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Abstract

A simple experimental investigation is performed to measure how different
fracture parameters of concrete are dependent on the displacement rate. One of
the simplest structural geometries plain concrete beams with a notch in the
midsection subjected to three point bending is used as test specimen. The beams
are tested in a closed loop servo controlled materials testing system. The
experimental results for these preliminary tests show that the bending tensile
strength is increasing with the displacement rate and that the fracture energy is
constant at lower displacement rates and then increasing at higher displacement
rates. Further tests will be carried out.

1. Introduction

During the last two decades designers and inventors have been going to the
limits of the codes by inventing new types of materials, H.H. Bache?, and new
types of structures subjected to a variety of loads such as wave loads and impact
loads, Modéer, M.2

When using these types of structures, normal design philosophy can no longer
be applied and it is therefore necessary to use more complicated and more
realistic models.

For concrete structures, especially the fracture mechanical materials model, the
Fictitious Crack Model by Hillerborg, Modéer and Petersson* has been
acknowledged and is now used as a research tool and when designing huge



offshore structures, Modéer®, and for concrete structures subjected to impact
loads, Broadhouse®.In these analyses the constitutive parameters are based on
static tests and there is presently only little knowledge as to how these
parameters are dependent on the strain rate.

Similar experiments have been performed by Mindess’, but in those tests only
the fracture toughness was determined.

In this paper a series of beams is tested at different displacement rates, and
some fracture parameters are evaluated.

2. Materials and Test Set-up
2.1 Materials

A normal strength concrete/mortar is tested. The mix of the concrete is shown
in table 1. The compressive strength, the Poisson ratio and the Young modulus
in compression were determined on 100 mm by 200 mm cylinders. The tensile
strength, the Young modulus and the Poisson ratio in tension were determined
on a bone type of specimen with a smallest cross-section of 36 mm x 36 mm. In
table 2 the mechanical properties of the concrete are shown.

Table 1. Mix of the concrete, units are kg/m®,

Contents Amount
Cement 437.1
Water 290.7
Sand (0-4 mm) 1484.3

Table 2. Mechanical parameters of the concrete.
Property Number  Mean Coefficient of

of test Variation

Compressive strength 9 49.4 MPa 6.19 %
Youngs’s modulus in compression 3 33600 MPa 145 %
Poissons ratio in compression 3 G.22 49.0 %
Tensile strength 2 2.89 MPa 0.90 %
Young modulus in tension 3 43500 16.9 %
Poisson’s ratio in tension 1 0.145 -




Figure 1. Photo of the test set-up.

2.2. Specimens

The standard RILEM specimen, RILEM-50FMC?® for determination of fracture
energy with the dimensions: span 800 mm, depth 100 mm and thickness 100
mm were used. The beams were cast in steel moulds. In total, twelve steel
moulds were available at the same time. The day after casting the specimens
were de-moulded 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 beams were kept wet until the moment of testing. Six different
displacement rates were used giving two experiments at every displacement
rate.

2.3 Testing Equipment and Testing Procedure

The beams were subjected to three-point bending in a servo-controlled testing
system. The beams were tested perpendicular to the casting direction. To
measure the true beam deflection a reference bar was placed on either side of
the beam and the deflection was measured using two LVDTs with a base of 2.0
mm and a sensitivity of 5.0 V/mm. The beam deflection was taken as the
difference of the distance between the load point and the reference bar. The
mean value of the two displacement transducers was used as the beam
displacement. The piston displacement, the stroke, was measured using the
built-in LVDT with a base of 5.0 mm and a sensitivity of 2.0 V/mm. The crack



only applicable to un-notched beams it should only be taken as a normalization
of the peak load. The bending tensile strength for each beam is shown in Table
3. In figure 6 the bending tensile strength is plotted as a function of the
logarithm of the displacement rate and it is seen that there is a linear
relationship.

