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Abstract: Three-point bending tests on notched beams of a high-strength concrete
have been conducted using both a servo-hydraulic machine and a self-designed
drop-weight impact device. The work of fracture and the peak load were
measured over a wide range of displacement rates (loading rates). Under low
displacement rates, from 10 mm/s to 10 mm/s, the tests were performed with the
servo-hydraulic machine; from 10> mm/s to 10° mm/s we used the drop-weight
impact machine instead. The results show that the work of fracture and the peak
load increase as the displacement velocity increases. Nevertheless, such trend is
relatively mild under low rates and can be attributed to viscous effects mainly
originated by the presence of water in the pore structure. Under high rates the
increases in the work of fracture and in the peak load are dramatic due to the
effect of inertia.

1. Introduction

Nowadays high strength concrete (HSC) is very often used in modern
complicated structures of considerable height and span, such as skyscrapers, high
towers and large bridges. These are more vulnerable to damages caused by
earthquakes, wind and blast loading owing to the fact that HSC is more brittle
than normal strength concrete (NSC). Hence the dynamic fracture properties of
HSC are more important than those of NSC with regard to safety assessment and
the design of modern structures.

Over the past few decades, compared with the extensive research into the static
fracture behavior of HSC [1-16], much less information is available on its
dynamic fracture behavior.

Thus, in order to get additional insights into the loading rate effect on the fracture
properties of HSC, in this paper we present three-point bending tests conducted at
wide loading rates, from 10 mm/s to 10° mm/s, using both a hydraulic servo-
controlled testing machine and a drop-weight impact instrument. The results show
that both the work of fracture and the peak load increase with the increase in
loading rates. Under low loading rates, such tendency is mild, while it is
remarkable instead under high loading rates. This paper also provides
formulations for the rate-dependency of the work of fracture and of the peak load,
the model will be helpful when simulating such rate dependency numerically.



The paper is structured as follows: the experimental procedure is given in section
2, in section 3 the results are presented and discussed. Section 4 shows the
comparison with data in the literature. Finally, some conclusions are drawn in
section 5.

2. Experimental procedure
2.1 Material characterization

A single high strength concrete was used throughout the experiments, made with
a Porphyry aggregate of 12 mm maximum size and ASTM type | cement, 152.5R.
Microsilica fume slurry and super plasticizer (Glenium ACE 325, B225) were
used in the concrete composition. The water to cement ratio, w/c was fixed at
0.25%.

There was a strict control of the specimen-making process, to minimize scattering
in test results. All of the specimens were cast in steel molds, vibrated by a
vibrating table, wrap-cured for 24 hours, demolded, and stored for 4 weeks in a
moist chamber at 20°C and 98% relative humidity until they were tested.

Compressive tests were conducted according to ASTM C39 and C469 on 75
mmx150 mm (diameter x height) cylinders. Brazilian tests were also carried out
using the same dimensional cylinders following the procedures recommended by
ASTM C496. We made 8 cylinders, 4 for compression tests and 4 for splitting
tests. Table 1 shows the characteristic mechanical parameters of the concrete
determined in the various characterization and control tests. The mass density of
the material is 2400 kg/m®.

Table 1 Mechanical properties of the high-strength concrete

f. (MPa) | fi (MPa) | E; (GPa)
1 115.6 6.8 445
2 133.7 5.7 44.9
3 119.7 5.9 40.4
4 138.9 6.8 43.3
Mean 127.0 6.3 43.3
Std. Dev | 11.1 0.6 2.0

2.2 Three-point bending fracture tests

To study the loading rate effect on the fracture behaviour of the HSC, three-point
bending tests on notched beams were conducted in a wide loading rate range,
from 10 mm/s to 10° mm/s. Two testing machines were adopted to carry out
tests, one is a hydraulic servo-controlled testing machine, and the other is a self-
designed drop-weight impact instrument.



The dimensions of the test beams were 100x100 mm? (BxD) in cross section, and
400 mm (L) in total length. The initial notch-depth ratio (a/D) was approximately
0.5, and the span (S) was fixed at 300 mm during the tests.

2.2.1 Tests under loading rates from 10 mm/s to 10* mm/s

In this low loading rate range, the tests were performed using the hydraulic serve-
controlled testing machine.

