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Degradation of the first frequency of an RC frame with damage levels
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ABSTRACT. Damage in RC structures causes the degradation of stiffness and
frequency. In this study, the relationship between the two coefficients and
damage severities is numerically investigated considering a three-dimensional
(3D) RC frame in which the concrete damage plasticity model (CDPM) and
the elastoplastic model are selected for concrete and reinforcements,
respectively. Crack propagation is obtained utilizing a nonlinear static
pushover analysis (NSPA). After pushing, according to the base shear force
versus top displacement curve, the bending stiffness of the structure is
determined rapidly based on the first derivative of the relationship. Thereafter,
the degradation of the first frequency is obtained based on the derivative of
the nonlinear curve of stiffness, the second derivative of the force-
displacement curve viz. As a result, it is observed that the degradation of the
first frequency of the RC frame is proportional to the severity of damage but
not linearly. More significant damage, a more profound decrease in the
frequency. Particularly, the frequency of the frame reduces gradually until the
base shear force reaches 70% of the ultimate value at which the parameter is
60% of the healthy counterpart. After that, the reduction gets more significant
when the bending capacity approaches the ultimate value.
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INTRODUCTION

tructural health monitoring (SHM) has been applied to control regularly the health of RC structures which have
deteriorated having been subjected to a sudden loading (Khatir et al. [1]). Systems under service also undergo some
faults as a consequence of environmental conditions or accidental events (Ho et al. [2]). It is vital for engineering
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applications (Benaissa et al. [3]). Since maintenance and repair of existing structures are essentially required (Ho et al. [4]).
Evaluating the vibrations of buildings possibly leads to an indication of the extent of faults that may transpire in the incoming
earthquake events of as stated by Kristiawan et al. [5]. Khatir et al. [6] claimed that cracks are among the most commonly
witnessed failure types in engineering structures and materials. Crack propagation plays a decisive role in the residual lifetime
of any structure (Khatir and Wahab [7], Thobiani et al. [8]). After damage occurrence or crack presence, stiffness parameters
of monitored structures reduce, leading to changes in terms of modal characteristics such as frequency and mode shape.
Vibration-based damage detection methods have played an important role among current non-destructive evaluation testing
techniques (Gillich et al. [9]). The modal information is targeted in various damage assessment methods (Gentile et al. [10],
Tiachacht et al. [11], Saisi et al. [12], Iacovino et al. [13], Khatir et al. [14]). Compared to mode shape generations, frequency
measurements are cheap, quickly conducted, and often reliable. Therefore, it has been focused on in literature. Non-
destructive methods assessing the integrity of structures based on natural frequencies have been mentioned in many studies
(Cerri and Vestroni [15], Yang and Wang [16]). Natural frequency is considered a diagnostic parameter in structural
assessment procedures using vibration monitoring, particularly an analysis of periodical frequency in Salawu [17]. In general,
natural frequency shifts are sensitive damage indicators of damage occurrence. Loss of the structural stiffness caused by the
damage of materials directly leads to natural frequency degradation. It means the natural frequencies that are
straightforwardly identified in practice contain information about the damage severities or declination of stiffness
parameters of complicated structures like RC buildings. Hence, the relationship between the two parameters has also taken
a lot of interest but not adequately. For instance, changes in resonant frequency with increasing loads of a simply supported
RC beam with multiple cracks using different dynamic excitations for various damage levels were evaluated by Hamad et al.
[18]. The author showed that at 30% of the ultimate load, the resonant frequency decreases an amount of 10% from the
counterpart of the intact one and then gradually reduces. The amount of reduction is about 25% as the beam is loaded by
70% of the ultimate load. Targeting larger and more complicated structures than an RC beam, this current study is to
investigate the fundamental frequency degradation due to damage severity of a 3D RC frame. More importantly, the
proposed two-step derivative procedure allows us to figure out the full relationship between stiffness degradation and the
fundamental frequency. From the authors’ point of view, such a study has not been considered adequately. The suggested
approach requires a full curvature of loading and top displacement but there are indeed some difficulties to set up an
investigation on real specimens like RC frames. Hence, the investigation is conducted by simulating the RC frame whose
materials have been validated in order to reach reliable results. Meanwhile, numerical investigations have taken interest from
researchers such as Roumaissa et al. [19], Le Thanh et al. [20], Saadatmorad et al. [21], Shirazi et al. [22]. For more enormous
and complex structures, the presented derivative procedure is promising for similar examinations on the frequency
declination caused by damage, especially RC buildings regardless of numerical or experimental studies.

