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- ABSTRACT

Thin ferrocement pIatéé reinforced with various types of expanded steel meshes were developed

_ with high strength, crack resistance, high ductility and energy absorption properties which might

be useful for dynamic applications, Five series of plates were casted and tested under four different
loading conditions. ‘The dyhamic responses such as: frequency, mode shape and damping factor
were extensively investigated using FFT analyzer. The experimental analysis and finite element
technique were utilized to study the effect of network configurations and boundaty fixations on
dynamic characteristics, o ‘ : ' -

In addition, the investigated composite plates were tested in the high frequency range (up t0120
KHz) throngh ultrasonic attenuation technique. For this purpose, an experimental setup was
designed and constructed t¢ measure dynamic 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 fréquency ranges before and after damage.
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1. INTRODUCTION

Ferrocement is a type of thin wall reinforced
concrete commonly constructed of hydraulic cement
mortar reinforced with closely spaced layers of

continuous and relatively soall size wire mesh [1]. In
its role as a thin reinforced concrete product and asa ™

laminated cement-based composite, ferrocement has
found itself in numerous applications both in new

structures and repair and rehabilitation of existing

structures.. Compared - with- the  conventional

reinforced concrete, ferrocement is reinforced in two

. directions; therefore, it has homogenous-isotopic
. propeities in two directions. Benefiting from its

wsually high reinforcemérit ~tatio, ferrocement . -

generally has a high tensile strength and a. high

- modulus of rupture. In addition, because the specific
- surface of reinforcement of ferrocement is one to two

orders of magnitude higher than that of reinforced

. concrete, larger bond forces develop with the matrix

resulting in average crack spacing and width more

_than one order of magnitude smaller than in

conventional reinforced concrete [2-3]. Other
appealing features of ferrocement include case of
prefabrication and low cost in maintenance and
repair. Based on the aforementioned advantages, the
typical applications of ferrocement include water
tanks, boats, housing wall panel, roof, formwork and

sunscreen [4-6]. ‘

The renaissance of ferrocement in recent two
decades has led to the ACI design guidelirie "Guide
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for the Design, Construction, and Repair of
Ferrocement"[7], and publications such as “Ferro-
cement Design, Technicues, and Application”[8] and
"Ferrocement and  Laminated  Cementitious
Composites"[9], which provide comprehensive
understanding and detailed design method of
contemporary 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 stee! meshes {10-14}, Compared with steel, FRP
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:

Salawu, 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 stady 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.

Xoh and Ray {16], used mode shapes and natural
frequencies for model updating method. The finite
element model updating process modifies parameters
in the global stifftiess 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 [17], 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 structurai 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. Coliected 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 ultrasomic 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-8-F-F, C-C-F-F and
C-C-C-C along the edges of piate 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]:

(K=t Jf (B]" D] (B} dx dy 1)

Where, t is the thickness of ferrocement plate, {B] is
strain matrix and [D}is the elasticity matrix of
ferrocement plate, which can be computed according
to Ref. [20].

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

M] = p If (IN}" [N] dx dy. 2)

Where, p is the density of the equivalent composite
plate with various mesh type, [N] is the matrix of
shape function. , Ref. {21].

The eigen-frequency can be then evaiuated from the
solution of the characteristic equation for composite
plate given by:

[K1~ AIMT[¥]=[0] &)
The eigen values and mode shapes are computed uses
the F.M soft ware package ANSYS (Version 5.4).
Initially, the plates were modeled in order to pet a
first estimation of the undamped natural frequencies
and mode shapes utilizing finite elements type
SOLID6S,
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Flg 1 Flmte element model for ferrocement plate

The matenal propemes were then entered in the
. program, and the coristraint imposed to simalate a

type of fixation. The, numerical results usmg FEM

 were computed for  different mesh types and

boundary fixations and are listed in Table (1).

3, EXPERIMENTAL PROCEDURE -

3.1 Materials Preparation -

The experimental program 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 inctuding: mortar, steel
meshes, silica fume, super-plasticizer, fly ash and
polypropylene fibers. The experimental details were

described elsewhere [21].

