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Microscopic change in hardened cement paste due to high-speed impact

Yuya Sakai**, Ivwananji Sikombe®, Keiko Watanabe® and Hiroyuki Inoue?

 Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba, Meguro, Tokyo 153-8505,
Japan, ysakai@iis.u-tokyo.ac.jp

® Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba, Meguro, Tokyo 153-8505,
Japan, sikotech@iis.u-tokyo.ac.jp

¢ College of Science and Engineering, Ritsumeikan University, 1-1-1 Noji-higashi, Kusatsu, Shiga
525-8577, Japan, keikow@fc.ritsumei.ac.jp

d Institute of Industrial Science, The University of Tokyo, 4-6-1 Komaba, Meguro, Tokyo 153-8505,
Japan, inoue@iis.u-tokyo.ac.jp

*Corresponding author

Abstract

Impact load was applied to hardened cement paste (HCP) specimens using a gas gun to investigate
microscopic changes in the specimens and develop a better response model of concrete subjected to
impact load. Plasma emission was observed at the moment of impact at 420 m/s and the colour of the
portion near the impact point turned brighter. This brighter portion was analysed, and it was observed
that the pore structure was coarser compared to the other portion; however, the results of
thermogravimetry and X-ray diffraction analysis were similar. A possible reason is that the generated
heat was instantaneous and the rate of the temperature increase in the HCP decreased due to
evaporation of water in the HCP. These results indicate that during impact at a few hundred m/s,
porosity increase due to heat effect is more dominant than porosity decrease due to mechanical

compaction.
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1. Introduction

Concrete is used in a variety of structures and thus, subjected to a wide range of loads and impact
loading. Relatively low-speed impacts often occur due to collisions from vehicles and rocks [1-3].
Middle speed impacts also occur due to hurricanes and explosions produced by flying objects [4-6],
while high speed impacts occur due to gunshots and missiles [7-9]. Moon exploration has attracted
increasing interest [10] and concrete is one of the promising material for the construction of a lunar

base [11,12]. Since there is no atmosphere on the moon, space debris reaches the moon surface and
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the velocity of space debris can be ten times faster than that of a bullet [13, 14]; therefore, concrete
may be subjected to very high-speed impact in the near future. Various types of experiments have been
conducted, from low-speed impact to very-high speed impact, to investigate the fracture patterns of
concrete subjected to impact load, and results have shown that concrete exhibits various fracture
patterns and responses depending on the property and velocity of the projectile as well as the concrete
strength. Kennedy [7] classified the fracture patterns of concrete into the following seven categories:
(a) penetration, (b) cone cracking and plugging, (c) spalling, (d) radial cracking associated with (i) the
proximal face and (ii) the distal face, (e) scabbing, (f) perforation, and (g) overall structural responses
and failures. Li et al. [15] summarized various models applied to calculate the response of concrete
subjected to impact loading. It is clear from the above review papers that macroscopic damage occurs
in concrete due to impact load. However, microscopic damage or property change due to impact load
has not been thoroughly investigated.

The stress condition induced by impact load can be simulated by the triaxial test. Gran and Frew [16]
conducted an impact test using a rocket bomb of 2.3 kg flying at 315 m/s, which induced triaxial stress
greater than 150 MPa in the concrete. After their experiment, a triaxial test was conducted at a
confining pressure of up to 400 MPa to investigate the response of concrete subjected to impact load,
and the stress—strain curves [17] and the effects of aggregates [18,19], moisture content [20], and so
forth were reported. Sakai et al. [21] conducted a triaxial test on hardened cement paste (HCP) and
reported that the porosity of HCP decreased after the test. In the numerical simulation of impact test
using concrete, reduction in the porosity is considered an important parameter for accurate simulation
[22,23]. However, it has not been experimentally determined whether the property change of HCP due
to impact load can be reproduced by the triaxial test. This should be clarified before conducting a
triaxial test to simulate the response of concrete subjected to impact.

