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ABSTRACT 

Thin ferrocement plates reinforced with various types of expanded steel meshes were developed 
mth high strength, crack resistance, high ductihly and energy absorption properties whlch might 
be useful for dynamic applications. Five series of plates were casted and tested under four different 
loading condibons. The dynamic responses such as: frequency, mode shape and damping factor 
were extensively investigated using FFT analyw. The experimental analysis and finite element 
technique were utilized to study the effect of network configurations and boundruy fixations on 
dynamic characteristics. 
In additioq the investigated composite plates were tested in the high frequency range (up to120 
kHA throueh ultrasonic attenuation technique. For this purpose, an experimental setup was .--- , -- c. 

designed and constructed to measure dynahc elastic modulus, phase velocity and damping 
attenuation. The effect of mesh-layer debonding on the dynamic characteristics (natural frequency 
and damping ratio) was investigated. Damage was detected using vibration measurements and 
identified by comparing signals in higher frequency ranges before and after damage. 
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1. INTRODUCTION modulus of rupture. In addition, because the specific 
. . .  surface of reinforcement of ferrocement is one to two 

Ferrocement is a type of thin wall reinforced orders of magnirude highir than that of reinforced 
concrete commonly constructed. of hydtaulic cement 

, concrete, bond forces develop with the 
mortar reinforced with cloSly spaced layers of resulting in average crack spacing and width more 
continuous and relatively s d l  size wire mesh [I]. In , 

, than . one order of magnitude smaller than in 
its role as a thin reinforced concrete product and as a ' conventional reinforced concrete 12-31, 
laminated cement-based composite, ferrocement has appding features of include ease of 
found itself in numerous appliqitions bothin new prefabrication and low cost and 
stNcNes and repair and rehabi1itation of existing 

, repair, Based on the aforementioned advantages, the 
structures. Conipared with- the conventional typical applications of ferrocement include water 
reinforced concrete, f e ~ v m e s t  isreinforced in two tanks, boats, housing wall panel, roof, formwork and 
directions; therefore, it has homogen~us-isotopic , [4-61, 
propeities in two directions. Be&ting h r n  its The renaissance of ferrocement in reoent two 
usually high reinforcemerit ' ratio, ferrocement decades has led to the ACI design guideli+ w ~ u i d e  
generally has a high tensile' strength and a high 

. . . . . , 
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for the Design, Construction, and Repair of 
Ferrocement"[7], and publications such as "Ferro- 
cement Design, Techniques, and Application"(81 and 
"Ferrocement and Laminated Cementitious 
Composites"[9], which provide comprehensive 
understanding and detailed design method of 
contemporaIy ferrocement. However, the rapid 
development in reinforcing meshes and matrix design 
requires continuous research to characterize the new 
material and improve the overall performance of 
ferrocement. Thus far steel meshes have been the 
primary mesh reinforcement for ferrocement, but 
recently fiber reinforced plastic (FRP) meshes were 
introduced in ferrocement as an promising alternative 
to steel meshes [lo-141. Compared with steel, FRF' 
materials possess some remarkable features such as 
lightweight, high tensile strength and inherent 
corrosion resistance. However, unlike steel that has 
an elastic-plastic stress-strain relationship, FRP 
materials behave elastically up to failure, thus do not 
yield and lack ductility. 

Investigation of the dynamic behavior of 
ferrocement composites plates in the literature is 
rarely available. However, limited studies were 
carried out on reinforced concrete structures 
subjected to dynamic loads ( e g  bridge) to 
characterize their dynamic behavior for the purpose 
of fault diagnosis. Here are some examples: 

~ a l a k ,  W. [15], conducted full-scale forced- 
vibration tests before and after structural repairs on a 
multi span reinforced concrete highway bridge. The 
tests were conducted to study any correlation 
between repair works and changes in the dynamic 
characteristics of the bridge. Comparison of the mode 
shapes before and after repairs using modal analysis 
procedures was found to give an indication of the 
repair. The bridge response was measured using 
accelerometers and the modal parameters were 
extracted from the frequency response function. The 
result of this study showed that damping ratio could 
not be used as an indicator for damage. 