SIMPLE APPROACH TO INVESTIGATE FREQUENCY DEGRADATION

n SHM of RC buildings, structural damage causes degradation in terms of stiffness while the mass parameter keeps

unchanged. Therefore, at each mode, the frequency degradation depends only on the stiffness parameter as seen in

Eqn. 1, making it can be captured once the declination of stiffness is determined. Particularly, the natural frequency
reduction is proportional to the square root of the stiffness coefficient degradation.

i )

A

Changes in terms of frequency caused by different damage severities on RC structures can be obtained completely
considering its nonlinear behavior. The frequency degradation is then can be determined using the 2-step derivative as
demonstrated in Fig. 1. Initially, a nonlinear static pushover analysis is implemented on monitored RC frames to capture
the relationship between base-shear force versus top displacement. The relationship in a specific range is then formulated
to build an original equation. Thereafter, the stiffness degradation according to damage levels is directly determined from
the 1st derivative of the equation. The declination of the corresponding natural frequency is finally reached based on the 2nd
derivative of the original formulation.
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Figure 1: Flowchart of frequency degradation determination from NSPA.
MATERIAL SELECTION

reinforcement should be selected appropriately. In the commercial software, ABAQUS CAE®, the CDPM is

conducted according to Kupfer et al. [23] and Lubliner et al. [24]. The software is capable of capturing the nonlinear
behaviour of concrete due to a refined constitutive model of damage coupled with plasticity (see Batista da Costa et al. [25]).
Nguyen and Livaoglu [26] successfully validated the model using a four-point bending test on an RC beam conducted by
Perera and Huerta [27]. Particularly, the required parameters utilized to define the CDPM (see Tab. 1) are built based on
previous studies (Kupfer et al. [23], Ren et al. [28], and Najafgholipour et al. [29]). As demonstrated in Fig. 2, the uniaxial
behavior in compression is exploited based on Hsu and Hsu [30] and Carreira [31] whereas the tensile regime is delineated
following Aslani and Jowkarmeimandi [32]. In Fig. 2a, § is a parameter related to the shape of the compressive branch in
the inelastic range, further information about this parameter can be followed in Carreira [31].

ﬁ iming at a realistic behavior of RC structures, especially at inelastic stages, the material models of concrete and
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Figure 2: Uniaxial stress-strain curve of concrete (a) in compression and (b) in tension.
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Parameter Value
Dilation angle 35
Eccentricity 0.1
K 2/3
Sool for 1.16
Viscosity parameter 0.007985

Table 1: Parameters of CDPM.

The mechanical properties of concrete whose compressive strength is 32 MPa are listed in Tab. 2. In particular, the Poisson’s
ratio is set as 0.18 according to Kupfer et al. [23] and Lee and Fenves [33]. The tensile capacity is indicated as 10% of the
ultimate compressive strength according to Aslani and Jowkarmeimandi [32] but a percentage of 12 is selected since it leads
to a good agreement with empirical data (see Nguyen and Livaoglu [20]). On the other hand, the elastoplastic model is
selected to define the reinforcements. The detailed mechanical characteristics of reinforcements are listed in Tab. 3.

Properties (cylindrical specimen at 28-day age) C32
Ultimate compressive strength 32 MPa
Tensile capacity 3.84 MPa
Density 2.3 t/m3
Elastic modulus 17953.3 MPa
Poisson’s ratio 0.18

Table 2: Mechanical properties of concrete.

Properties S510
Yielding strength 510 MPa
Density 7.85 t/m?3
Elastic modulus 210000 MPa
Poisson’s ratio 0.3

Table 3: Mechanical properties of reinforcement.

