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1 INTRODUCTION 
Identification of dynamic characteristics of any 
structural system is known as dynamic system identi-
fication. Damage is detected by comparing the iden-
tified dynamical indices of the damaged and undam-
aged structures. Due to the special role of the beams 
in most of the civil engineering structures, dynamic 
system identification of beams, especially during 
service time, is of high importance. For example, in 
case of failure, the beams as an important element of 
the bridges may cause overall instability of the 
bridge structure. In this regard, various studies have 
been conducted. Monitoring of bridges and building 
based on vibration measurements is widely ad-
dressed in literatures, e.g., in Doebling an extensive 
overview is given [1]. Turner and Pretlove per-
formed a numerical vibration analysis on a simple 
beam representation of a bridge subjected to random 
traffic loading [2]. The authors stated that the meas-
ured response of a bridge to traffic appears to pro-
vide a method of determining resonant frequency. 
The motivation for the work was the development of 
a structural condition monitoring system that did not 
require a measured excitation force. Spyrakos et al  

 
 
performed a series of experiments on a set of beams 
[3]. Each beam was given different damage scenar-
ios (type, location and degree), and low-level free 
vibration tests were performed. They found a defi-
nite correlation between the level of damage and the 
dynamic characteristics of the structure. Ren and 
Roeck experimentally developed a methodology of 
structural damage identification through changes in 
the dynamic characteristics [4,5]. They used concrete 
beams stiffness for damage assessment and the pro-
posed methodology relied on the fact that damage 
leads to changes in the dynamic properties of the 
structure such as natural frequencies and mode 
shapes. 
The use of damping factor for damage assessment is 
still in an experimental phases. In the structural en-
gineering, the energy dissipation in real structures is 
far more complicated, especially when appear dam-
age, and is affected by many parameters. Daneshjoo 
and Karimi investigated the damping of uncracked 
and cracked reinforced concrete (RC) beams [6]. 
They found that damping increases with the devel-
opment of cracks and that the damping is not viscous 
in cracked beams. Ndambi studied the damping  
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mechanism and the use of damping as indicator in 
structural health monitoring (SHM) to assess dam-
age in partially RC concrete beams [7]. Attempts are 
also made to use damping ratios as a measure of 
damage but often they were unsuccessful. Modena et 
al,

 
 presented two localization techniques based on 

damping measurement [8]. The first was based on 
the vibration of energetically equivalent modal 
damping ratio and the second was based on distin-
guishing the contribution of viscous and friction 
components on damping. Casas et al,

 
performed tests 

on partially cracked concrete beams [9]. The results 
indicated no clear relation between crack growth and 
increase of damping. Tests before and after structural 
repairs to a RC bridge were conducted by Williams 
and salawu

 
and no clear trend in damping values 

could be detected [10].  
Damage assessment of bridges and other civil engi-
neering structures and structural elements have been 
performed by many researchers such as Kato , Ak-
tan, Farrar, Peeters, Teughels, Maeck, Mirdamadi, 
Bakhtiar-Nejad and Boltan and research on these 
subjects is still of importance and is continued [11-
19].  
In this paper, the effects of damage on dynamic 
characteristics of RC beams are investigated experi-
mentally. For this purpose, the dynamic behavior of 
one simply supported beam with a concentrated load 
at mid span is studied. A vibrating motor with alu-
minum flywheels to which masses could be attached 
at varying eccentricities are used for producing the 
dynamic cyclic loads. The possibility of obtaining 
load displacement curves through dynamic testing 
for in situ RC beam is evaluated and the statically 
and dynamically obtained load displacements curves 
are compared. The variation in natural frequency, 
amplitude of vibration, damping and bending stiff-
ness with increasing eccentric mass and for increas-
ing degree of cracking are evaluated through impulse 
testing and steady state vibration at resonance with 
gradual increase of concentrated load at mid span. 
The damping ratios are calculated by three different 
methods and equivalent damping mechanism is dis-
cussed. The approximate dynamic response of the 
beam is obtained by considering them as single de-
gree of freedom damped mass spring systems and 
the equivalent mass, stiffness and damping of the 
mass spring system are determined.  