Koh and Ray [16], used mode shapes and natural 
frequencies for model updating method. The finite 
element model updating process modifies parameters 
in the global stiffness or mass matrix to reproduce the 
measured modal data. Thus, local perturbation of 
parameters in the global stiffness or mass matrix 
indicates damage location. 

Richardson 1171, focused on the determination of 
the functional relationship between variations in the 
mass, stiffness, damping and the variations in the 
model properties of the structure. This function could 
be in a simple form in case of small changes to 
detect, locate and quantify structural faults by 
monitoring frequency and damping only. The 
complete sensitivity function for mass stiffness and 
damping also the validity of the stiffness sensitivity 

for small changes were verified using a 3 DOF 
numerical example [18]. 

In the present work, modal testing is performed 
using accelerometers and data acquisition system to 
measure structure dynamic response. Collected data 
are used through some signal processing analysis to 
extract the dynamic parameters. On the other hand, 
the theoretical models are fine tuned to simulate the 
existing structure. These tuned fine models are used 
to form a data base for structure dynamic behavior 
under different boundary conditions. 

This research covers the application of two 
different techniques, namely, mechanical excitation 
and ultrasonic to characterize the dynamic behavior 
of the investigated composite plates made from 
ferrocement. The scope of research covers the 
numerical simulation and experimental verification. 

2. MODAL ANALYSIS USING THE FINITE 
ELEMENT METHOD 

A typical composite ferrocement plates of 
dimensions (150 x 150 x 10) mm with various 
boundary conditions, C-F-F-F, C-S-F-F, C-C-F-F and 
C-C-C-C along the edges of plate are modeled using 
the finite element method where C clamped, S simply 
supported, F free. The equivalent elastic modulus 
and density of ferrocement composite are computed 
also, different open mesh, various volume fraction 
and boundary conditions are employed. A mesh of 
20x20 elements, eight node brick elements are 
utilized in the analysis and as shown in Fig. 1. 
The stiffness matrix of the element can be then 

formulated as [19]: 

[Kl= t IBIT PI Dl d~ dy (1) 

Where, I is the thickness of ferrocement plate, p ]  is 
strain matrix and [Dlis the elasticity matrix of 
ferrocement plate, which can be computed according 
to Ref. 1201. 

Consequently, the mass matrix of element can be 
formulated [19] as: 

Where, p is the density of the equivalent composite 
plate with various mesh type, [Nl is the matrix of 
shape function. , Ref. [21]. 
The eigen-frequency can be then evaluated from the 
solution of the characteristic equation for composite 
plate given by: 

I[Kl- 4 ~ l l [ V l =  101 (3) 
The eigenvalues and mode shapes are computed uses 
the F.M soft ware package ANSYS (Version 5.4). 
Initially, the plates were modeled in order to get a 
first estimation of the undamped natural frequencies 
and mode shapes utilizing finite elements type 
SOLID65. 

336 Engineering Research Journal, Minoufiya University, Vol. 30, No. 3, July 2007 



M A .  El-Sissy, A. A .Hamad& Y. ~.'shaeen, "Dynamic Behavior OfFerrocement Plates" 1 . , 

Fig. 1 Finite element model for ferrocement plate 

were computed for different mesh types and 
boundary fixations and are listed in Table (1). 

3. EXPERIMENTAL PROCEDURE 

3.1 Materials Preparation 
The experimental pmgram was designed to 

investigate the effect of reinforced steel mesh 
configurations and boundary conditions on the 
dynamic behavior of ferrocement plates. Five 
different patterns of mesh reinforcements were used. 
Different materials were used to produce the plates 
(150 x 150 x 10) mm including: mortar, steel 
meshes, silica fume, super-plasticizer, fly ash and 
polypropylene fibers. The experimental details were 
described elsewhere [21]. 