3.2 The Fracture Toughness

The fracture toughness (critical stress intensity factor) is determined according
to linear elastic fracture mechanics using the relation, ASTM':

K, =0,a, f(%) (3)

where:
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The fracture toughness for each beam is shown in Table 3. Since the fracture
toughness here is only a constant multiplied by the bending tensile strength the
same tendencies are seen for the fracture toughness as for the bending tensile
strength.

3.3 The Fracture Energy

The fracture energy is determined according to the fictitious crack model,
Hillerborg, Modéer, and Petersson4, and is here performed as in the RILEM
recommendation, RILEM TC-508, except that the load is applied in the opposite
direction to the gravity.

Different areas are calculated in connection with the RILEM method. The
experiments are usually ended before the load is reduced to zero. The
experiment will therefore end at the load, F;, and the corresponding
displacement, &;, and the remaining area under the load displacement curve
must be estimated. In Ulfkjer and Brincker (1995) this area is shown to be:

__Fé
A“t(d—a,.) )

The fracture energy is then determined as the area under the displacement curve
divided by the ligament area plus A,. The fracture energy for each beam is
shown in Table 3. In figure 7 the fracture energy is plotted as a function of the
logarithm of the displacement rate. It is seen that the fracture energy is
independent of the fracture energy at lower displacement rates and increasing at
the highest displacement rates.



opening displacement was measured over the initial notch using a clip gage
with a base of 2.0 mm and with a sensitivity of 5.0 V/mm. The force was
measured using a 10.0 kN load cell with a sensitivity of 1.0 kN/V. A photo of
the test set-up is shown in figure 1.

The data acquisition system was a DMC9012A system from HBM connected to
a personal computer. The force and the above-mentioned displacements were
measured simultaneously so there is no time lag between the measurements. For
the small loading rate (2.0E-3 mm/s, see table 4) the sampling rate was 2 Hz
and for the high loading rate (3.4 mm/s, see table 4) the sampling rate was 9600
Hz.

The feed back signal, FB, was created by analogy addition of the corresponding
signals:
FB = 8,,, +38c0p (D

where Ssrore is the piston displacement and 8cop is the crack opening
displacement.

The reference signal, a linear ramp, was generated using a second AT PC and a
digital to analogy converter. The rate of the reference signal determined the
speed of the loading. A third AT-PC was used to control the position of the
piston before the load was applied .
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Figure 2. Difference between displacements measured using the reference

bar and the built in LVDT for experiment No. 5 with a displacement rate
of 3.6 E-2 mm/s.



3 Fracture Parameter Results

The first measurement of the force is from the dead load of the specimen. The
subsequent measurements of the force include contributions from both the dead
load and the applied load. In the calculations the distributed dead load has to be
converted into a concentrated load. This is done by subtracting half the dead
load from the measured load. In the following results this reduction has been
done.

The importance of measuring the beam displacement using a reference bar is
illustrated in figure 2, where the beam displacement and the stroke are plotted.
It is seen that the displacement measured using the LVDT build in the cylinder
is approximately 70% larger than the true beam displacement.

The first two tests were assumed to be quasi static. Then the speed of the
reference signal was multiplied by a factor of four and two more tests were
performed and so on giving six different displacement rates.

Load displacement curves for three different displacement rates are shown in

figures 3-5. It is seen that the two repetitions are almost identical and that the
peak load is increasing with the displacement rate.
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Figure 3. Load displacement curves for the first two experiments. The
displacement rate is approximately 2.0 E-3 mm/s.
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Figure 4. Load displacement curves for the fifth and sixth experiment. The
displacement rate is approximately 3.6 E-2 mm/s.
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Figure 5. Load displacement curves for the last two experiments. The
displacement rate is approximately 3.4 mm/s.

In figure 6 the time-displacement curve and the time-stroke curve are shown for
experiment No. 5. It is seen that the speed of the beam displacement is almost
constant which is not the case for the stroke.
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Figure 6. Difference of the displacement rate of the beam displacement and
the stroke for experiment No. 5.

The displacement rate is calculated as the slope of the time-stroke curve where
the slope is determined by calculating the best fit of the first 50 measurements
using the least square method.