In regard to the measuring method for the work of fracture (Wg), we followed the
procedures devised by Elices, Guinea and Planas [17-20]. The tests were
performed in position-control. Three loading rates were applied during the test
from quasi-static level (5.50x10™ mm/s) to rate dependent levels (5.50x10™* mm/s
and 1.74x10" mm/s). Three specimens were tested at each loading rate.

2.2.2 Tests under loading rates from 10 mm/s to 10° mm/s

In this high loading rates range, all impact tests were conducted using the
instrumented, drop-weight impact apparatus designed and constructed in the
Laboratory of Materials and Structures of Universidad de Castilla — La Mancha. It
has the capacity of dropping 316 kg mass from heights of up to 2.6 m, and can
accommodate flexural specimens with spans up to about 1.6 m. In this study, an
impact hammer weighing 120.6 kg was used, three drop heights were adopted, 40,
160 and 360 mm, respectively.

A detailed description of the instrument is given in reference [21]. The impact
force between the hammer tup and the specimen is measured by a piezoelectric
force sensor. Moreover, the reaction force between the support and the specimen
is determined by another two force sensors.

An accelerometer bonded on the impact hammer was used to measure
acceleration and displacement during the impact process. By assuming that the
hammer displacement was essentially equal to the specimen deformation, the
velocity and the loading point displacement could be evaluated using the
equations as follows [22].

The initial impact velocity of the hammer, u,(0) is
u,(0) =~2aH 1)

where a is the corrected gravitational acceleration (9.71+0.14m/s?), H stands for
the hammer drop height. During the impact process, the velocity of the hammer
can be obtained using Eq. 2.

uy (t) = u, (0) +juh(t)dt (2)



where U, (t) is the recorded acceleration by the accelerometer bonded on the
hammer. Then, the displacement of the hammer, u, (t) and also the loading point
displacement of the specimen is calculated by Eqg. 3.

u, (t) = Wuh (0) + j U, (t)dt}dt (3)

Regarding the measuring method for the work of fracture, it is calculated by the
area under the reaction force-displacement (load-displacement) curves, where the
reaction force is evaluated by summing the values from both support data
points[21,23].

3. Results and discussion

Fig. 1 shows the comparison of the typical load-displacement curves at different
loading rates. It is obvious that the peak load increases with the increase in
loading rates. On the contrary, the stiffness of the beam does not show similar
tendency, which is due to the sensitivity of the elastic flexibility of the beam to
the boundary conditions during the application of the concentrated load [24].

Table 2 shows detailed information on the experimental results. The data in the
parenthesis are the standard deviation, dynamic increase factor (DIF), is defined
by the ratio of peak load (Pmax) and work of fracture to the corresponding quasi-
static one, respectively. Here, the lowest loading rate (& =5.50x10"mm/s) is
taken as the quasi-static loading condition. H stands for the dropping height of the

hammer under impact loading conditions.
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Fig. 1. Load-displacement curves at different loading rates.



Table 2 Experimental results at different loading rates

Testing H 5 Pmax DIF WE DIF
machine | (mm) | (mm/s) (KN) | for Pmax | (N/m) | for Wg
Hydraulic | - | 5:50x10° (gﬁgg) . 1(333 L
contolled |~ | 550<10* | 050 | 13 | [ | 138
device - | 1.74x100 (g:g% 154 (21296) 152
orop. | 40 | 88110 (2337'1807) 4.48 1(22? 8.12
‘I’rvﬁégg 160 | 1.76x10° (3;'73; 6.44 (3695638) 26.74
Instrument | sy | 2 64x10° (:"’7%057) 7.14 5868558) 38.12

Fig. 2 shows the loading rate effect on the work of fracture. It is clear that the
work of fracture increases with the increase in loading rates, while beyond a
threshold (7.04x10° mm/s) the rate effect becomes more pronounced and a
significant increase is observed. Moreover, a prediction equation for the loading
rate effect on the work of fracture is derived from the test data.

(4)

W, =W? (1+md8") =147.5(1+0.348°"), for & <7.04x10°mm/s
W, = -26171.16 + 9296.4logs, for & >7.04x10°mm/s

where W_ is the work of fracture and the static work of fracture. Exponents m

and r are adjusting parameters, & is the loading rate given in mm/s. Eq. 4 can be
used to efficiently predict the loading rate effect on work of fracture and could
also be helpful when performing numerical simulations. It is worth to note that
147.5 N/m obtained by fitting is the static value of the work of fracture, and it
could only be obtained by a strictly static test [25].

