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Abstract: In order to explore the impact compression performance of aluminum oxide fiber concrete,
the impact compression test of aluminum oxide fiber concrete with different contents is carried out by
using the split Hopkinson pressure bar (SHPB) comprehensive test system with a diameter of 100 mm.
Our intent was to explore the influence law of different contents of aluminum oxide fiber on the
impact compression performance of concrete matrixes, and to optimize and establish a constitutive
model based on damage theory and stress residue. The results show that adding alumina short-cut
fiber to concrete changes its mechanical properties of impact compression to a certain extent. When
the volume content of fiber is 0.2%, the characteristics of strength, deformation, and energy are the
best, and the excess aluminum oxide fiber reduces the original performance due to agglomeration and
other factors; the strength characteristics, peak deformation characteristics, and energy characteristics
of aluminum oxide fiber concrete are significantly affected by strain rate and impact velocity. Based
on the Zhu-Wang-Tang non-linear viscoelastic model (ZWT model), the complexity coefficient is
optimized and the residual stress term is added to construct the prediction model of aluminum oxide
fiber concrete. The parameters in the model have a good prediction effect on the stress-strain curve
under different strain rates.

Keywords: aluminum oxide fiber-reinforced concrete; split Hopkinson pressure bar (SHPB); impact
compression mechanical properties; constitutive relationship; Zhu-Wang-Tang non-linear viscoelastic
model (ZWT model)

1. Introduction
1.1. Research Background

As a kind of multipurpose composite material, concrete is widely used because of its
easy access, low price, and advantages of good mechanical strength and high plasticity
in structure and engineering [1–3]. However, due to the main bonding effect of cement
hydration products, its inherent weakness is that the whole is nearly brittle and easy to
crack [4,5]. In order to solve this problem, to improve the crack prone defects of concrete,
researchers add fibers into the concrete matrix to improve the performance of each phase
of concrete [6,7]. At present, the research on the incorporation of fibers into concrete
has been quite mature. The more commonly used fibers include steel fiber [8,9], carbon
fiber [10,11], basalt fiber [12,13], and organic fiber [14,15]; these fibers have greatly improved
the performance of concrete.

Shi [16] studied the cracking problem of hybrid fiber concrete with basalt fiber and
organic fiber in terms of compressive strength. Pourbaba [17] and others compared the
compressive performance of concrete with the age of concrete as the main starting point.
Orouji and Bakar [18–20] and others conducted an in-depth analysis and exploration of
various indexes of glass fiber-reinforced concrete and carbon fiber-reinforced concrete from
many aspects of flexural strength.
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As a new material, aluminum oxide fiber is mainly used to increase the high tempera-
ture resistance and wear resistance of ceramic matrixes and metal matrixes, while there is
little research on its application in concrete matrixes. Krishnaveni et al. [21,22] selected the
nano material, alumina, that is the most added to concrete, and explored the problem of
filling cracks in concrete with alumina on a nano scale. Xiong et al. [23] used nano alumina
as the modified material of foaming agent to explore the mechanical strength and durability
of concrete under different foaming agents. Shokravi et al. [24] took alumina additive as
the main variable in a concrete test to study the mechanical properties of concrete and
related properties of the concrete mixing process to a certain extent. It was found that nano
alumina and alumina powder are the main forms of alumina-type materials to improve the
performance of concrete, and there are few studies on the modification of aluminum oxide
fiber to the concrete matrix.

The constitutive relation is an expression of the properties of concrete. The proper-
ties of concrete under different modification conditions, different service environments,
different load types, and duration will change under the action of individual or coupling.
Liao et al. [25] established the relationship of ion diffusion in concrete with sulfate erosion
as the main environmental variable. Zhao, Z. and other researchers [26,27] constructed
the constitutive relationship of modified concrete under two stress states of compression
and tension, took the crack and stress of fiber-reinforced concrete as the main component
object, and established a relevant model according to elastic theory. Gao, F. et al. [28]
established relevant models for the anti-penetration effect of modified concrete. The model
was built with state formulas and concrete, nonlinear criterion, and verified the penetration
theoretical model with a variety of parameters.

1.2. Research Significance

In the field of fiber-modified concrete, at present, a large number of studies mainly
focus on quasi-static tests at a low strain rate, while there are relatively few tests at a high
strain rate. Taking a concrete building structure as an example, during its service period,
static load is the main load type of concrete, but in order to ensure the normal use of
concrete structures, a variety of sudden factors need to be taken into account. War and
natural disaster factors will produce dynamic loads on concrete structures. It is necessary
to improve the damage resistance of concrete under dynamic loads, protect personnel
safety, and prevent property losses. Exploring the action law of alumina fiber under
dynamic load in concrete matrixes, carrying out corresponding tests, and constructing an
impact compression constitutive model of alumina fiber concrete can enrich the theoretical
research basis of modified concrete and provide more materials for building structures in
the process of resisting impact load. By observing the impact resistance of alumina fiber to
concrete structures, optimizing and improving the original basic model, and establishing
an impact compression constitutive model of alumina fiber concrete, we hope to contribute
significantly to research in this field.

