Slender CRC Columns

1. INTRODUCTION
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ABSTRACT

CRC is a high-performance steel fibre-reinforced concrete with a
typical average compressive strength in the range of 120-160 MPa.
Design methods for a number of structural elements have been
developed since CRC was invented in 1986, but the current project
set out to further investigate the range of columns for which current
design guides can be used. The columns tested had a slenderness
varying from 1.11 to 12.76, and a reinforcement ratio (area of
reinforcement to area of concrete) ranging from 0 to 8.8%. A total of
77 tests were carried out — 61 columns were tested in ambient
conditions and 16 columns were tested in standard fire conditions.
The tests showed good correlation between test results and results
calculated according to established design guides. The fire tests
demonstrate that load capacity of slender columns can be reduced
very quickly due to thermal stresses and a reduction of stiffness —
also in cases where temperature at the rebar is still relatively low.
However, guidelines for achieving acceptable fire resistance can be
determined based on the test results.
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CRC - short for Compact Reinforced Composite - is a high-performance steel fibre-reinforced
concrete developed in 1986 [1]. The fibre content is typically 2-6% by volume and the average
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compressive strength is in the range 120-160 MPa. CRC has a very low porosity which means that
durability and resistance to corrosion are very good, so that a very small cover to the
reinforcement can be used. This is very important because CRC is often used for slender
structures and because a combination of passive reinforcing bars and fibre reinforcement is used
in CRC.

Over the last 6-7 years, CRC has been used increasingly for a number of small structural
applications such as staircases and balcony slabs in Denmark [2,3], and there is a growing interest
for elements such as beams and columns. CRC has been investigated extensively and part of the
development of CRC has been carried out in a number of European Research projects. Based on
the input from these projects design guides have been developed [4]. However, the experimental
background is relatively limited for columns. Hi-Con, the world's largest producer of CRC
elements, who have been producing CRC since 2001, wanted to establish a broader base for
design of CRC columns. This was done in the current project, sponsored by Mal 2 — A European
Union Regional programme. The project was headed by Hi-Con, with support from CRC
Technology and Carl Bro as. Testing was carried out at Aalborg University (AAU) and the
Technical University of Denmark (DTU) in Copenhagen. The project was initiated in September
2002 and concluded in September 2004.

Figure I - Can;ilévered Hi-Con CRC balconyx sabs used in apariménts in Aalborg, Denmark.
2. COLUMNS TESTED UNDER AMBIENT CONDITIONS
2.1 Test programme

The programme focused on centrally loaded columns in ambient conditions — where a total of 57
columns were tested. The columns ranged from 80x80 mm cross-section with a height of 4.2



metres to 200x200 mm cross-section with a height of 2.7 metres. Other parameters in addition to
size and slenderness were shape, reinforcement ratio, size of reinforcement and steel fibre content.
The programme also included 4 columns tested with eccentric load with an eccentricity of 25 mm.

26 columns were tested at DTU — mostly those with a height differing from 2725 mm, while 51
columns were tested at AAU, including the 16 columns tested in fire conditions and the 4 columns
tested with eccentric load. The setups are shown in figure 2.

At AAU the testing was done in a newly built 2000 kN press with hinges at the top and the
bottom. The centre of rotation was placed so that the physical length of the columns was equal to
the theoretical length shown in table 2. The hinges allow for deflections in all directions. Load
was introduced in increments and at each load level, 10 measurements of displacements were
taken. In each test series, at least one column was loaded to failure, while for others, the test was
stopped after a load reasonably above the predicted failure load had been achieved.

The testing at DTU was carried out in a 5000 kN press. The columns were simply supported at
each end, i.e. such that the ends of the column were free to rotate in one plane and rotationally
restricted perpendicular to this plane. The theoretical column length, which is given in table 2,
was slightly larger than the physical length of the columns as the distance from the surface of the
supports to the centre of rotation was added. The tests at DTU were carried out in displacement
control at a constant rate of travel of the crosshead of the testing machine.
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Figure 2 - Testing setup at DTU (on the left) and AAU.




All columns were produced at Hi-Con as part of their normal production — with the precision
which is normal for the industry regarding placing of reinforcement, preparation of ends and
initial curvature. Square columns were cast on the side while round columns were cast standing
up. Composition for 1 m’ was:

CRC binder 940 kg
Sand 0-2 mm 664 kg
Sand 2-4 mm 661 kg
Water 154 kg

CRC binder is a mix consisting of cement, micro silica and dry super plasticizer. The steel fibre
content was 160, 320 or 480 kg depending on whether a 2, 4 or 6% mix was used. The steel fibres
were straight, smooth and had a length of 12.5 mm and a diameter of 0.4 mm. Generally, cover to
the reinforcement was 15 mm except in the case of the columns with cross-sections of 200x200
mm, which had a nominal cover of 25 mm.

