013 77 1.051 1.085
C12 16.00 0.175 0.026 113 1.068 1.091

TESTS AT TOKIO UNIVERSITY BY KATO AND KANATANI (45)

AC7 17.3 0.220 0.022 471 0.932 0.975
AC10 17.3 0.314 0.022 386 0.926 0.967
AC20 18.8 0.628 0.022 244 0.983 1.030
AB20 18.8 0.628 0.022 244 1.024 1.073
BC7 8.9 0.220 0.022 637 0.983 1.003
BC10 8.8 0.314 0.022 516 0.963 0.989
BC20 8.8 0.628 0.022 303 1.000 1.027
BB20 10.4 0.628 0.022 312 1.061 1.095



TABLE 5.1 SUMMARY OF SHORT TERM TESTS ON BUILT-UP COMPOSITE COLUMN"S

~

Column Type Length Axis of Eccen. Observed Theoret. Obs. Max.Load Short
Designation Loading of Max.Load Maximum Theor.Max.Load Column

Loading Load Load
(ft. ) (in. ) (kips) (kips) (kips)

(1) i (2) (3) (4) (5) (6) (7) (8) (9 )
I

CCl No battens, 7 Minor 1.5 117.0 109.4 1.07 296.8
composite

CC2 No battens, 7 Major 0.8 195.5 201.2 0.97 315.3
composite

CC3 No battens, 7 Major 1.5 159.0 150.6 1.05 321.0
composite

CC4 No battens, 7 Major 0.0 270.0 272.9 0.99 292.4
composite I

CC5 No battens, 7 49° to Major 0.8 158.2 150.2 1.05 293.5
composite

CCll No battens, 7 Major 2.0* 158.8 154.2 1.03 326.9
composite

CC13 No battens, 10 Major 0.8 21.3 20.0 1.06 106.4
bare steel

CC13R No battens, 10 Major 0.8 147.1 146.6 1.00 276.2
composite

CC14 Battens, 10 Major 0.8 53.3 51.4 1.04 107.1
bare steel ICC15 Battens, 10 Major 0.8 150.5 142.9 I 1.05 262.5
composite

CC16 No battens, 10 Major 1.5 110.2 105.0 1.05 266.9
composite

I
w
CD
o
J

* Eccentricity at ends in opposing directions.



TABLE 5.2
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INITIAL DEFORMATION IN

~ '""l!II!

CHM1NEL LENGTHS (Ref. Fig. 5.2)

Column Channel Face Initial Deflec·tion (in. ) Max. DeL
No. Length

.. Point Centre ~ Point

CCl A 1 -0.012 -0.040 -0.036 1/2100
2 0.000 0.006 0.000 1/14000
3 -0.004 -0.010 -0.012 1/7000

B 1 -0.024 -0.026 -0.021 1/3230
2 -0.004 -0.004 0.000 1/21000
3 0.004 0.000 0.000 1/21000

CC2 A 1 -0.084 -0.076 -0.060 1/1000
2 0.038 0.020 0.010 1/2210
3 -0.014 -0.016 -0.018 1/4660

B 1 -0.034 -0.040 -0.034 1/2100
2 0.020 0.040 0.028 1/2100
3 -0.016 -0.042 -0.040 1/2000

CC3 A 1 -0.088 -0.098 -0.056 1/860
2 -0.004 -0.012 -0.012 1/7000
3 -0.026 0.000 -0.002 1/3230

B 1 -0.104 -0.110 -0.072 1/760
2 -0.030 -0.048 -0.026 1/1750
3 -0.044 -0.002 0.034 1/1910

CC4 A 1 0.012 0.038 0.026 1/2210
2 -0.008 0.018 0.016 1/4670
3 -0.026 -0.025 -0.014 1/3230

B 1 -0.056 -0.046 -0.042 1/1500
2 -0.006 0.024 0.002 1/3500
3 -0.010 0.000 0.002 1/8400

CC5 A 1 0.124 0.174 0.120 1/480
2 -0.036 -0.070 -0.033 1/1200
3 0.038 0.060 0.030 1/1400

B 1 0.080 0.100 0.064 1/840
2 -0.008 -0.034 -0.024 1/2470
3 0.008 0.024 0.012 1/3500
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T~BLE 5.2 (cont.) INITIAL DEFORMATION