1.3. Research Program

The research plan adopted in this paper is to take 8 mm as the basic length of aluminum
oxide fiber added into concrete, and select different fiber contents (0.1, 0.2%, 0.3%, 0.4% and
0.5%) as the independent variables of this test. Six test groups were set up: plain concrete
specimen PCCY test group (without fiber mixed), 1ACCY (fiber volume content is 0.1%),
2ACCY (fiber volume content is 0.2%), 3ACCY (fiber volume content is 0.3%), 4ACCY
(fiber volume content is 0.4%), and 5ACCY (fiber volume content is 0.5%), respectively. A
low strain rate quasi-static test and a high strain rate impact compression test were carried
out for these six test groups. The test results and the shape of the specimen after crushing
are discussed and analyzed, and a dynamic constitutive model of residual stress based on
damage is established to verify and supplement the test results.
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2. Materials and Methods
2.1. Raw Materials

In this test, the material used to prepare concrete specimens is 42.5R P·O Port-
land cement, manufactured by Henan Kehui cement group, with specific surface area of
358 m2/kg, a density of 3.14 g/cm3, and a fineness of: (80 µm sieve residue) 4.3%. River
sand produced by Chongqing Yuhong building materials is selected, with fineness modulus
of 2.60, apparent density of 2640 kg/m3, bulk density of 1430 kg/m3, and mud content
of 0.9%. The gravel used shall be configured according to the proportion of large gravel
accounting for 70% and small gravel accounting for 30%. The correlation between the two
kinds of gravel can be seen in Table 1.

Table 1. Physical properties of crushed stone.

Apparent
Density/kg·m−3

Packing
Density/kg·m−3

Particle
Gradation/mm

Moisture
Content/%

Sediment
Percentage/%

Crushing
Value/%

Large size gravel 2720 1700 12~22 mm 0 0.2 7.5
Small size gravel 2630 1540 5~12 mm 0 0.3 7.9

Conventional aluminum oxide fibers are mostly in the form of soft cotton wadding.
The length of fibers is variable, and they are gathered into clusters. When they are mixed
into concrete, the concrete will be weakened, because the fibers cannot be dispersed.
Therefore, the aluminum oxide fiber in this paper is 312,900 d Nextel aluminum oxide fiber
produced by 3 M company in the United States. The alumina content of the fiber is 75%, the
silica content is 25%, and the monofilament diameter is 5.26 µm. The elongation at break of
monofilament is 5.75%, and the density is 3.21/cm3. After preparation, the specimen was
100 mm in diameter and 50 mm in height (as shown in Figure 1). In order to eliminate the
influence of the uneven surface of the specimen, the surface of the specimen was polished.

Figure 1. Raw materials for specimen production and samples after curing (a) 312,900 D Nextel
alumina fiber; (b) aluminum oxide fiber-reinforced concrete.

2.2. Test Equipment and Method

The split Hopkinson pressure bar (SHPB) experimental system (as shown in Figure 2)
is composed of main rod equipment, kinetic energy supply equipment A, system control
equipment B, and data acquisition equipment C. The relationship between each piece of
equipment is shown in Figure 3. Structure 1 is a rod base structure used to fix the whole
rod, acting as the “foundation” of the whole test system. Structure 2 is the launcher used to
power the bullet. Structure 3 is the firing barrel, which is used to give the bullet a certain
sliding distance and control the firing speed. Structure 4 is the pressure relief port, which
releases the pressure of the bullet at the end of the barrel. Structure 5 is the bullet speed
tester, which is used to record the bullet speed. Structures 6, 7, and 8 are bullet, incident
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bar, and strain gauge and shaping equipment, respectively. Structure 9 is a protective box,
used to protect the safety of testing personnel and instruments in the specimen impact
process, and to collect the projected debris. Structures 10, 11, 12, and 13 are test specimens,
transmission rod, movable support, and absorption rod, respectively. Structure 14 is an
energy dissipation structure, which is used to unload the kinetic energy generated by the
absorption rod.

The specific operation steps of impact compression test are shown in Figure 4.

Figure 2. 100 mm diameter SHPB test device.

Figure 3. Schematic diagram of each component of SHPB test device.

Figure 4. Flow chart of SHPB installation for impact compression test.
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Substitute the strain collected during the test into Formula (1)
•
ε(t) = c

LS
[ε I(t)− εR(t)− εT(t)]

ε(T) = c
LS

∫ T
0 [ε I(t)− εR(t)− εT(t)]dt

σ(t) = A
2AS

E[ε I(t) + εR(t) + εT(t)]

(1)

The meaning of each item in Formula (1) is: the data collected through this test are
εI(t), εR(t), εT (T), which is the strain collected by the incident rod, reflection rod, and
transmission rod, respectively. E, A, As, and Ls are the fixed values measured before the
test, which are the Young’s modulus of the member, the cross-sectional area of the member,
the area of the concrete impacted surface, and the thickness of the concrete test. C is the
propagation velocity of stress wave in the rod.