Another verification of the material models is also conducted herein as another contribution of this study. Xiao [34] applied
a concentrated load at the right center of a 1200-mm-square RC slab whose thickness is 150 mm as seen in Fig. 3a. The
load-carrying capacity of the slab that depends on loading rates was examined. A detailed description of the experiment
such as specimen properties, test setup and procedures, instrumentation, and can be followed in the original study. Some
key information about the specimen is mentioned herein for a better understanding of the numerical model. The experiment
is imitated in ABAQUS CAE® to verify the material models utilized in this cutrent study based on the failure mechanism
and the load carrying capacity of the slab under a monotonic pushing procedure. It should be noted that the aforementioned
material models are also implemented to simulate the slab. The compressive strength of concrete is 42.9 MPa and the yield
strength of reinforcing bars is 443 MPa. Although the classes of materials are different from those of the beam, they can be
defined in the same manner as done for the beam.

In the experiment, the four sides of the slab were bolted to a supporting system using 24 high-tension bolts (6 ones for each
side). Besides that, the supporting system is a 12001200 mm steel support composed of a series of H-shaped steel beams
(Fig. 3b). The system was constrained to a strong floor with high-tension bolts to provide enough rigidity during testing. It
is seen that bolting was chosen to constraint the supporting system to the floor below and the slab above it. It is assumed
that a completely fixed boundary conditions of the slab may not be attained. Therefore, in the numerical model, two kinds
of conditions were examined, simply supported and fully fixed. Similar to Nguyen and Livaoglu [26], in the simulation, linear
hexahedral elements of type C3DS8R and linear line elements of type T3D2 were utilized to define concrete and
reinforcements, respectively. The meshing size of 50 mm for both types of materials was defined. As a result, the numerical
model of the slab is composed of 2628 elements and 3400 nodes. They are formed by 1728 C3D8R elements and 900 T3D2
elements.
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Figure 3: Verification of matetial models on a RC slab conducted by Xiao [34] (a) Test set up (b) Supporting system (c) Real damage
mode (d) Numerical damage mode and (e¢) Comparison of load carrying capacity.

The bending capacity and damage mechanism are considered when comparing the experimental and numerical slabs. The
real slab was pushed under different loading rates, a static loading rate of 0.0004 m/s (Experiment_Slow) and a high loading
rate of 2 m/s (Experiment High). Displacement sensors and load cells were arranged to collect the applied load and the
movement of the mid-span of the slab during pushing. The damage mechanism captured at the low surface of the slab
under Experiment_High is shown in Fig. 3c. On the other hand, damage is captured on the top and bottom of the numerical
specimen in the case of fully fixed conditions as seen in Fig. 3d. It can be seen that damage mechanisms in the numerical
and experimental specimens are in harmony with each other. Moreover, the nonlinear behavior of the two numerical cases
is generally similar to that of Experiment_Slow as picturized in Fig. 3e. It initiates from a linear tendency and then gradually
falls into a nonlinear range until reaching a peak followed by a significant downward trend. Subsequently, stagnation is
witnessed. Meanwhile, dynamic effects were observed in the case of Experiment_High. The numerical result is in harmony
with that of Experiment_Slow since the pushing procedure is defined in a Static Step. However, some disagreements are
witnessed among them. The numerical specimens seem to be stiffer than the real one as seen in their linear range.
Furthermore, the load-carrying capacity of the two numerical specimens is higher than that of Experiment_Slow, especially
Numerical_Fixed. The issues may be attributed to many reasons. For example, the real boundary conditions in the real text
may be different from the two cases defined in the simulation. Moreover, steel bolts arranged to restrict the real slab to the
supporting system can be deformed during loading, especially under high levels, making the boundary condition of the real
slab may change during testing. It is true that different boundary conditions possibly lead to significant deviation. Even with
no change in the boundary conditions, the notably different behaviors of the two numerical models can be taken as an
example. Although they perform approximately in the same tendency in the elastic stage, they start deviating when falling
into the inelastic stage. The carrying capacity of Numerical Simply supported is remarkably lower than that of
Numerical_Fixed. More importantly, a perfect bond using “embedded constraint” is utilized to define the interaction
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between concrete and reinforcements whereas reinforcing bars may delaminate from their surrounding concrete in practice,
especially under high levels of loading. That directly lowers the carrying capacity of the actual slab compared to that of the
numerical specimens. It can be concluded that although the result of the verification on the slab is not good as seen for that
of the beam, it is not bad and does not contain any problematic issues. The above-mentioned deviation can be lessened
considering the potential reasons but that is not the main target of this study. Hence, the selected material models are also
acceptable for further investigation.

