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ABSTRACT

CRC (Compact Reinforced Composite) is a special concept for high performance
concretes, where ductility is achieved through incorporation of a large content of
short, stiff and strong steel fibers (6 vol.%). This ductility combined with high
strength (150-400 MPa) - and the ability of the small fibers to provide an effective
reinforcement against even small cracks makes it possible to obtain exceptional bond
properties for ribbed reinforcing bars. The paper describes a number of tests carried
out on bond properties of CRC as well as some of the applications for in-situ cast full-
strength joints.

INTRODUCTION

Generdly, bond is improved with higher strength of the concrete, but the pull-out
failure in HSC is usually also more brittle than for conventional concretet2. Con-
densed silica fume provides a moderate improvement of the bond properties’, while
the use of steel fiber reinforcement improves ductility rather than ultimate bond
stresses, unless fiber contents are very high - asin SIFCON (Slurry Infiltrated Fiber
reinforced CONcrete) - in which case also ultimate stresses are improved. In a special
type of concrete called CRC (or Compact Reinforced Composite) these factors - high
performance, silicafume and fiber reinforcement - are combined, and a number of
tests have been carried out to investigate the effect on bond properties of ribbed ren-
forcing bars using this type of concrete. These tests have included investigations of
direct pull-out as well as bending tests and based on the results achieved CRC has
been used for in-situ cast full-strength joints in a number of applications.



COMPACT REINFORCED COMPOSITE (CRC)

CRC - developed in 1986 at Aaborg Portland, Denmark - is a special concept for high
performance concretes, where ductility is achieved through incorporation of alarge
content of short, stiff and strong steel fibers (typically 3-6 vol.%). This ductility com-
bined with high compressive strength (150-400 MPa) and exceptional durability
makes it possible to utilize alarge amount of reinforcement, thus giving new struc-
tural possibilities compared to conventional concrete®.

The properties of CRC are often indicated as a range, as the properties depend on type
of aggregate, fiber type and content and type of main reinforcement. E.g. for com-
pressive strength a range of 150-400 MPais given, as a strength of 150 M Pa meas-
ured on cylinders is achieved with quartz aggregates, but with calcined bauxite aggre-
gates and heat curing a compressive strength of more than 400 MPa can be achieved.

The typical mix composition - which could be called the standard composition - of
CRC includes a binder with alarge content of micro silica, a water/cementitious mate-
rias ratio of 0.16, quartz sand up to 4 mm and 6% by volume of steel fibers with a
length of 12.5 mm and a diameter of 0.4 mm. This typical composition will give a
compressive strength of 150 MPa and a bending strength — or modulus of rupture - of
the matrix of 25 MPa. This composition can be mixed and placed with standard
equipment, whereas some of the more exotic compositions - such as mortars with
12% by volume of small steel fibers - would require special equipment.

CRC isused for slender structures such as balcony slabs, walk-ways and staircases or
structures where special properties are required such as high strength lining blocks for
mines — typically as precast products - but a specia application of CRC isfor in-situ
cast joints between precast members.

PULL-OUT TESTS

A number of tests have been carried out regarding bond properties of reinforcing bars
in CRC over the past ten years. Some of the results have already been reported in de-
taile’, and in the following will be given afew examples of the tests carried out, which
should give an indication of the combined effect achieved with high strength, silica
fume and fiber reinforcement.

A type of pull-out specimen with arelatively small cover to the reinforcement is
shown in fig. 1. For this type of specimen, lateral pressure could be applied during the
test, to investigate the influence on bond properties. Other specimens included trars-
verse reinforcing bars. Testing showed that to achieve yielding in the reinforcing bar
with a diameter of 8 mm before pull-out, an embedment length of 50 mm is neces-
sary. If, however, confinement pressure is applied or transverse reinforcing bars are
used, an embedment length of only 30 mm is adequate for achieving full anchorage. A
lateral compressive stress of only 5% of the compressive strength of the concrete re-
sulted in an increase in the bond strength of more than 60%. With the small cover to
the reinforcement the mode of failure in pull-out will be formation of a crack as
shown in the figure and this is counteracted by the confining pressure. Compressive
strength of the concrete in this case was 165 MPa.
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Figure 1. Test principle for pull-out of reinforcing bars with varying lateral presau-

re and embedment length. All measuresin mm
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Figure 2. Concrete prisms with varying thickness for pull-out tests. All measuresin

mm.