3. Results

The crushing morphology of each specimen after impact compression is shown in
Figure 5. The impact failure mode of the specimen has a strong relationship with the strain
rate and impact speed. In order to facilitate the classification of the crushing mode of the
specimen after the impact compression test, with reference to the actual crushing situation,
the following four situations are given to summarize the crushing mode of the specimen,
and the simplified results are sorted into the table. The simplified results are specifically
expressed as follows:

1. After the specimen is impacted and compressed, the inner core can be found out
obviously, and the contact surface between the inner core and the incident projection
rod remains flat, which basically retains the morphological characteristics of the
central part of the specimen, and the volume is the largest in the broken block.

2. The crushed block of the specimen after impact compression test is large, there are
many connections between the original aggregate and the cement stone, and the
volume after crushing is larger than that of the original coarse aggregate.

3. After the impact compression test, the broken block of the specimen is small, there
is little connection between aggregate and cement stone or some fragments are not
connected, and they are completely separated from the cement stone.

4. After being impacted and compressed, the specimen has more powdery materials, and
the excessive impact speed leads to the crushing of cement stone and some aggregates
with low strength.

The difference between the four cases is mainly affected by two factors: one is the
velocity of the bullet in the process of impact compression, which is a reflection of the
energy transmitted to the specimen in the process of impact. The second is the performance
of the specimen itself. As a multiphase composite material, the performance of concrete
in the test is closely related to many units of the concrete matrix itself. Each unit in the
concrete used in this paper will have a certain degree of test deviation due to the influence
of material differences and uncertainty in the process of manufacturing and curing, but the
overall trend remains stable. Therefore, under the condition that impact velocity and strain
rate are similar, the main reason for the difference in concrete impact compression failure
mode is that different contents of aluminum oxide fiber has an influence on the concrete
matrix failure mode.

The crushing grades of each specimen after impact are shown in Table 2. Taking strain
rate and impact velocity as the main research objective, the following conclusions can be
drawn from the transverse comparison of the crushing conditions of the specimens in each
test group: the morphologies of the ACCY specimen group mixed with aluminum oxide
fiber and the PCCY specimen group without fiber after crushing are significantly affected
by strain rate and impact velocity, which can be analyzed from the four cases of specimen
crushing. This view is confirmed by the large difference in crushing morphology under the
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condition of the same test group and a small difference in crushing morphology under the
condition of similar strain rate and similar impact speed.

Figure 5. Breakage of specimen after impact compression.

Taking the content of aluminum oxide fiber as the main research objective, the crushing
conditions of the specimens in each test group are compared longitudinally. The crushing
morphology of the specimens can be changed to a certain extent after adding aluminum
oxide fiber. The specific characteristics are as follows: in the PCCY specimen group without
fiber, when the strain rate is 97.6 s−1 and the impact speed is 9.07 m/s, the specimens
change from a larger crushing volume to smaller crushing block volume. By increasing the
amount of fiber, 1ACCY was similar to PCCY at similar strain rate and impact speed, but
there was no obvious difference. The 2ACCY test group had a smaller fragment volume
when the strain rate was 113.97 s−1 and the impact speed was 10.05 m/s, which was better
than the PCCY test group at a higher strain rate and impact speed. When the content of
aluminum oxide fiber continues to increase, the crushing shape of the 3ACCY test group
is the most similar to that of the PCCY test group. During the impact compression test,
the basic shape and volume of the inner core of the specimen under a low strain rate and
impact speed are basically consistent with the size of the broken pieces of the specimen
under a high strain rate and impact speed. There are some differences between the 4ACCY
and 5ACCY test groups and the other test groups. During impact compression, the inner
core of the two groups of specimens is not complete under a low strain rate and impact
speed, and the crushing condition is obviously more serious compared with the PCCY test
group under a different strain rate and impact speed.
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Table 2. Breakage grade of specimen after impact compression.

PCCY

Impact velocity 6.04 m/s 7.11 m/s 7.93 m/s 9.07 m/s 10.03 m/s

Strain rate 60.20 s−1 69.55 s−1 83.98 s−1 97.60 s−1 115.13 s−1

Broken level 1 2 3 3 4

1ACCY

Impact velocity 6.02 m/s 7.06 m/s 8.10 m/s 8.99 m/s 10.09 m/s

Strain rate 70.67 s−1 81.67 s−1 91.05 s−1 98.87 s−1 114.79 s−1

Broken level 1 2 2 3 4

2ACCY

Impact velocity 6.07 m/s 7.05 m/s 8.00 m/s 9.14 m/s 10.05 m/s

Strain rate 66.23 s−1 83.87 s−1 93.88 s−1 98.57 s−1 113.97 s−1

Broken level 1 2 3 2 4

3ACCY

Impact velocity 5.98 m/s 7.03 m/s 8.02 m/s 9.09 m/s 9.94 m/s

Strain rate 82.92 s−1 93.37 s−1 100.34 s−1 105.21 s−1 109.39 s−1

Broken level 1 2 3 3 4

4ACCY

Impact velocity 5.99 m/s 7.01 m/s 7.93 m/s 8.95 m/s 10.07 m/s

Strain rate 63.51 s−1 84.80 s−1 90.03 s−1 101.11 s−1 106.54 s−1

Broken level 1 2 3 3 3

5ACCY

Impact velocity 6.07 m/s 6.98 m/s 8.02 m/s 8.91 m/s 9.96 m/s

Strain rate 59.66 s−1 69.04 s−1 85.78 s−1 95.90 s−1 104.08 s−1

Broken level 2 3 3 4 4

3.1. Dynamic Stress-Strain Curve

The stress-strain curves of aluminum oxide fiber concrete with different fiber contents
and different impact compression speeds can be obtained by putting the data collected
in the process of impact compression into Formula (1). The stress-strain curve is the
representation data of the impact compression test and the full angle embodiment of the
impact compression capacity of aluminum oxide fiber concrete under different dependent
variable conditions. The stress-strain curves of each test group are shown in Figure 6.