Ren et al. [24] carried out scanning electron microscope (SEM) observation and X-Ray diffraction
(XRD) analysis on ultra-high performance concrete after impact by a projectile of approximately 14
g flying at 914 m/s. They reported a high-pressure and high-temperature phase of silica and pointed
out that the high temperature was generated due to the impact; however, their study focused on the
bonding between fiber and cement paste matrix. The authors recommended that to produce concrete
with high resistance against impact, a material that does not undergo crystalline transformation should
be used. They also highlighted the possibility that water in concrete evaporated due to heat generated
by the impact and the vapor induced damage to the concrete. As a result, the authors also recommended
the use of materials that melt easily to prepare an escape route for the vapor. It is well-known that an
impact generates heat [25,26]; therefore, the phase and pore structure of HCP may change and it is
inappropriate to conduct a triaxial test to simulate the response of concrete due to impact load without
considering the effect of heat.

In this study, impact test was conducted using HCP to investigate the microscopic property change
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and to determine whether the same change observed in HCP in the triaxial test occurs in the impact
test. To investigate the change in cement paste due to impact load, the test should be conducted using
HCP and not concrete because it is difficult to separate the change in the cement paste and that in the
aggregate. Therefore, understanding microscopic changes in HCP due to impact load will be helpful

in developing a more realistic concrete simulation model.

2. Experimental Method

2.1 Specimen

This study used HCP with water to cement ratio of 0.4. Table 1 and 2 present the properties of ordinary
Portland cement. The paste was first mixed for 30 s at low speed (orbital rotation: 62 + 5 rpm, planetary
rotation: 140 £+ 5 rpm). The mixer was stopped for 30 s to 60 s to scrap off cement paste on the mixing
bowl and paddle. The mixer was then set to high speed (orbital rotation: 125 £ 5 rpm, planetary
rotation: 284 £ 5 rpm) and allowed to run for 60 s. The mixed paste was cast into @100 x 100 mm
cylindrical moulds and sealed. The HCP was demoulded 24 h after casting, kept under water at 20 °C

for 8 months, and sealed in plastic bags until testing.

Table 1 Chemical property of cement.
Ig. Loss | Insol. | SiO; | ALOs3 | Fe,O3 | CaO | MgO | SOs | NaO | KO
2.64 0.06 | 20.27 | 5.30 | 2.95 64.8 | 095 | 1.74 | 0.28 | 0.45

Table 2 Physical property of cement.

Density Specific surface area
g/cm’® cm?/g
3.15 3510

2.2 Impact test procedure

A vertical single-stage diaphragmless gas gun was used for the impact test. In an ordinary gas gun, a
projectile is launched by the breaking of a diaphragm due to gas pressure, and the fragments of the
diaphragm fly and hit the target [27,28]. The gun used in this study does not employ a diaphragm,
therefore, the effect of flying pieces of the diaphragm is eliminated. The outlook of the gun is shown
in Fig. 1. The projectile was launched from a pressure vessel through a launch tube and impacted the
specimen in a test chamber. The specimen was confined with a set of steel molds, which can be
separated into four pieces as shown in Fig. 2. The confinement was prepared to reduce scattering of
the specimen pieces due to the impact so that the sample used for the analysis can be collected. The
projectile is shown in Fig. 3; the impactor is a hemispherical copper with a radius of 5 mm, while the
sabot is made of polyethylene. The mass of the projectile was 16 g including a neodymium magnet

inside it. The magnet induces electromotive force when it passes through some coils placed at the exit
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of the launch tube to determine the velocity of the projectile from the time lag of the electromotive
force. The collision was recorded using a high-speed camera (Phantom v711, Vision Research Inc.,
NJ, USA). The projectiles were launched four times; the velocity of two of the projectiles was 200
m/s, while that of the other projectiles was 420 m/s.

Pressure

Fig. 2. Steel molds for sample confinement.
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Sabot

Impactor

Fig. 3. Projectile.

2.3 Observation with optical microscope and scanning electron microscopy

The non-tested specimen and pieces of the tested specimens were impregnated with a two-component
epoxy resin (room-temperature curing). Then, a thin section with thickness of 30 pm was prepared
from the tested specimen and observed using a polarization microscope (ECLIPSE LV100N POL,
Nikon, Tokyo, Japan).

For SEM observation, 2 x 2 x 0.3 mm samples were cut from the specimens. Alumina powder was
used to polish the sample surface. The sample was first polished for 10 min using ethanol and coarse
alumina powder (400 grit) on a glass plate. Thereafter, the specimen was immersed in ethanol, and
washed in an ultrasonic bath for 5 min. This procedure was repeated using fine powder (1200 grit) to
smoothen the sample surface. The sample was dried for 24 h at 40 °C and 20% relative humidity and
the D-dry method [29] was applied for 24 h. After drying, the sample was polished using a cross-
section polisher (SM-090010, JEOL Ltd., Tokyo, Japan), the sample surface was coated with carbon,
and back scattered electron images were observed using SEM (JSM-7000F, JEOL Ltd., Tokyo, Japan).

