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Impact Compression Test on Concrete after High-Temperature Treatment and Numerical
Simulation of All Feasible Loading Rates

Yue ZHAL, Yi LIU, Yubai LI, Yan LI, Yunmei SHI, KI-IL SONG

Abstract: Concrete materials are important in infrastructure and national defence construction. These materials inevitably bear complicated loads, which include static load,
high temperature, and high strain rate. Therefore, the dynamic responses and fragmentation of concrete under high temperatures and loading rates should be investigated.
However, the compressive properties of rock materials under ultrahigh loading rates (>20 m/s) are difficult to investigate using the split Hopkinson pressure bar. Impact
compression tests were conducted on concrete specimens processed at different temperatures (20-800 °C) under three loading rates in this study to discuss the variation
law of the impact compression strength of concrete materials after high-temperature treatment. On this basis, numerical simulation was conducted on impact compression
test under all feasible loading rates (10-110 m/s). The results demonstrate that the peak stress of all concrete specimens increases linearly with loading rate before 21 m/s
and gradually decreases after 21 m/s. Peak stress shows an inverted V-shaped variation law. Moreover, the temperature-induced weakening effect exceeds the strengthening
effect caused by loading rate with the increase in temperature. The growth of peak stress decreases considerably, especially under an ultrahigh loading rate (>50 m/s).
These conclusions can provide theoretical references for the design of the ultimate strength of concrete materials for practical applications, such as fire and explosion

prevention.
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1 INTRODUCTION

Concrete materials face numerous threats, such as fire

disasters, explosions, earthquakes, and violent attacks, due
to the increasingly complicated service environment of
concrete structures and increasing demands of special
structures (e.g., national defence and nuclear power).
Therefore, the durability and stability of concrete materials
are challenged under high temperatures and loading rates.
As a typical heterogeneous brittle material, concrete is
mixed with multiple ingredients and gradually hardens
through hydration. Many microcracks, holes, and soft
media are produced in concrete materials. The mechanical
properties of concrete materials are complicated under high
temperatures and impact loading. Therefore, studying the
mechanical responses of concrete materials under strong
dynamic loads not only provides an important theoretical
basis for reasonable analyses and design of safe concrete
structures but also avoids serious casualties and property
losses during disastrous accidents.
The split Hopkinson pressure bar (SHPB) test system is
widely used in experimental studies on the dynamic
mechanical properties of rock materials. Researchers
worldwide have investigated concrete materials by using
SHPB [1-3], and the impact loading rate of large-diameter
bullets (37-120 mm) can be generally controlled within a
certain range (<20 m/s) due to the limited strength and
rigidity of the pressure bar materials in SHPB [4-6].
Ultrahigh-speed impact failure occasionally occurs in
multiple accidents and international safety events. Hence,
the relevant laws of the mechanical properties of
engineering materials under ultrahigh loading rates should
be investigated. Numerical simulation based on testing is a
good supplementary research method [7].

The variation laws of the impact compression strength
of concrete materials after high-temperature treatment
under all feasible loading rates (10-110 m/s) were
investigated in this work through testing and numerical
simulation. This study aims to provide theoretical
references for the design of the ultimate impact

compression strength of concrete projects under high
temperatures and impact loads.