CHlu"lNEL LK-IGTHS

Column Channel Face Initial Deformation (in. ) Max.Def.
No. Length

... Point Centre
3 .4" P01.nt

CC 11 A 1 -0.064 -0.120 -0.116 1/700
2 0.028 0.032 0.028 1/2620
3 -0.020 0.000 0.008 1/4200

B 1 -0.120 -0.180 -0.140 1/470
2 -0.012 -0.020 -0.028 1/3000
3 0.036 0.040 0.044 1/1900

CC13 A 1 0.038 0.044 0.006 1/2730
CC13R 2 -0.032 -0.044 0.032 1/2730

3 -0.060 -0.008 0.012 1/2000
B 1 0.056 0.080 0.008 1/1500

2 -0.080 0.044 0.060 1/1500
3 -0.072 -0.052 -0.028 1/1670

CC14 A 1 0.036 0.068 0.000 1/1770
2 -0.032 -0.012 -0.004 1/3750
3 -0.012 -0.076 -0.100 1/1580

B 1 0.036 0.016 -0.044 1/2730
2 -0.004 0.052 0.088 1/1360
3 -0.032 -0.028 -0.016 1/3750

CC15 A 1 -0.004 0.004 0.000 1/30000
2 0.004 0.036 0.048 1/2500
3 -0.028 0.012 0.064 1/1880

B 1 -0.036 0.032 -0.024 1/3300
2 -0.036 0.016 0.064 1/1880
3 0.004 0.020 0.032 1/3750

CC16 A 1 0.032 0.072 0.048 1/1670
2 0.052 0.072 0.052 1/1670
3 0.028 0.020 0.032 1/3750

B 1 0.020 0.044 0.072 1/1670
2 0.000 -0.056 0.028 1/2140
3 0.056 0.080 0.056 1/1500



TABLE 5.3
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CROSSECTIONAL DETAILS OF

CHANNELS (Ref. Fig. 5.2)

-
ColullUl Dimension (in. ) Computed

No. Crossectional
Web Flange Area of

Two Channels
width Thickness Width 'Thickness (sq.in.)

CC1 2.975 0.205 1. 512 0.278 2.673

CC2 2.978 0.208 1.508 0.264 2.612*

CC3 2.975 0.202 1.512 0.272 2.627

CC4 3.008 0.209 1. 484 0.274 2.655

CC5 3.026 0.216 1.505 0.273 2.715

CCll 3.022 0.203 1. 489 0.284 2.688

CC13 (R) 2.953 0.207 1.520 0.264 2.609*

CC14 2.952 0.206 1.520 0.263 2.599*

Cel5 2.952 0.206 1.520 0.263 2.599*

CC16 2.953 0.205 1. 520 0.263 2.594*

AS Al 3.000 0.200 1. 500 0.267 2.640

-1965

* Checked by immersion weighing.



TABLE 5.4 PROPERTIES OF MATERIALS

Column STEEL CONCRETE
No.

Yield Stress (kip/sq. in. ) Modulus Standard Properties at Age of Column Tests
of 28 day

StUb Coupon Hounsfield Elasticity I Compressive Age at Compressive Tensile I Modulu:::
Column i Strength Testing Strength Splitting 1 of

Comp. Tension Tension Strength I Elasticity
(lb/sq. in. (lb/sq. in.) (days) (lb/sq. in.) (lb/sq.in) (lb/sq. in.

xl0 6
) xl0 6

)

(1 ) (2) (3) (4 ) (5) (6) (7 ) (8) (9)

CCl 42.9 42.7 - 30.1 3980 43 3960 410 3.19

CC2 40.3 40.3 - 30.6 4370 31 4530 430 3.28

CC3 44.2 43.0 - 30.5 I 4230 41 4450 480 3.23

ICC4 40.3 40.9 - 30.5 I 4220 34 4020 450 3.03

CC5 40.6 I 40.4 38.7 30.1 3710 23 4050 440 2.95I

I
CCll 4.".3

,
44.5 42.5 30.0 - 33 4440 510 3.38I

eel3 (R) 40.8 42.1 40.2 29.0 I 4710 18 3680 300 2.72

CC14 41.2 42.1 41.4 30.2 n.a. n.a. n.a. n.a. n.a.

CC15 41.0 42.4 40.7 29.3 4710 29 3430 330 2.83

CC16

I
40.7 41.5 40.0 30.0 4250 26 3560 350 2.89

I

n.a. not applicable - bare steel column

I
w
Q)
.j>.