. . 
. . . , i 

3.2 lkquency Response Fuirctibn . . specimen was lmted in a test rig a@ excited by an I 

i The experimental set up, , used in :the present; ; Impact hammer "type 8202", which resembles an I 
work, was described in detailsbefore [21] where, the;" ordimly hammer but has a force transducer type i 

I .. - , . . i 
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The material properties: were then entered in the 
program, and the coristraint impmed to s@ulate a 
type of fixation. The. oUm'efical results using E M  , . 

 able (1) values of the fifst fivk &e@e&in HZ for ferrocement plates under four different boundary 
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'8200' built into its tip to register the force input. The 
hammer was used to excite the specimen at the mid- 
p in t  position. The charge amplifier type '2635' was 
used to generate the signal from the hammer to the 
dual channel analyzer type '2034'. The vibration 
response was registered by a suitable piezoelectric 
accelerometer (type '4374' its weight '2.4 grams'). 
The vibration meter (type 2511) was utilized in 
connection with the accelerometer to generate the 
signal to the dual channel analyzer (type 2034). The 
frequency response spectrum was recorded and 

printed. A sample of the recorded responses is shown 
in Fig. (2). 

The frequency and damping factor measurements 
for the fundamental frequency and associated 
damping factor were camed out for each specimen. 
The experimental results were taken as an average of 
five measurements of each. The damping factor (5) of 
a particular resonance was calculated from the width 
of the resonance peak in the magnitude of the (FRF). 
The experimental measurements of frequency, 
amplitude and damping factor are listed in Table (2). 

Fig. 2 A sample of frequency response function and coherence function for ferrocement plate (A-type, C-C-F-E) 

Table (2) Values of fundamental frequency m), amplitude (dB) and damping factor for ferrocement plates 
tested under four different boundary conditions* (experimental results). 
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3.3 Damage Identification Using Structural 
Dynamic Analysis 
To study the effect of mesh-layer debonding on the 
vibration characteristics of ferrocement plates, the 
plates were provided with debonding lengths: 10,20, 
30, 40, 50 & 60 mm by inserting aluminum foils of 
various sizes on the upper surface of the reinforcing 
mesh. Figure (3) depicts the configuration of the 
experimental set-up for vibration testing of cracked 
plate. The fundamental fresuency of cracked plate 
was recorded and compared with those for 
noncracked plate, The input parameters were crack 
length and plate type. The crack location was kept 
fixed at mid-line of the tested plate. 

Impact hammer 
8202 

Accelerometer 9 T V  
Sigoal conditioner 

Fig. 3 Configuration of experimental set-up for 
damage detection 

3.4 Ultrasonic Measurements 
Ultrasonic measurements for internal friction (Q") 
and phase velocity (Cp) were based on the 
application of nlagmtosttiction phenomena [23]. 
Figure (4), shows the basic system used for these 

measurements while the recorded signal echo is 
schematically shown in Fig. (5). 
The first part of the echo including the cross-wer, is 
the direct return of the transmitted signal, whilst the 
second part, the decrement, is the exponential 
retransmission of the energy stored. The number of 
oscillations to the cross over is a function of the line 
(wire) cmss-section and the properties of resonating 
material. The parameters shown in this figure are 
used to calculate, absolutely, the internal friction 
according to the following equation [23]: 

Qc - AO+AwZX -- 
QM AO-Aw 

(4) 

Where Qc and Qm are coupling and material Q- 
values respectively. 

m Ln[21(1- X)] 
and - = 

Oc l-X 
( 5 )  - 

Internal friction values were calculated with standard 
variation (*0.0019). The longitudinal resonant modes 
of vibration of each tested composite specimen were 
excited by cementing it with the remote end of the 
delay line (wire lm long and lmm dia. made entirely 
from nickel) of the system. The companding 
resonance frequencies were detected. For a 
specimen of length L(m), vibrating at ~ t s  natural 
frequency f*), the phase velocity C, (mlsec) is 
related to this resonance frequency by [23]. 

C , = 2 L f / n  (6) 

The most accurate dynamic Young's modulus ED) 
usually follows from determining ultrasonic phase 
velocity (q) as using the general relationship 1241. 