2.4 Mercury intrusion porosimetry (MIP)

The pore size distribution of the samples was analyzed using MIP (POREMASTER 60GT,
Quantachrome, Florida, USA). The tested and non-tested specimens were crushed into cubes with
edges measuring 5 mm and these were immersed in acetone for 24 h. Subsequently, the cubes were

dried using the D-dry method [29] for 24 h and 1 g of the cubes was used for MIP analysis.

2.5 Thermal gravimetric (TG) analysis and X-Ray diffraction analysis

TG analysis was carried out using TG-DTA (EXSTAR 6000, Seiko Instruments) to analyze the thermal
property of the HCP. Pieces of the samples were taken from the tested and non-tested specimens,
crushed into powder, and sieved using a 150-um sieve. Approximately 10 mg of each sample was
collected, and TG analysis was carried out. The sample was heated up to 1000 °C at the rate of
20 °C/min in nitrogen atmosphere.

XRD analysis was carried out to investigate the change in the crystalline phase due to the impact.
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Multiflex (Rigaku, Tokyo, Japan) was used at the output of 40 kV and 30 mA. The powder sample for
XRD analysis was prepared using the same procedure used for TG analysis. Since the amount of the

sample was small, a zero diffraction sample holder was used.

2.6 Preheating with laser pulse and electric furnace

Luminescence due to plasma was observed at the impact of the projectile into the HCP, which will be
explained in section 3.1. To investigate the effect of instantaneous heating on the HCP, a non-tested
specimen of 50 x 50 x 10 mm was heated using laser pulse. Another specimen was heated in an electric
furnace at 300 °C for 2 h for comparison with the laser heated specimen.

Laser heating was carried out using a YAG laser. The output was 5.9 W, while the width and interval
of the pulse were 100 ns and 0.1 s, respectively. The color of the portion near the impact point turned
brighter and laser pulse was repeatedly applied to HCP for 5 s until a similar color change was
observed; this will be described in 3.1. The cutting surface of the color change portion is shown in Fig.
4. The color change occurred up to a depth of 3 mm from the surface at the center of the heating. To
measure the temperature increase due to laser heating, a type-K thermocouple (Medtherm, Alabama,
USA) was embedded into the cement paste plate at a depth of 5 mm (Fig. 5). Laser pulse was applied
to the cement paste surface at the tip of the thermocouple and the temperature was measured at
intervals of 5 ps. The measured temperature was up to 60 °C after laser heating for 5 s. During heating,
vapor was generated from the heating point. The portion where a color change occurred was extracted

and this portion was used for the analysis described above.

Color change

Fig. 4. Color change due to laser heating.

Thermocouple
Laser pulse . /

HCP

W

|

Fig. 5. Set up for temperature measurement.


http://dx.doi.org/10.20944/preprints201812.0074.v1
https://doi.org/10.3151/jact.17.518

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2018 d0i:10.20944/preprints201812.0074.v1

3. Results and discussion

3.1 High-speed impact test

Fig. 6 shows the moment of the scatter of HCP surface due to the impact of a projectile travelling at
420 m/s. The colour of the portion near the impact point turned brighter (Fig. 7). A similar colour
change was observed for the impact at 250 m/s. The cutting surface of the specimen, which was cut
after the impact test and impregnated with a two-component epoxy resin, is shown in Fig. 8. The
portion of the 22 mm depth was scattered. The dark lines in the image are cracks filled with the
intruded epoxy resin. The crack density was higher near the impact point. There is a darker portion
near the impact point and this region was brighter as shown in Fig. 7; however, it turned darker because
more epoxy resin intruded into the tiny cracks of this area. Fig. 9(a) shows a piece of the tested sample.
The brighter portion shown in the figure has a complicated shape. Fig. 9(b) shows the image of the
polarization microscope and the interface of the brighter and darker portions is curved. It is unlikely
that mechanical stress induced such a complicated and curved interface; therefore, another factor may

have caused the colour change in HCP during impact.