According to the stress-strain curves of each group of specimens, the stress-strain
curves of the PCCY and ACCY test groups are compared horizontally, and the basic shape
is indented “sawtooth”. The stress-strain curve of a single specimen and the horizontal axis
of the coordinate form a quasi triangle with a rounded top angle.

Figure 6. Cont.
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Figure 6. Stress-strain curves of each specimen (a) PCCY; (b) 1ACCY; (c) 2ACCY; (d) 3ACCY;
(e) 4ACCY; (f) 5ACCY.

Under impact compression load, the stress-strain curve of each group of specimens
can be divided into enhanced compaction stage, stable elastic stage, critical plastic stage,
and failure fragmentation stage. The analyses of each stage are as follows:

(1) When the specimen is in the enhanced compaction stage, the compression degree of
the incident bar to the specimen is small. Due to the original pores and cracks caused
by the manufacturing process and its own hydration, the compressed volume of the
incident bar becomes smaller, and the concrete around the pores continues to replace
its original space. In the stress-strain curve, the stress increases slowly and the slope
of the curve increases continuously in the initial compaction stage, when the void
space inside the specimen is completely occupied by concrete, the slope of the curve
reaches the extreme value.

(2) When the specimen is in the stable elastic stage, the compression degree of the incident
rod to the specimen continues to improve. At this time, due to the reduction in pores,
the composite multiphase specimen establishes a stable structure among aggregate,
cement-based, and fiber in the one-dimensional stress process to jointly bear the load.
At this time, the stress continues to increase, and the slope of the curve maintains a
certain degree of dynamic stability, basically following Hooke’s law.

(3) When the specimen is in the critical plastic stage, the incident rod transfers most of
the energy to the specimen. At this time, the bonding of all materials in the specimen
reaches the limit, and the internal structure slides greatly, the aluminum oxide fiber in
the concrete and the concrete matrix plays the role of crack resistance. At this time,
the stress growth gradually slows down and approaches the maximum value. The
strain curve shows an obvious yield platform and has a certain moderation.

(4) When the specimen is in the stage of destruction and fragmentation, the incident
rod transmits all the energy to the specimen. At this time, the components in the
composite multiphase specimen have been separated, and the original fibers closely
bonded to the concrete matrix begin to pull out and break. In the stress-strain curve,
the stress decreases sharply. At this time, the strain reaches the maximum and the
specimen is damaged by impact compression.

The impact compression test results of each group of specimens after treatment are
shown in Table 3.
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Table 3. Impact compression test results of concrete specimens.

Serial Number Impact Speed
(m/s)

.
ε

(s−1)
fc,d

(Mpa)
εp

(×10−3)
εu

(×10−3) Id
c

IT
(kJ/m3)

PCCY

6.02 60.20 67.32 6.90 17.19 1.21 610.0

7.06 69.55 77.12 8.73 19.80 1.38 829.6

8.10 83.98 86.93 9.90 21.49 1.46 1044.2

8.99 97.60 91.50 8.60 26.05 1.57 1302.7

10.09 115.13 100.00 8.73 30.35 1.67 1660.5

1ACCY

6.07 70.67 76.22 6.84 22.88 1.32 910.6

7.05 81.67 86.56 8.68 24.84 1.49 1153.5

8.00 91.05 91.73 10.79 27.65 1.57 1329.5

9.14 98.87 98.83 9.96 29.05 1.65 1784.7

10.05 114.79 105.29 10.67 32.98 1.76 1711.2

2ACCY

5.98 66.23 87.08 7.65 20.73 1.25 946.3

7.03 83.87 98.40 8.39 23.19 1.40 1199.7

8.02 93.88 104.05 8.51 25.17 1.51 1382.1

9.09 98.57 109.04 9.87 27.63 1.58 1618.3

9.94 113.97 116.06 9.13 35.04 1.64 2088.5

3ACCY

5.99 67.16 82.92 7.67 18.15 1.18 777.2

7.01 87.76 93.37 8.33 24.01 1.28 1044.6

7.93 98.86 100.34 8.99 27.27 1.38 1382.7

8.95 110.66 105.21 10.04 29.88 1.49 1521.8

10.07 116.98 109.39 10.70 31.97 1.59 1693.6

4ACCY

6.07 63.51 74.52 6.28 17.24 1.12 712.1

6.98 84.80 80.97 6.88 19.91 1.28 890.1

8.02 90.03 87.34 7.36 24.25 1.33 1089.9

8.91 101.11 94.35 7.84 26.78 1.39 1315.7

9.96 106.54 100.38 8.17 29.80 1.56 1511.6

5ACCY

6.07 59.66 66.10 4.65 14.57 1.12 452.5

6.98 69.04 75.63 5.40 16.69 1.28 660.9

8.02 85.78 78.41 6.36 19.56 1.33 801.9

8.91 95.90 81.79 6.69 25.31 1.39 1038.6

9.96 104.08 91.85 7.55 28.39 1.56 1389.8

The meanings of parameters in Figure 7 and Table 3 are as follows:
.
ε is strain rate,

fc,d is dynamic compressive strength, εp is peak strain, εu is ultimate strain, Id
c is dynamic

strength growth factor, and IT is impact toughness.



