
313 

1'vl aterials alld Structures, 1994, 27, 79-90 

Failure of slender and stocky reinforced concrete columns: 
tests of size effect 

Z. P. BAZANT, Y. W. K WON* 
Departmel1t of Cit'if Ellyilleerill!}. Nurthwestem Ullirersity, ErallslOll. I L 60208, USA 

The paper reports the results of a series of tests of geometrically similar pill-ended tied 
reilIfiJrced concrete columns of different si::es, with ratio 1: 2: 4, and slendemesses of 19,2, 
35,S and 52.5, The model coillmns had square cross-sections of sides 0.5, 1 and 2 in. (12.7, 
25.4 and 50,S mm), reduced-si::e steel bars with steel ratio 4.91~'o, and reduced-si::e aggregate 
with maximulll si::e 1 8 in, (3.2 nlln), The axial load was eccentric, with end eccentricities 0,25 
of the cross-section side. It is foulId that for all slendemesses the failure loads exhibit a strong 
si::e effect in \\'hich the nominal stress at maximum load (load dirided by cross-sectional area) 
decreases as the si::e is increased. This contradicts the current desi!]n codes, which exhibit no 
si::e effect, and indicates that the jelUure is gorerned by ji-aclllre mechanics. The results are in 
qood ayreelllcnt with the si::c-etJect la\\' prcl.'iollsly proposed by Ba::wzr, For a hiyhcr 
:,le'lldemess. the si::e <'frect increase's and the brittleness ofIailure, characteri::iny the proximiry 
[() rile rc'hal'iour descr'ibed by linear elastic fracture mechanics, increases. The role of bond 
slip in the obserred si::e effect remains [() be clarified, 

1. I~TRODLCTION 

One hasic characteristic of material failure criteria 
expressed in terms of strength or yield surface. or implied 
bv constitutive relations in terms of stresses and strains, 
is' that there is no effect of the size of the structure on 
its nominal strength, The current design codes including 
the ACI code. are based on the theory of limit states. 
justified hy the theory of plasticity. which implies that 
the code provisions for ultimate loads in all types of 
failure exhibit no size effect. However. the fact that the 
observed load deflection diagrams of columns descend 
after the peak, rather than terminating with a horizontal 
yield plateau, invalidates the use of the theory of limit 
states [I]. 

As is now clear, concrete is not plastic but brittle and 
its description in terms of plasticity is in principle 
incorrect (except for behaviour under confining pressures 
that areatlv exceed the uniaxial compression strength), 
The behaviour of concrete is characterized by post-peak 
strain softening which is due to progressive development 
of damage in the form of microcracks and localization 
of such ~icrocracks into a major crack that leads to the 
tlnal failure, Mathematical modelling of such behaviour 
must be based on fracture mechanics, the characteristic 
attribute of which is that the material model is not 
completely describable in terms of stress and strain (or 
strength. or yield limit). Rather, the material model must 
also iIl\,)lve an energy quantity, called the fracture 
energy. or equivalently a length quantity, called the 
char71::teristic length, which is a material property, Such 
a material model predicts a size effect, such that the 
nominal stress at failure, ()", decreases with the character-
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istic dimension of the structure. D. if geometrically similar 
structures of different sizes are compared, 

After great advances in fracture mechanics of concrete 
during the last decade, it is now clear that such size effects 
must ~ccur in all the failures of concrete structures that 
are due to concrete rather than steel. This is true not 
onlv of those failures \vhich are due to concrete failing 
in tension (diagonal shear, punching shear. torsion, bar 
pull-out, anchor pull-out. splice failure, etc,) but also of 
all the failures which are due to concrete failing in 
compression. This includes prestressed concrete beams 
and, most importantly, reinforced cc'ncrete columns, 
whose study from the size-effect viewpoint is the purpose 
of this article. 