Table (1) Values of the first five ﬁ‘equencm in Hz for ferrocement plates under four d.tﬁ‘erent bmmdary

. GO ‘dltxoﬁs (Flmte element and expenmental results)
Boundary #*‘J: S - _
_conditions ¥ . “F- F
c .F C S C c
Plate o Kool K F _
- | Configurations ™\ ° FE | Ex |- FE Ex. FE. Ex, .
. 932 ) 83 40 38 792 77
L 8030 76 ). 150 148 232 230
A 19181 | 189 | 2275 224 447.8 444
2643 | 262 | 349 - 346 504.9 501
39373 | 388 ] 4545 451 571.4 568
984 {9 | M 41 85.3 82
: 3.5 79 1. 1479 ] 144 ) 2291 236
B 192.3 192 | 2263 223 | 442 440
2781 | 275 | 3478 346 498.4 494
396.1 | 393 | 4506 447 583.9 580
105 12 46.32 51 - 92.6 104
- . £8.07 86 .| 151 148 2357 233
. C 1948 | 193] 2357 232 L 454.8 451
T 32077 | 318 1 3829 380 . 513 510
4i6- | 415-) A2 | 469 580 | 578
12.3 16| 52.86 58 105 110
. 94.8 92 4 1569 | 153 243 240
D 2008 | 197 | . 243 240 © 469 466
339 {33 [ 400 ) 397 |- 529 | 525
429 - [ 427 | 4% ) 487 598 594
1007 .| 7 429 1 38 83 79
Plain - 7263 | 68 | 1476 | - 146 | 2288 | 224
o 180 - | 176 | 2265 223 439.5 436
262 |'258 | 346 342 4908 | 488
'3:&5’= 379 4500 1| 446 - '554 561

. 3.2 Frequency Response Functwn ‘

The expenmental set ‘up, psed in the present
work, was descnbed in deteuls before [21] where the

B Engin'e‘erl_ng' ﬁés’eatﬁﬁﬂourhﬂ_h Minouﬂﬁa' Uniﬁersi’cy, Vol. 30, No. 3, July 2007

'spec1men was located in a test rig and excited by an
Impact hammer "type 8202", which resembles  an

ordmaxy hammer but has a, force transducer type
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*8200° built into its tip to register the force input. The
hammer was used fo excite the specimen at the mid-
point position. The charge amplifier type ‘2635 was
used to generate the signal from the hammer to the
dual channe! 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 generzte the
signal to the dual channel analyzer (type 2034). The
frequency response spectrum was recorded and

Wi FRECQ, BERF. HD TEA G

b 134 2O

x D e o 64 ks LT
LW HeY

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 carried out for each specimen,
The experimental results were taken as an average of
five measurements of each. The damping factor (£) of
a particilar 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).

PLEILE Y. BEF
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Fig. 2 A sample of frequency response function and coherence function for ferroceniem plate {A-type, C-C-F-F)

Table (2) Values of fundamental frequency (Hz), amplitude (dB) and damping factor for ferrocement plates
tested under four different boundary conditions* (experimenial results).

Boundary F F F C
nditions
C F S C C C C

F F F C

Frequency 8.5 38 77 151

A Amplitude 52 46 41 37
Dam. Factor 0.19 0.17 0.12 0.08
Frequency 9 4] 82 153

B Amplitude 48 42 35 33
Dam. Factor 0.13 0.14 0,11 0.06
Frequency 12 51 104 176

C Amplitude 42 39 34 31
Dam,. Factor 0.15 0.09 0.07 0.02
Frequency 16 58 110 187

D Amplitude 38 34 32 30
Dam, Factor 0.10 0.07 0.05 0.016
Frequency 7 38 79 148

Plain Amplitude 24 by 20 18
Dam, Factor 0.04 0.015 0.012 0.008
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3.3 Damage Identlficatmn Usmg Structural'

" Dynamic Analysis .
To study the effect of mesh-~layer debonding on the

vibration characteristics of ferrocemént 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 fondamental frequency of cracked plate -

was récorded  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| ,
" 4374 e

Dual- Signal conditioner
channel
analyzer | Slgna.[ condluouer

F:g 3 Conﬁguratzon of expenmental set-up for
damage detection
3.4 Ultrasonic Measurements
Ultrasonic measurements for internal fnctxon @hH
and phase velocity (Cp) were based on the
applwaﬂon of magnatostriction phenomena [23].

' Flgure 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 ¢ross-over, is

the direct return of the transmitted signal, whilst the

second part, the decrement, is the exponential

retransmission of the enetgy stored. The number of
oscillations to the crass over is a function of the line

(wire) cross-section and the properties ‘of resonating
material. The parameters shown in this figure are

used to calculate, absclutely, the internal friction
according to the following equauon 231:

Qe A0+ 4w g @)
QM A0— Ao
Whe'ré Qc and Qm are coupling and material Q-
| ‘values respectively.
- and N - Ln[2/Q-X)] (5)
QOc 1-X

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 1m long and 1mm dia. made entirely
from nickel) of the system. The corresponding
resonance frequencies were detécted. For a
specimen of length L(m), vibrating at its naiural
frequency f(Hz), the phase velocity C, (mVsec) is
related to this resonance frequency by [23].

