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Abstract 

Based on a series of experimental and theoretical analyses for a concrete target 
penetrated by a projectile, a 4-stage model of crater-forming is presented in 
which the forming process of a crater is divided into 4 stages. Based on the 
Normal Expansion Theory, the analytical expressions of resistant forces on the 
projectile are given. Through analysing tensile fracture and considering 
dynamical cracks bifurcation and propagation, the sizes of craters are calculated. 
They are in good agreement with the test results.  
Keywords:   crater, concrete target, penetration, projectile. 

1 Introduction 

Many efforts have been made in the past 100 years to predict the dynamic 
characteristic of a projectile impacting, penetrating, perforating and damaging a 
concrete target [1–4], but a few are about the formation of a crater on the front 
surface of the target. When a concrete target plate with brittle material behavior 
is penetrated by a projectile, an unavoidable crater on its front surface will occur. 
The sizes of the crater depend usually on the striking velocity, the shape and 
sizes of projectile nose, and the mechanical behavior of the concrete material. 
The forming process of a crater is the initial sub-process among the entire 
penetration process. It is very difficult to analyze in mechanics. On one hand, the 
forming process of a crater is an important sub-process of the total penetration 
process. On the other hand, the formation of crater is too complex to accurately 
evaluate by general analytical or numerical methods. Up to now, the principle of 
crater-forming has not been well explained. The expressed formula of resistant 
forces of target on the projectile in this sub-process has not been analytically 
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obtained. Based on some post-test observations of soil and concrete target [4, 5], 
Forrestal et al. [3] gave an approximate empirical resistant force model during 
the crater process. Forrestal et al. pointed out that, the cavity after penetration is 
a conical region with length about two projectile shank diameter, followed by a 
circular cylinder with diameter nearly equal to the projectile shank diameter. But 
they didn’t answer how the crater is formed. To understand how the crater is 
formed, how great the crater is, and which parameters it concerns, it is very 
necessary and important to study the principle of the crater forming. 
     Based on a series of experimental and theoretical analyses (including contact 
and crack mechanics) of a concrete target penetrated by a projectile, a 4-stage 
model of crater-forming is presented, in which the forming process of a crater is 
divided into 4 stages. The first stage is elastic contact stage, during which the 
concrete target undergoes the elastic deformation under the pressure of rigid 
projectile nose. The second stage is the radial fracture stage during which a series 
of circumferential cracks are formed and grow on the free surface of concrete 
target. At the same time, in front region of the nose tip, many crossed cracks are 
formed, and near the surface of the projectile nose, the concrete medium will be 
crushed. The third stage is the circumferential fracture stage during which a 
series of radial cracks are formed and grow so that many crossed cracks (crack 
group) are formed near the free surface of target, which result in many 
fragments. Under the pressure of projectile nose with high striking velocity, 
these fragments are thrown out. At the same time, the crushed medium near the 
surface of projectile nose will be expanded. The crossed cracks in front of the 
nose tip of projectile will grow so that a crack nucleation is formed. The fourth 
stage is the crater-forming stage during which both the crossed cracks near the 
free surface of target and the crack nucleation grow so rapidly as to encounter 
each other to form the crater. 

