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Introduction 

It is successful application of Structural health monitoring (SHM) technology to understand the loads, environment changes, 

and behavior of a structure under different conditions. Sensing technology is an important part of SHM to maintain concrete 

structures through time, Hui Li. et al., ((2010). The objective of SHM is to identify, classify and categorize the damages 

(location, type, and severity) for a dynamic system of concrete structures when exposed to various operational and 

environmental conditions in addition to the noise of surrounding devices (i.e., ‘real world’ conditions) while eliminating 

useless indicators. Currently, a large number of books have been published dealing with the concept of SHM.  Damage 

effects on a structure can be classified as two categories linear and nonlinear. A state of linear damage is known as the state 

in which the initial linear-elastic of structure remains linear-elastic after the damage. changes in morphological properties are 

the result of changes in the geometry and/or the physical properties of the structure, but the linear equation of motion still 

used as a model for a structural response. On the other hand, a non-linear damage can be modified as the condition in which 

the initial linear-elastic structure behaves in a non-linear manner after the damage has occurred, Scott W. Doebling et al, 

(2009). 

Cracks are serious defects that affect the behavior, serviceability and durability of civil structures such as bridges. So that, 

reliable crack detection and accurate crack characterization are the main objective goals of SHM. Several types of crack and 

their causes are summarized. Various techniques for crack detection and characterization are presented, including (direct, 

indirect) sensing approaches, and emerging technologies, Yao Yao, et al, (2014). A new in situ PZT-based health monitoring 

of a large-scale reinforced concrete structure was introduced. piezoceramic patches were used as sensors and actuator to 

detect potential internal cracks with in the bent-cap of reinforced concrete. The main proposed method is to detect the 

existence of the cracks in addition to monitor the crack growth. This proposed method comparing with traditional method 

(LVDT and microscope) to state of damage proves that the proposed method is more sensitive than the traditional one, G 
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Structural health monitoring (SHM) has gained popularity in civil engineering as a tool for 
understanding the loads, straining actions, environmental conditions, and behaviors of 
structures under various loads. This paper demonstrates the results of an experimental 
program and finite element (FE) model on the deflections, steel strain, concrete strain and 
crack width of four reinforced concrete (RC) beams to examine the impact of pre- crack 
damage on RC beams under static cyclic loading to estimate their ductility and absorbed 
energy, the main parameter considered in this study was to make crack at bottom middle 
span with various depths varied from 20 mm to 70 mm using a 0.5 mm thickness strip of 
steel done after concrete casting. All tested beams had the same rectangular cross section 
with dimensions a 200 mm * 300 mm and the beam length chosen to be 2200 mm, with a 
clear distance of 2000 mm between the supports using three-point bending load system. 
The paper results show that when pre-cracked (RC) beams exposed to static cyclic load 
caused a significantly reduced in ultimate loading capacities between (3.03% and 16.71%). 
By comparing experimental results with ANSYS model showing average difference within 
10 %. 
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Song, et al, (2007). Using stochastic operational traffic loading as a field results indicated the ability of proposed 

methodology in evaluating changes in the structure health condition of a part of the bridge and in continuous detection of 

cracks of different sizes (30–60 mm) on a sacrificial specimen combined with the bridge abutment and a floor beam, Charles 

Sc. et al, (2015). 

 

This paper presents the results of an experimental and numerical investigation to evaluate the effect of making damage such 

as the cracks of RC beams under static cyclic loading to evaluate its ductility and energy dissipation, in addition to 

development of an advanced strategy for SHM of concrete beams including an effective diagnostic approach for damage 

detection with a reliability-based performance ranking.  

 

Experimental program and setup 

Test specimens 

 The test program consisted of four reinforced concrete (RC) beams designed and constructed in accordance to Egyptian 

Concrete Code ECP 203-2007. All tested specimens had the same cross-sectional dimensions, the beams had a rectangular 

cross section with a 200 mm width, 300 mm height and the length of the beam was chosen to be 2200 mm, with a clear 

distance of 2000 mm between the supports were tested in positive bending. The loading system was designed to produce a 

constant moment region in the middle of the beam specimen. Figure (1) shows the dimensions of tested specimens beams. 

The beams were cast in different conditions, given in Table (1). All specimens have the same configuration of longitudinal 

and transvers reinforcement, they are doubly-reinforced with longitudinal bars placed symmetrically along the height of the 

specimens, two bars at the top and two bars at the bottom and a 20 mm clear cover provided. B1 is a control beam. B2, B3 

and B4 are induced to have a damage as a crack at bottom middle span, depths are (20mm ,40 mm and 70 mm) respectively 

using a 0.5 mm strip of steel making after concrete casting.  