Appl. Sci. 2022, 12, 4909 10 of 19

Figure 7. Performance of concrete specimen (a) fc,d; (b) Id
c ; (c) IT; (d) εp; (e) εu.

3.2. Strength Characteristic Analysis

The PCCY test group and ACCY test group are compared with each other. Under the
condition of similar impact speeds and approximate strain rates, the addition of aluminum
oxide fiber will have an impact on the dynamic compressive strength of the specimen. Based
on the PCCY test group, the increase or decrease in the dynamic compressive strength of
the specimen mainly depends on the amount of fiber. The results of linear fitting between
dynamic compressive strength and strain rate are shown in Formula (2), which can be
obtained from Figure 2. In Formula (2), there is a quadratic function relationship between
the fiber content and the dynamic compressive strength of the specimen. The peak point
appears in the 2ACCY test group with the fiber content of 0.2%. When the strain rate is
65 ± 5 s−1, the strength increases by 29.31%. When aluminum oxide fiber is added in
excess, the fiber content is negatively correlated with the overall compressive strength.
Compared with the PCCY test group under the condition of similar impact speeds and
approximate strain rates, the dynamic compressive strength of the 4ACCY test group and
the 5ACCY test group is lower than that of the PCCY test group. For example, when the
strain rate is 110 ± 5 s−1, the dynamic compressive strength is weakened by 7.82% and
9.56%, respectively. Compared with the best static compressive strength test group, the
effect of fiber on the improvement of dynamic compressive strength is more significant.
The appropriate amount of fiber will increase the value of strength growth factor. This
kind of situation is mainly due to the difference in the strengthening effects of fiber on
concrete matrix materials under different load types. Under the influence of fiber, the
growth rate of static compressive strength is slower than that of dynamic compressive
strength. The difference between the two is another expression of strength growth factor.
However, there is no significant correlation between the increasing rate of strength growth
factor of each group of specimens, that is, the slope of the fitting curve in Formula (3), and
the fiber content.
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PCCY : fc,d = 36.0560 + 0.5688
.
ε (R2 = 0.9521)

1ACCY : fc,d = 31.5628 + 0.6581
.
ε (R2 = 0.9964)

2ACCY : fc,d = 46.5679 + 0.6172
.
ε (R2 = 0.9702)

3ACCY : fc,d = 47.4656 + 0.5274
.
ε (R2 = 0.9974)

4ACCY : fc,d = 36.0560 + 0.5688
.
ε (R2 = 0.9521)

5ACCY : fc,d = 33.8856 + 0.4809
.
ε (R2 = 0.8611)

(2)



PCCY : Id
c = 0.5973 + 0.0095

.
ε (R2 = 0.9501)

1ACCY : Id
c = 0.5098 + 0.0103

.
ε (R2 = 0.9597)

2ACCY : Id
c = 0.7045 + 0.0093

.
ε (R2 = 0.9899)

3ACCY : Id
c = 0.7238 + 0.0078

.
ε (R2 = 0.9950)

4ACCY : Id
c = 0.5473 + 0.0093

.
ε (R2 = 0.9076)

5ACCY : Id
c = 0.6508 + 0.0082

.
ε (R2 = 0.8686)

(3)

3.3. Energy Characteristic Analysis

The relationship between impact toughness and strain rate of PCCY and ACCY test
pieces is shown in the Figure 7. The following conclusions can be drawn: the impact
toughness of the PCCY test piece group and the ACCY test piece group is closely related
to strain rate and impact velocity, and the addition of aluminum oxide fiber also changes
the impact toughness of the test piece. An exception to this is that the impact toughness
of the 1ACCY test piece decreases slightly under a high strain rate and impact velocity;
for example, at 98.87 s−1 and 8.99 m/s, it decreased from 1784.7 kJ/m3 to 1711.2 kJ/m3 at
114.79 s−1 and 10.09 m/s, respectively. Other test groups showed that the strain rate level
changed from low to high, and the impact toughness was significantly improved.

In order to better understand the relationship between dynamic elastic modulus
and strain rate, the relationship between strain rate and dynamic elastic modulus of
specimens in the PCCY and ACCY test groups is linearly fitted. See Formula (3) for specific
treatment results.