Another type of specimen is shown in fig. 2. In this case the cover to the reinforce-
ment can be varied from a specimen similar to the one shown in fig. 2 to very large
concrete covers, in which case if pull-out occurs, this will typically be as a cone pull-
out for short embedment lengths.

The test results mentioned above were achieved at 28 days. To speed up erection
times in construction and minimize the need for temporary supportsit is preferable if
full anchorage can be achieved in a shorter time than 28 days, so often joints are de-
signed to achieve full anchorage at 3 or 7 days depending on the construction sche-
dule. A test of this type has also been performed with the test specimen shown in fig.
2. Inthis case 16 mm bars were tested with an embedment length of 100 mm and 140
mm. The cover to the reinforcement was 29 mm, considerably larger than in the first
test described, but better suited to actual site conditions. Results are shown in table 1.

As can be observed, the conventional matrix was not sufficiently strong to achieve
full anchorage with an embedment length of 100 mm. The rebars pulled out shortly
after yielding at stresses of about 550 MPa. When the term full anchorage is used, it
means that the test is continued until failure of the rebar, and in no cases should pull-
out occur. Maode of failure is shown in fig. 3 for one of the specimens tested at 3 days
with 140 mm embedment length.

In order to demonstrate the importance of compressive strength of the matrix the
composition of the matrix was changed sightly by replacing quartz sand with bauxite
sand while maintaining the fiber content. In this case full anchorage was achieved aso
at an embedment length of 100 mm and tested at 3 days.

Compressive strength of the bauxite matrix at 28 days was 240 MPa compared to 150
MPafor the quartz matrix, and strength at 3 days is approximately 70% of the 28-day
strength.

Table 1 - Results of Pull-out Tests on 16 mm Diameter Bars

Specimen type | Failuretype| Load at failure | Stressin rebar | Bond stress
(KN) (MPa) (MPa)
140 mm, 3 days rupture 136.7 680 194
140 mm, 7 days rupture 136.€ 679 19.4
100 mm, 3 days pull-out 110.1 548 21.€
100 mm, 7 days pull-out 118.8 591 23.6
100 mm, 3 days’ rupture 139.1 692 27.7

Each result given is a mean value of three tests.
* These results were obtained for a matrix with bauxite and the bars were from an-
other delivery than the other specimens tested.
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Figure 3. Failure of 16 mm rebar with 140 mm embedment length tested at 3 days

It is generally observed that higher bond stresses can be achieved with shorter em-
bedment lengths and with smaller diameter bars. This has been demonstrated in a
number of tests — the last one of these carried out at the Institute of Concrete Techno-
logy, Shimizu, Japan —where different bar sizes were tested in pull-out. The largest
bar diameter was 51 mm, and all bars were tested with an embedment length of 3 bar
diameters. The maximum bond stress measured was 85 MPa.

Also fatigue tests have been carried out®, demonstrating that if a static test can show
full anchorage, then the fatigue failure will be failure of the rebar rather than pull-out.

BENDING TESTS

The direct pull-out tests provide good information on the bond properties, but as the
object of using CRC for an in-situ cast joint is mostly to obtain ajoint that is able to
transfer full moments, a bending test is more readily applicable. A typical joint would
be as shown in fig. 4, where the joint would be able to transfer full moments at 3 days
after casting. The precast elements are produced with straight bars protruding a length
of 140 mm, and as the width of the joint is 160 mm, the lap length will be 120 mm. In
order to achieve full anchorage at an early age, it is necessary to use longer lap
lengths than if full anchorage was to be achieved at 28 days, but this is usually more
than compensated for by achieving rapid construction.