2  STATE OF THE ART

Many experimental studies have been conducted on
the dynamic mechanical properties of concrete and other
rock materials after high-temperature treatment [8-14].
Zhu et al. conducted a uniaxial compression test on
sandstone at 25-800 °C and found that the volume of
sandstone gradually increased, whereas its mass and
density gradually decreased with the increase in
temperature [8]. The peak stress gradually increased with
the increase in temperature from 25 °C to 400 °C then
decreased after 585 °C. Li et al. [9] and Fan et al. [10]
performed an SHPB test on granite materials after high-
temperature treatment (25 - 800 °C) and found a negative
linear relationship between the dynamic strength of granite
and temperature. However, the dynamic strength of granite
increased with the increase in impact pressure. The
adsorption capacity of dynamic energy gradually increased
with the increase in temperature before 400 °C, but an
opposite variation law was observed with the increase in
temperature from 400 °C to 800 °C. Li et al. [12] and Chen
[13] analyzed concrete materials under 20-900 °C and 3-
20 m/s and discovered a negative linear relationship
between the dynamic strength of concrete and temperature.
In addition, the dynamic strength of concrete increased as
the impact pressure increased. Xiao et al. tested high-
strength concrete under the temperature range of 20-800 °C
[14]. They found that the number of cracks and fragments
was positively related to temperature and strain rate. These
studies have confirmed that loading rate within a certain
range can remarkably strengthen the mechanical properties
of rock materials under a fixed temperature. Experimental
studies that are supplemented and verified by
corresponding numerical simulations and relevant
achievements have been approved by engineering and
academic circles [15-20]. Jiang et al. conducted a
numerical simulation of argillaceous siltstone at a loading
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rate of 12-21 m/s by using ANSYS/LS-DYNA and
reported that the fragmentation of materials began at the
edges and propagates to the centre. The peak strength of
specimens increased with the increase in impact speed
[18]. Ai et al. performed a numerical simulation on
polyurethane (PU) polymer concrete specimens at a
loading rate of 5-21 m/s and found that the dynamic
compressive strength of concrete initially increased then
decreased with the increase in loading rate [19]. These
studies were based on tests and numerical simulation under
a conventional loading rate. However, only a few research
achievements have been reported under ultrahigh loading
rates. Han et al. performed a numerical simulation analysis
of grey packed sand at an ultrahigh loading rate (25-55 m/s)
to determine the relationship between peak stress and high
loading rate [20]. They indicated that the peak tensile load
and peak strain of specimens gradually increased with the
increase in impact speed. This study overcame the
limitation of the SHPB system and provided a research idea
for the peak stress of concrete materials under ultrahigh
loading rates. However, this study was not supported by
mutual verification via experimental study and numerical
simulation and did not consider the weakening effect
caused by thermal injuries.

An SHPB test was conducted on concrete specimens
at room temperature (20 °C) in the present study. The
specimens were subsequently processed under 400 °C, 600
°C, and 800 °C and at different loading rates (8.6, 14.2, and
18.4 m/s). On the basis of the test results, a numerical
simulation analysis was performed under a corresponding
loading rate. The simulation analysis results were
compared with the test results, which can be used to

determine reasonable simulation parameters.
Subsequently, a numerical simulation analysis based on an
SHPB test under all feasible loading rates of 20-110 m/s
was conducted to determine the peak stress of different
concrete specimens and its correlation with loading rate.

The remainder of this study is organized as follows.
Section 3 introduces the test specimens, equipment, and the
numerical simulation modelling. Section 4 analyzes the
test results and verifies the reliability of the numerical
simulation. In addition, the influences of the fragmentation
characteristics of concrete and all feasible loading rates on
peak stress are evaluated. Section 5 summarizes the
conclusions.

3 EXPERIMENTS
3.1 Principle of the SHPB Uniaxial Test

The SHPB device uses a high-pressure air pump to
compress the gun barrel, which provides the impact bar a
certain initial loading rate. The initial loading rate was
measured with a laser velocimeter, and the impact bar
impacted the incident bar at this rate, thereby producing an
incident pulse. The incident pulse propagated in the
pressure bar system. Reflected and transmitted waves were
produced on the contact surfaces of the incident bar,
transmission bar, and specimen. The specimen developed
high-speed deformation during the loading process. Strain
gauges attached on the incident and transmission bars
recorded the corresponding impulse information, which
was stored in the waveform memorizer by using an ultra-
dynamic strain indicator. The structure of the SHPB device
is shown in Fig. 1.