Under a similar strain rate and impact velocity, an appropriate amount of aluminum
oxide fiber gives the concrete matrix additional impact toughness. The overall impact
toughness is composed of two parts: the toughness provided by aluminum oxide fiber and
the toughness provided by the concrete matrix. Aluminum oxide fiber is used to replace
the concrete matrix in an appropriate amount, so that the fiber is pulled from the concrete
matrix by external force during the impact process, and part of the toughness provided by
the concrete matrix is replaced in this process. For example, the impact toughness of the
2ACCY test group is better than that of the PCCY test group. From the fitting data, it can be
found that adding an appropriate amount of aluminum oxide fiber improves the growth
rate of impact toughness. In Formula (3), the slope of 2PCCY is higher than that of other test
groups. The impact of aluminum oxide fiber with higher content on impact toughness is
basically consistent with the situation of high content in the strength characteristics section
of this paper. 

PCCY : IT = −502.11 + 18.659
.
ε (R2 = 0.9956)

1ACCY : IT = −464.38 + 20.154
.
ε (R2 = 0.7816)

2ACCY : IT = −732.63 + 23.872
.
ε (R2 = 0.9286)

3ACCY : IT = −500.01 + 18.528
.
ε (R2 = 0.9712)

4ACCY : IT = −531.92 + 18.339
.
ε (R2 = 0.8929)

5ACCY : IT = −694.13 + 18.854
.
ε (R2 = 0.9015)

(4)
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3.4. Energy Characteristic Analysis

The peak strain of each group of specimens is the abscissa value, corresponding to the
highest point in the stress-strain curve. It is the strain at the beginning of failure after the
specimen exceeds the critical value of the linear stage in the process of impact compression.
If the applied impact compression load is suddenly unloaded at this time, the specimen
cannot return to the original linear change shape, and the maximum compressive effect
is expressed to the outside world. It can be seen from the figure that when the strain rate
of each component group is lower than 95 s−1 and the impact speed is less than 9 m/s,
the peak strain increases with the increase in strain rate and impact speed. When the
strain rate is higher than 95 s−1 and the impact speed is greater than 9 m/s, the group of
3ACCY, 4ACCY, and 5ACCY still follows the above increasing law. The peak strain of the
PCCY, 1ACCY, and 2ACCY specimen groups shows test values different from the above
law. Although the overall trend is increasing, the peak strain in individual test groups
shows variation. In order to analyze the relationship between peak strain and strain rate,
they are linearly fitted, and the fitting condition is poor, R2 values are lower than 0.5, and
the solid is omitted.

The ultimate strain of the specimen is another denaturation feature of the impact
compression process. The regularity of the ultimate strain is more obvious than that of the
peak strain, and is strongly affected by the strain rate and impact velocity. Taking the PCCY
specimen group as an example, when its strain rate is 60.32 s−1, the ultimate strain is only
17.19 × 10−3. When the strain rate increases and the ultimate strain of the same test group
increases by 76.56% to 30.35 × 10−3, it can be concluded that the ultimate strain is sensitive
to the changes in impact velocity and strain rate.

The addition of aluminum oxide fiber will affect the ultimate strain of the specimen.
When the strain rate is in the range of 60 s−1 to 100 s−1 and the impact velocity is in the
range of 6 m/s to 9 m/s, the ultimate strain of 1ACCY specimen group is higher than
that of other specimen groups. Compared with the PCCY test group, the ultimate strain
increases by 33.10%, 25.45%, 28.66%, and 11.51%, respectively, in the four approximate
sections of strain rate from 60 to 100; when the strain rate is 100 ± 5 s−1 and the impact
velocity is approximately 10 ± 0.5 m/s, the ultimate strain of the 2ACCY test group is
higher than that of other test groups.

4. Model Construction Based on Damage and Residual Stress

As a material formed by a combination of multiple materials, aluminum oxide fiber
concrete is formed by a cement stone which is wrapped and united with other materials by
the action of “glue”. Zhu-Wang-Tang non-linear viscoelastic model (ZWT model) [29] is a
constitutive model based on nonlinear theory with a wide application range of strain rate;
as shown in Figure 8, the model better describes the behavior of cement-based, rock, and
other media in a certain range. The specific expression is as follows:

σ = σf x + σnt1 + σnt2

σf x = E f xεs(t) + αεs(t)
2 + βεs(t)

3

σnt1 = Ent1
∫ t

0
•
εs(t) exp( τ−t

θnt1
)dτ

σnt2 = Ent2
∫ t

0
•
εs(t) exp( τ−t

θnt2
)dτ

(5)

In the Formula (5): σf x represents nonlinear elastomer, the first unit of the elastomer
composition model; σnt1σnt2 is a viscoelastic body, which is used to describe the behavior
of low and high strain rates, respectively, and constitutes the second and third units of
the model. E f x is the elastic constant; Ent1 and Ent2 are linear elastic moduli; α and β are
material parameters; θnt1 and θnt2 are the reaction characteristic time of the sticky pot in
the viscoelastic body.
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Figure 8. ZWT model.

In this model, α and β in part σf x are constant values. In order to solve the problem that
the nonlinear elastic part is difficult to calculate and to simplify the difficulty of calculation,
the maintenance time of impact compression in this test is between 10−6 s and 10−5 s, and
part αεs(t)

2 + βεs(t)
3 of non-linear elastomer that fails to react in time and the part under

the low strain rate are ignored. The final optimized ZWT model is shown in the Figure 9.