I
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TABLE 5.5 CHEMICAL ANALYSIS OF CEMENT

Analysis Percent

Silicon Dioxide (Si02 ) 20.06

Ferric Oxide (Fe Oal 3.16

Aluminium Oxide (A12 03) 6.22

Calcium Oxide (Ca 0) 65.00

Magnesium Oxide (Mg 0) 0.98

Sulphuric Anhydride (S0 3 ) 2.19

Loss on Ignition 1.80

Insoluble Residue 0.92

Alkalies as Na2 0 0.56

Hypothetical Compound Composition Percent

Tricalcium Aluminate (C3A) 11

Tetracalcium Alumino Ferrite (C4 AF ) 10

Tricalcium Silicate (C 3 S) 59

Dicalcium silicate (C2 S ) 13

Fineness Index 3650 sq.cms per gram

,
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TABLE 6.1 GEOMETRICAL PROPERTIES FOR CONCRETE FILLED TUBE TESTS

Column Nom. width lDepth Wall Max. Length Eec. Loading

INo. Size Thick. Init. Axis D ,.
:=

BID

.w

Deform. Inclin. TW D D
TW L e S

(in. ) (in. ) (in. ) (in. ) (in. ) (ft) (in. )

(1) (2 ) (3) (4 ) (5) (6 ) (7 ) (8 ) (9) (10) (11) (12)

SHC-l
3 8.021 8.028 0.392 0.047 7 1.5 0° 20.5 10.5 0.1878x8xa

SHC-2 " 8.032 8.003 0.394 0.055 10 0 0° 20.3 15 0

SHC-3 " 8.005 7.984 0.395 0.031 7 1.5 30° 20.2 10.5 0.187 I
I

SHC-4 " 7.984 8.010 0.389 0.022 7 1.5 45° 20.6 10.5 0.187 I

SHC-5 " 7.976 8.000 0.394 0.011 10 1.5 30° 20.3 15 0.187

SHC-6 " 8.000 7.955 0.385 0.044 10 2.5 45° 20.7 15 0.313

, SHC-7 6x6xl..! 6.003 5.997 0.255 0.020 10 1.5 0° 23.5 20 0.250

SHC-8 " 6.003 5.997 0.255 0.040 10 2.5 0° 23.5 20 0.417
,

I

I
W
ro
Ol
I



TABLE 6.2 MATERIAL PROPERTIES FOR CONCRETE FILLED TUBE TEST COLU~~S

r:olum11 I Steel I Concrete Properties
No. I Yield

I Stress 28 Day Concrete Properties at Age of TestingCompressive
Strength Age at Testing i Compressive Split Tensile Elastic

I Strength Strength Modulus
(lb./ (lb./sq.in.) (days) I (lb. /sq. in.) (lb./sq.in.) (lb./s~.
sq. in.) I in.xlO )

(1) (2 ) (3) (4) I (5) (6) (7)
I

I SHC-l I 42200 4380 31 4340 430 3.38

SHC-2 42100 4440 40 4510 420 3.44

SHC-3 45400 5010 105 5390 590 3.83

SHC-4 46000 4800 119 5690 590 4.04

SHC-5 46300 5480 128 6420 640 4.11

SHC-6 46000 4660 133 5240 560 3.93

SHC-7 36890 5080 21 4510 480 3.49

SHC-8 36890 5080 22 4510 480 3.49

I
w
CD
--.J
I



TABLE 6.3

I

LOAD CAPACITIES FOR CONCRETE FILLED TUBES

Column Tube I Length Load. Ecc. Short First Obs. P Theor. P
No. Size Axis Column Yield Max. sy Max. max

-p- PIncl. Load Load Load max Load theor
(in. ) (ft. ) (deg. ) (in. ) (kips) (kips) (kips) (kips)

(1) (2 ) (3) (4) (5) (6 ) (7 ) (8) (9) (10) (11)

SHC-l 3 7 0 1.5 698.2 390 439.7 0.89 436.3 1.018x8xg

SHC-2 " 10 0 0 706.9 645 645.0 1.00 632.3 1.02

SHC-3 " 7 30 1.5 783.1 430 490.0 0.88 491.9 1.00

SHC-4 " 7 45 1.5 796.3 400 486.0 0.82 501.2 0.97

SHC-5 " 10 30 1.5 837.4 400 458.0 0.87 476.4 0.96

SHC-6 " 10 45 2.5 768.7 280 365.0 0.77 360.3 1.01

SHC-7 6x6x\ 10 0 1.5 333.8 135 152.8 0.88 153.9 0.99

SHC-8 " 10 0 2.5 333.8 100 115.3 0.87 123.1 0.94

.