 

Table 1: Details of experimental program tested specimens. 

Specimen Span 

(mm) 

Width 

(mm) 

Depth 

(mm) 

Fcu 

(MPa) 

Rft. Stirrups Remarks 

TOP BOT 

B1 2000 200 300 40 2T10 2T12 T10@200 CONTROL 

B2 2000 200 300 40 2T10 2T12 T10@200 Crack Depth=20mm 

B3 2000 200 300 40 2T10 2T12 T10@200 Crack Depth=45mm 

B4 2000 200 300 40 2T10 2T12 T10@200 Crack Depth=70mm 

Fig 1: Dimensions of the tested beams. 

 

Material properties 

Ordinary Portland cement (Grade 42.5) used in mixes. That complies the requirements of the Egyptian Standard Specification 

ESS 4756-1. Specific gravity (S.G) of the cement is (3.15).   The coarse aggregate is size no 1 crushed dolomite, i.e. 10 mm 

is a maximum nominal size. Its specific weight equals 2.50 and the percentage of absorption equals1.2%. The fine aggregate 

used in the concrete mixes is siliceous sand with a specific weight of 2.65 and percentage of absorption of 0.40%. The high 

tensile steel deformed rebars were used for bar sizes of 10 mm, which was used as stirrups in transverse direction and top 

steel in the longitudinal direction. The high tensile steel deformed rebars were used for bar sizes of 12 mm, which was used 

as main steel in the longitudinal direction. The properties of reinforcing steel bars as determined by standard tension tests 

using universal tension testing machine of 1000 KN capacity, were applied to samples of the two types of steel. The yield 

strength, ultimate strength and elongation percentage were listed in Table (2). 
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Formwork 

The formwork used in the casting of the four beams was made out of timber as shown in Figure (2) with clear dimension of 

200 × 300 × 2200 mm. Therefore, the formwork should be rigid and strong to support the weight of wet concrete without 

causing bulging anywhere.  The stiffeners were used to ensure that no distortion in the member’s dimensions would occur 

during the casting process.  

 

Table 2: Properties of high tensile steel used in the experimental program. 

Properties High Tensile Steel  

(T12) 

High Tensile Steel 

 (T10) 

Specification* 

Yield Stress  

(N/mm2) 

556 547 Min. 500 

Ultimate Stress  

(N/mm2) 

730.33 725.45 Min. 600 

Weight per meter length 

(Kg) 

0.846 0.592 ---- 

Elongation (%) 0.215 0.223 Min. 13 % 

 
Fig 2: Wooden formwork for specimens. 

 

Concrete Mix Design 

Concrete used in all experimental work has a compressive strength 40 N/mm2 after 28 days. The characteristics of the 

material used in this research are examined in the following sub-sections. The mix proportions are shown in Table (3). 

 

Table 3: Concrete mix proportions /m3. 

Concrete Ingredient Weights (kg / m3) 

Water 188 

Cement 450 

Fine Aggregate 620 

Coarse Aggregate 1130 

3/4"                         50% 565 

3/8"                         50% 565 

Admixture: Basef 874 high range water-reducing   1.8%                 8L 

Admixture: Basef 875 Superplasticizer   0.3%                1.2L 

 

Induced Damage 

Crack Damage was induced in beams B2, B3 and B4 at bottom middle span with various depths (20mm, 40mm and 70 mm) 

respectively using a 0.5 mm thickness strip of steel making after concrete casting as shown in Figure (3).  

 

 

 

 

 

 

 

 

Fig 3: 0.5mm strip of steel with different lengths with lengths of cracks at steel strip after casting concrete. 

 

Fabrication  

At first, the reinforcement was prepared according to the details stated in Table (1) as shown from Figure (1). The main 

reinforcement was fitted with strain gauges, longitudinal bars at mid span as shown in Figure (4). The reinforcement was 

installed inside each formwork for specimens and adjusted to provide a concrete cover of 20 mm from all directions. The 
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formworks were sprayed with water before casting of concrete, and then reinforcements were placed in their right position in 

the forms. Just after mixing, the concrete was cast in the wood molds. The concrete was compacted using vibrator machine 

for 1 minute for good compaction of concrete as shown in Figure (5). All beams were casted in the formwork at the same day 

and from the same concrete batch. The beams were removed from the formworks after three days from the time of the 

concrete cast. The specimens were then covered with burlap. All the beams were tested after 28 days from the time the 

concrete was cast. 

    
Fig 4: Installation of strain gauge and using tools. 