Figure 1 Structure of the SHPB device

According to the theory of 1D stress waves, the key
parameters, such as dynamic stress, strain, and strain rate,
of specimens can be deduced by incident, reflected, and
transmitted impulses. The corresponding stress-strain
curves were obtained. Displacements (ui, u,) at the front
and rear surfaces of the specimens in the test can be
expressed as

t
w = [, Coarde 0
t

where C) is the elastic wave velocity of the bars and &, and

&, are the strains of the front and rear surfaces, respectively.
&1 includes the incident strain impulse (&;) that propagates
forward and the reflected strain impulse (&) that propagates
backward. ¢, is the transmitted strain impulse (&) that
propagates toward the right. Therefore, the displacements
of two surfaces can be expressed as

u = I(; Co(& —¢,)dt 3)
Uy = L; Cyé&,dt @
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After the introduction of the homogeneity hypothesis,
the calculation method is simplified into a two-wave
method as follows:

& =&, +¢,

(5)
Therefore, the loads on the front and rear surfaces are

R =EA(s; —¢,)
P, = EAg,

(6)
()

Therefore, the average strain of specimens can be
expressed as

o —uy Gyt _2Cy gt
& _T_T.[o(gi_gr_gt)dt__T ogrdt (8)

The specimens developed deformation and shortened
with the increase in the loading process. The deformation
rate of specimens is the strain rate

i de  2Cs,
dr L )

The average stress of specimens is

R+P,  EA EA
o, = =—(&-¢+¢)=—2¢
24, 24, A (10)

s

where 4, is the cross-section area of the specimens, L is the
length of specimens, F is the elasticity modulus of the bars,
and 4 is the cross-section area of the bars.

3 TEST SPECIMENS AND EQUIPMENT

C35# concrete provided by a commodity concrete
stirring station was used as the testing material. Portland
cement (42.5#) was applied. The coarse aggregate used
limestone gravels with a grain size of 5-20 mm, and the
fine aggregate used medium sands with a cement content
of approximately 10%. In addition, 6.2% (mass fraction)
fly ash, iron powder, and additives, such as water reducing
agent, were added. The mixing ratios are listed in Tab. 1
[21]. The concrete materials were processed into 98 mm
(diameter) x 50 mm (height) cylinder specimens.

Table 1 Mixing ratios of concrete specimens

Items

Water
Cement
Stone
Sand
Iron powder

Powdered coal
Additives

Ingredients /kg'm™> | 155 | 250 [1165| 670 | 90 | 60 | 10.2
* kg'm > represents the mass of each item per cubic meter concrete

An AI-518 intelligent temperature control device was
used as the heating equipment in the test (Fig. 2). The
effective size of the combustion chamber was
400%200x160 mm?, and the highest heating temperature

was 1300 °C. The specimens were preheated to reduce the
influences of internal moisture in the fast heating process.
During preheating, the voltage and preheating time were
set to 75 V and 10 min, respectively. The specimens were
heated to the target temperatures (400 °C, 600 °C, and 800
°C). The heating curves are shown in Fig. 3. The specimens
were constantly heated for 2 h under the target temperature
to keep their internal and external temperatures consistent
in consideration of the duration of ordinary fire disasters
[22]. The heated specimens were removed and cooled
under room temperature and natural ventilation.

Figure 2 Intelligent temperature control device: (a) Monitoring chamber and
heating furnace, (b) Internal structure of the heating furnace
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Figure 3 Heating curves

An SHPB system with a diameter of 100 mm was
applied in the test (Fig. 4). The SHPB system was mainly
composed of the loading device (air pump and gun barrel),
compression bar system, energy absorption device, and test
system. The compression bar system consisted of a 400
mm impact bar, a 4400 mm incident bar, and 3000 mm
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transmission bar. All bars were made of 45# steel with a
density of po = 7850 kg/m? and elasticity modulus of £ =
210 GPa. The propagation speed of the stress wave in the

bars was ¢y =~/E/py =5170 mys.