C,=2L1/n ‘ )
The most accurate d_vnarmc Young's modulus (Ep)

vsually follows from  determining ulirasonic phase

-velogity (C;) as using the general relationship {24].
Ep=pG’ : O

FAr o 4 e -
” . r
- 1 . . ‘
= Elesromis : o Ciatlmde Ry
Lo AW _i_t,z;_‘g_:_ ......... Amplifier | Gnillascope
Gigasl ] Frequeney
dooligierstor b L Metr.......d
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" Fig. 4 Set-up of ultrasonic measuring system and the resuitant echo
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"

A steady state amplitude
A, 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 boundary
conditions and mesh configurations

4. RESULTS AND DISCUSSION

The resonant frequencies, mode shapes and
damping factors of square ferrocement composite
plates have been measured and analyzed for different
mesh configurations and boundary fixations. The
measured and computed 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
refatively low compared with the other due to the
small stiffness value for this case of bulk material, As
expected, the measured frequencies are inversely
proportional to damping factor as shown in Fig.5.

340

In géneral, the damping factor in composite
materials is relatively high relative to bulk materials,
It is difficult 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] piates with different types
of mesh configuration. In all boundary conditions, it
is observed that the damping factor is small for mesh
type [D] compared with other reinforced type. This
explained by the fact that mesh reinforcements are
expected to increase the plate stiffness and result in
less cnergy 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 seclected
cases of tested plates for differemt boundary
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

Engineering Research Journal, Minoufiya University, Vol. 30, No. 3, July 2007
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structure dynamlc behavior. The natural frequency
gives information about resomance avoidance for
certaii loading conditions. Mode shape, on the other

hand, gives indication about the vibration level at -
- each position of the stiucture. One of the most

important parameters from designer’s point of view

- is the location of nodes and antinodes, The nodes are
the positions at which the vibration vanishes, the

maximum stresses induced at thése nodes, While the
antinodes are the positions at whlch maxxmum

vibration level occurs.

In Table 3, the natural frequencles and dampmg '

ratios for the cracked D-plate  under cantifever

measurements. A group of natural frequencies can be
recognized that represent the dynamic characteristics
of the noncracked plate; that the natural frequencies
in this group decrease proporuonally until a critical

' debonding extend (= 20 mm ) is reached. The
_damping ratio in this gtoup shows an increase, while
the natural frequericy decreases. Beyond this critical’

debonding extent, another . group of frequencies
decreases  which ~represents the dynamic

- characteristics of the damaged plate. The damping
- fatios in this group increase noticeably beyond the

critical debonding extent

fixation are set out based on the dynamic

N Frequency, Hz

Dampmg 1atio

% 009

DR AN RN X )

83 —— 14

o 048
40 Lo o530 b 039
30 29056

4.1 UItrasomc Results

The ultrasonic phasé velwtyipropagatmg in the
. specimen (Cp), the dynamic elastic modules-Ed ag
well as the internal friction-(Qs1) for the first two -

~ echoes are given in Fig. (7) It is clear that the

_ ulirasonic wave propaganng 'in plain. specimen: is
_attenuated by various factors' mainly voids, lack of

' Englhering Research Journal, Minoufiya University, Vol. 30, No. 3, July 2007

S .-homogenelty, cmcks etc This explains the lower Cp-
" values for the dummy compared with the composites
" plates by atmost 50 %. Such attribirtion could explain
- the high (Ed) — values for composite compared with
" -dumhimy by almost 70%. Regarding internal friction

values, Fig, (7) shows that the composite plates have

" 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, ie. 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. S0 when the
composite plate is subjected to ultrasonic energy, the
mesh layer begins to slide resulting in a shearing
action compared to matrix 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 1o resist.sliding
between matrix and reinforcemient.. 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 mechanisms.

The data shown in Fig.(7), strongly support the
idea that the stiffer materials (high Ed-values) could
have a higher intemal friction. In this regard, steel
mesh configurations (volume fraction of fiber, open
mesh area, wire diameter....) have 3 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
Jhammering 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 finer
mesh for the numerical FEM considering more
nodes of vibration.

3. Damping of the investigated composiies is
relatively higher than those un-reinforced by
almost five times. Also, the larger the open mesh
area (type D-80%), the. lower was damping
capacity compared with type A (68%). .

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 natural frequency and damping ratios.

6. In the high frequency range (ultrasonic data), the
reinforced plates have higher stiffncss and
damping compared with the un-reinforced plates,
In this regard, steel mesh confignrations
(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 quantify the specific weight of those
parameters on ultrasonic data.

UKrasonic
values

}

O = N W A o

E;x10°MPa  Cpx10°mysec Q' Q.
Ulitrasonic praoperties

aA
mB
ot
ab
m Pain

Fig.7 Experimental data from ultrasonic measurements
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