The material fracture properties are not the only reason 
why a size effect must be expected to occur in reinforced 
concrete columns. After the research of the last decade, 
it is now also known that if the load-deflection diagram 
of a structure exhibits post-peak softening. and if the 
softening is not explicahle by non-linear geometric effects 
(in columns the so-called P-/';. effects), then in general 
the post-peak softening response exhihits a size effect. 
and so does the nominal strength (except when the 
structure behaves according to the series coupling model), 
Now, it is known from experiments that the load
deflection diagram of reinforced concrete columns, even 
short ones in which the P-/';. effect is negligible, exhibits 
post-peak softening. Hence. a size effect ought to exist. 
The objective of this paper is to demonstrate it by 
experimental results (on which a preliminary. abbreviated 
report has been given at a recent conference [2J). 

Although important advances have been made in the 
past in understanding the behaviour of reinforced 
concrete columns (see e,g, Nilson and Winter [3J and for 
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further references consult McGregor [4J, Bazant and 
Cedolin [5J and Bazant ('( ul. [6J), the size effect in 
columns has escaped attention so far. But no phenom
enon in physics is understood until the scaling law is 
understood. This also applies to concrete structures. 
Discrepancies in the scaling laws at \ery large and 
very small distances were the primary impulse for 
the development of the theories of relativity and 
quantum mech::nics, and the scaling problems of fluid 
mechanics led to boundary-layer theory and the theory 
of turbulence [7]. 

Until about ten years ago, it had been erroneously 
believed that all the size effects in concrete structures are 
totally explicable by the statistical nature of material 
strength. as described by Weibull-type theories. and that 
they should therefore be relegated to safety factors and 
left to probabilists to worry about. In reality. however. 
the portion of the size effect ascribable to the randomness 
()f concrete strength is very small and negligible in 
structure, in which there is large crack growth before the 
maximum load is reached [8-10]. [n such structures. the 
size eflect is almost totally deterministic and is caused 
hy the fact that a larger structure stores a greater amount 
of strain energy and thus releases more energy into an 
ad\ ancing fracture front. while the energy dissipated at 
the fracture front per unit fracture advance is approxim
ately independent of the stru([ure size. 

2. L\X\IPLES OF LACK OF SIZE EFFECT 1:"1." 
STRE:\GTH THEORY 

It might be useful to begin by simple examples illustrating 
that indeed the column design procedures based on the 
concept of strength or yield exhibit no size effect. i.e. 
" .... = PhD = constant for geometrically similar columns 
l1f different ,izes D \\'here P = maximum load: h. D = 

height and width of rectangular cross-section. As one 
example. considering a perfect slender homogeneous (i.e. 
unreinforced) centrically loaded column made from a 
d~terministic clastic material. we have. according to 

Euler's formula. 

D 
r = ---

(12)1 2 
(1) 

where E = Young's elastic modulus. L = effective column 
length and r = cross-section radius of gyration. Here 
obviously ":-; = constant since L rand L D are constant 
for geometrically similar columns. 

As another example. consider a homogeneous hinged 
column of sinusoidal initial curvature with initial load 
eccentricity (' at mid-span. From the theory of bending. 
the maximum stress in the column is O" .... M = 0" .... + 6P: hD2 
where: = <.',[1 - (P pulJ and Pee = Jr

2EhD 3 12L2 = 

Euler load. This yields 

<J:"M = :D (1 + [)[1~ (-12 ~2 E~;i2 D-i)(PbDlj) (2) 

Setting a"'M = constant = f~ and solving for P. we again 
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see that, for geometrically similar columns, 0":-; = P'hD is 
constant. independent of structure size D. Similarly it can 
be demonstrated that the ACI column design procedure 
gives the same value of P:bD for all geometrically similar 
columns, both for three-dimensional similarity. for which 
h is proportional to D. as is the present case. and for 
two-dimensional similarity. for which h is constant. 

These examples illustrate that if there is a size effect. 
it cannot be described by means of the classical theory. 
Therefore. tests of the effect of structure size are the best 
way to decide whether the classical theory is valid. With 
this motivation. the test programme described in the 
following has been carried out. 