Figure 9. Concept diagram of optimized model.

After simplifying and integrating the optimized Formula (5), it is sorted out as follows:
σxt = E f xεs(t) + Ent1εs(t)

σnt2 = θnt2Ent2
•
εs(t)− −θnt2

•
εs(t)

√
θnt2Ent2 exp εs(t)

σ = σxt + σnt2

(6)

Based on the experimental analysis, the addition of alumina fiber has a significant
strengthening effect on concrete, and its overall stress-strain curve has an obvious tendency
of defect damage being suppressed. The defect damage coefficient is incorporated into the
model, and the expression of the damage model is as follows:

SS = 1− exp[− (εs(t)− εth)
q

p
] (7)

In the Formula (7), p and q are the parameters to be solved, respectively; εth is the
critical strain, when the strain exceeds this range, damage will occur; otherwise, it is
assumed that its integrity is good; εth is the final value of the linear elastic stage; 0.8 εp is
for easy calculation.

After adding the damage coefficient, the original formula becomes:

σss = (1− SS)σ (8)

After impact compression, the stress-strain curve of the specimen at the end of the
test does not directly contact with the coordinate axis, so it can be judged that there is still
residual stress, so it is expressed as follows:

σz = (1− SS)σ + SS·Yal (9)
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In Formula (9), Yal is the part of stress borne by alumina fiber at the damaged site.
By combining the above types:

σz(t) = exp[− (εs(t)− εth)
q

p
] ∗ [(E f x + Ent1)εs(t) + θnt2Ent2

•
εs(t)− −θnt2

•
εs(t)

√
θnt2Ent2 exp εs(t)] + {1− exp[− (εs(t)− εth)

q

p
]Yal} (10)

In Formula (10), the sum values of E f x and Ent1 are substituted into the overall
calculation, and E f x + Ent1 = Eh is given to facilitate calculation. Therefore, this model
needs to be fitted with a total of 6 unknowns, which are p, q, Eh, Ent2, θnt2, Yal , respectively.
The statistical analysis of optimization model parameters under different strain rates and
alumina fiber contents is shown in Table 4.

Table 4. Fitting results of impact compression test.

Testing Program .
ε εth p q Eh Ent2 θnt2 Yal

PCCY

60.20 5.52 5.68 0.92 107.28 −90.05 −404.64 79.40

69.55 6.98 3.40 1.06 723.76 21.05 3.92 10.32

83.98 7.92 5.22 1.14 74.25 −76.25 16.78 10.44

97.60 6.88 3.02 0.92 0.09 −1.90 −0.01 30.95

115.13 6.98 12.31 0.97 617.86 33.92 90.27 126.49

1ACCY

70.67 5.47 3.23 1.00 195.23 −98.10 24.87 44.24

81.67 6.94 4.85 1.08 965.22 64.30 −84.73 31.38

91.05 8.63 3.92 0.83 −2.82 17.32 0.02 4.11

98.87 7.97 14.07 0.83 792.60 9.48 9.09 86.47

114.79 8.54 13.32 1.65 900.00 −3.19 −87.47 −10.23

2ACCY

66.23 6.12 6.34 1.12 36.16 −17.33 −151.36 105.51

83.87 6.71 43.73 1.75 434.89 51.19 95.52 −28.76

93.88 6.81 14.14 1.75 157.26 40.58 −7.53 −18.96

98.57 7.90 4.97 1.60 137.22 −19.68 −118.58 −15.71

113.97 7.30 4.43 0.97 95.52 94.69 −20.94 12.13

3ACCY

67.16 6.14 3.54 1.12 110.50 7.82 −94.71 −0.28

87.76 6.66 3.53 1.12 300.20 −2.86 88.19 −0.29

98.86 7.19 4.16 1.05 577.63 4.95 −58.28 −0.32

110.66 8.03 5.17 1.09 326.62 23.67 −73.23 −0.46

116.98 8.56 5.35 1.07 262.97 −66.73 126.69 −0.41

4ACCY

63.51 5.02 3.24 1.59 403.80 418.67 −51.08 15.19

84.80 5.50 0.65 0.71 505.23 −92.35 4.05 84.05

90.03 5.89 8.70 0.99 732.38 47.14 102.07 31.47

101.11 6.27 4.23 1.03 450.45 52.27 77.78 −0.21

106.54 6.54 14.88 1.54 110.42 7.03 −18.54 −13.12

5ACCY

59.66 3.72 8.59 1.43 327.36 49.64 164.21 2.15

69.04 4.32 6.42 1.28 184.68 55.71 63.99 5.57

85.78 5.09 2.95 1.03 442.97 42.03 −63.40 −0.10

95.90 5.35 3.09 0.96 125.43 56.97 29.64 −0.07

104.08 6.04 4.15 0.98 276.95 −73.65 82.51 0.40
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So far, the prediction model of aluminum oxide fiber-reinforced concrete under differ-
ent strain rates has been constructed. The compressive strength obtained by the prediction
model is compared with the actual measured compressive strength (as shown in Figure 10).
About 80% of the prediction results in the prediction model in this paper have a small
deviation from the actual curve, which is basically close to the actual curve. The overall
fitting effect is good, and the overall curve shape basically conforms to the shape of the
stress-strain curve measured in this test. Generally speaking, it better reflects the change
trend of stress-strain curve of the reinforced compaction stage, the stable elastic stage, the
critical plastic stage and the failure fragmentation stage under the initial pore compression
of concrete specimens under the condition of a high strain rate. In this model, the residual
stress term is introduced to optimize the model, which better fits the scenario in which
there is still a small amount of stress after impact compression crushing in the test. How-
ever, some simulation results still have a certain deviation from the actual measurement
results. The subsequent model optimization of residual stress after impact compression
still needs to be further improved to make the constitutive model more consistent with the
actual situation.
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5. Discussion