2 Principle of crater-forming based on the force analyses in 
theory    

During the penetration of nose tip of projectile into the semi-infinite concrete 
target, the medium near the surface of projectile nose will be crushed. The 
stresses distribution of the medium far from the projectile nose is equivalent to 
that caused by a concentrated compressive force load. When a concentrated 
compressive load is applied on the free surface of semi-infinite body, the stress 
distributions are shown in Fig.1. From Fig.1, the following phenomena can be 
seen. 1). Radial stresses shown in Fig.1a are tensile both near the free surface 
and near the symmetrical axis, but are compressive in other regions.                  
2). Circumferential stresses shown in Fig.1b are tensile only in the region near 
the symmetrical axis, but are compressive in other regions including the free 
surface. 3). Axial stresses shown in Fig.1c are compressive in all the regions. 
One of the most obvious behaviors of concrete material is that the tensile 
strength is much smaller than its compressive strength. Therefore the cause of 
crater-forming is thought of as the tensile fractures. During the first stage, that is, 
the initial penetration, the applied force between the target and the projectile is 
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relatively small, the concrete material is subject to the elastic deformation. With 
the growth of the force between target and projectile, the compressive stresses 
near the nose tip of the projectile increase so rapidly as to reach the compressive 
strength and to crush the medium in this region. At the same time, the 
circumferential cracks start occurring in the medium near the free surface (not 
only near the nose of projectile, but also far from it). A series of conical tubes are 
formed because of the radial stress beyond the tensile strength. This is the second 
stage. During the second stage, the medium near the symmetrical axis is also 
fractured by both the action of radial and circumferential tensile stresses. Many 
crossed cracks are formed. With the incessant growth of the mutual interactive 
force, the crack regions are incessantly widened (propagated). With the deeper 
penetration of projectile, by the action of radial expansive pressure of projectile 
nose, the circumferential stresses of formed conical tubes will reach the level of 
tensile strength to form a series of radial cracks. This is the third stage. During 
this stage, the crossed cracks in front of nose tip of projectile incessantly grow to 
form a crack nucleation. Up to now, two crack group regions are formed. One is 
near to the free surface of target. The other is near to the symmetrical axis. On 
both boundary surfaces of crack regions there are many crack tips. For dynamic 
fracture of a brittle concrete material, one of the peculiar behaviors is that the 
cracks tend to branch out (bifurcate) in order to decrease the overall energy of 
the system at a certain velocity. These bifurcations grow toward the weak 
regions and result in the encounter of the two cracks regions to form a crater. A 
schematic crater formation is shown in Fig.2. The fractured medium in the crater 
is thrown out in the form of fragments due to the lateral velocity of projectile 
nose surface. 
 

  
                      (a)                                     (b)                                        (c) 

Figure 1: The distributions of stresses of a semi-infinite body by pressure of a 
concentrated force. 

3 The resistant forces during the crater penetration 

According to the Normal Expansion Theory (NET) [6–10], the resistant forces 
applied on the projectile nose are mainly composed of two portions. One comes 
from the strength effect. The other comes from the inertia effect. The strength 
implies the compressive strength under hydrostatic pressures. The inertia implies 
the mass increasing of the responding medium with acceleration. 
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During the first elastic stage, based on the solutions of contact mechanics, the 
pressure P can be expressed as 

3
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                                            (1) 

where E  is Young’s modulus of the target material, R is the radius of nose tip 
of the projectile, µ is Poisson’s ratio of the target material, x is the depth of 
penetration. 
 

 

Figure 2: The schematic crater formation. 

 
During the rest stages, the axial pressure   can be written [6, 10] as 
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m l dsρ ϕ= ∫∫ is additional mass of responding medium, cσ  is 

the compressive strength under high strain rate, ϕ is a coordinate describing the 
angle between the normal of nose surface of projectile and symmetrical axis, 

pm  is the mass of projectile, 0ρ is the density of concrete target material, *ρ  is 
the ultimate density of concrete target material, v is the instantaneous velocity of 
projectile, l is the propagating distance of the responding medium wave,  AS  is 
the curve surface portion of projectile nose which has penetrated into the target. 
     In the right hand side of equation (2), the first term is the strength term and 
the second term is the inertia term. 
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4 The estimation of the size of crater 

Near the surface of projectile nose, the concrete medium is compressed by so 
high pressure as to reach the compressive strength. The density of this region 
increases so rapidly as to reach the ultimate level, which has been discussed by 
Gao et al. [6–10]. Far from the projectile nose, the distributions are the same as 
those caused by concentrated force. In terms of the analyses in section 2, there 
are two cracks regions, one near to the free surface of target, the other near to the 
symmetrical axis.  
     The stress distributions of a semi-infinite object pressed by a concentrated 
load can be expressed as 
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where zσ , rσ and θσ are axial, radial and circumferential stresses respectively, 