Fig. 4 Set-up of ultmsonic measuring system and the resultant echo 
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A- steady state amplitude 
& initial amplitude 
N number of oscillations to cross-over 

Fig.5 Schematic diagram of the resultant echo-pattern displayed in the magnetostractive delay-line system 

Fig. 5 Variations of fundamental frequency with amplitude a), and with damping factor b), for various bun* 
conditions and mesh configurations 

4. RESULTS AND DISCUSSION 

The resonant frequencies, mode shapes and 
damping factors of square fenocement composite 
plates have been measured and analyzed for different 
mesh configurations and boundarY fixations. The 
measured and con~puted values of the frequencies are 
given in Table 1. Comparisons between the 
experimental and numerical results of the frequencies 
indicate good agreements. Table 2 shows the 
variation of fundamental frequencies, amplitude and 
damping factor for different mesh configurations at 
the same plate thickness .It can be seen that the 
damping factor of plate A is relatively high compared 
with the other. This is due to the maximum dissipated 
energy at this mesh reinforcement. Also, it can be 
noticed that the damping factor of plain plate is 
relatively low compared with the other due to the 
small stifmess value for this case of bulk material. As 
expected, the measured frequencies are inversely 
propodonal to damping factor as shown in Fig.5. 

In general, the damping factor in composite 
materials is relatively high relative to bulk materials. 
It is di&cult to control the value by variation of the 
mass and stiffness. From Fig.5, it can be noticed that 
minimum values of the damping factor occur in the 
case of clamped [CCCC] plates with different types 
of mesh configuration. In all boundaly conditions, it 
is observed that the damping factor is small for mesh 
type p] compared with other reinforced type. This 
explained by the fact that mesh reinforcements are 
expected to increase the plate stiffness and result in 
less energy dissipation. In view of the state of 
fixation, it is observed that the effect of the degree of 
constraints is dominant on values of natural 
frequency and damping factor compared with the 
variation of the open mesh type. 

Fig (6) shows mode shape for a few selected 
cases of tested plates for different boundaly 
conditions. Determination of the natural frequencies 
and mode shapes of a vibrating structure is an 
important aspect from the stand point of view of the 
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. . 

structure dyna&c behavior. The natural frequency measurements. A group of natural frequencies can be 
gives information about resoriaace avoidin? for recognized that represent the dynamic characteristics 
certain loadingconditiori~. Mode shape, on the other of the noncracked plate; that the natural frequencies 
hand, gives indication about the vibration level at in this group decrease p r ~ p o r t i ~ d l y  until a critical 
each position o f  the structure. One of the most debonding extend (= 20 mm ) is reached. The 
important parameters from designer's point of view damping ratio in this group shows an increase, while 

. is the location of nodes and ijntinodes. The nodes are the natural fkqueucy decreases. Beyond this critical' 
the positions at which the vibration vanishes, the debonding extent, another . group of frequencies 
maximuin stresses induced at these nodes. While the decreases which ' represents the dynamic 
antinodes are ' the positions at which maximum characteristics of the damaged plate. The damping 
vibration level occurs. ratios in this group increase noticeably beyond the 
In Table 3, the natural frequencies and damping ' critical debonding extent 
ratios for the cracked D-plate under cantilever 
fixation are set out based on the dynamic . . 

. . 

Fig 6 M& &@s f&g.fe* S e l ~ , & s e ~ & t e s t e d  plates for di~~erentboundaty conditions 
. . . . . . .  . . . . . . .  ' . ' I , .  , , .  . ,  ,. . ' . . . .  . . .  . . . . . . . . .  , . 

fixation 

.... . . .  . . . , . . . . .  . . .  4.1 Ultrasonic.ReJnlts . : . ,  :. . . . :homogeneity, cracks etc. This explains the lower Cp- 
The ultrasonic phase vei&$prbpagatini k i the  . values for,,the dummy compared with the composites 

specimen (Cp), '&e dynank el'&& modules .Ed as : . plates by' h o s t  50 46. Such attribution could explain 
well as the internal &ictiqn:(Q(p;l)'for the first two . the high (Fd) -values for cdmposite compared with 
echoes are &en i n f i g ,  0. It .is clear that the dummy by almost 70%. ~ e ~ a r d i n g  internal friction 
ultrasonic wave pfopagatin& in p h i  specimea is values, Fig. (7) shows that the composite plates have 
attenuated by various factoF.ma@ly voids, lack of . high Q-1 values compared with the dummy plates. 