- "
Figure 4 SHPB test system

The air pressures of the compressed air pump were
controlled at 0.25, 0.35, and 0.5 MPa. The initial impact
loading rates of the impact bar were 8.6, 14.2, and 18.4 m/s.
After several specimen tests, 1.5 mm thick red copper
sheets (diameter = 40 mm) were used as the wave shaper
of the stress wave. A comparison of stress waveforms
before and after shaping is shown in Fig. 5, which indicates
an ideal shaping effect.
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Figure 5 Waveforms before and after shaping under different air pressures

3.3 SHPB Uniaxial Impact Test Modelling

The thermal injuries of concrete materials and the key
factors, such as stress wave, produced at the impact of the
impact bar onto the incident bar were considered in the
numerical simulation based on the SHPB test. ANSYS/LS-
DYNA finite element software, which is commonly used
in explosive blast testing, was applied in the numerical
simulation. Considering the initial thermal injuries of
materials, the relevant mechanical parameters of concrete
materials after high-temperature processing were inputted
to the HIC model in the numerical simulation software
[23]. The impact process was simulated directly by
applying the initial loading rate of the impact bar, and the
initial loading rate of the impact bar was defined by the
keyword *INITIAL VELOCITY. For the shaping of the
incident wave, the red copper waveform shaper was
directly simulated, and the constitutive model used a

kinematic hardening model, that is, the
PLASTIC_KINEMATIC material model.

The constructed model was composed of four parts,
namely, impact bar and waveform shaper, incident bar, test
specimens, and transmission bar. The numbers of units in
the geometric models of the four parts were 15,000,
165,000, 30,000, and 112,500, respectively. The diameter
and thickness of the concrete specimens were 98 and 50
mm, respectively. The 3D finite element model is shown in
Fig. 6.

. b N incident bar test specimen transmission bar
impact bar shaper

£

—_—
impact direction

(b)
Figure 6 3D numerical model of the SHPB test. (a) Overall structure of the
numerical simulation model in the SHPB test (b) Concrete specimen

4 RESULT ANALYSIS AND DISCUSSION
4.1 Result Analysis of the SHPB Uniaxial Test

The dynamic stress-strain curves of concrete
specimens, which were processed under different
temperatures and at the same loading rate, are shown in
Fig. 7. The peak stress and peak strain of the concrete
specimen processed under 400 °C were equal to or slightly
higher than those of specimens processed under room
temperature (20 °C). The peak stress of the concrete
specimen processed under 400 °C was slightly lower than
that of the specimen processed under room temperature.
The peak stress and peak strain of the concrete specimen
processed under 800 °C were low. This result indicates that
the compression strength of concrete changes slightly with
temperature in the range of 20-400 °C and decreases after
400 °C. Therefore, 400 °C can be used as the thermal injury
threshold of this concrete material; the value is slightly
higher than the threshold under static load (approximately
300 °C) [24, 25]. Moreover, double peaks occurred in the
specimens processed under high temperatures (600 °C and
800 °C) and high loading rates (14.2 and 18.4 m/s). In other
words, stress continues to increase to the second peak point
after a small drop, and the curve is gradually lifted.

On the one hand, the "two-peak" phenomenon is
caused by the serious thermal injuries of concrete
specimens and the remarkable change in material
properties, resulting in the serious mismatch between the
impedance and bar system. No stress impulses or only a
few can be transmitted to the transmission bar through the
specimens, and most of the stress impulses can be reflected
to the incident bar, thus forming the second peak [26, 27].
On the other hand, concrete is mixed with coarse
aggregate, fine aggregate, and cement mortar through
stirring. Concrete strength is generally and positively
related to the proportions of aggregates due to the random
addition of aggregates during the preparation of specimens
and the certain relationship between concrete strength and
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proportion of aggregates. The stress-strain curves
presented a single peak then a double peak.
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Figure 7 Stress-strain curves under the same impact loading rate but different
temperature: (a) 8.6 m/s, (b) 14.2 m/s, (c) 18.4 m/s

Therefore, the two-peak phenomenon of the curves in
Figs. 7(b) and 7(c) was related to the mass proportion of
aggregates in the specimens. The strengthening effect of
aggregates was reflected on the stress-strain curves,
indicating that many peaks existed after the first peak. The
stress-strain curve of all specimens was lifted up with the
increase in the mass proportion of aggregates, and the
curves were changed from softening to hardening.
Moreover, the space structure of aggregates was compact
and stable under a high mass proportion of aggregates. The
stress-strain curve of concrete always changes within the
lower and upper limits formed by the mass proportion of
aggregates. This conclusion conforms to the test analyses
of other researchers [28-33].
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Figure 8 Comparison of the numerical simulation and test stress-strain curves
under the same temperature but different impact loading rates: (a) 20 °C, (b)
400 °C, (c) 600 °C, (d) 800 °C
4.2 Reliability Analysis of Numerical Simulation

