
Fracture Mechanics of Concrete Structures, 
Proceedings FRAMCOS-2, edited by Folker H. Wittmann, 
AEDIFICATIO Publishers, D-79104 Freiburg (1995) 

FRACTURE ENERGY OF NORMAL STRENGTH CONCRETE, 
~~~·~~~ STRENGTH CONCRETE AND ULTRA STRENGTH 

DUCTILE STEEL FIBRE REINFORCED CONCRETE 

J.P. Ulfkjrer and R. Brincker 
Department of Building Technology and Structural Engineering, Aalborg 
University, Aalborg, Denmark 

Abstract 
Usually, the composite material concrete is composed of cement, water, 
aggregate and gravel. By adding plasticisers and micro silica the strength can 
be increased and a material called high strength concrete can be obtained. At 
Aalborg Portland Cement Factory in Denmark a new material concept is 
developed where ultra high strength concrete with compressive strength as 
high as 300 MPa is obtained. The material is a cement-based material and is 
mixed and cured at room temperature. For three different cement-based 
materials the fracture energy is measured using the procedure recommended 
by RlLEM. It is shown that the fracture energy for high strength concrete is 
almost the same as for normal strength concrete, whereas fracture energy 
for the ultra high strength steel fibre reinforced concrete is several decades 
larger than for the high strength concrete. 
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new ................. ""' .............. , 
concrete. 

ae1cac1es concrete structures have been designed 
calculation rules have 

concrete structures can 
two decades new materials have been 

..., ......... u_, ............. design methodology is used this can lead to 
.......... ..., ... ..., ... , ...... it is necessary to use more precise design 

......... ....,..., ...... .., ............ ,. ... , Karihaloo (1995). By using this modem 
to obtain huge economical benefits, Modeer 

.................. _,.U'._. ... , .. ...., ................. ,..., .............. concrete is composed of cement, 
..................... ,,i;;.. plasticisers and micro silica the strength 

called high strength concrete can be obtained . 
........,..,,, ............ ,, ..... Factory Denmark a new material concept is 

strength ultra ductile steel fibre reinforced 
compressive strength as high as 300 MPa is 

is a cement-based material and is mixed 
material has so far not been used 

is now gaining more interest in the Scandina­
is used both civil engineering structures 
North Sea, Jensen (1995), Modeer (1995). 
determination of fracture parameters of the 
is made with two conventional types of 

the following be named normal 
strength concrete (HSC) and ultra high 

r".0.l1',TA1''l"Ori concrete (UHS-FRC). 

concrete are tested. the following the materials are 
materials the compressive strength was determined 

mm cylinders. 
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Table 1. Mix of the normal strength concrete 

Contents 

Cement 

Water 

Sand (0-4 mm) 901 [kg/m3
] 

Gravel (4-8 mm) 900 [kg/m3
] 

Air 50 

Table 3. Mix of the ultra high strength ultra ductile steel reinforced 
concrete g1vmg 401 

Contents [kg/m3
] 

Densit® binder 650 

Water 1 

Steel fibre [ 6% 324 

Sand 0 -0 .25 mm 113 

Sand 0.25 mm - 1.0 mm 230 

Sand 1 mm-4.0mm 461 

2 .1.1 Normal strength concrete 

normal strength concrete with max. aggregate size 8 mm was used. 
is shown in 1. The concrete was ,-1,,.;.,,,... ... ,... ..... 

concrete manufacturer. The strength is 
standard deviation of 2.45 MPa a coefficient 

2.1.2 High strength concrete 

high strength concrete 
is shown 2. concrete was 
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Table 2. Mix of the high strength concrete 

Contents Amount 

Cement 450 [kg/m3
] 

Silica fume 35 [kg/m3
] 

Water 141 [kg/m3
] 

Plastiziser 1.7 [kg/m3
] 

Super Plastiziser 12.1 [kg/m3
] 

Sand (0-4 mm) 835 [kg/m3
] 

Gravel (4-8 mm) 900 [kg/m3
] 

35 [l/m3
] 

concrete manufacturer. The compressive strength is 93.6 MPa and a standard 
deviation of 3.08 MPa giving a coefficient of variation of 3.29 %. 

2.1.3 high strength ultra ductile steel fibre reinforced concrete 

An ultra high strength ultra ductile steel fibre reinforced concrete with a max. 
aggregate size of 4 mm and with steel fibres with thelength 12 mm and the 
diameter 0.4 mm was used. The mix is shown in Table 3. 

mean compressive strength is 166.5 with a standard deviation of 0.93 
MPa giving a coefficient of variation of 0.56%. 

Specimens 
The standard RILEM specimen for determination of fracture energy with the 
dimension span 800 mm, depth 100 mm and thickness 100 mm is used. The 
specimens were cast in steel moulds. The day after testing the beams were 
demoulded and stored in water at 20 ° C until the day of testing. The day 
before testing a notch of half the beam depth was diamond saw cut in the 
beam. The normal strength concrete beams and the high strength concrete 
beams were kept wet until the moment of testing. The UHS-FRC beams were 
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moment 
times. 