J
w
CD
CD
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TABLE 9.1

PROPERTIES OF STEEL SECTIONS FOR RESTRAINED SHRINKAGE TESTS

,..---- !Elastic
I

Colullln Steel Flange Dimensions Web Dimensions Max. Yield Stress
No. Section Initial Modulus

Width Thickness width Thickness Central Squat Coupon Hounsfield
Deflec- Comp. Tension Tension
tion

(in. ) (in. ) (in. ) (in. ) (in. ) (kips/ (kips/ (kips/sq. (lb. /s~.
sq. in.) sq. in. ) in. ) in.xlO )

CC6 2 Channels 1.508 0.274 3.024 0.217 0.022 42.13 42.19 39.55 30.4
3"xll;z"x4.61b.

CC6-M12 2 Angles 1.015 0.193 1.008 0.190 - - 43.85 43.12 29.2
.1"xl"x3/16",
I

I 40.18
I

CC6-M34 2 An.gles 1.503 0.252 1.508 0.250 - - 38.33 ! 30.1
ll;z"xll;z"xlo"

,

CC12 2 Channels 1. 497 0.279 3.024 0.204 0.070 46.67 45.77 47.30 29.9

L
3"xll;z"x4.61b.

I
w
Q)
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TABLE 9.2

CONCRETE PROPERTIES OF RESTRAINED SHRINKAGE SPECIMEN WITH SHORT TERM LOADING

Column Age at Age at Age at Cylinder Cylinder Cylinder Elastic Elastic
No. Start of Column Measure- Compressive Split Direct Modulus in Modulus

Drying Loading ment of Strength Tensile Tensile Compression in Tension
Properties Strength Strength

(days) (days) (days) (lb. jsq. in.) (lb.jsq. (lb. jsg. (lb.jsq.in. (lb.jsq.in.
in. ) in. ) xl0 6

) xl0 6
)

(1) (2 ) (3 ) (4 ) (5) (6) (7) (8 ) (9)

CC6 36 75 36 4710 480 - - -
CC6-M12 69 5890 640 - 2.82 -
CC6-M34 75 6110 660 - 2.83 -

75 390a 2.45a

75 460b 2.66b

CC12 28 84 28 5520 506 - 3.22 -
33 - 567 437 - -

70 5490 560 - 2.96 -

84 5630 570 410 2.82 2.89

84 420a 2.50a

84 . 440b 2.3lb

a Constant sustained stress of 100 lb.jsq.in. during drying.
b Constant sustained stress of 150 lb.jsq.in. during drying.

I
w
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TABLE 9.3 COMPARISON OF LOAD CAPACITIES FOR INITIALLY CRACKED AND UNCRACKED COLUMNS

Column Loading Length Ecc. Agg. Concrete Steel Short Max. Pmax !
No. Axis Cylinder Yield Column Load PshStrength Stress Load

L e ff f Psh Pc sy max

(ft. ) (in. ) (lb. / (lb./ (kips) (kips)
sq. in.) sq. in.)

CC3 Major 7 1.5 Basalt 4450 44200 321.0 159.0 0.495 I
I

CC12 Major 7 1.5 Breccia 5630 46670 380.3 154.8 0.407

CCl Minor 7 1.5 Basalt 3960 42900 296.8 117.0 0.394

CC6 Minor 7 1.5 Breccia 6110 42130 388.9 147.0 0.378

I
w
ill
~



TABLE 10.1
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SPECIFICATION FOR SPRINGS

Item unit Creep Rig

CC? CC8, CC9, CCI0

Free
Length in. 12.25 20.00

Solid
Length in. 9.00 14.15

Outside
Diameter in. 6.50 7.00

Inside
Diameter in. 3.50 4.25

Wire
Diameter in. 1.50 1. 38

Active
Coils 5.50 9.30

Total
Coils 7.00 10.80

Spring
Rate Ib./in. 10600 3340

Maximum
Load lb. 34400 19500

Safe
Load lb. 19000 14000



TABLE 10.2 DIMENSIONS AND PROPERTIES OF STEEL C}llffiNEL USED IN CREEP COLUMNS

Length Web Flange Maximum Yield Stress r
Column ' Eccent.