 
 
2 THEORIES 
The approximate dynamic response of the simply 
supported reinforced concrete beam which supports 
a concentrated load Q at mid span in addition to its 
weight W, may be obtained by considering them as 
equivalent single degree of freedom system as 
shown in Fig. 1. The expressions for equivalent or 
generalized mass Me, stiffness Ke and  damping coef-

ficient  Ce of the equivalent mass spring systems is 
given by Equations 1, 2 and 3 respectively. To ob-
tain an expression for the equivalent mass, the ki-
netic energy of the mass spring system is equated to 
that of the reinforced concrete beam. The expression 
for the equivalent elastic spring system is found by 
equating the strain energy stored in the spring to that 
stored in the RC beam. The expression for the 
equivalent damping is found by equating the virtual 
work of the damping force in the mass spring system 
to the virtual work done by the damping force in the 
beam.   
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where φ(x), l and C are the first vibration mode 
shape, length and damping coefficient of the RC 
beam respectively.  
The dynamic response of the equivalent single de-
gree of freedom damped mass spring system when 
subjected to a dynamic harmonic force 
P(t)=P0sin(ωt)  can be determined using Equation 4.  

)()()()( tPtzKtzCtzM eee =+′+′′  (4) 

where )(,)( tztz ′ and )(tz ′′  are the relative dis-
placement, relative velocity and acceleration of 
equivalent SDOF system at time t, respectively.  
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Figure 1. Simply supported RC beam  and its equivalent  SDOF 
model . 

 
 The dynamic response of the SDOF system to the 

harmonic load P(t) includes complimentary and par-
ticular parts. The complimentary response is tran-
sient vibration and can be ignored if the dynamic 
force be exerted long enough. The particular re-
sponse is considered as steady state vibration and 
subject to the initial condition can be written as 
Equation 5

 
[20-22]: 
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where P0 = meω 2, β = ω /ω n, α = tan
-1[ξβ / (1-β 2

) 
] and m is the eccentric mass attached to the two fly-
wheels of vibrating motor at eccentricity e rotating 
with angular velocity ω, natural angular frequency 
ω n = (Ke/ Me) 

0.5
 and ξ is the damping ratio of the 

equivalent system.The maximum displacement zmax 
occurs when sin(ωt-α) =1. Therefore, at resonance 
(β =1), zmax may be obtained using Equation 6.  

ξ

ω

ξ

ω

2

1
.

2

1
.

22

max

e

n

e K

me

K

me
z ==     (6)                                                            

Equation 6 can be rewritten as Equation 7. 
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The right hand side of Equation 7 can be considered 
as equivalent static force. Consequently, a load dis-
placement curve can be obtained through resonance 
testing (ω = ω n)  by varying the value of the product 
m*e and measuring the maximum vibration ampli-
tude at the center of the beam where the vibrating 
motor is situated, and then plotting the equivalent 
static force against maximum amplitude zmax. 
Alternatively if a stiffness K0 corresponding to a fre-
quency ω 0n = (K0e / Me)

0.5
 is known for the first 

value of em × , the load displacement curve may be 
found using Equation 8. 
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where, Ke = K0e (ω n / ω 0n)
2
 . 

 
Equation 8 assumes that the equivalent dynamic 
mass Me is constant and independent of amplitude of 
response. 
In this paper two methods are proposed for obtaining 
load displacement curves through dynamic testing 
for in situ RC beams using Equations 7 and 8. Dy-
namic stiffness given by these Equations can be ex-
pressed as Equations 9 and 10. 
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These methods may be considered as alternatives to 
expensive and more time consuming static tests for 
damage detection of RC beams. The first method is 
depending on natural frequency, damping and vibra-
tion amplitude for the any value of m × e. But, the 
second method only is depending on natural fre-
quency and independent of damping and amplitude.   

So, in this study the damping ratio ξ is obtained ex-
perimentally from a decay function using the loga-
rithmic decrement method (LDM) and Equation 11

 

[20,22]. Logarithm decrement δ  is a measure of the 
rate of decay of Free-vibration response. 
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where zn and zq are the displacement amplitude of 
vibration of the beam after n and q cycles respec-
tively, and N = n - q.  