Under low loading rates, less than threshold, 7.04x10?> mm/s, the rate effect is
mild, and it can be attributed to viscous effects mainly originated by the presence
of free water in the voids and porous structures. Moreover, dry concrete exhibits
very little rate sensitivity, except at very high strain rates also gives the reason of
this tendency in another viewpoint [26].

However, under impact loading rates, greater than a threshold, the rate effect is
remarkable due to the inertia effect [27-29]. Furthermore, the high increase in the
work of fracture is caused by many micro-cracks that develop under impact
loading [27,30,31]. Namely, at high loading rates the mechanism of failure is
characterized by the propagation of many micro-cracks at the same time, and also



the micro-cracking does not have sufficient time to search for paths of minimum
energy or lowest resistance. Thus, they are forced to propagate along the shortest
path with higher resistances, this leads directly to the conclusion that the work of
fracture should increase as a function of the loading rate.
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Fig. 2. Loading-rate dependence of the work of fracture

Fig. 3 shows the loading rate effect on the peak load, the tendency is similar with
that of the work of fracture. Namely, under low loading rates, the tendency is
moderate, while it is dramatic instead under high loading rates. The maximum
DIF for the peak load is 7.14, compared with 38.12 for the work of fracture.
Maybe the work of fracture is more sensitive to micro-cracks than the peak load
under high loading rates. This also makes it possible to use only one exponential
function to describe the behavior of peak load versus loading rates. Fig. 4 presents
the function as well, namely,

P =P5 (1+kS")=5.88(1+0.105%") (5)

where P> is the static peak load, exponents k and n are adjusting parameters. It is
noteworthy that the fitting also gives the static value of the peak load, 5.88 kN.
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Fig. 3. Loading-rate dependence of the peak load



4. Comparison with data in the literature

As mentioned before, compared with the extensive research into the quasi-static
fracture behaviour of HSC, much less information is available on its rate-
sensitivity behaviour. Table 3 presents the comparison of some impact
experimental results from S. Mindess [32] and to the results presented above.

From this table, it is clear that the trend of loading rate effect on mechanical
properties of both high strength concretes is similar, though a little big difference
on DIF for the peak load is found. In general, the weight of the hammer, the
impact energy and the dimensions of the beams do affect the experimental results.
Nevertheless, the results from different drop-weight impact machines are
comparable.

Schuler [33] measured the tensile strength and the fracture energy (work of
fracture) of High Performance Concrete (HPC) at high strain rates between 10 /s
and 100 /s with spalling tests. A DIF of 3 at a crack opening velocity of 1.7 m/s
on the fracture energy was observed. It is quite different in comparison to the
experimental results with drop-weight impact tests, maybe this can partly be
attributed to the inconsistency among the methods of loading and associated
errors.

Furthermore, under low loading rates, the rate sensitivity of work of fracture is
slight compared with the work of fracture variation at high loading rates. This
leads some authors to conclude that the work of fracture is constant and rate
independent at low loading rates [34-36].

Table 3 Comparison of experimental results

Experimental results | Experimental
from S. Mindess et | results in this
al. [32] paper
Compressive strength (MPa) 62 127
Dimension of the beam 100x125%1400 100x100x400
(width x depth x length) (mm)
Span (mm) 960 300
Drop height of the hammer (mm) | 150 160
Weight of the hammer (kg) 345 120.6
DIF for peak load 2.96 6.44
DIF for work of fracture 21.38 26.74

5. Conclusions

The fracture behaviour of a high strength concrete under dynamic loading
conditions was investigated in this study. The loading rates varied widely from a



quasi-static level to a dynamic level, the order of magnitude changed from 10
mm/s to 10° mm/s. As a result of the study, the following conclusions can be
drawn.

(1) The work of fracture is sensitive to the loading rate. Under low loading
rates, below 7.04x10° mm/s, the rate effect is mild, and can be attributed to
viscous effects mainly originated by the presence of free water in voids and
porous structures. However, it is pronounced when the loading rate goes beyond
the threshold. Finally, two prediction-equation of rate sensitivity for the work of
fracture are proposed.

(2) The peak load shows similar tendency with the work of fracture to
loading rates, while under high loading rates, the work of fracture is more
sensitive to loading rates than the peak load. Moreover, also an exponential
formula is provided.

(3) The formulas provided are helpful in numerical simulations that
evaluate the rate dependence of fracture behavior.
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