2.2. Results for central loads

The properties used for calculations are shown in table 1. The table shows 4 sets of values, all
based on results for 100x200 mm cylinder tests, a sample size which is standard for CRC:

e “Expected” — mean values (conservative estimate) based on other tests with CRC [4]

e “Characteristic” — the 5% fractile value of “expected” values

e “Design” — design value for E modulus is the same as the characteristic value, while the
design value for compressive strength is obtained by dividing by a material factor of 1.65

e “Test” —results found in testing at AAU for this specific project on production batches

The test values for the mix with 4% of fibres were expected to fall between the values achieved
with 2 and 6% of fibres, but the values are relatively low. This could perhaps be attributed to
differences in exact water content and compaction. Mixes with 4 and 6% of fibres were produced
in smaller batches than the mixes with 2% of fibres, as the 2% mixes are part of the normal
production at Hi-Con. Fibres are added manually. For the 4% mixes it was observed, that there
was little variation in the properties measured for test specimens from one batch, while there was
a relatively large difference from one batch to another. The standard deviation was generally
larger than what is observed in the normal quality control at Hi-Con.

Table 1 - Properties used for calculations.

Fibre E E E E Test, E test fCRC fCRC fCRC fCRC test, fCRC test,
content expected charact. design mean stan.dev. expected charact. design mean stan. dev.
Vol.% GPa GPa GPa GPa GPa MPa MPa MPa MPa MPa

0 39.0 38.05 38.05 - 120 105 63.6 -

2 41.0 38.05 38.05 41.00 1.65 120 105 63.6 145 4.7
4 42.5 39.40 39.40  40.35 2.50 130 115 69.7 137 14.5
6 45.0 4150 4150 4424 3.60 145 120 72.7 154 114

Some of the main results of the column tests are shown in table 2. There was considerable
variation in the test loads that were carried, but in general the carrying capacity was larger than



expected. The estimated capacity shown in table 2 was calculated using the properties measured
in the project and marked “Test”, while the design capacity was calculated based on design
properties. Also shown in table 2 are two ratios. Ratio 1 is the maximum test load divided by the
estimated capacity, while ratio 2 is the maximum test load divided by the design capacity. In a
number of cases the columns were not loaded to failure as testing was stopped after the estimated
capacity had been achieved. This is indicated with * and in these cases the maximum test load
carried corresponds to the minimum carrying capacity for the column.

The formulas used for calculating slenderness index «, and capacity Ncgc.crk are shown below.
They have been derived from tests carried out in the EUREKA project Compresit [5] and the
Brite/EuRam project HITECO [6], where short columns were tested and the Brite/EuRam project
MINISTRUCT [7], where also slender columns were tested. The formulas differ only slightly
from the conventional calculation methods, but they predict a slightly higher load capacity than
conventional methods. As the increase in strength for CRC compared to conventional concrete is
much higher than the increase in Young’s modulus the slenderness index for CRC will often be
relatively high. With other types of aggregate the ratio between stiffness and strength would be
different, i.e. with calcined bauxite as aggregate compressive strength would typically be 200
MPa while Young’s modulus would be 75 GPa.

Ncrecr 1s the lower value of:
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I : free column length
T : radius of gyration
fere . uni-axial compressive strength of CRC matrix
5 : strength of reinforcement
Ocre : compressive stress in CRC matrix
A : cross-sectional area
Ay : cross-sectional area of reinforcement
Acrc : cross-sectional area of CRC matrix
Ecre : modulus of elasticity of CRC matrix
E; : modulus of elasticity of reinforcement

/3:(0.95—3) if a< 1.5
B=0.95 if a>=15



Table 2 - Results at ambient conditions with central loading. * shows that the column was not
tested to failure.

Cross- Length  Slenderness Reinforcement Fibre Estimated Design Maximum Ratiol Ratio2
section index content capacity capacity test load
mm mm Vol.% kN kN kN
339 1.56 2.39
80x80 2725 4.79 4 ¢10 4 218 142 339%* 1.56*%  2.39%
297 136 209
4 ¢12+ 120 1.17 1.71
80x80 4358 12.76 4 66 2 103 e 140 136 200
894 1.10 2.03
120X120 2725 2.22 none 2 815 440 821* 1.01*  1.87*%

120x120 2725 222 1925 2 964 571 1481 1.54 2.59

120x120 2725 2.13 1925 4 951 588 1378 1.45 2.34

120x120 2725 2.13 4912 4 938 577 1510 1.61 2:62

120x120 2725 2.22 4 ¢20 2 1219 796 1696* 1.39%  2.13%

120x120 3898 3.95 4 920 0 644 46 40 o065 103
510 102 1.68
120x120 3898 4.54 4612 2 499 304 580 116 191
490 098 161
600 122 1.94
120x120 3898 436 4912 4 494 310 0 15 184
570 .02 160
120x120 3898 4.54 4916 2 558 356 600 1.08  1.69
1430 256 4.02
570 L1l Lo4
120x120 4358 5.67 4620 2 515 348 290 173 2ss
o 1590% 14l* | 2.28%
120x130 2725 2.22 4616 2 1132 696 1484%  131%¥  2.13%