 
3 INSTRUMENTATIONS 
A 27 kgs vibration motor was used for exerting har-
monic dynamic point loads of P(t) = meω 2 sin ωt at 
the center of RC beams. The motor was fitted with 
two circular aluminum flywheels with attachments 
for eccentric masses m at eccentricity e. The angular 
velocity of motor ω could be varied through a fre-
quency converter by means of two potentiometers 
for coarse and fine variations. A displacement trans-
ducer was used for measuring the vertical dynamic 
displacements z(t) at mid span of the beams. A view 
of the vibration motor is given in Fig. 2. 
 

 
Figure 2. Vibration motor and eccentric mass attached to its 
flywheels. 

 

A calibrated hydraulic jack with a capacity of 10 
tons was used for exerting static point loads at mid 
span of the test beam. The load was transmitted 
through a load-cell and thick metal plate on the 
beam. This kind of loading system is the most com-
mon type of loading arrangement and is favored for 
laboratory experiments because it has the advantage 
of offering a substantial region of nearly uniform 
moment coupled with very small shears

 
[23]. All ex-

periments conducted on the beam used the point 
loading test set-up as seen in Fig. 3.  
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Figure 3. The static point loading test set-up (cross section) 
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Dial gauges were used for measuring the vertical 
static displacements.  A data logger and a computer 
were used for actuating and analyzing the data. 

 

4 TEST SPECIMEN AND END SUPPORT 
DETAILS 

One reinforced concrete beam of 4m long, 30cm 
wide, and 40cm deep was made for tests. The ge-
ometry and cross section of the beam are shown in 
Fig. 4. The reinforcements in the beam consisted of 
three 16 mm diameter tension reinforcement bars 
and two 12 mm diameter compression reinforcement 
bars running the length of the beam. Shear rein-
forcements consist of vertical stirrups of 8 mm di-
ameter at every 20cm. Total mass of the beam is 
about 1152 kg which results in a density of ρ = 2500 
kg/m

3
. The material properties are taken form struc-

tural concrete. The design compressive strength ƒ'c = 
200 kg/cm², the elastic modules E = 2.1E6 kg/cm², 
the cracking moment Mcr = 2460 kg-m and the re-
lated load is equal to 2041 kg. Preventing deflection 
of the reinforcement, preventing slippage between 
the reinforcement and adjacent concrete and insuring 
removal of air are some factors that were considered 
in making the RC beam. Rectangular cross-section is 
used to avoid coupling any effect between horizontal 
and vertical bending modes. 
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Figure 4. The geometry and cross section of the beam. 
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Figure 5. Overall end conditions and support details of beam. 

 

Fig. 5 shows the overall end conditions of the beam. 
The beam is simply supported on two concrete 
blocks with horizontal cross section of 40 × 80 cm 
and height of 110 cm and is cantilevered 10 cm at 
each end. Two hooks are mounted on the supports, 
and cable anchorage has been used to prevent beam 
taking off from the supports during dynamic tests. 
 

5 TEST PROCEDUER  
Mid span force-displacement curves were obtained 
statically and dynamically for increasing degree of 
cracking. The dynamic force-displacement curves 
were obtained from steady state vibration at reso-
nance using Equations 7 and 8. The variation in 
natural angular frequency and amplitude of beam re-
sponse with increasing pulsating dynamic force were 
determined by increasing the eccentric mass m from 
38.6 to 147.4 grams at eccentricity e = 61 mm. The 
steady state vibration for each case of eccentric mass 
was terminated by switching off the vibrator to ob-
tain the decay function from which the damping ratio 
was calculated by the LDM and the equivalent static 
force was calculated from meωn

2
/2ξ. Static Force-

displacement curves are obtained by application of 
an increasing concentrated load at mid span. 