Fig. 6. Projectile hitting the sample. Fig. 7. Sample after the impact.

Darker part Brighter part Colour change due to epoxy

Fig. 8. Cutting surface of a whole sample after test.
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Brighter part Brighter part

(a)Thin section (b)Polarization microscope (crossed nicols)

Fig. 9. Cut piece of sample after test.

Fig. 10 shows the moment of the impact recorded at a frame rate of 270,000/s and luminescence of
plasma was observed at the impact point. The generation of plasma has been observed in the impact
test of other materials [30,31]; however, to the best of the authors knowledge, this is the first time it is
observed in cementitious material. Plasma is a state where an atom is ionized and decomposed into a
cation and electron. Since plasma was observed in one frame and recording was done at an interval of
3.7 ps, plasma was emitted for a maximum of approximately 7 ps. In the following sections, the
samples taken from a non-tested specimen and the brighter portion of the tested sample were analysed
and compared. The results of the analysis on the samples heated using laser pulse and electric oven

will also be presented for comparison.

Fig. 10. Light emission at impact.

3.2 SEM observation

According to the backscattered electron images shown in Fig. 11, the brighter sample taken from the
tested sample appears darker compared to the non-tested sample. A grey-scale histogram of these
images was prepared using an image processing software (Image J, National Institutes of Health, MD,
USA) to carry out a quantitative comparison. The histogram shows the frequency of each colour,

assuming that the image is composed of 256 colours (Fig. 12). Gray values of 0 and 255 correspond


http://dx.doi.org/10.20944/preprints201812.0074.v1
https://doi.org/10.3151/jact.17.518

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 December 2018 d0i:10.20944/preprints201812.0074.v1

to black and white, respectively. The histogram of the sample taken from the brighter portion of the
tested sample shifted to the left, and the gray value decreased indicating that the image turned darker.
A similar change was observed in HCP after the triaxial test with high-confining pressure [21]. The
contrast of the back scattered image changes depending on the atomic number and the molecular
structure such as crystalline nature [32]. A possible reason is that structural change occurred at the

molecular level.

15.0kV COMPO SEM WD 9.6mm 13:42:53

(a) Non-tested sample (b) Sample taken from brighter portion

Fig. 11. Backscattered electron images.

5000

4000 i Non-tested
3000 / f‘/ \Q\ |
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Frequency

Brighter portion
0
0 100 200 300
«— —
Black Gray value White

Fig. 12. Histogram of gray value of images in Fig. 11.

3.3 Pore size distribution
The pore size distribution measured using MIP is shown in Fig. 13. Compared to the non-tested sample,
the brighter portion taken from the tested sample had a larger pore size and volume. It has been

reported that the portion near the impact point is subjected to compressive stress [22,23]. Forquin et
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al. [33] reported a decrease in the air volume of mortar due to impact load. HCP also showed a smaller
pore size and volume after the triaxial test [21]. Therefore, a similar phenomenon was expected after
the impact test; however, the result obtained was different. This indicates that the effect of triaxial
stress on cement paste matrix was not dominant during the impact test. Since plasma was observed at

the impact, it is possible that the high temperature changed the pore size distribution.

0.12

0.1 [40°Cdry
& laser
0.08 40°C dry |

0.06 Brighter
portion

300 °C dry

0.04
Non-tested
0.02

Cumulative pore volume (cc/g)

1 10 100 1000 10000
Pore diameter (nm)

Fig. 13. Pore size distribution.

However, as introduced in section 2.6, although the laser pulse can induce high temperature and is
used for metal welding [34,35], the temperature at which the surface of the HCP turned brighter during
laser heating was 60 °C possibly due to the suppression of the temperature increase by the evaporation
of free water. MIP could not be carried out on the laser-heated sample because the depth of the colour
changed portion was small and an appropriately sized sample for MIP was not obtained. This
difference in the colour change area may be attributable to the difference in the amount and duration
of the induced heat. Thus, the sample was preheated at 40 °C, then laser heating was applied for 5 s.
Fig. 13 shows that the pore volume of the smaller pore significantly increased even at low preheating
at 40 °C. A similar change was also reported in a previous study [36]. Laser heating after preheating
at 40 °C further increased the porosity. In these samples, the pore was not as large as the brighter
portion possibly because the volume increase of the larger pore could be due to the vapor pressure

generated at the instantaneous evaporation of free water during impact.