3. EXPERIME"'T AL PROCEDURE 

The test specimens (Fig. 1 1 were tied reinforced concrete 
columns of square cross-sections with sides D = 0.5. 1 
and 2 in. (12.7, 25.4 and 50.8 mm). Three column 
slendernesses i. = 19.2. 35.8 and 52.5. were used: i. = L r 
and according to ACI. r = 0.3D (for typical reinforced 
concrete cross-sections). The corresponding effective 
lengths L of the columns. measured between the contact 
points of the steel balls (Fig. 1). were L = 2.875. 5.375 
and 7.875 in. (73. 136.5 and 200 mm) for the smallest 
cross-section. L = 5.75.10.75 and 15.75 in. (146.273 and 
400 mm) for the middle cross-section. and L = 11.5. 21.5 
and 31.5 in. (292. 546 and 800 mm) for the largest 
cross-section. The corresponding net lengths of the 
columns without the support plates but with the steel 
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Fig. 1 (a) Side view of test columns of different sizes. (b) 
cross-section. (c) vertical cross-section through the column 
and load application. (d) measurement of lateral deflection. 
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cover plates (Fig. 1) were I = 2.5, 5 and 7.5 in. (63.5. 127 
and 190.5 mm) for the smallest cross-section, I = 5, 10 
and 15 in. (127, 254 and 381 mm) for the middle cross
section. and I = 10,20 and 30 in. (254, 508 and 762 mm) 
for the largest cross-section. The loads were applied to 
the steel platens through steel balls and steel plates. 

The columns of each group of the same slenderness 
and different cross-sections were geometrically similar 
(Fig. I b). The geometric similarity was enforced scrupu
lously: the reinforcing bars, their locations and cover. as 
well as the diameter and spacing of the ties were all scaled 
in proportion to D. Thus the thickness of the concrete 
cover of longitudinal bars, measured from the bar centre 
to the surface. was not constant, but was de = 0.2D. 
Because ofthc una vailability of deformed reinforcing bars 
of sufficiently small diameter. smooth steel bars had to 
be used for both the main bars and the ties, in order to 
achieve geometric similarity. To limit the possibilities of 
ol'lld ,;lip. the column ends were provided with cover 
plates (Fig. I c) at which the vertical bars were anchored 
by threaded nuts fitting into bores in massive end-platens 
I Fig. Ic). which were also geometrically scaled (in 
retrospect. though. it must be admitted that the nuts 
could not have prevented the bars from being pushed out 
of the column end. nor from sli[lping farther from th.: 
ends. although no observations were made on whether 
thi, actually ha[lpened). 

The columns were simply sup[lorted. and the load P 
\vas applied with eccentricities" which were geometrically 
similar: I' = D.25D. The steel ratio was 4.91 <) 0" Each 
column had four longitudinal bars as shown in Fig. lb. 
of diameters dh = Ilh • ; and lin. 11.59. 118 and 6.35 mm) 
for the smallest. middle and largest column sizes. 
respectively. The corresponding diameters of the steel ties 
were .1

1
2' 1\' and ~ in. (0.79. 1.59 and 3.18 mm). The ties 

were glued by e[loxy to the four main bars and had 
overla[l splices at the corners. The spacing of the ties 
Icentre to centre) \\as D.3. 0.6 and 1.2 in. (7.62. 15.2 and 
30.5 mm) for the smallest. middle and largest cross
sections. but near the ends the spacings were reduced to 
0.2. OA and 0.8 in. (5.08, 10.2 and 20.3 mm) respecti vel)'. 
and very ncar the ends to 0.1. 0.2 and OA in. (2.54. 5.08 
and 10.2 mm). respectively (sec Fig. Ic). 

The Young's modulus of the steel bars was E, = 

29000 ksi (200 G Pal and the yield strength was / = 

8D 000 psi (552 1\1 Pal. This value of yield strength was 
only slightly higher than the highest yicld limit of the 
bars currently in wide usage. which is 75000 psi (517 
:\1 Pal. The compressive steel sl,'ess calculated for the 
ultimate load state of the least slender test column with 
eccentricity D -l is 63 770 psi (440 1\1 Pal. and for the cases 
of more slender columns. this value is even less. 

