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Abstract

Targets made of high-performance steel fiber-reinforced concrete (HPSFRC), which was produced by fluidized mortar, steel fibers and

casting process of mortar infiltrating and vibrating, were subject to high velocity impact of projectile and compared with those targets made

of reinforced high strength concrete (RHSC). Test results show when impacted by projectiles at high speed, the RHSC targets exhibited

smash failure, while HPSFRC targets remained intact with several radial cracks in the front faces penetrated by projectiles and some minor

cracks in the side faces. The projectiles were either embedded in or rebounded from HPSFRC targets. Relationship between the resistance

of the targets against impact and the parameters concerned was analyzed. Based on the dimensional analysis, it is possible to predict the

penetration performance in a real situation by using the test results from a simulation test. Besides, the relationship between penetration

depth in CZ targets and the dimensionless speed of projectile was built by regressing the test results. D 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Development of modern civil engineering includes an

urgent need to develop higher performance engineering

materials possessing high strength, toughness, energy ab-

sorption, durability, etc. High-performance steel fiber-rein-

forced concrete (HPSFRC), which made remarkable

advances during recent years [1,2], is an important high

performance concrete (HPC), especially in some repair work

in highway pavement, bridge deck, roof, etc. [3,4]. How-

ever, very little research work on HPSFRC behaviors when

suffering high velocity impact has been carried out so far

due mainly to its complexity and lack of effective methods.

It is much more difficult to quantitatively investigate dy-

namic properties of material than to qualitatively study static

or quasi-static properties. This paper carried out an experi-

mental and simulative investigation on two series of

HPSFRC compared with reinforced high strength concrete

(RHSC) when they were subject to high velocity impact.

It provides valuable information on the characteristics of

HPSFRC resisting impact.

2. Materials, mix proportions, and test method

2.1. Materials, mix proportions for targets

Materials used in the experimental program are as

follows:

Cement: type I Portland cement conforming to ASTM

C150-89.

Fly ash: fly ash meeting the requirement of ASTM C618.

Admixtures: water reducer (Xp-II and TMS), BC-I

retarder.

Fine aggregate: river sand with fineness modulus of 2.6.

Coarse aggregate: crushed limestone, continuous grading

with maximum size of 20 mm.

Fibers: two types of steel fibers (CZ, YL) with different

geometry were chosen, as shown in Table 1.
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The high velocity impact tests were conducted on two

series of targets. One series was the target made of

HPSFRC and the other target made of RHSC. HPSFRC

targets included two types: YL targets containing YL steel

fiber and CZ targets containing CZ steel fiber. Detailed

information on mix proportions for the targets is presented

in Table 2.

The HPSFRC targets were produced by fluidized mor-

tar, steel fibers, and the manufacturing process combined

mortar infiltration and vibration [5]. Steel fibers were pre-

placed in a mould to a certain volume fraction of its full

capacity forming fiber network. Then the fiber network

was infiltrated by read-made fluidized mortar and vibrated.

Same steps were repeated until an analogue target was

completely cast. Shape, size of the analogue targets and

the reinforcing bars arranged in RHSC targets were as

given in Fig. 1.

2.2. Test method

All the targets were conducted impact test after 28-day

curing in a condition (20 � 5°C, R.H. > 60%). The

projectile used in the impact test was armor penetration

projectile of diameter 37 mm and weight about 0.9 kg.

Shape and size of the projectile are shown in Fig. 2.

Speed of the projectile at the moment when impact

happened was measured and recorded by a photoelectric

device. A target penetrated by a projectile is shown in Fig.

2 as well. The target was confined in a rigid steel shelf

and its front face was normally to the direction in which

the projectile impacted.

3. Test results and discussion

3.1. Experimental observations

The RHSC targets were broken thoroughly into several

parts even though impacted by slower velocity projectiles

so that no test information (such as the deflection degree,

penetration depth of the projectiles) could be obtained.

RHSC targets were smash destroyed (as shown in Fig.

3(b)). However, under higher velocity projectile impact

(speed between 364.9 and 378.3 m/s) HPSFRC targets

remained intact, with radial cracks on the front faces.

Projectiles were embedded in all the YL targets and

rebounded from all the CZ targets (shown in Fig. 3(c)

and (d)).

For composite targets, the most important characteriz-

ing the response of the structure is the variety and

complexity of the damage and subsequent failure mode.