The following fracture parameters are calculated from the test results:
The Bending tensile strength according to Bernoulli.
The Fracture toughness according to Linear Elastic Fracture Mechanics

The Fracture Energy according to the Fictitious Crack Model

The fracture parameters for the six different displacement rates are shown in
table 3.

3.1 The Bending Tensile Strength

The bending tensile strength was calculated according to Bernoulli theory, even
though the beams have a notch in the midsection. The expression used is

6P L
= max 2
O-b 4(d _a‘.)zr ( )

where P, is the peak load, L is the span of the beam, d is the beam depth, a; is
the depth of the initial notch and ¢ is the beam thickness. As this equation is



only applicable to un-notched beams it should only be taken as a normalization
of the peak load. The bending tensile strength for each beam is shown in Table
3. In figure 6 the bending tensile strength is plotted as a function of the
logarithm of the displacement rate and it is seen that there is a linear
relationship.

3.2 The Fracture Toughness

The fracture toughness (critical stress intensity factor) is determined according
to linear elastic fracture mechanics using the relation, ASTM":

K. =0,.a, f(%) (3)

where:
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The fracture toughness for each beam is shown in Table 3. Since the fracture
toughness here is only a constant multiplied by the bending tensile strength the
same tendencies are seen for the fracture toughness as for the bending tensile
strength.

3.3 The Fracture Energy

The fracture energy is determined according to the fictitious crack model,
Hillerborg, Modéer, and Petersson®, and is here performed as in the RILEM
recommendation, RILEM TC-50%, except that the load is applied in the opposite
direction to the gravity.

Different areas are calculated in connection with the RILEM method. The
experiments are usually ended before the load is reduced to zero. The
experiment will therefore end at the load, F;, and the corresponding
displacement, &;, and the remaining area under the load displacement curve
must be estimated. In Ulfkjer and Brincker (1995) this area is shown to be:
__._P_‘lg_.. (5
' t(d-a,)
The fracture energy is then determined as the area under the displacement curve
divided by the ligament area plus A;. The fracture energy for each beam is
shown in Table 3. In figure 7 the fracture energy is plotted as a function of the
logarithm of the displacement rate. It is seen that the fracture energy is
independent of the fracture energy at lower displacement rates and increasing at
the highest displacement rates.



Table 3. Fracture parameters at six different displacement rates.

Displacement Bending Fracture Fracture
Rate Tensile Toughness Energy
Strength
mim/s MPa N/mm™"* N/mm x 10°
| 2.0E-3 | 20E-3 | 4.09 3.94 1798 | 1741 | 61 59.5
2 2.0E-3 3.79 16.83 58
3 8.3E-3 | 8.6E-3 4.27 4.36 1894 | 19.25| 56 5348
4 8.9E-3 4.44 19.56 51
5 37E-2 | 36E-2 | 484 |480 | 2127 |21.72| 59 59.5
6 3.6E-2 4.76 22.16 60
# 1.4E-1-| 1.4E-1 311 5.08 | 2272 |22.53| 48 595
8 1.4E-1 5.04 2233 71
9 6.7E-1 | 7.0E-1 5.61 560 | 2497 |2482| 79 73.5
10 | 7.3E-1 5.56 24.66 68
11 3.6 34 6.16 590 [ 27.13 ]26.10 | 81 84.5
12 32 5.63 258,07 88
6.00 —
A
=,
= 5.00 —
=
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Figure 7. The bending tensile strength as a function of the displacement
rate.
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Figure 8 .The fracture energy as a function of the displacement rate.

4. Conclusions

A normal strength concrete/mortar was tested at six different displacement rates
in order to determine how three fracture parameters of plain concrete beams in
three point bending depend on the displacement rate. Three different fracture
parameters were determined and the experimental results show that the bending
tensile strength and the fracture toughness are increasing with the displacement
rate and that the fracture energy is constant at lower displacement rates and then
increasing for higher displacement rates. Further testing is necessary.
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