The addition of aluminum oxide fiber can change the properties of concrete specimens.
The crushing shape after impact compression is similar to that of the impact compression
test and the static compression test. Under the appropriate content (the content of aluminum
oxide fiber is 0.02%), the effect of light crushing shape can be achieved. Under the same
conditions, the original crushing shape of concrete is nearly brittle, with small blocks.
After being strengthened by the performance of aluminum oxide fiber on the matrix,
the crushing shape changes to approach plastic adhesive large block failure. Compared
with other admixtures and plain concrete, the static compressive strength and impact
compressive strength of aluminum oxide fiber-reinforced concrete have great advantages,
namely, that the energy absorption capacity and ultimate deformation capacity increase
significantly. The excessive addition of fiber will aggravate the crushing of the concrete
specimen itself (the content of aluminum oxide fiber is more than 0.04%), the powdery
material gradually increases, the separation of specimen fragments is more serious, the
original nearly brittle broken block becomes easier to crush, and the powdery material
with a smaller particle size appears. At the same time, the complete inner core of the
specimen still breaks even under low strain rate and low impact speed. At this dosage,
the performance of the specimen is even lower than that of plain concrete. The reason is
due to the defects caused by the agglomeration formed by the incomplete dispersion of
fibers in the concrete matrix. Aluminum oxide fiber-reinforced concrete is greatly affected
by strain rate and impact velocity. The stress-strain curves of the PCCY and ACCY test
groups are affected by the strain rate. Under the condition of strain rate, the peak value
of the stress-strain curve moves a large distance upward and a short distance to the right;
the end point of the stress-strain curve moves a large distance to the right, but there is no
obvious change in high and low degrees.

The strength characteristics, ultimate deformation characteristics, energy absorption
characteristics, and the changing law of macro crushing morphology generally conform
to the premise that the higher the strain rate, the greater the impact speed, the better the
performance of the specimens, the more intense the crushing state of the specimens, and
the better the general conformity to the impact inertia constraint.

The tests carried out in this paper are a quasi-static test under a low strain rate and
a dynamic test under a high strain rate. Both bear the load in a single direction. Under
the quasi-static state, the strain rate is 10−5 s−1, the load is applied slowly, the specimen
has enough time to deform and transfer energy, and there is no lag in this process; in the
impact compression test, the strain rate can reach 100 s−1, and the deformation time of the
specimen lags behind the impact time. In this case, as shown in the Figure 11, the dotted
line in the impact compression outlines the shape of the original specimen, which begins to



Appl. Sci. 2022, 12, 4909 17 of 19

deform after impact, and the outside of the fiber concrete block at the edge of the specimen
is not constrained. Therefore, the volume change is less obstructed when deformation
occurs, and the concrete in the central block of the specimen is compressed inward in
the impact direction. When expanding in the direction perpendicular to the impact, it
is blocked by other concrete blocks, so the effects of strain rate and impact velocity are
significant.

Figure 11. Specimen changes during impact compression.

6. Conclusions

In this paper, aluminum oxide fiber-reinforced concrete with different contents is
prepared, and the static compression test and impact compression test are carried out. Based
on the damage and residual stress modification, the impact compression constitutive model
of aluminum oxide fiber-reinforced concrete is established. The main conclusions are:

1. The addition of aluminum oxide fiber will have an impact on the impact compression
performance and static compression performance of the concrete matrix. In order to
determine the fiber length, finding the appropriate amount of aluminum oxide fiber
will improve performance. In this paper, the best amount of aluminum oxide fiber is
0.2%, and excessive addition of fiber will reduce the performance of concrete.

2. The strength, deformation, and energy characteristics of aluminum oxide fiber con-
crete show significant strain rate and impact velocity effects, and the influence of
strain rate and impact velocity on concrete is stronger than that of fiber on concrete.

3. The strength characteristics, ultimate deformation characteristics, and energy charac-
teristics of aluminum oxide fiber have a significant rate effect, and the relationship
between them is positive; the integrity of the specimen after crushing is negatively
correlated with the strain rate and impact velocity.

4. The optimized ZWT model based on damage and stress residue can better describe
the stress-strain curve of aluminum oxide fiber-reinforced concrete under different
strain rates, so as to realize the functional prediction. However, this type of material
is only analyzed from the perspective of uniaxial impact compression. Therefore, it is
necessary to further explore impact compression performance under complex biaxial
and triaxial conditions and optimize the constitutive theoretical model.
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