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ABSTRACT 
 
An investigation into the behavior of ferrocement panels subjected to missile impact is reported. Seven panel specimens 
of 750-mm square with three different thicknesses, 80-mm, 100-mm, and 120-mm were prepared. These specimens 
were divided into two series in accordance with the type of their reinforcement used. Other than thickness, parameter 
being studied includes volume fraction and scheme of reinforcement of the panels. The panel specimen was suspended 
vertically by two steel slings to allow free movement after impact and subjected to a hemispherical head of 
non-deformable type missile projectile. In this experimental investigation, only one missile impact velocity, size and 
weight was used. The results of this investigation are presented and the influence of various parameters on impact 
effects due to projectile impact discussed.  
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INTRODUCTION 
 

A plenty of studies were conducted in the past on behavior of reinforced concrete panel subjected to missile impact. 
Since an unexpected extreme load, such as an accidental aircraft crash would results in both local and in overall 
dynamic response of the target wall and the supporting structure, the studies were mostly focus on how to prevent 
excessive local damage and collapse of the target wall or its supporting structure. These include on using different types 
of wall materials, different arrangement of reinforcement of reinforced concrete wall, providing a steel plate, etc. Based 
on those studies, several methods to improve damage resistant of reinforced concrete panel acting as protective 
structures, especially used in the nuclear power plan against missile impact have been recommended. Since it has been 
known that there are two important factors that affecting the response of an element to impact loading, strength and 
ductility, the methods were mainly focus on how to improve ductility and strength of the structures when hit by missile 
or by an unexpected accidental aircraft.  

Known as a highly versatile construction material [1], and possesses high-performance characteristic, especially in 
cracking, tensile strength, ductility, and impact resistance, ferrocement could become one of an alternative material for 
many kind of applications, including probably, as part of a protective structure in the nuclear power plan against missile 
impact. As its reinforcement uniformly distributed in both longitudinal and transverse directions and closely spaced 
through the thickness of the section, ferrocement will be very effective in resisting impact effects caused by a missile 
impact. Also, the well distribution of its reinforcement might result in smaller size of damage zone and limit the size of 
concrete fragments. The later is very important because it reduce the secondary damage caused by flying concrete 
fragment.  

Several studies [2-5] on punching shear strength of ferrocement, a thin-walled composite comprising closely spaced 
layers of fine wire mesh encapsulated in a cement mortar matrix, have shown that, due to its reinforcement 
characteristics it has an incredible mechanical characteristics. Also, based on limited reports conducted in the past, it 
was observed that slabs, which were reinforced with woven wire mesh responded well when subjected to missile impact 
[6]. Therefore, the objective of this experimental study is to obtain additional basic and general behavior of ferrocement 
panels subjected to high-speed impact loading. Here, the responses of ferrocement panels to the high speed impact, 
caused by a hemisphere head of non-deformable missile projectiles were compared with a number of companion panel, 
which were reinforced with deformed steel bars. The data generated in this experiment would serve as a useful 
information for future studying on panels with more complex wire mesh reinforcement arrangement.  

 
TEST PROGRAM 
 

Table 1 shows details of the test program. In all, seven 750-mm square panels with three different thicknesses, 
80-mm, 100-mm, and 120-mm were prepared. Other than thickness, parameters being studied include type and volume 
fraction of reinforcement. The details of the test specimens are shown in Fig. 1.  

The specimens were divided into two series: RC and FR. All specimens in series RC were similarly reinforced with 
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deformed bar of 6.35-mm diameter at spacing of 100-mm. Meanwhile, in series FR, only one specimen, FR-8-16, was 
reinforced with sixteen layers of wire mesh, the other three specimens, FR-8-8, FR-10-8, and FR-12-8 were reinforced 
identically with eight layers of wire mesh. See Fig. 1 and Table 1 for details.  

 
Materials  

Galvanized welded wire mesh of 10.0-mm square opening and 1.0-mm diameter were used throughout the test 
program. Tension tests were conducted on three representative mesh samples by following the procedure suggested by 
ACI Committee 549 [7]. The average yield strength based on 0.2 percent permanent strain was found to be 250 MPa. 
Tension tests were also conducted on a number of representatives of 6.35-mm diameter deformed bars. Tests results are 
presented in Table 1.  

The mortar composition was kept constant in this investigation. Ordinary portland cement and natural sand passing 
through JIS sieve No. 2.5 (2.38 mm) were used in the ratio of 1: 3.75 by weight. The water-cement ratio used was 0.67. 
To improve workability, a superplasticizer was added at 0.05% by weight of cement. For each batch of mortar, a number 
of 100 x 200 mm2 cylinders were prepared to obtain compressive strength. The average compressive strengths of mortar 
are presented in Table 1.  