No. Initial IHounsfieldWidth Thickness Width Thickness Deflect. Stub Coupon
Column Tension I Tension

(in. ) (in. ) (in. ) (in. ) (in. ) (in. ) (kipsj (kipsj (kipsjsq.

I sq. in. ) sq.in.) in. ) I (in. )

CC7 84 3.027 0.218 1. 499 0.273 0.106 41.70 41.25 38.70
!

1.6

CC8 68 3.022 0.201 1. 496 0.277 0.095 44.21 45.06 41. 93 0.0

CC9 68 3.020 0.200 1.496 0.278 0.122 45.08 45.38 42.32 0.8

CC10 68 3.019 0.202 1. 493 0.277 0.114 44.63 45.50 42.18 2.0 *

* Eccentricity at ends in opposing directions.

I
w
to
W

I



TABLE 10.3 SHORT TERM LOADING PROPERTIES OF CONCRETE FOR CREEP COLUMNS

,_._----~

!
Colurrn !Age at Age at Cylinder Cylinder Cylinder Modulus

No. I Start of Loading Testing Compressive Split ofIDrying (days) Age I Strength Tensile Elasticity
, I I Strength
I (days) (days) (days) (lb./sq. in.) (lb./sq. (lb. /s~. in.I

in. ) xlO )
(1) (2) (3 ) (4 ) (5) (6) (7)

CC7 74 74 74 - - 4.09*
78 5560 530 3.65

1438 4350 380 2.80

I
CC8 56 65 65 - - 4.08*

69 5910 570 3.62
1012 5460 520 3.34

CC9 49 58 58 - - 4.01*
62 6100 600 3.57

1005 5710 520 3.49

CClO 42 51 51 - - 4.01*
55 6130 600 3.65

998 5970 520 3.61

I
w
<D
.t:>

I

* Measured from loading of creep block
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TABLE 11.1

OBSERVED AND ACI MAXIMUM LOADS ?OR TEST COLUMNS

Co1ullUl Length Eccent. Short Obs. ACI Obs
No. Co1UllUl Max. Max. ACI

Load Load Load
(it. ) (in. ) (kips) (kips) (kips)

(a) Two 3" x 1~" x 4.61b. channels encased to 8" x 7"
CC4 7 0 292.4 270.0 224.6 1.20
CC2 7 0.8 315.3 195.5 195.0 1.00
CC3 7 1.5 321.0 159.0 147.7 1.07
CC13R 10 0.8 276.2 147.1 135.3 1.09
CC16 10 1.5 266.9 110.2 103.0 1.07
CC11 7 2.0* 326.9 158.8 151.6 1.05

(b) 8" x 8" x ~" Concrete Filled Tubes

SHC-1 7 1.5 698.2 439.7 442.1 0.99
SHC-2 10 0 706.9 645.0 601. 3 1.07
SHC-3 7 1.5 783.1 490.0 520.8 0.94
SHC-4 7 1.5 796.3 486,0 530.4 0.92
SHC-5 10 1.5 837.4 458.0 526.2 0.87
SHC-6 10 2.5 768.7 365.0 402.7 0.91

(c) 6" x 6" x ~" Concrete Filled Tubes

SHC-7 10 1.5 333.8 152.8 170.5 0.90
SHC-8 10 2.5 333.8 115.3 131.0 0.88

* Double Curvature
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PLATE VI TEST ARRANGLMENT FOR- -
DETERMINATION OF STRESS-STRAIN

RELATT01-lSHIP FROM CONCRETE CYLINDERS
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(a) Shrinkage Strain, Humidity and Temperature

Heasurinq Equipment

(b) Forml,ork for Shrinkage Specimens for

Columns CC2, CC3, CC4 and CC5

PLATE VII APPARATUS FOR DETERMINATION OF

SHRINKAGE STRAINS
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PLATE VIII TEST ARRANGEMENT FOR COLU~mS

BENT ABOUT A PRINCIPAL AXIS
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PLATE X TEST ARRANGEMENT FOR COLU~m CCll

BENT IN DOUBLE CURVATURE ABOUT

THE MAJOR AXIS
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(a) Top End Fitting

(b) Bottom End Fitting and Loa.ding

Trolley

PLATE XI END FITTING ATTACHED TO THE

TESTING l-1ACHINE
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(a) Rotation Gauges at Central section

of Column CC5

(b) Dial Gauges on South Face of Column CCll

PLATE XIII DIAL GAUGE ARRANGE~lliNTS
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(a) North (Compression) Face (b) South (Tension) Face

PLATE XIV FAILURE PATTE~~S FOR 7FT. COL~ms CCl, CC2, CC3 AND CC4



(a) North (Compression) Corner (b) South (Tension) Corner
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PLATE XV FAILURE PATTERN FOR 7FT. COLUMN CC5 BENT ABOUT A DIAGONAL AXIS (e ~.)