were a servo-controlled 
testing beams were tested to casting 

....... u .• ..,...,., •. v ......... To measure the true beam was placed on 
side of the beam, and the beam was measured as the distance 
the load point to the reference bar using two LVDTs with a base of2.0 

mm and a sensitivity of 5.0 V/mm. piston displacement was measured 
using the built-in LVDT with a base 5.0 mm and a sensitivity of 
V /mm. The crack opening displacement was measured using a clip-gauge 

a base of2.0 mm and a sensitivity of 5.0 V/mm. The was ............ ,..., .... ,'4 .... 

using a 10.0 kN load cell with a sensitivity of 1.0 V/kN. the second and 
third UHS-FRC beams the beam displacements were measured using two 
L VDTs with a base of 20.0 mm and a sensitivity of 0.5 V /mm due to 
large displacement of these specimens. The test set up is shown in figure 1. 
For the UHS-FRC available piston displacement was however not enough 
to fracture the beams. When it was not longer possible to move the piston, an 
unloading was performed. Then steel sheets were inserted between the beam 
and the load cell a reloading was then performed. procedure was 
repeated until the beam was fractured. 

signals .. ~ ... ..., ........ ..., ... 
converter and an 
feedback signal 

the time, t, were recorded using an analog to digital 
Personal The tests were controlled by a 

.......................... ..., ...... contributions from the displacement 
the 

feed back signal, o, was created by analogy addition 
signals: 

0 = + 

correspond-

where, Oc0 D, is crack opening displacement aipd, q,, is the 
displacement. The weight factor a varied was chosen as 3.0 for the normal 

high strength concrete and 0. 0 for the UHS-FRC beams. 

reference a linear ramp, was generated using same AT PC 
a digital-to-analogy converter. 
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Figure I. Photo 
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Figure 2. Load displacement curves for the normal strength concrete 
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Figure 3. Load displacement curves for the high strength concrete 
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Figure 4. Load displacement curves for the ultra high strength ultra ductile 
steel fibre reinforced concrete 
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3 
Load-displacement curves for the three different materials are shown in 
figures 2-4, and 5 one load-displacement curve for each of the three 
materials is shown 

Fracture parameters from three different models are calculated: 

1 The bending tensile strength according to Bernoulli (modulus of 
rupture). 

2 The critical stress intensity factor K 1c according to LEFM. 
3 fracture energy according to the fictitious crack model. 

following _._ ............. ...,..., where the fracture parameters are presented the 
vertical lines show minimum and the maximum value of the three 
repetitions. 

The modulus of 
The modulus of rupture is calculated as the bending tensile strength of a 
Bernoulli-Euler beam 

2(d - a)2t 
(2) 

where F max is the peak load and d, t and q are the beam depth, thickness and 
notch depth, respectively. The bending tensile strengths for the three types 
of concrete are shown in figure 6. 

3.2 fracture toughness 
The fracture toughness, is calculated according to ASTM (1974): 

where 

( :) 

f ( :) =1.93-3.07( a +14.53( ~r 

-2s.11( ~r +25.s( :r 
The critical stress intensity factor for each beam is shown figure 7. 
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3.3 Fracture energy according to RILEM 
According to the RILEM recommendation, 
fracture energy should be determined on a specimen 
span= 800 mm, depth= 100 mm and thickness= 100 
depth of ai = 50 mm, the maximum aggregate size..., ....... ..., .............. 
16mm. 

Different areas are calculated in connection with the 

985), 
dimensions: 

method. 
experiments are usually ended before the load is decreased to zero. 
experiment will therefore end at load, F1, and corresponding 
displacement, o 1, and the remaining area under the curve 
must be estimated. 

According to the Ulfkjrer et al. (1995) and Petersson (1981) 
branch in Phase III is described by 

the remaining contribution to the fracture energy, A 1, can 
by 

co 02 
A = l f~do 

1 t(d - a.) o2 
l 01 

By applying the condition 

descending 

determined 

the contant oc can be determined and the remaining fracture energy becomes 

F101 
A, = t(d - a) (S) 

The mean value of the fracture energies (the sum of area under the 
measured curve and the remaining area divided by the ligament) for each 
concrete is shown in figure 9. 
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Figure 5. Load displacement curves for the normal strength concrete the high 
strength concrete and for the ultra high strength ultra ductile steel fibre 
reinforced concrete 
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Figure 6. Bending tensile strength for the three materials 
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Figure 7. Fracture toughness for the three materials. 
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Figure 8. RILEM fracture energy for the three materials. 
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r!.++a~a ..... + cement-based ......,...,,+,..,. .... ,., 

using the procedure 
energy 
concrete, 
reinforced concrete is 15 8 
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