 
The tests procedure included the following 7 steps. 
The experimental stages are also shown schemati-
cally in Fig. 5: 
1- Increasing static point load up to Q kg is applied 
gradually at mid span and corresponding vertical 
static displacements of mid span are measured using 
static dial gauges. Static force-displacement curves 
are plotted for increasing concentrated load at mid 
span.    
2-The static load Q is taken off gradually and static 
displacements of mid span are measured. Static 
force-displacement curves are obtained for decreas-
ing (unloading) concentrated load at mid span. Then, 
steps 3 to 6 are repeated. 
3- Using the vibration motor and a specified eccen-
tric mass m and eccentricity e, a dynamic force of 
P(t) = meω 2 sin ωt  is applied at the mid span of the 
beam. 
4- The angular frequency of the dynamic force is ad-
justed to the natural angular frequency of the beam 
so that (ω = ω n) and the beam vibrates at resonance. 
The motor is left on for long enough to obtain the 
maximum steady state vibration amplitude at reso-
nance. The maximum amplitude of vibration zmax 
and ω n (or f n) are recorded using the dynamic dis-
placement transducer. 
5- The vibration motor is turned off so that the beam 
starts free damped vibration and the history of 
changes of amplitude of vibration z(t) by time t is re-
corded.  From this decay function, damping ratio is 
calculated using LDM.  
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6- For six different eccentric mass values m = 38.6, 
64.5, 86.2, 102.0, 120.2 and 174.4 grams and con-
stant eccentricity e = 61 mm steps 3 to 5 are re-
peated. Dynamic Force-displacement curves are ob-
tained using Equation 9 by plotting meωn

2
/2ξ against 

the maximum amplitude of vibration zmax and using 
Equation 10 by plotting, K0D (ω n / ω 0n)

2
 zmax against 

zmax. 
7- For five different static point loads Q = 0.0, 2.0, 
2.5, 3.12, and 3.7 tons steps 1 to 5 are repeated. The 
beam is statically loaded by one point load with a 
hydraulic jack at the center of beam. An increasing 
static loading is applied to produce successive dam-
age. The displacement in the center of beam is re-
corded by an LVDT installed under the beam as 
shown in Fig. 6. After each static load step, the beam 
sides and under surface were visually inspected to 
locate and quantify the cracks. The experiment re-
sults for Q = 0.0 is taken as reference for uncracked 
beam condition. The other values of Q greater than 
0.0 represent conditions that cracks are developed 
and progressed successively.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Schematic diagram of experimental static and dy-
namic tests procedure. 

 

 

 

     

 

 

 

 

 
Figure 7. Crack pattern photographs 

 
For each static load step, the bending stiffness of the 
beam is obtained by Force-deformation curve and 
also the crack pattern is studied by visual inspection. 
As a sample, crack pattern photograph was taken of 
the beam for the step 4 as shown in Fig. 7. 

6 EXPERIMENTAL TEST RESULTS AND 
DISCUSSIONS 

6.1 Dynamic and static stiffness 

Static Force-displacement curves are plotted for in-
creasing concentrated load at mid span as shown in 
Fig. 8. The secant flexural stiffness of beam de-
creases with increasing static point load and there-
fore with increasing degree of cracking. 
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Figure 8. The static force-displacement curves for any step of 
loading. 

 

For five different static point loads Q = 0.0, 2.0, 2.5, 
3.12, and 3.7 tons, steps 1 to 5 of test procedure are 
repeated and dynamic characteristics of the beam in-
cluding fn, zmax and ξ are calculated. Damping ration 
ξ is calculated using LDM as stated in Equation 9 for 
different values of N=5, 10, 15, 20, 30 35, and 40 
cycles. Then the average values are also calculated 
and the results are tabulated. As an example, Table 1 
shows the dynamic characteristics of the RC beam 
for uncracked condition when the static point load  
Q =0.0 ton. The results indicate that the natural fre-
quency of beam decreases, its maximum amplitude 
of vibration increases and damping ratio increases 
with increasing eccentric mass and therefore with in-
creasing dynamic load. The test results confirm the 
fact that the maximum amplitude of vibration in-
creases with increasing dynamic load. Also, show 
decreasing natural frequency and increasing damping 
ratio with increasing dynamic load that can help in 
dynamic assessment of RC beams. Variations of 
damping ratio 2ξ against the number of cycles N  
used in LDM for different static point loads Q = 0.0, 
2.0, 2.5, 3.12, and 3.7 tons are shown in Fig. 9a.  
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Table 1. Dynamic characteristics for the uncracked beam, 

Q=0.0 and e=61 mm. 