(a) Before Removal of Spalled Concrete (b) After
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PLATE XVI CRUSHING FAILURE AT END OF 7FT. COLUMN CCll BENT ABOUT MAJOR AXIS

IN DOUBLE CURVATURE (e = 2.0in.)



(a) Crushing on North Face on
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PLATE XVII FAILURE PATTERN FOR 10FT. COLUMN CC13R BENT ABOUT ~~JOR AXIS (e = O.Bin.)
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(a) Details of Column

(b) Local Buckling in Second Panel from Top

PLATE XVIII FAILURE OF 10FT. BARE STEEL COLU~~ CC14

BENT ABOUT THE MAJOR AXIS (e = o.Sin.)



(a) Crushing on North Face (bl Cracking on South Face
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PL.l\.TE XIX FAILURE PATTERN FOR 10FT. COLUHN CC1S CONTAINING BATTENED CHfu~NELS

AND BENT ABOUT THE MAJOR AXIS (e = O.Bin.)
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PLATE XX FAILURE PATTERN FOR 10FT. COLUMN CC16 BENT ABOUT THE MAJOR AXIS (e = 1.5in.l
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PLATE XXII
TEST ARRANGEMENT FOR TUBES WITH 0° AND 45° LOADING AXIS INCLINATION
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PLATE XXIII
YIELDED CE~TRAL REGION FOR COMPRESSION(N) AND TENSION(S) FACES OF COLl~m SRC-l

(e = 1.5IN.( $ = 0°)
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PLATE XXIV LOCAL CO~WRES8~CN rAILURB AT ENDS

OF CONCENTRICALLY LOADED COLU~~ SHC-2

(e = OIN., S = 0°)
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PLATE XXIX MOULD FOR SHRINKAGE BLOCK WITH

SAJffi CROSSECTION AS COLUMN

PLATE XXX BIN. x 7IN. AND 4EL D:::A. SRRH1K.l\GE

SPECIMENS, 4IN. DIA. ~10DEL COLUNNS

FOR COLUMN CC6
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PLATS XXXI INVl\R REFERENCE BARS FOR HUGGENBERGER

TENsm1ETER

PLATE XXXII ~UGGCNBERG~R TENSOMZTER MEASURING

SHRINN,GE O\~R SOem. GAUGE LENGTH
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PLATE XXXIII END FITTINGS FOR APPLYING PLATE XXXIV TENSILE CREEP RIG

TENSILE STRESS TO 4IN. DIA. CYLINDERS
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PLlI_TE XXXV FAILURE OF 4IN. DIA. CYLINDERS IN

DIRECT TENSION

PLATE XXXVI COLUHN IN POSITION FOR t·lEl'.SllREHENT.- ._---

OF AXIAL SB0R'1"3t:UG DURING DRyr;~G PERIOD



(a) (b)
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PLATE XXXVII FAILURE PF~TERN OF COMPRESSION (NORTH) FACE OF COLUMN CC6

BENT ABOUT MINOR AXIS WITH 1.5IN. ECCENTRICITY
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Bottom

Pk~TE XXXIX FAILURE PATTE&~S ON THE FOUR FACES

OF COLU~m CCI2 BENT ABOUT THE ~mJOR

AXIS WITH A~ ECCENTRICTTY OF I.SIN.

TOp
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(a) Top (b) Bottom

PLATE XL ATTACHMENT OF DIAL GAUGE FRAME TO COLUMN END PLATES
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PLATE XLII COLUMNS CC8, CC9 AND CC!O

AND CREEP SPECIMENS UNDER

SUSTAINED LOAD IN CREEP RIGS



I

- 582-

PLATE XLIII CREEPSPECn1ENS FOR COLUMNS

CCg, CC9 AND CCIO IN CREEP RIGS
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