NUMERICAL SPECIMEN DESCRIPTION

section of columns (300 mm x 300 mm) and beams (250 mm x 300 mm) are shown in Fig. 4. It is noted that in all

cross-sections, there are 4 longitudinal reinforcing bars whose diameter is 14 mm. On the other hand, 8 mm is the
diameter of stirrups that are placed with intervals of 150 mm for both columns and beams. The clear cover of the concrete
is 26 mm. The bottom surfaces of the bases are completely fixed.

ﬁ 3D RC frame is simulated in the commercial program as one solid body. The finished dimensions and cross-
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Figure 4: Numerical model (a) Finished dimensions, (b) beam and column sections, and (c) meshing.

NONLINEAR STATIC PUSHOVER ANALYSIS SET UP

should be noted that the analysis consists of two main steps. Step 1 is used to account for the response against the

constant normal loading as profoundly illustrated by the purple components. In particular, the value of the axial
load of 5.97 N/mm? (equal to about 19% of the normal capacity of structural members) is imparted constantly in the Y-
axis at the top of the four columns. The gravitational load is also considered in Y-axis in the same direction. It is noted that
the effects of this loading are propagated into the next step. In Step 2, the structure is subjected to a monotonically pushing
procedure, red components. In Fig. 5a, a monotonic lateral pushing procedure is applied on two columns with respect to
the X-axis using a displacement control approach. the lateral displacement is applied incrementally until the drift ratio is
equal to 3.5% as stipulated by ACI Committee 374.1 [35]. That makes the target of lateral displacement equal to 87.75mm.
Step 1 works separately from Step 2 and then the results of the former step are propagated into the latter one. Moreover,
during the both steps, the foot is restrained spatially by assigning the “fixed boundary condition” option to the surfaces at
the bottom surfaces of the bases. In general, 50 mm x 50 mm x 50 mm size meshing is utilized to solid elements (see Fig.
4c) whereas the size of 50 mm is selected for truss elements. The numerical model is composed of 27796 linear hexahedral
elements of type C3D8R for concrete and 7080 linear line elements of type T3D2 for reinforcements, producing 43896

T he NSPA procedure as shown in Fig. 5a is defined in ABAQUS CAE® as a displacement-control procedure. It
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nodes. After the determination of the base-shear force versus top lateral displacement, the displacement ductility factor of
the RC frame can be determined in Fig. 5b according to Park [20].
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Figure 5: Numerical NSPA (a) Test set up and (b) displacement ductility factor determination.
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Figure 6: Product of NSPA (a) Crack propagation (b) Roof-displacement versus Base-shear force and (c) Bending stiffness degradation.
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RESULTS

shear force curve, depicted in Fig. 6a, b emphasizes the nonlinear behavior of the RC structure. In general, the