Size Thickness Compressive Tensile

(mm) (mm)
Spacing

(mm)
pw

(%)
fy

(MPa)
Grid size
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Number
of layer
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(%)
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(MPa)
 fc'

(MPa)
ft

(MPa)
RC-8 80 0.40 29 2.44

RC-10 100 0.32 34 3.13
RC-12 120 0.26 31 2.77
FR-8-8 80 8 0.39 29 2.44

FR-8-16 80 16 0.79 30 2.79
FR-10-8 100 8 0.31 34 3.13
FR-12-8 120 8 0.26 31 2.77

25010

750 × 750

450RC

Mortar strength
Series Name

Reinforcement

FR

Table 1 - Specimens detail and properties of materials
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Fig. 1 – Dimension and detail of the specimens 

 
Fabrication of Specimens 

All specimens were symmetrically reinforced across the thickness of the wall. The galvanized welded wire mesh, 
comes in 900-mm wide roll of 10-mm square opening and 1-mm wire diameter was used as reinforcement of specimens 
in series FR. The mesh was cut from the roll to the required sizes and straighten-up using a wooden hammer. Half the 
required number of the meshes of each specimen was bundled together before placed in the plywood molds with a clear 
cover of 3-mm on either face. Stain less steel pipes were used as spacer between bundled meshes. Meanwhile, each 
specimen in series RC was reinforced in both sides with identical total amount of reinforcement of companion 
specimens in Series FR. See Table – 1 for details. No shear reinforcement was provided for specimens in both series.  

The prepared cages of each specimen was placed into wooden molds and cast in vertical position. Consolidation of 
the mortar was carried out by using both external and internal vibrators. To minimize the effect of bleeding at an earlier 
stage, about 10-mm more mortar was placed on the top in excess of the specimen dimension. This excess mortar was 
removed when finishing of the top surface was done. The specimens and cylinders were then covered with damp burlap 
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to prevent moisture loss. They were stripped off the molds 7 days after casting and were air cured in the laboratory 
before testing.  
Test Setup and Instrumentation 

In this experimental investigation, a spherical head of non-deformable type projectile with a mass of about 0.5 kg 
and diameter of 45-mm was used. The projectile (See Fig. 2a) with the head and body made of steel and aluminum, 
respectively, was ejected by air pressure at velocity of about 227 m/sec, which is sufficient to model collisions by an 
aircraft. Velocity of the projectiles were measured by an electro-optical device, which consisted of two infra-red light 
emitting diodes (LED), located at a fixed distance of 0.5-m from each other, and two matching receivers. Also, a high 
speeds camera, which capable of recording about 6,000 frames per second, positioned beside the specimen was used to 
record collision behavior when approached by the missile projectile. In the present study, the recording of collision 
behavior was made only on four panel specimens: RC-8, RC-12, FR-8-8, and FR-12-8. 

The panel specimen was suspended vertically in front of the gun by two steel slings to allow free movement after 
impact (See Fig. 2b). After being impacted by the projectile missiles, the panel specimens were examined visually. 
Various measurements, such as penetration depth, dimension of damage area of both front and rear faces, and weight of 
flying concrete were taken. In this experimental study, no attempt was made to measured strain and reaction force of the 
specimens.  
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Fig. 2 – Dimension of the missile projectile and schematic impact test apparatus arrangement 

 
TEST RESULTS AND DISCUSSION 
 
General 

Except specimen RC-8, which was tested at a projectile velocity of 228 m/sec, all panels were conducted with 
identical projectile velocities of 227 m/sec. Figs. 3a and 3b, and Figs. 3c and 3d show the specimen’s rear face craters, 
and samples of typical front craters, respectively. The panel front and rear faces were evaluated according to the level of 
damages. Results of the tests are summarized in Table – 2. Note that, penetration depth was defined as the depth 
between the panel surface and the top of edge of unbroken concrete. The size of spalling, opening and scabbing on both 
faces were measured in terms of longitudinal and transverse length. Since the missile projectiles were totally covered by 
debris of flying concrete after the impact, the residual velocities were measured based on the flying concrete fragment 
observed from high-speed camera. The details of method to calculate residual velocity are available elsewhere [8].  

 

Penetration
depth

Spalling
area

Bowing
height

Spalling
area

Radial
cracking

m/sec Perforation Scabbing mm mm2 (× 102) mm mm2 (× 102) mm2 (× 102) kg m/sec
RC-8 228 | 426 | 399 625 2.00 59.8
RC-10 227 | 405 | 794 934 3.55 -
RC-12 227 83 884 | 719 985 3.80 20.7
FR-8-8 227 | 410 | 618 662 2.35 49.7
FR-8-16 227 | 181 | 517 728 1.00 -
FR-10-8 227 101 394 44 384 794 0.99 -
FR-12-8 227 65 389 27 73 1091 0.65 8.3

Table 2 - Test Results
Specimen Failure Mode Front face Rear face Residual

velocity

Weight of
flying

concrete

Missile
velocity
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    - i -           - ii -       - iii - 
a) Rear face damage of reinforced concrete specimens

 

    - i -          - ii -      - iii - 
b) Rear face damage of ferrocement specimens

 

    - iv -            - i -       - ii - 
b) Rear face damage (cont.)        c) Typical front face damage of RC specimens 
 

  - i -       - ii -          - iii -
d) Typical front face damage of FR specimens  

 
Fig. 3 – Damages of the tested specimens  
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Mode of Failure 
After a carefully examination of the type of cracking and crushing of concrete, two modes of damages were 

identified for the specimens in the present test program. As shown in Fig. 3, and also indicated in Table 2, these two 
modes of failures were: perforation and scabbing. It can be observed from this figure that the thickness of the panels 
reinforced with small diameter of wire mesh has a significant effect on not only the mode of failure, but also on the size 
of damage, particularly on the rear face of the specimen. Also, it was found that the depth of crater depend on the 
thickness the concrete cover.  