The response generated is interactions occurring between

the projectile and material structure. In other words, the

response of the composites is affected by the composite

constitutive equations, failure of constituent materials, the

interface bond between fiber and material, the stress wave

effects, and so on. Two principal effects, associated with

the response to impact, can be identified as inertial effect

of impacting bodies and the associated wave propagation

phenomenon [6]. Stress wave containing considerable

energy was produced in the targets when the targets were

impact by the projectiles at high speed. The stress wave

was reflected at interfaces and surfaces in the targets and

interacted to produce tensile stress [7]. For high strength

concrete, the tensile strength is far more less than the

compressive strength. Cracks are more prone to initiate

and propagate in RHSC targets due to the brittleness of

the material. Thus, RHSC target collapse in a smash

manner. Addition of fibers in brittle material can signifi-

cantly restraining the initiation and propagation of crack-

ing by the bridging effect and subsequently change the

failure mode from a brittle manner to a pseudo-plastic

Table 1

The steel fibers used in the experiment

Type of

steel fiber

Shape of

the fiber

Length of the

fiber (mm)

Fiber aspect

ratio

CZ Ð 31 60

YL ± 21 35

Table 2

Mix proportions and mechanical properties of the concrete for the targets

Items HPSFRC target RHSC target

Cement (kg/m3) 1062.0 328.0

Water (kg/m3) 276.1 85.3

Fine aggregates (kg/m3) 1062.0 446.1

Coarse aggregates (kg/m3) ± 1600.6

Admixture (kg/m3) Xp-II water reducer: 15.9, BC-I retarder: 2.7 TMS water reducer: 13.1

Steel fibers CZ: Vf = 7%, YL:Vf = 10% ±

Reinforcing barsa ± 6 mm @ 150 mm

Compressive strength at 28 days (MPa)b 116.1 (for CZ), 107.1 (for YL) 72.4c

Flexural strength at 28 days (MPa)b 54.6 (for CZ), 36.5 (for YL) ±

a With a reinforcing bar of 6 mm diameter and arranged with space of 150 mm.
b Compressive and flexural strength was the test results of cubic (100 � 100 � 100 mm3) and beam (100 � 100 � 400 mm3) specimens after 28-day

curing (20 � 5°C, R.H. 95%).
c The compressive strength without reinforcing bars.
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manner. From the test results, the back faces of all the

HPSFRC targets remained uncracked and there were only

some minor cracks in the side faces. Multiple layers of

steel fibers in a HPSFRC target were formed during

casting when the fibers were placed in batches in a mould.

Although precautions were taken for casting process, there

was inevitable weakness between the layers. Thus, cracks

were more easily initiated at the weakness. The cracks in

the side faces of YL targets were wider than those in CZ

targets, because the YL steel fiber were relatively short

and with smaller aspect ratio so that YL fiber generally

had more tendency of two-dimensional distribution than

CZ steel fiber. Therefore, both the producing process and

fiber geometrical characteristics had significant effect on

the behavior of HPSFRC to resist impact.

3.2. Solution based on the dimensional analysis

In order to evaluate the response of system subject to

impact loading, it is important to classify the type and

Fig. 1. HPSFRC and RHSC targets. (a) HPSFRC target. (b) RHSC target.
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regimes of loading, projectile/target interaction, and so on.

In this test, the detailed information is given in Table 3.

Behaviors of target subject to impact are very compli-

cated, depending on material factors (such as matrix proper-

ties, fiber characteristic) as well as test condition factors

(such as the mass, speed of projectiles). Due to the compli-

cated response of target subject to high velocity impact and

high cost of undertaking the full-scale impact test in a true

situation, a simulation test based on dimensional analysis,

which is especially suitable for investigating dynamic prop-

erties of material [8,9], is of practical significance.

Dimensional analysis is a method to establish relation-

ship between different quantities or variables on basis of

dimensional homogeneity. There are two kinds of dimen-

sions, i.e., the fundamental dimension and the derived

dimension. Fundamental dimensions are independent in

the sense that it is not possible to express it as a

combination of the others, while derived dimension can

be represented as power and multiplier of the fundamental

dimensions. For example, length (L), time (T), and mass

(M) are fundamental dimensions; velocity (V) is a derived

dimension and has its dimensional representation as V =

L1Tÿ1M 0 = LTÿ1.

In dimensional analysis, the p theorem (pi theorem) is of

the most practical importance. p theorem can be briefly

expressed as follows. In a physics equation with n variables

f �x1; x2; . . . ; xn� � 0 �1�
where x1, x2, . . . , xn are n variables.

If m of the n variables are the independent ones, then Eq.

(1) always can be rewritten in the form as Eq. (2)

F�p1;p2; . . . ;pnÿm� � 0 �2�
where p1, p2, . . . , pnÿm are nÿm dimensionless variables

defined in terms of the m independent variables.

For the targets subject to high velocity impact by

projectiles, the capability of resisting the penetration is of

interest. The penetration depth of projectile into the targets

could be basically expressed as a function with regard to the

following factors concerned

Lt � f �rp; rt;Ep;Et; np; nt; Yp; Yt; Lp; up;j� �3�
in which Lt is the the penetration depth of projectile into

target, rp and rt are the density of projectile and target,

respectively, Ep and Et are the modulus of elasticity of

projectile and target, respectively, np and nt are the Poisson's

ratio of projectile and target, respectively, Yp and Yt are the

yield strength of projectile and target, respectively, Lp, up,

and j are the feature size, impact speed and angle of

projectile, respectively.