numerical test leads to reliable results. In each column, the first and most severe crack transpire at the section just
above the base. Afterward, the crack propagates into the section and new cracks appear at higher sections. Meanwhile, in
the beams, cracks take place at the sections just beside the connections with columns. The visualization of tensile damage
at the final stage demonstrates a spectrum that seems to be realistic. Furthermore, the nonlinear behavior is also observed
in Fig. 6b. One of the more prominent takeaways of the line graph is that the nonlinear behavior is appropriate to that of
typical RC structures. The product of NSPA initiates with an upward trend in the elastic stage followed by another increasing
regime but with a continuous stiffness reduction until hitting peaks starting a declined curve and then ending up at a base
shear-force of 85% of the peak. The elastic regime ends up at 11.723 mm and then starts transforming to the nonlinear
stage in which the ultimate shear force is determined at 30.218 mm while the fracture occurs at 65.431mm lateral
displacement. The displacement ductility factor of the structure is about 4.2 falling into the range of 3 to 6 for typical RC
frames according to Park [36]. As a result, it can be concluded that the behavior of the considered RC frame is reliable and
can be taken advantage of to evaluate the reducing tendency of its fundamental frequency.
After the determination of the bending capacity based on the base-shear force versus the top lateral displacement graph
(Fig. 6b), the stiffness degradation and the reduction of the fundamental frequency of the RC frame can be pointed out
rapidly as illustrated in Fig. 6¢ and Fig. 7, respectively. First of all, the curve that starts from the elastic range to the nonlinear
regime until the ultimate point is numerically formulated through an equation. Afterward, the first derivative of this equation
at each point stands for the stiffness of the structure at that moment as seen in Fig. 6c. Subsequently, the degraded stiffness
corresponding to each level of fault is normalized to the stiffness at the intact state (about 30 kN/mm). Finally, the
normalized frequency which is the fraction of the frequency at each loading level to the one determined at the pristine stage
is equal to the square root of the normalized stiffness. As a result, the degradation of the first frequency is graphically
demonstrated in Fig. 7. It is noted that normalized lateral loading on the horizontal axis is the ratio of the lateral load at
each point and the ultimate value.
Compared to the investigation on an RC beam conducted by Hamad et al. [18], the degradation of the fundamental
frequency of the considered RC frame is slightly different. For instance, at the moment of 30% of the ultimate load, the
declination is 15% for the frame, slightly higher than the 10% value for the beam. When the applied load reaches 70% of
the ultimate value, the degradation slightly surpasses 40% for the frame where the amount of reduction of only about 25%
is witnessed for the beam. It can be seen that the frequency degradation of the frame seems to be more significant than that
of the beam based on the desired moments of loading. In comparison with the approach utilized for the beam, this study
gives more sufficient investigation as the fundamental frequency declination can be picturized more thoroughly.

T he product of NSPA is illustrated in Fig. 6. The crack propagation as well as the roof displacement versus the base
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Figure 7: Frequency declination.

The degradation of the first frequency of the RC frame is more extreme as the damage severity increases and can be divided
into three main regimes. The modal characteristic decreases about 20% of the counterpart of the pristine frame when the
lateral normalized lateral load increase from 0 to 0.4. However, after that, the increase of normalized load from 0.4 to 0.7
causes a degradation of approximately 22%, a more significant reduction compared to the previous state. After this defect
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level, extreme degradation of the frequency is witnessed, about 33% when the normalized lateral load is increased by an
amount of only 0.2, from 0.7 to 0.9.

CONCLUSIONS

stiffness declination. In general, the two parameters are proportional to each other but not linearly. The relationship

contains some different ranges. It is observed that the first frequency decreases gradually until the lateral load reaches
70% of the ultimate value. At that level of loading, the fundamental frequency lowers to about 60% of the counterpart at
the pristine state. From this point, the reduction gets more significant. The coefficient loses an amount of about 30% when
increasing the horizontal load from 70% to 90% of the ultimate value. In general, the relationship between the fundamental
frequency degradation and fault levels is illustrated effectively and completely using the proposed approach without using
data from vibration measurements. The numerical results obtained in this study are useful for further investigation of the
effects of damage occurrence on the changes in frequency parameters not only at the fundamental modes but also at higher
modes of multiple-storey RC structures. However, the proposed method is only suitable for investigations on each separate
mode. The observation in this study is obtained based on the fundamental mode while more slender RC buildings may be
damaged at higher modes. Damage may be caused by a single mode or combinations of modes, making the presented
method in the current version not adequate.

T he current study numerically evaluates the degradation of the fundamental frequency of an RC frame due to the
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