, , , '  
. . . . 
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Let us try to offer an explanation for the 
improved damping for the composite plate based on 
arguments other than defectology. The composite 
plates consist of steel mesh sandwiches within more 
layer and so can be considered as viscoelastic 
material, i.e. posses both elastic and viscous 
properties. Thus some of the energy stored in a 
viscoelastic system is recovered upon removal of the 
load, and the remainder is dissipated by the material 
in the form of heat, resistance. So when the 
composite plate is subjected to ultrasonic energy, the 
mesh layer begins to slide resulting in a shearing 
action compared to mahix material. The pattern does 
more than just bond the mesh to the matrix; it also 
provides the mechanisms that create the damping 
effects as these shear strains are converted to heat 
energy within viscoelastic material. The dependence 
of Q-1 values on steel mesh configuration is further 
observed from Fig.(7). From which, plate A has the 
higher Q-1 values compared with plate D. In 
ferrocement composites, two kinds of interfaces: 
strongly bonded interface and weakly bonded 
interface, can be identified. For a strongly bonded 
interface (case- D), it is assumed that bonding 
between metal mesh is strong enough-to.resist.slid@g 
between matrix and reinfordent..  When ' the 
interface is weakly bonded, sliding at the interface is 
more likely to occur. Interfaces between different 
phases in multicomponent material system (the case 
of the present work), may offer various possibilities 
for vibration energy dissipation. Poorly bonded 
interfaces are generally expected to increase damping 
through friction or columbic sliding mecbanisms. 

The data shown in Fig.(7), strongly support the 
idea that the stiffer materials (high Ed-values) could 
have a higher internal friction. In this regard, steel 
mesh configurations (volume fraction of fiber, open 
mesh area, wire diameter .... ) have a specific 
contribution to keep both stiffness and damping at 
high levels. However, to quantify the specific weight 
of these parameters on damping necessitates further 
experimentation. In our opinion, this step will be of 
special interest and will open a new important area 
for ferrocement composite structure in dynamic 
fields. 

5. CONCLUSION 
The dynamic behavior of ferrocement plates 
reinforced with various steel mesh configurations 
was investigated experimentally and numerically 
under different boundary conditions. The 
experimental techniques were employed , namely 
,hammering excitation for law frequency ranges and 
ultrasonic attenuation for high frequency ranges( up 
to 120 kHz). The following conclusions were arrived 
at: 

1. The dynamic characteristics of FC plates differ 
considering depending on mesh configurations 
and boundary conditions .There for FC structures 
may be tailored for specified modal parameters 
and nodes positions to satisfy certain operations 
conditions. 

2. The numerical results from FEM indicate good 
agreement with those obtained from modal 
analysis .However, it is recommended to use fmer 
mesh for the numerical FEM considering more 
nodes of vibration. 

3. Damping of the investigated composites is 
relatively higher than those un-reinforced by 
almost five times. Also, the larger.the open mesh 
area (type D-SO%), the. lower was damping 
capacity compared withtype A (68%). I. 

4. The positions of the nodes and antinodes are 
shifted for FC plates compared with the plain 
ones. 

5. Damage identification based on FRF can 
accurately determine the extent of the damage 
from n a W  frequency and damping ratios. 

6. In the high frequency range (ultrasonic data), the 
reinforced plates have higher stiffness and 
damping compared with the un-reinforced plates. 
In this regad  steel mesh configurations 
(volume fraction of fibers, open mesh area, wire 
diameter,..) have their specific contributions to 
keep both stiffness and damping at high levels 
.However , further experimentations one required 
to quantii) the specific weight of those 
parameters on ultrasonic data. 

5 .  

4 - 

Ultraronic 3. 
values 2 .  

1 - 
0 - 
Ed ~10~lMIPa C ~ X ~ O ~  m/sec Qi' Qil 

Ultrasonic properties 

Fig.7 Experimental data from ultrasonic measurements 
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