There are 11 variables in Eq. (3), in which dimensions of

three qualities are r = Lÿ3T 0M1, Y = Lÿ1Tÿ2M1, and L =

L1T 0M 0. The relative exponent determinant is

ÿ3 0 1

ÿ1 ÿ2 1

1 0 0

����������

����������
� 2 6� 0:

Thus, r, Y and L are independent with each other. Eq. (3) can

be expressed by using eight dimensionless variables in

terms of the three qualities, i.e.,

Lt

Lp

� g
rp

rt

;
Ep

Yt

;
Et

Yt

; np; nt;
Yp

Yt

;
up����������
Yt=rt

p ;j

 !
: �4�

If the materials of both projectile and target are kept

unchanged in simulation test and in true condition, then six

dimensional variables related to material are constant,

therefore, Eq. (4) can be written as Eq. (5)

Fig. 2. A target impacted by a projectile. (a) A target. (b) A projectile.
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Lt

Lp

� g
up����������
Yt=rt

p ;j

 !
: �5�

Furthermore, assuming up and j in the simulation test and

true situation are the same, then up=
����������
Yt=rt

p
and j are

constant too. Thus, Eq. (6)

Lt

Lp

� �
m

� Lt

Lp

� �
r

�6�

Fig. 3. The targets before and after impact test. (a) Targets before impact test. (b) RHSC target after impact test. (c) HPSFRC target (CZ) after impact with

projectile rebounded. (d) HPSFRC target (YL) after impact with projectile imbedded.
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in which subscripts m and r represent in simulation test and

in a real situation, respectively.

It is denoted that impact effect between simulation test

and real situation is geometrically similar. If the proportion

scale in the simulation test is 1/a, then the (Lt)r can be

derived by using the test result (Lt)m, that is Eq. (7)

�Lt�r � a�Lt�m: �7�
Based on the above analysis, taking into consideration the

primary factors influencing the penetration of projectile into

Fig. 3 (continued).
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target, relationship between three dimensionless parameters

could be given as

p

Dp

� k
rp

rt

� �a
up����������
Yt=rt

p !b

�8�

where p is the depth of projectile penetration in a target,

Dp is the diameter of a projectile, and k, a, and b are

the coefficients.

In this experimental investigation, Eq. (8), with regard to

the CZ targets subject to high velocity impact was obtained

as given in Eq. (9) and Fig. 4 by regressing the results of

simulation test.

p

Dp

� 0:002421
up����������
Yt=rt

p !5:6928

�9�

In Eq. (9) and Fig. 4, the experimental data from the

simulation test are preliminary and narrow to a certain

degree. More test data with wider extension are being

undertaken in a further investigation.

4. Conclusions

From the test results and the above discussion, the

behaviors of HPSFRC to resist impact was much better

than that of RHSC. Test observations show when im-

pacted by projectiles at high speed, the RHSC targets

exhibited smash failure while all the HPSFRC targets

remain intact with several radial cracks on the front faces

and some minor cracks on the side faces. The projectiles

were either imbedded in or rebounded from HPSFRC

targets. Relationship between the resistance against impact

and the concerned parameters of the targets was analyzed.

Based on the dimensional analysis, it is possible to

predict the penetration performance in true situation by

using the test results in a simulation test. Besides, the

relationship between penetration depth in CZ targets and

the dimensionless speed of projectile was built by regres-

sing the test results, although the data were narrow to

some degree.
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Table 3

Test results of impact on the targets

Samplesa

Mass of

projectile (g)

Speed of

projectile (m/s)

Location of

impact (cm)

Angle of

penetration

Penetration

depth (cm)b

Final status of

projectile

CZ-1 901.0 368.1 OC = 15.0, OB = 19.5 a = 30° b = 114° 13.2 rebounded 5 m

CZ-2 901.5 374.8 OC = 18.0, OB = 15.5 a = 30°, b = 32° 14.7 rebounded

CZ-3 905.6 369.1 OC = 16.2, OB = 19.0 a = 23°, b = 35° 13.2 rebounded 12 m

CZ-4 904.2 378.3 OC = 17.2, OB = 16.5 a = 19°, b = 42° 15.1 rebounded 15 m

CZ-5 909.0 374.9 OC = 17.5, OB = 14.5 a = 18°, b = 30° 15.0 rebounded 3 m

YL-1 904.2 368.7 OC = 18.0, OB = 20.2 a = 18°, b = 212° 16.1 imbedded

YL-2 906.0 364.9 OC = 12.5, OB = 20.8 a = 28°, b = 126° 17.7 imbedded

RHSC-1 909.5 301.5 ± ± ± ±

RHSC-2 909.5 326.5 ± ± ± ±

RHSC-3 909.5 300.4 ± ± ± ±

RHSC-4 903.0 334.3 ± ± ± ±

RHSC-5 902.5 321.7 ± ± ± ±

a Samples CZ-1± CZ-5, YL-1, and YL-2 are the HPSFRC samples.
b Penetration depth in the direction perpendicular to the penetrated surface.

Fig. 4. Relationship between dimensionless speed of projectiles and the

penetration depth in CZ targets.
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