 

 

 

 

 

 

 

           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Also, variations of damping ratio 2ξ against the 

number of cycles N for increasing eccentric masses 

are plotted and Figs. 9a, 9b and 9c are presented here 

as examples. It is found that the damping ratio ξ is 

significantly influenced by the degree of cracking, 

increase of eccentric mass m and number of cy-

cles N . Therefore, the damping value obtained by 

this approach is an approximate value and is based 

on many assumptions.  
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Figure 9. Variations of damping ratio with increasing number 
of cycles N for different Q and m. 

 
 
This type of damping is often as referred as effective 
damping [22]. It is possible to calculate the average 
of damping ratio for both different masses and dif-
ferent cycles. The last row of Table 1 and graphs of 
Fig. 9a indicate that damping ratio decreases with 
increasing number of cycles N. 
For five different static point loads Q = 0.0, 2.0, 2.5, 
3.12 and 3.7 tons steps 1 to 6 of test procedure are 
repeated and  dynamic Force-displacement curves 
are obtained using six different values of eccentric 
mass m and first proposed method i.e. Equation 9 by 
plotting meωn

2
/2ξ against the maximum amplitude 

of vibration maxz  and the results are tabulated. Table 
2 shows the results for the condition where there is 
no static point load i.e. Q = 0.0 as an example. Dy-
namic Force-displacement curves are also obtained 
using second proposed method i.e. Equation. 10 and 
plotting K0D (ω n / ω 0n)

2
 zmax against zmax. Table 3 

shows the results for the condition where there is no 
static point load i.e. Q = 0.0 as an example.  
Fig. 10 shows the secant stiffness curves obtained by 
these two proposed methods for all values of Q indi-
cating the un-cracked and cracked conditions. The 
effect of considering different number of cycles N to 
obtain damping ratio is shown on each graph and 
dynamic secant stiffness curves are compared with 
the static force displacement curves. 
Results indicate that by increasing the number of cy-
cles N to LDM, the dynamic Force-displacement 
curve closes to the static Force-displacement curve. 
For graphs obtained using the second proposed 
method the static stiffness value is mainly near to 
dynamic stiffness values acquired for 35 and 40 cy-
cles. Whereas, the static stiffness value in the graphs 
calculated using the first proposed method is mainly 
more than the dynamic stiffness value obtained for 
40 cycles. Consequently, for using the first proposed 
method, the stiffness value resulted from 40 cycles 
and for using the second proposed method, the aver-
age of stiffness value obtained from 35 and 40 cycles 
have been selected as dynamic stiffness. 

2ξ (%) 
m(grams)  f(Hz)  z(mm) 

N=5 10 15 20 25 30 35 40 Ave. 

38.6 36.87 0.159 2.992 2.632 2.556 2.496 2.416 2.359 2.260 2.260 2.496 

64.5 36.76 0.233 4.224 3.619 3.304 3.135 3.011 2.827 2.696 2.632 3.181 

86.2 34.44 0.257 4.224 3.775 3.804 3.498 3.396 3.065 2.833 2.706 3.413 

102 36.02 0.316 4.813 4.023 3.848 3.699 3.476 3.326 3.177 3.046 3.676 

120.2 35.71 0.342 4.873 4.456 4.253 3.947 3.785 3.326 2.992 2.992 3.828 

174.4 35.41 0.389 5.949 4.552 4.412 4.202 3.909 3.648 3.355 3.202 4.154 

Ave.   4.513 3.843 3.696 3.496 3.332 3.092 2.886 2.806  
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Figure 10. Secant stiffness curves obtained by the two proposed methods for uncracked and cracked beam. 

 



 
Electronic Journal of Structural Engineering (8) 2008  

 

 36 

 

  
 
Table 4: Static and dynamic stiffness calculated from both proposed methods for different Q. 