The concrete (actually a microconcrete or mortar) was 
made of Type I Portland cement with water cement ratio 
0.65 (for easy workability) and aggregate. cement ratio 
2.5 (by weight). The aggregate used in the mix was 
an air-dried siliceous sand of maximum grain size 
0.132 in. (135 mm). passing through sieve No.6. All 
"[lccil1lclls IICll' Clst fr(llll tlK ,:\[11(, b:ltch of C()llCrc'k. 
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The average uniaxial ~ompression strength was f~ = 

4200 pSI (28.96 MPa); It was measured on 28-day-old 
companion cylinders of diameter 3 in. (76.2 mm) and 
length 6 in. (152.4 mm), which were all cast from the same 
batch of concrete as the specimens, cured in the same 
manner as the columns, and tested at the same age right 
after removal from the moist room. 

The columns were cast in forms made of plywood with 
a smooth and hard varnish-painted surface. The forms 
were stripped after one day, after which the columns. as 
well as the companion cylinders, were cured until 28 days 
of age in a water bath at 20 ce. At the age of 28 days. 
the columns were tested in a closed-loop (MTS) testing 
machine. The lateral deflection at the mid-height of the 
column was measured by an LVDT gauge (Fig. Id). The 
stroke rate in each test was controlled to be kept constant 
and was chosen so as to reach the peak load, for any 
column size and slenderness. within about 15 min. Since 
the specimens were tested right after being taken frllm 
the moist room, they have not experienced before the 
test any appreciable drying. and thus no cracking damage 
and no size effect due to drying shrinkage could ha ve 
occurred. 

Typical photographs of the broken columns are shown 
in Figs 2 ·7. Although the present evaluation of the tests 
does not req uire detailed pictures of the failure surfaces. 
they will be important to any analyst trying to simulate 
these failures and the size effect by finite elements or other 
sophisticated numerical methods. 'vlany of the columns 
broke right at mid-length, as might be expected from 
buckling analysis. However. the small slender columns 
underwent asymmetric breaks - about half of them ncar 
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(a) (b) 

(c) 

Fig. 3 Similar columns of all three sizes: (a) slender. (b) medium. (c) stocky. 

the quarter-length and the other half all the way at one 
end. upper or lower. 

Assuming the break to be caused by the bending 
moment it might at first seem hard to understand how 
the columns can break at the end. The fact that many of 
them do is a manifestation of the fact that the failure 
cannot really be caused by the bending moment. From 

the fracture mechanics viewpoint, the failure ought to be 
caused by the release of stored strain energy engendered 
by the compression fracture, which leads to unloading 
due to axial extension of the elastic part of the specimen. 
Thus the fracture causes the release of the stored bending 
energy regardless of whether the fracture happens at 
mid-length or near the ends of the column. The larger 



Materials and Structures 
83 

(b) (C) 

Fig:. -l Columns of all three slendernesses: (a, b) large size, (C) medium size. 

(a) (b) (c) 

Fig. 5 Sets of identical columns: (a) large and high slenderness: (b, c) large and medium slenderness. 

bending moment at the mid-length of course promotes 
the start of the fracture at mid-length, but the same 
argument cannot be made for the energy release, while 
clt the same time the inevitable stress concentrations 
under the end cover-plates promote a start of fracture 
ncar the ends. The strength, of course, matters only for 
the initiation of fracture, not for its subsequent growth. 
The fracture growth is governed mainly by energy release 
of the structure. The fracture process may initiate 
simltit:ll1COlisly at the Jl1id-kn~,th :lnd n~:1r the: cnn but 

(because of the well-known localization instability) the 
fracture can grow only at one place. 

There could be, however, also another reason for 
fracture near the ends: failure of bond, i.e. slip between 
steel bars and concrete. The fact that smooth bars were 
used and the ties were glued rather than welded to the 
longitudinal bars may have made the slip possible. If 
the stress-displacement diagram for the interface slip 
involves softening, then the slip alone could have caused 
sOllle p:Ht of the si7t' clTert. 
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(a) (b) (c) 

Fig. 6 Sets of identical columns: (a) medium size and slender: (b. c) medium size and medium slenderness. 