As expected, regardless of the type and amount of reinforcement employed, it was observed that thinner panel 
specimens (80-mm) failed in perforation mode. Meanwhile, with thickness of 100-mm, only specimen RC-10 failed in 
perforation mode. The companion specimens, FR-10-8, which was reinforced with wire mesh, and both RC-12 and 
FR-12-8 panels failed in scabbing mode.  
 
Effect of Panel Thickness 

It can be found from Table 2 that for the specimens in series RC, the thicker the panel the bigger the spalling and 
radial cracking areas. On the other hands, with exception of radial cracking of the rear face, specimens in series FR 
suffer less damage when panel thickness was increased. Table 2 also revealed that, as expected, the thicker the panel the 
smaller the residual velocity. This observation is true for both series RC and FR. Typical photos captured by high-speed 
camera are shown in Fig. 4. These photos were produced here from the frames taken at the same time, 4 msec. after 
impact.  

The effect of panel thicknesses can also be seen by comparing specimens FR-10-8 and FR-12-8, where as expected, 
the thicker the panel the smaller the bowing height formed on the rear face (see Table 2). The effect of panel thickness 
on the amount of flying concrete between series RC and FR is entirely different. Although the different is insignificant 
in specimens of series RC, the weight of flying concrete tend to increase with increasing thickness of the panels 
regardless of the type of the failure modes. In contras, the total weight of flying concrete of specimens in series FR 
decreased with increasing volume fraction of reinforcement and thickness.  
 

 
 

Fig. 4 – Photos captured by high-speed camera 
 
Effect of Reinforcement Scheme  

To study the effect of volume fraction of reinforcement, two specimens, FR-8-8 and FR-8-16 were prepared with 
the same thickness, 80-mm, but reinforced with different number of layer of wire mesh, 8 and 16 layers, respectively. 
Although panels FR-8-8 and FR-8-16, and panel RC-8 were reinforced with different amount and different type of 
reinforcement, no significant changes in damage resistance can be clearly observed. The damage area of panel FR-8-16 
front face is about 50 % of panels RC-8 and FR-8-8.  

Contrary to the specimens failed in perforation mode, the effect of employing smaller diameter and closely spacing 
wire mesh is obvious when specimens failed in scabbing mode. This can be seen clearly by comparing specimens 
FR-10-8 and RC-10. Based on these two specimens tested in this experimental study, which is reinforced with identical 
amount of reinforcement, it was found that not only wire mesh reinforcement prevent missile projectile from perforating 
the ferrocement panels, but it also reduced the degree of damage of rear face (see Table 2 for details).  

As shown in Table 2, the residual velocity depends on both the thickness and type of reinforcement of the specimen. 
Although the different is not so significant in thinner panels, where the residual velocity of FR-8-8 is about 83 % of 
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panel RC-8, the residual velocity of panel FR-12-8 is only 40 % of panel RC-12. Also, the amount of flying concrete 
reduced significantly (see Fig. 4). This finding again indicated clearly about advantages of employing smaller diameter 
and closely spacing wire mesh in scabbing failure mode panel as mentioned earlier. The role of membrane action after 
the impact might have contributed to an additional resisting mechanism of ferrocement panels.  
 
CONCLUSIONS  
 

The study summarized results of seven panel specimens subjected to impact of a hemispherical head of 
non-deformable missiles. The parameters investigated include thickness, and reinforcement schemes of the panels. 
From the results of the experimental investigations reported herein, the following conclusions can be drawn: 
1- Within the scope of this experimental investigation, two mode of failure are observed: perforation, and scabbing. 

The mode of failure depends on the thickness of the panel.  
2- Increasing volume fraction of reinforcement does not improve impact resistance significantly when ferrocement 

panel fail in perforation mode. It was found, however, that the spalling area is less than companion ferrocement 
panel, which was reinforced with lesser amount of mesh reinforcement.  

3- The advantages of employing smaller diameter of mesh reinforcement can clearly be seen when specimen panel fail 
in scabbing mode. It was observed that not only the missile perforation was prevented but also the damage area and 
the amount of flying concrete reduced significantly.  

4- Another advantage of employing small diameter of reinforcement is it make possible to employ thinner concrete 
cover which resulted in lesser spalling area and shallower crater of both front and rear face of scabbing type failure 
specimen.  
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