3.4 TG and XRD analysis

The result of the thermogravimetry is shown in Fig. 14 and only a slight difference occurred between
the non-tested sample and the tested sample. This result indicates that the thermal effect due to the
impact did not affect the chemical properties of HCP. The result of the sample preheated at 300 °C is

also shown in Fig. 14; a small mass decrease occurred up to 300 °C and then the curve became almost
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parallel with the non-tested sample. This is because the mass reduction that occurred up to 300 °C was
during preheating. The curve of the tested sample is parallel with that of the non-tested sample at
temperatures higher than 150 °C indicating that the maximum temperature that the sample experienced
in the impact was 150 °C. However, unlike the sample preheated at 300 °C, the tested sample yielded
a large mass reduction even when the temperature was below 150 °C. A possible reason is that the
temperature increase due to the impact was instantaneous owing to cooling resulting from water
evaporation. The curve of the laser heated sample is similar to that of the non-tested sample at
temperatures higher than 100 °C; therefore, the maximum temperature the sample experienced during
laser-heating was likely approximately 100 °C. The maximum temperature indicated in section 2.6
was lower (60 °C) probably because the tip of the thermocouple was not at the surface but slightly
inside, while the sample for the thermogravimetry analysis was collected from the surface. Ren et al.
[24] reported that a high-temperature and high-pressure phase of SiO, was generated. This is probably
because the speed of their projectile was faster (914 m/s) than the speed used in our study, the projectile
collided with the gravel, and suppression of the rate of the temperature increase due to water

evaporation was small.

0
e 5
< 300°Cd
g .10 ry
2
3]
=5 -15
"43 Laser| heated
o -20
72}
<
= 25 . :
Brighter portion Non-tested
-30
0 200 400 600 800 1000

Pore radius (nm)

Fig. 14. Result of thermogravimetric analysis.

The result of the XRD analysis is shown in Fig. 15 and there is no significant difference between the
samples. This result indicates that a change in the molecular structure did not occur during impact and

laser heating.
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Fig. 15. X-ray diffraction analysis.

3.5 Discussion on change in HCP due to impact

The obtained results indicate that the impact resulted in plasma emission and the surface of HCP was
subjected to high temperature. However, TG and XRD analyses did not yield any change; however,
the pore volume and size increased. This is probably because the instantaneous heat did not increase
the temperature in HCP due to evaporation of water. The pore structure change was likely due to drying
by evaporation. The pore volume and size are known to increase with drying [36, 37]. The colour of
the portion near the impact point turned brighter and this change is likely due to the drying.

In this study, HCP subjected to a projectile at 420 m/s was analysed. However, a similar colour change
due to impact on the specimen was also observed in the specimen subjected to a projectile at 250 m/s.
This indicates that heat was generated, and the sample was dried even at this velocity. In the case of
concrete, the rate of the temperature rise in the aggregate due to the impact can be higher than in the
cement paste matrix due to the absence of water, which decreases the temperature rise. The reduction
in the rate of the temperature rise due to evaporation possibly depends on the moisture content of the
cement paste and a reduction was observed in this study because the specimen was cured under water
and kept sealed until testing. As the impact speed decreases, the heat generated by the impact likely
decreased and the pore volume and size in the cement paste could be reduced by the triaxial stress, as
reported in a previous study [21]. The increase or decrease in the pore size and volume due to impact
probably depends on the balance between the mechanical effect and heat effect. To understand the
response of concrete subjected to impact load and to simulate the response with high accuracy, the

condition of the increase and decrease in the pore size and volume should be investigated.

4. Conclusions
Researchers have conducted impact tests on concrete specimens. However, the results obtained from

analysis of the specimen include information on cement paste and aggregate, which is difficult to
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categorize. In this study, HCP was subjected to impact load and analysed. The colour near the impact
point turned brighter and the pore structure of this portion was coarse compared to the other portion
even though the chemical properties are similar. This is probably because heat is generated due to the
impact, but the rate of the temperature rise due to the heat decreased owing to evaporation of water in
the HCP. In this study, the impact velocity was in the range of 250-420 m/s; however, a lower impact
velocity can decrease the porosity as observed in the sample after the triaxial test. The relationship
between the impact velocity and the pore structure should be investigated for the simulation of impact

on concrete with high accuracy.
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