(a) (b) 

Ie) (d) 

Fig. 7 Sets of identical columns: (a. b) large size and stocky; (c. d) medium size and stocky. 

The test results are summarized in Table I. which shows 
the load values in kip (I kip = IOOOlbf= 4448 N) and 
the corresponding lateral deflections at mid-span (in 

inches). For each column. the measurements are reported 
for one pre-peak state on the ascending branch. the peak 
load (maximum load) state and one post-peak state on 
the descending branch. In the specimen labels. S. M and 
L mean the small. middle and large cross-section; the 



Materials and Structures 85 

Table I Measured axial load P and mid-height deflection It' for variolls column slendernesses i. 
and cross-section sizes D 

D /. Specimen Pre-peak state Peak load state Post-peak state 

P I\, P 
Ikip) (in.) (kip) 

0.5 19.::' SI-I 0.::'05 0.005 1.03 
SI-::' 0.::'02 0.009 0.83 

~5.S S2-1 0.203 0.01.:1 0.86 
S2-2 0.205 0.025 0.80 
S2-3 0.208 0.02.:1 0.70 

52.~ S3-1 0.208 0.019 0.875 
S3-2 1).205 0.019 0.807 
53-3 0.566 

10 19.2 MI-I 1015 0.031 2.76 
\-11-2 102 0.0.:19 2.93 
MI-3 102 0.011 2.32 

35.X M2-1 101 O.O.:lS 2.62 
:'\12-2 101 0.028 2.83 
:'\12-3 101 0.021 2.R2 

52.5 M3-1 1.01 0.0302 2 . .:19 
M3-2 1.02 O.03X 2.37 
M3-3 1.00 0.050 2..:\7 

::'0 19.2 Ll-I 2.00 0.0068 10.85 
LJ-2 2.00 O.004X 10.67 
Ll-3 ::''()2 0.015 10.53 

)).S L::'-I 2.00 0010 9.:12 
L2-::' 2.05 (1.015 9.21 
L' , _-J 2.00 0012 8'()4 

52.5 U-I 2.00 0.016 7.38 
U-2 2.00 0.006 7.02 

U-3 2.00 0.002 7.64 

I kir ~ 1000 lbf = -1-1-1~ \:. I Itl = :'5.-1 fllfll. 

subsequent numbers, L 2 and .\ mean the low. middle 
and higher slenderness. respecti\~y. and the numbers L 
2 and 3 following a hyphen arc the numbers of individual 
specImens. 

Three identical specimens were tested for all cases 
c."(ccpt S I. The loads and detlcctions measured in 
individual tests are given in Table l. The interaction 
diagram of maximum (ultimate) axial load P versus the 
corresponding bending momt:nt Jl has been calculated 
according to the standard procedure described in 
concrete design textbooks (e.g. Nilson and Winter [3]. 
McGregor [4J and McGregor I't al. [IIJ). To be able to 
compare the columns of difTercnt sizes. we plot in Fig. 8 
instead of P and J/ the non-dimensional load p and the 
·lOn-dimensional moment Ill: 

u, P 
p = t·· = D2 /·' 

. c . ..: 

(3) 

111 = u, (I' + \\") = P(e + 1\) 

f: D ])3f; 
(4) 

IV P I\, 

(in.) (kIp) (in.) 