P is the concentrated load, r is the radial coordinate,ϕ is the angular 
coordinate, µ is Poisson’s ratio of the concrete material. 
     Near to the free surface, the radial stress is tensile stress. It can be written as 
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whereb is the radial distance. 
     Near to the symmetrical axis, the circumferential stress can be written as 
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where a is the axial distance. In the axis, the radial stress is equal to the 
circumferential stress. Both are tensile. 
     According to the analyses of crack formation mentioned above, whether 
radial stress rσ or circumferential stress θσ reach the level of tensile strength 

tσ of the target material, some cracks will be formed. Near the free surface, 
because of a non-restrained boundary, all the cracks will be easy to grow. 
Whereas, near the symmetrical axis, because of the restraint of compressive 
stress around the crack region, not all cracks can grow, but only the cracks 
whose tensile stress reaches a new level can grow to form a nucleation. This new 
stress level can be written as tkσ , where ( > 1 )k is a parameter of forming 
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crack nucleation.  Substituting r tσ σ= and tkθσ σ= into equation (4) and (5), 
yields 
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where α is called crater angle.  
     From equation (8), it can be obviously seen that, the crater angle is 
independent either of the pressure or of the tensile strength. 

5 Tests results in the shot field 

In the past three years, a series of field tests were conducted for obtaining the 
deceleration curves of a projectile penetrating concrete targets [7, 8]. At the same 
time, many geometric data have been obtained about the crater on the front 
surface and the scabbing on the rear surface of the target plates. It is obvious 
from the tests that, after penetration there is a nearly conical crater on the front 
surface of concrete target plate. 
     We conducted every test with three target plates as a combination target 
shown in Fig.4. The distance between two plates is 1 m. The diameter of the 
target plate is 1.5 m. Except the first plate in the first test whose thickness is 
300mm, all other plates have 200mm thickness. The projectile has 3.0kg mass, 
62mm shank diameter, 75mm ogive radius and 1.21 CRH (caliber-radius-head), 
shown in Fig.3. An example of the crater after penetration is shown in Fig.5 and 
Fig.6. 
 

 
Figure 3: The projectile used in the tests. 

     Some data about the sizes of craters after penetration are listed in Tab.1 where 

sv  is the striking velocity of projectile, '
cf  is unconfined compressive strength,   
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dS  is the depth of crater, cD  is the diameter of crater, sD  is the diameter of 

scabbing,  pd  is the diameter of perforated tunnel. 

 

 

Figure 4:  The combination target consisting of three concrete plates. 

 

Figure 5: The crater on the front surface crater of target plate after 
penetration.      

 

Figure 6: The size description of the crater. 
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Table 1:  Data summary about sizes of crater, scabbing and tunnel after 
penetration. 

The 
shot 
number 

sv  
(m/s) 

Target 
plate 
number 

'
cf  

Mpa 
dS  

(mm) 
cD  

(mm) 
sD  

(mm) 
pd  

(mm) 

1 45 150 550-600 460-700 100 
2 35 110 350-430 480-600 150 

 
1 

 
590 

3 30 —— —— —— —— 
1 35 100 410-570 500-520 160 

2 35 80 380-420 490-550 100 
 
2 

 
670 

 3 30 90 360-430 550-850 140 
1 35 110 410-510 450-550 140 
2 35 90 450-550 460-520 100  

3 
 

669 
3 30 90 300-450 480-610 100 
1 35 100 400-430 500 130 
2 30 90 320-440 540-620 120  

4 
 

653 
3 30 85 360-410 440-500 80 

650 1 45 150 —— 600-800 130 
 2 30 —— —— —— ——  

5  3 30 —— —— —— —— 

6 An example 

From the test results, the curve of crater angles versus different shots is shown in 
Fig.7. It can be obviously seen that the crater angles vary not obviously either 
with the striking velocities, or with the compressive strengths of material. This 
has validated the equation (8). From the statistics of test results, the mean value 
of crater angle is 24.7 0. The parameter k can be obtained as 2.36. 

 

Figure 7: The curve of crater angle vs. shot number and the mean value. 
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     As an example, the sizes of crater have been calculated. The penetrating 
projectile has 3.0kg mass, 62mm shank diameter, 75mm ogive radius and      
1.21 CRH (caliber-radius-head). The concrete target material has 3 Mpa tensile 
strength, 35 Mpa compressive strength, and 2400 kg/m3 density. For 670m/s 
striking velocity, the calculated crater diameter is 0.42m. For 653m/s striking 
velocity, the calculated crater diameter is 0.4m. They are in good agreement with 
the results from tests. 
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