A comparison of the numerical simulation and test
stress-strain curves under the same temperature but
different impact loading rates is shown in Fig. 8. The
numerical simulation stress-strain curves of concrete under
different impact loading rates showed good agreement.
The peak stress error of specimens processed at or below
600 °C was approximately 5% under all loading rates. The
peak stress error of specimens processed at 800 °C under a
high loading rate (18.4 m/s) was relatively high
(approximately 8-12%). The total error was smaller than
12%, which further verifies the reliability of the numerical
simulation method and parameter selection for the impact
test.

4.3 Fragmentation Characteristics of Concrete Specimens
Under Uniaxial Compression Loads

Numerical simulation can analyze results that are
difficult to be obtained through tests, such as development
laws of cracks, stress-strain redistribution, and
fragmentation characteristics of specimens. In this
numerical simulation, the fragmentation of typical concrete
specimens processed under high temperatures and high
loading rates was analyzed. Considering the presence of
real-time changes in stress during numerical simulation,
the stress clouds at different times differed. Therefore, the
node with remarkable changes was used to analyze the
variation laws of stress in the specimens during the
fragmentation of concrete.

The distributions of the fragmentation degree, radial
strain, and axial stress of the concrete specimen processed
at 800 °C under 18.4 m/s are shown in Figs. 9, 10, and 11.

@) (b)
Figure 9 Radial strain and axial stress at initial cracking (t = 883 us):
(a) Radial strain, (b) Axial stress

Figure 10 Radial strain and axial stress during crack development (t = 1369 us):
(a) Radial strain, (b) Axial stress

(@) (b)
Figure 11 Radial strain and axial stress at the end of loading (t = 2000 us):
(a) Radial strain, (b) Axial stress

4.4 Effects of All Feasible Loading Rates on Peak Stress

The pressure bars in the large-diameter bar system
applicable to brittle materials, such as rocks, may be heated
and may even develop deformation when the impact
loading rate exceeds a certain range due to material
limitations of SHPB, thereby destroying the test
equipment. Therefore, the impact loading rate in the test
cannot be remarkably increased. In this case, the
advantages of numerical simulation are highlighted. The
SHPB test on concrete specimens processed under
different temperatures but different loading rates (20, 25,
30, 50, 100, and 110 m/s) was simulated after numerical
simulation and test verification. On this basis, the variation
curves of peak stress with loading rate were obtained (Fig.
12).

—E—20:C

Stress (MPa)

30 L ! I 1 L |
0 20 40 60 80 100 120

Loading rate (m/s)

Figure 12 Changes in stress with loading rate under different temperatures

As shown in Fig. 12, the peak stress of concrete
materials initially increased then decreased with the
increase in loading rate rather than presenting a linear
growth. In other words, the peak stress of concrete
materials reached the maximum at approximately 21 m/s.
Subsequently, the peak stress decreased with the increase
in loading rate. This condition reveals that the loading rate
threshold for the strain growth of concrete specimens
processed at high temperatures was approximately 21 m/s
because the failure of concrete materials was mainly due to
the initiation and development of internal microcracks. The
impact energy was small because of the low loading rate
(10 m/s), which provided adequate time for the initiation
and development of existing microcracks. However, a few
new cracks, small interactions among cracks, and low
stress level were observed, leading to a low peak stress.
The impact energy was high under a high loading rate (<21
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m/s), which facilitated the initiation, development, and
combination of existing microcracks and promoted the
development and combination of new microcracks. In
addition, the cracks mutually interacted, and the stress level
was high, thus resulting in high bearing capacity and high
peak stress of materials. The propagation speed of new and
old cracks remarkably increased with the increase in
loading rate. Thus, cracks ran through the aggregates
before bridging and combination. The energy dissipation
response lagged behind the loading rate responses [34-36].