0.0::'5 0.208 0.118 
0.023 0.200 0.011 

0.044 02.:1 0.1.:1 
0.063 0.20 0.1.:1 
0.055 0.26 0.08 

0.085 0.20 0.1.:19 
0.087 0.20 0.171 
0.093 

0.049 100 0.163 
0.023 1.00 0.179 
0.038 LOO 0.105 

0.095 1.00 0.230 
0.090 1.00 0.203 
0.079 1.00 0.195 

0.1.:18 LOI (1.370 
0.165 100 0.377 
0.188 1.03 0.252 

0.0869 2.10 0.0346 
0.0767 4.16 0276 
0.0625 2.00 0.371 

0.24.:1 ::'.07 0.980 
O.~27 2.00 0.885 
0.098 2.00 0.203 

0.360 2.00 0.902 
0.298 2.00 0.657 
0284 2.32 1.000 

where P = measured load. \\" = measured mid-height 
detlection. f; = .+200 psi (28.96 \-IPa) = compression 
strength of concrete measured on the aforementioned 
companion cylinders. and u, = P D2 = nominal stress. 
If the code procedure is used (or if any strength or yield 
criteria are used) and if the cross-sections are geometrically 
similar, the interaction diagrams of p versus III are 
independent of the size D (as well as of the .r; value). 
Thus the etTect of D in this kind of plot directly reveals 
the size dTec!. The interaction diagram calculated 
according to AC[ Code. which exhibits no size effect is 
in this plot shown by the solid line in Fig. 8. Also shown 
(as the dashed line) is the interaction diagram that is 
scaled down according to the capacity reduction factors 
¢ specified in ACI Code; <p = 0.7 for axial compression 
with bending and ¢ = 0.9 for pure flexure without axial 
load, with a linear transition of ¢ from 0.9 to 0.7 between 
P = 0 and the eccentricity for the balanced condition . 
The ¢ factors take into account material randomness. 

Fig. 8a. band e show the measured maximum load data 
for the indi\idual specimens of the small. medium and 
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Fig. 8 Interaction diagram of axial load versus bending 
moment calculated from ACI code and individual test results 
at maximum load, for (a) small. (b) medium and (e) large 
slenderness. 

large slendernesses, respectively. Each figure shows these 
data for the small, middle and large sizes. 

In Fig. 9a, band c the data points represent the 
measured loads and the corresponding bending moments 
at mid-length which are based on the measured deflections 
and include the buckling (slenderness) effects. In these 
figures, only the averages of each group of identical 
specimens are shown. In addition to the maximum load 
state, each figure also shows the pre-peak and post-peak 
states, and each line connecting these states represents the 
loading path in the interaction diagram. 
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Fig. 9 Loading paths in interaction diagrams for various 
sizes and (a) small. (b) medium and (c) large slenderness. 

For more slender columns, as expected, the response 
path moves to the right and describes a wider loop. The 
scatter of the data, as seen from Fig. 9, is normal for 
concrete testing. 

5, DISCUSSION 

The most interesting aspect of the test results is that, with 
increasing size, the data points systematically move 
towards the origin of the interaction diagram. Thus the 
experiments prove the existence of a size effect, as 
theoretically expected. This, of course, disagrees with the 
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existing design codes. When geometrically similar columns 
of difTerent sizes. made of the same concrete. are 
considered. the codes predict the same nominal strength 
p [)2. the same non-dimensional load p. and the same 

non-dimensional moment m. Moreover. as we see. the size 
effect is quilt: significant. [n fact. for some of the largest 
columns. the code predictions are even unsafe since the 
data point for the small slenderness lies within the 
short-column interaction diagram scaled down by the ¢ 
factor. The objective of a good design code is to provide 
uniform safety margins for various cases. but according 
to the present test results this is not achieved. 

To further illuminate the size effect. let us plot log (J~ 
versus log D. which represents the standard size-effect 
plot. Such plots are given in Fig. lOa. band c. in which 
the data points show. separately for each slenderness. the 
value of nominal strength (1, = P DC calculated from the 
peak loads measured in individual tests. The data points 
in Fig. II represent the mean (J, value for each group of 
identical specimens. and the plots for all the slendernesses 
are gathered in the same figure. All these plots clearly 
indicate a strong size effect. But according to the current 
wde procedure. all these plots are obtained as horizontal 
lines. Furthermore. we see that the transition size Do. 
obtained as the intersection of the horizontal and 
inclined asymptotes. shifts to the left (i.e. to smaller sizes) 
as the slenderness increases. making the size effect more 
pronounced. 