 

 
 
 
 
 
 

 

 

 
Theses results have been summarized in Table 4. 
Fig. 11 shows points obtained for dynamic stiffness 
from both methods and static stiffness. The best line 
has been fitted to them. Accordingly, precision and 
accuracy of the both proposed methods are verified. 
It is observable that the results related to the second 
proposed method for dynamic stiffness have best 
correlation with the static stiffness results. 
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Figure 11. Change of stiffness resulted from dynamic 
and static testing against load step 
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6.3 Dynamic Characteristic 
 
The dynamic characteristics of the beam including 
natural frequency, maximum amplitude of vibration 
and damping ratio for all five values of Q and six 
values of m are summarized in Table 5. Damping ra-
tio values in this table are obtained using average 
value of 35 and 40 cycles. Variations of these char-
acteristics against m (increasing of dynamic force) 
are plotted in the graphs of Fig. 12. Graphs 12a, 12b 
and 12c indicate that in every step of loading, by in-
creasing the dynamic force (m), the natural fre-
quency decreases, and the vibration amplitude and 
the damping ratio increases, respectively.  
Table 6 and Fig. 13 show the variation of total aver-
aged 
dy-

namic characteristics of the beam for all five 
static load steps i.e. Q =0.0, 2.0, 2.5, 3.12 and 
3.7 ton. The results indicate that vibration am-
plitude, bending stiffness and natural frequency 
of the beam decreases and damping ratio in-
creases with increasing degree of cracking. It 
can be observed that the rate of decaying am-
plitude of vibration is linear, indicating that 
damping from micro cracking is more impor-
tant than viscous damping [6,22] .

 

   Table 5. Dynamic characteristics of the beam for all five load steps Q.

 

6.4 Test results verification 

The structure under consideration is a simple sup-
ported beam of length L = 380 cm, density ρ = 2500 
kg/m

3
, cross section A = 1200 cm

2
 and bending stiff-

ness EI = 3.36E11 kg-cm. Hence, the theoretical un-
damped natural frequency for the first mode at load 
step 1 equals [21]. 

                                    (12) )(4.36
2

21 Hz
A

EI

L
f ==

ρ

π
  

As regards ξ = 0.014 is small, the theoretical 
damped natural frequency gives f = 36.8 Hz against 
36.8 Hz outcome test. Therefore, the accuracy of ex-
perimental results is approved. 

7 CONCLUSION 
 
The results indicate that secant flexural stiffness of 
beam decreases with increasing static point load and 
therefore with increasing degree of cracking. The 
natural frequency of beam mostly decrease and its 
maximum amplitude of vibration increase with in-
creasing eccentric mass and therefore with increasing 
dynamic load. The damping ratio ξ is significantly 
influenced by the degree of cracking, increase of ec-
centric mass m and number of cycles N. In general, 

damping ratio ξ calculated by averaging the 
values for different cycles, increases with in-
creasing degree of cracking and with increasing 
dynamic load. It was observed that rate of de-
caying amplitude of vibration is linear, indicat-
ing that damping from micro cracking is more 
important that viscous damping The results in-
dicate that maximum amplitude of vibration, 
bending stiffness and natural frequency of 
beam decrease and damping ratio increases 
with increasing degree of cracking.  

 
For five different static point loads Q = 0.0, 
2.0, 2.5, 3.12 and 3.7 tons steps 1 to 6 of test 
procedure are repeated and dynamic secant 
flexural Force-displacement curves are ob-
tained using six different values of eccentric 
mass m and first proposed method i.e. Equation 
9 and also by using second proposed method 
i.e. Equation 10. Precision and accuracy of the 
both proposed methods are verified. It is ob-
servable that the results related to the 2

nd
 pro-

posed method for dynamic secant stiffness 
curves have best correlation with the static 
stiffness curves. Results indicate that by in-
creasing the number of cycles N in logarithmic 
decrement method, the dynamic Force-
displacement curve closes to the static Force-
displacement curve. The proposed methods are 
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limited to conditions where forced excitations are al-
lowed. 
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Figure 12. Variation of natural frequency, maximum amplitude 
of variation and damping ratio with eccentric mass m 
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Figure 13. Variations of the relative decrease of dynamic char-
acteristics with increasing degree of cracking 
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