Thus, the growth strength of the concrete specimens
decreased to some extent.

The numerical values of the peak stress of concrete
specimens processed under high temperatures and different
loading rates and their variation laws relative to those of
specimens processed under room temperature were
analyzed to determine the influences of thermal injuries on
the relationship between the compression strength of
concrete materials and loading rate (Tab. 2).

Table 2 Change rate of the peak stress of concrete specimens processed under different temperatures and different loading rates compared with that of specimens
processed under 20 °C

Loading rate 20 °C 400 °C 600 °C 800 °C

(m/s) Peak stress (MPa) | Peak stress (MPa) | Change rate % | Peak stress (MPa) | Change rate % | Peak stress (MPa) | Change rate %
8.6 55.8 57.3 2.69 54.2 —2.86 42.9 —23.12
14.2 70.6 74.4 5.38 70.5 —0.14 54.3 —23.09
18.4 90.7 95.1 4.85 85.7 -5.51 55.5 —38.81
20 91 108 18.68 86 -5.49 55.5 —39.01
25 91.9 109 18.61 85.3 -7.18 54.5 —40.70
30 91.7 108 17.78 83 -9.49 53.4 —41.77
50 89 102 14.61 74.5 -16.29 49.8 —44.04
100 85.5 88.3 3.27 63.9 —25.26 46.5 —45.61
110 82.9 85.1 2.65 62.9 —24.13 42.6 —48.61

The peak stress of the concrete specimen processed at
400 °C under all loading rates was higher than that of the
specimen processed under room temperature. The highest
growth was close to 20% in the loading rate range of 20-50
m/s. The peak stress of the concrete specimen processed at
600 °C under all loading rates was lower than that of the
specimen processed under room temperature. The
maximum growth reached 25% with the increase in loading
rate. The peak stress of the concrete specimen processed at
800 °C was 50% lower than that of the specimen processed
under room temperature. In particular, the peak stress at
110 m/s was lower than that at 8.6 m/s mainly because the
incompletely hydrated ingredients in the concrete materials
were further hydrated before 400 °C, which increased the
material strength [37]. However, calcium hydroxides
produced from the hydration of cements decomposed and
were dehydrated after 600 °C, accompanied with the
decomposition of magnesium carbonate and calcium
carbonate of dolomite and calcite in the aggregates. The
aggregates lost their stability. The concrete surface was
damaged and peeled off under a high temperature, resulting
in serious damage. Many microcracks and internal defects
were produced by such a weakening effect of thermal
injuries, and the cement matrix and coarse aggregates
weakened. These conditions can remarkably influence the
strengthening effect of loading rate. In particular, the
strengthening effect remarkably decreased under an
ultrahigh loading rate (>25 m/s).

5 CONCLUSIONS

Uniaxial testing and numerical simulation of concrete
materials processed at high temperatures were conducted
to determine the variation law of peak stress under all
feasible loading rates (10-110 m/s) in the SHPB system.
Several major conclusions were obtained.

(1) The coupled effects of the weakening of thermal
injury and strengthening of loading rate (10-20 m/s) on

peak stress were determined through an experimental study.

The two-peak phenomenon of stress-strain curves under
compression loads was analyzed in terms of material
failure and aggregate distribution.

(2) Through a numerical simulation analysis, the
fragmentation degree of concrete specimens increased with
the increase in heating temperature and loading rate.
Material failure diffused from the centre to the edges.

(3) The numerical simulation of concrete specimens
processed under different temperatures and at an ultrahigh
loading rate (20 -110 m/s) demonstrated that the peak stress
and loading rate initially increased then decreased. The
close relationship between the weakening effect of thermal
injury and loading rate was revealed.

In this study, the influencing law of high temperature
and all feasible loading rates on the compression strength
of concrete materials was investigated through testing and
numerical simulation. The fragmentation characteristics of
concrete materials were discussed. The research
conclusions can provide theoretical references for the
design of the ultimate strength of concrete materials for
practical applications. Future studies can perform tests and
numerical simulations in consideration of confining
pressure.
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