Based on previous theoretical arguments of general 
validity (sec Bazant and Cedolin [5J. Chapters 12 and 
13. or Bazant and Kazcmi [12]). the size effect should 
be described by the following approximate size-effect law 
proposed by Bazant [8]: 

fJ = [) Do (5) 

in \vhich Bf; and Do arc two empirical constants (the 
tensile strength r;. estimated as 57000U;)I 2. is intro
duced merely for convenience. to make B non-dimen
siunal). The optimal tits by this size-effect law are shown 
in Figs I () and 11 by the solid curves. For small sizes these 
curves approach a horilOntal asymptote. and for large 
sizes they approach an Inclined asymptote of slope -}. 

which corresponds to linear elastic fracture mechanics. 
One aspect of Fig. II must be emphasized: for a more 

slender column. the response lies closer to the linear 
clastic fracture mechanics asymptote. i.e. the column is 
1110re brittle. This is not surprising. since a slender column 
stores more energy than a stockier column of the same 
cross-section. The brittleness has previously been charac
terized by the so-called brittleness number, 13 = DDo [13. 
14]. The point /3 = 1 (i.e. D = Do) corresponds to the 
intersection of the horizontal and inclined asymptotes in 
Figs 10 and II. From the test data we see that. for the 
sm~allest slendcrnesscs. p < 1. while for the largest 

slenderness. Ii > I. 
Doubtless the size etfect will be mitigated by stronger 

and more densely spaced ties. The reason is that increase 
or the tri;lxial confining prc,sure cngendered by the tics 

causcs cUllcn:tc tll bCl'UiliC Ie" brIttle <lnJ \C"S pll l lll' tll 
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axial splitting fracture. For thc same reason. spiral 
columns will doubtless exhibit a weaker size effect than 
tied columns. The stronger the spiral. the weaker will be 
the size effect. For a concrete column encased in a very 
strong steel tube. the size effect will probably be 
eliminated because under very high triaxial confining 
pressures concrete becomes a plastic material. failing by 
frictional shear without softening. 

The size effect in columns should be of particular 
concern for high-strength concrete. whose brittleness is 
notorious. Although the sound practice of using hea\y 
spirals and steel tubes has been commonplace since the 
beginning. it is impossible to determine without appro
priate experiments or fracture analysis what is precisely 
the minimum \veight of steel tube that is needed to 
suppress the size effect and brittleness. Such a minimum 
required weight ought to be calculated rather than 
guessed. and for this fracture mechanics concepts are 
unavoidable. 

6. CO!,;CLUSIONS 

Under the assumption that model tests on microconcrete 
adequately simulate the behaviour of columns made from 
concretes of normal aggregate size. and that bond slip 
has not contributed significantly to the size effect. the 
following conclusions may be drawn: 

1. Tied reinforced concrete columns exhibit a strong 
size effect of fracture mechanics type. 

2. The present test results are in agreement with the 
size effect law of Equation 5. 

3. With increasing slenderness of the column. the size 
effect becomes stronger and the brittleness number increases. 

In view of the fact that the size effect initiallv revealed 
by model tests of diagonal shear failures a~d anchor 
pull-out failures was subsequently verified by full-size 
tests. these conclusions most likely apply to columns 
made of normal concretes as welL This would mean that 
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the safety margin for columns that are signilicantly larger 
than the majority of columns tested in laboratories in 
the past (by which the existing design eodes were 
calibrated) will be significantly lower than that prescribed 
by the design code. 

If, however. the observed size effect was caused 
primarily by bond slip. then the present results would 
not be fully relevant to real columns. The real columns 
are made of deformed reinforcing bars which offer much 
more resistance to slip. Further research in this regard 
in needed. 