Most of the bending tests on CRC have been carried out at Aalborg University®, but
other tests have been carried out at the Institute of Concrete Technology, Shimizu,
Japan® and Chalmers University, Sweden. The tests at Chalmers were carried out
together with Strangbetong, Sweden. The performance of the joint in fatigue has also
been tested at Chalmers, and as for the pull-out tests it has been demonstrated that if
the strength of the joint is adequate in static loading, it will also perform as well in
fatigue as a monolithic structure.
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Figure 4. Typical joint for beam or part of slab, designed for achieving full moment
resistance after 3 days. All measuresin mm.



APPLICATION

The superior bond properties of CRC have been utilized in a new, flexible building
system that has recently been used for new buildings at the University in Aaborg,
Denmark.

A column/beam/dlab system had previously been used for university buildings, but in
order to have more flexibility with regard to changes in the interior of the building the
Ministry of Education wanted a column-slab system with fewer restrictions on
changes in the facade and the layout of the rooms in the building. This could be ac-
complished with an in-situ cast slab, but the builder also wanted the speed of can-
struction and the degree of quality control, which can be achieved with a precast sys-
tem.

A research project sponsored by the Ministry of Education was initiated, and it soon
turned out that the objectives of the project - to design and implement aflexible
building system in a 6x6 m grid - could be achieved with conventional columns and
3x6 m slabs - in connection with the use of CRC as ajointing material.

The dlabs - with a depth of 200 mm - were cast with 80 mm of protruding ribbed 8
mm reinforcing bars and placed at a distance of 100 mm from each other as shown in
fig. 5. 2 transverse reinforcing bars with 6 mm diameter were placed in the joint. The
joint - with awidth of 100 mm - was poured with the standard CRC mortar and com-
pacted with a poker vibrator to ensure that the system would have the strength and
stiffness of an in-situ cast slab. That way the architect would not have to consider the
placement of load-bearing walls or beams in designing the layout of the building, but
could simply disregard the joint and consider the slab as being monolithic.
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Figure 5. View from above of part of the slab connection for Aalborg University.
All measuresin mm.

In this case the joints are placed in the position where the largest moment is antici-
pated. As this system had not previously been used in buildings and could not be val-
dated based on existing standards, a rather comprehensive set of tests was carried out’.
The investigations included pull-out tests, tests on column-slab connections, beam-



beam connections and fire resistance tests. All tests showed that failure would occur
asyielding in the reinforcement outside the joints - except for the case when a car
nection was loaded to failure after one hour of exposure to a standard fire. In this case
the surface of the connection was sufficiently weakened by the fire to cause apull-out
failure at 75% of the load sustained on undamaged specimens. This was, however,
well above the service load so the system could be classified as BS60 (fire resistant
for at least 60 minutes according to the Danish standard). If fire exposure was contin-
ued for 97 minutes under service load, failure took place as yielding in the reinforce-
ment™.

The tests also included an investigation on the robustness of the system - the sensitiv-
ity to placing of transverse reinforcing bars, length of embedment and changesin gg-
ometry - and it was concluded that a high degree of safety was available in the sys-
tem. Fig. 5 shows the rebars placed adjacent to each other, but full capacity was also
achieved if the rebars were equally spaced.

The first building was finished in 1996 and the cost of the new system was 10-15%
less than what would have been the cost of the "old" system with columns, beams and
dabs. The system demands a high degree of precision, but the contractor and the pro-
ducer of the precast slabs achieved this without problems, and no specia equipment
was used.

Another building was erected in 1997, and in this case the effectiveness of the
joints was extended, by making a stiff joint between the columns and the dlabs.

Other types of applications have been in repair, where rebars have been accidentally
cut, for connecting staircases or for joints in frames.

CONCLUSIONS

A number of tests have been performed on a special high strength steel fiber ren-
forced concrete called CRC demonstrating that full anchorage of ribbed reinforcing
bars can be achieved with embedment lengths of 5-10 bar diameters.

The material has been used for a building system, where the bond properties of CRC
were utilized beyond what is commonly accepted in standards, but it was demon-
strated in tests that the carrying capacity of the joints was adequate to ensure that the
system acted monolithically.

Since then, the jointing system has been used in other applications, and the Building
Research Establishment in England is currently testing it for a number of standard
joints between precast elements.
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