120x130 2725 2.13 4 ¢l16 4 1120 713 1298* 1.16%  2.08%*

120x130 2725 2.18 4616 6 1202 740 954%  0.79%  1.29%

o 1298% 1.08*  1.75%
10007012

@100 3898 8.71 4610 2 143 A e ass
117077144 2.09

@150 3898 3.87 4620 2 773 S0 oy s 18
154077146240

@180 4358 3.3 4612 4 1057 “2 Dl 115 1se
4625+ 3390087 149

180x180 2898 111 A 2 W6 274 S0 Vo g
200x200 3898 1.63 4620 2 3360 1870 >0 100179




2.3 Results for eccentric load

The formulas used for calculating load capacity and displacements under eccentric loads are
equivalent to the methods used in the Danish standard DS411 and are given in the following:

The modulus of elasticity is determined as [4]:

E o, O, i
= 1—k(—)? —(1-k) ()7 5
E, \/ ( 7 (1=k)( 7 )

k is set to 0.14 from limit values.

The ultimate capacity for the column is determined the traditional way — as shown in DS411 - and
includes the second order moments from the deformations. The sectional forces are given by the
axial force N; and the moment M = M, + (e; + e2)N,, where My is the moment from transverse
loading, e; is the eccentricity for the axial force and e is the deformation at the middle of the
column.

: . I
e; is determined by the curvature of the column u, =« ﬁ .
Gc max O-c min .
K, = W where o, . and o, . are respectively the largest and smallest concrete

compressive stress in the cross section and Ahis the distance between the points in the cross
section with stresseso, . and o, . . The stresses are given by:
M N, M
O e = +—ando, =" 6)
’ A W ’ A W
where A is cross-section area and W is the rotational section modulus. The ultimate bearing

capacity of an eccentric loaded column is determined as the load N, where the cross-section fails
due to a combination of N.,and M.

— N

The results are shown in tables 3 and 4. The tables show loads and displacements in ultimate limit
state as well as the expected service loads and displacements at that level. Ultimate capacity is
calculated based on “test”-properties, while design capacity is calculated based on “design’-
properties. The service loads were determined from the design capacity by assuming that 60% of
the load on the column is dead load, while 40% is live load with a safety factor of 1.3. The
columns were not actually loaded to failure as this could have caused damage to the displacement
transducers, but testing was stopped shortly after the loads had exceeded the ultimate load
capacity. The initial eccentricity e; in the tests was 25 mm.

Table 3 - Results from column testing at ambient conditions with eccentric load — comparisons
between calculated capacity and test loads.

Cross- Length Slenderness Reinforcement  Fibre Ultimate Design Service
. . Test load . .
section index content capacity capacity load
mm mm Vol.% kN kN kN kN
120x120 2725 2.13 4912 4 410 403 284 257
120x120 2725 2.13 4912 4 488 403 284 257
120x120 2725 2.22 4 920 2 604 573 359 326
120x120 2725 2.22 4 ¢20 2 604 573 359 326




Table 4 - Results at eccentric load — comparisons between calculated displacements and results in
tests.

erss- Reinforce- Test load Meas.  Ultimate Exp. Charact.  Exp. Meas. deform.
section ment deform. load deform. load deform.
mm kN mm kN mm kN mm mm
120x120 4912 410 43 403 70 257 9.6
120x120 4912 488 35 403 70 257 9.6 9
120x120 4 ¢20 604 44 573 61 326 9.2 8.5
120x120 4 ¢20 604 42 573 61 326 9.2 8.5

2.4. Discussion

As shown in table 2, the test loads are always higher than the design capacity, and in most cases
test loads are also higher than the ultimate capacity calculated with properties obtained in the
material testing. This is in part due to the steel fibres, which provide the matrix with a tensile
strength higher than 7 MPa [4]. The real variations in the results are lower than they appear — at
least for the tests carried out at AAU — as only some of the columns were actually loaded to
failure, as described earlier. In some cases the columns were slightly curved prior to testing,
which led to eccentric loading, early deformations and thus a lower carrying capacity in the test.
The difference for 2 similar columns is shown in figures 3 and 4, a case which was probably the
most extreme. The graphs show loading of the columns along with displacements in the centre
and at the quarter points. The column shown in figure 3 had a slight curvature prior to testing and,
as indicated on the graph, the column started to deflect at a relatively low load and actually failed
in bending, while the column shown in figure 4 showed only small deflections. In figures 5 and 6
the 2 columns are shown after the test. The column shown in figure 5 had a displacement of 30
mm at maximum load, and the failure was very ductile, while the column shown in figure 6 had a
brittle type of failure where displacement at maximum load was only 2 mm.
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Figure 3 - Load-displacement curve for DTU test on column with 120x120 mm cross-section, 2%
fibres, length 3898 mm, reinforcement 4Y 16, maximum test load 570 kN.
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Figure 4 - Load-displacement curve for DTU test on column with 120x120 mm cross-section, 2%
fibres, length 3898 mm, reinforcement 4Y 16, maximum test load 1430 kN.

Figure 5 - Column tested at DTU with 120x120 mm cross-section, 2% fibres, length 3898 mm,
reinforcement 4Y 16, maximum test load 570 kN.
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