APPENDIX: Some related questions of scaling 

Because of the empirically well-known effect of size of 
concrete test cylinders on their strength [15. 16J (for 
which an explanation has in the past been sought in 
statistics rather than fracture mechanics), a concrete 
experimentalist might argue that the concrete strength 
value f~ = 4200 psi (28.95 M Pal measured on 3 in. 
(76 mm) companion cylinders is not representative of the 
concrete strength in ~ in. (13 mm) thick model test 
columns. It must be emphasized. however. that this I~ 
value is intended to serve merely as a characteristic of 
the concrete used. and must IlOt be interpreted as the 
actual strength of the concrete in the test columns. That 
strength (i.e. the stress at which the column fails) can be 
quite different. because of several phenomena: (i) the 
difference in cross-section sizes of the columns and the 
companion cylinders. (ii) the partial confinement provided 
by the ties. (iii) the fact that bars promote axial splitting 
cracks along the bar surface, and (iv) generally the brittle 
or quasi-brittle failure cannot be characterized by 
strength alone anyway but is governed mainly by the 
rate of release of the stored strain energy (which is the 
essence of fracture mechanics. and is the primary 
inspiration for this study). 

In view of the foregoing phenomena. using test 
cylinders of a small diameter such as I in. (25 mm) would 
not really be more relevant. Strictly speaking, the strength 
criterion is non-existent in the case of non-ductile failure. 

As another variant of the foregoing objection, concrete 
experimentalists sometimes claim that for test cylinder 
diameters D exceeding 2 in. (50 mm) the size effect on 
strength disappears. The test results reproduced in Fig. 
A 1 are offered to justify this claim ([ 15]: on the basis of 
this report, the use of a 2 in. diameter was recommended 
by this Committee). As a result. it has been taken for 
granted that the size effect seen in small-scale models of 
different sizes would not occur in normal-size structures. 

This interpretation of test results. however, is deceptive. 
The supposed disappearance of size effect in compression 
for diameters above 2 in. (50 mm) is an illusion created 
by plotting the test results in the actual size scale. 
as shown in Fig. A L Correctly. such plots should be 
made in logarithmic scales because, as is known from 
the theory of similitude [7J, the scale effects normally 
follow power functions of size. which appear as straight 
lines in logarithmic scales. Fig. Alb shows the data from 
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Fig. A I Reanahsis of teSts from ACI Committee 444 [15J for 
siLe dfect on compression strength of model concretes. 

Fig. A I a replotted in logarithmic scales. and Fig. A I c 
shows these data in the inverse power scale. We now see 
that these data in fact provide no basis at all for claiming 
that the size dTect in the compression strength of test 
cylinders disappears for diameters above 2 in. (50 mm). 
The size effect. as seen in this plot. agrees very well with 
a power function of exponent -,~, i.e. /: x D - I 3 for 

these compression test data. 
Another misconception persists with regard to the 

choice of the maximum aggregate size da in model tests. 
Some experimentalists might argue that the model 
columns of different sizes D should have been made with 
ditferent aggregate sizes, with J, proportional to D. 
Definitely not. If da were changed. one would have had 
a ditTerent concrete, with different properties. But the 
known scaling laws for geometrically similar structures 
of difTerent sizes are valid only when one and the same 

material is used for all the sizes. 
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To understand the effect of changing the maximum 
aggregate size is of course important. too, but this study 
is concerned with the effect of structure size. Th~ 
aggregate size effect is of a different nature. It is a complex 
materials science problem rather than a structural 
mechanics problem. Scaling the aggregate size would 
complicate evaluation of the test result and prevent 
isolating the structural size effect from other influences. 
From the structural engineer's viewpoint, the aggregate 
size effect is not a problem if the properties of the concrete 
to be used in the structure are known or specified. 

In view of the effect of cia' it should be realized that 
we are not trying to infer from the present tests the actual 
strength of full-size columns. We are only trying to 
ascertain how the strengths of columns of different sizes 
are mutually related. We find the relationship that holds 
among the model columns of different sizes made with 
reduced d

a
, and then we infer that an approximately 

similar mutual relationship should hold among real 
columns of different sizes made with normal da . unless 
full-size tests would prove such an inference to be invalid 
(which seems unlikely), responsible engineers cannot 
assume that the size etfect revealed by the present tests 
does not exist in real columns, especially if it is known 
that the load-deflection curves of real columns, slender 
as well as stocky, do not end with a yield plateau but 
with a descending branch. 
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