 

For control purposes, six standard cubes also six standard cylinders were prepared and coated with oil before casting and then 

concrete was placed after mixing in three layers each layer compacted by 25 blows with standard rods according to the 

British Standard Specification (B.S.1881) and tested at the same day of testing of the beams. Concrete cylinders and the 

concrete prisms where cast on the same day using the same concrete mixes described before. Finally, the specimens were 

white washed and then removed for storage at the day of testing. 

 

   
Fig 5: Beams specimens during and after casting. 

 

Compressive Strength Test 

To determine the compressive strength (Fcu) of specimens of concrete cubes, compressive strength was used. This test 

method occurred by applying axial load to tested cubes up to failure. To calculate the compressive strength (Fcu) of the 

specimen divide the maximum load from the test by the specimen's cross-sectional area. A 3000 KN capacity compression 

testing machine was used. The cubes were tested at two different dates as follows:  

a) Three were emerged in water and tested after 7 days 

b) Three were emerged in water and tested after 28 days 

The test conducted on 6 cubes measuring 150 mm × 150 mm × 150 mm, the data were recorded and the average 28 days 

concrete strength was 46.26 MPa. Table (4) illustrates the concrete compressive strength at testing dates. 

 

Table 4: Concrete compressive strength 

Age Compressive Strength (MPa) Average Compressive Strength (MPa) 

7 days 39.7 36.36 

38.5 

30.9 

28 days 48.8 46.26 

49.7 

40.3 

Test Setup and Loading Scheme 

The tests were conducted in the RC Institute, Housing and Building National Research Center, Giza, Egypt. The beams were 

subjected to Static cyclic loading up to failure using a hydraulic machine of 300 KN capacity. The load was measured using a 

load cell of 1000 KN capacity. One-point concentrated load at 1100 mm from mid span was applied on the beam using a load 

cell incremental system. A steel plate was placed under point load to distribute the load evenly as shown in Figure (7). The 

static cyclic loading was achieved by increasing the load from zero KN up to 10 KN gradually with constant rate of loading 

during the test then free the load cell back to zero and repeating this cycle from zero KN up to 20 KN and so on by increasing 



 Abdelrahman et. al.,/IJREM/5(3); 2022; 133-142 

International Journal of Research in Engineering & Management                                                                                                                   137 

10 KN in each cycle as shown in Figure (6), with following loading and unloading technique reach to beam failure. The data 

was collected using a data acquisition system at a rate of one sample per second. The strains were measured using two 

electrical resistance strain gauges. in the reinforcing bars and concrete, at each load stage, after preparing the test setup and 

before loading, zero loading of strains and vertical concrete displacements were recorded and checked.  The vertical 

deflection of the beams was measured using three linear variable displacement transducers (LVDT). The first one was located 

at the middle of the span and the others at quarter- span from left and right side as shown in Figure (7). At the time of testing 

cracks were traced throughout the sides of the specimen and then marked with color markers. The first cracking load of each 

specimen was recorded. The load was increases until complete failure of the specimen was reached. the crack gauge was used 

to record the crack width at midspan of the beam. During testing, the beams were observed visually until the first crack 

appeared; the corresponding load was then recorded. The crack pattern development was recorded after each load increment.  

 
Fig 6: Pattern static cyclic loading. 

 
Fig 7: Beams under testing 

 

Experimental Results and discussion    

Table (5) summarizes the outcomes of the experimental program; namely, the load and deflection at which the first cracks 

start (Pcr and ∆cr),the yielding load and deflection (Py and ∆y),  the maximum load and deflection (Pmax and ∆max), 

maximum strain at tension reinforcements (ɛ), stress at tension reinforcement, maximum crack width, maximum strain at 

compression (ɛ)  and failure mode for each beam according to crack patterns. Figure (8) shows the mode of failure for all 

tested specimen under static cyclic loading. 

 

Table 5: Experimental results and modes of failure  

                       

Beam  Cracking Stage Yielding Stage Failure Stage Maximum 

strain at 

tension RFT 

(ɛ)(mm/mm) 

Stress 

in 

tension 

RFT 

(MPa) 

Maximum 

strain at 

Concrete 

(ɛ)(mm/mm) 

Maximum 

Crack 

Width 

(mm) 

Pcr ∆cr Py ∆y Pmax ∆max 

(KN) (mm) (KN) (mm) (KN) (mm) 

B1 20 0.617 70.192 6.167 96.434 36.911 0.040527 8511 0.001276 10.552 

B2 35 2.434 59.059 6.135 93.51 44.097 0.00948 1991 0.004422 18.633 

B3 35 1.731 57.045 4.246 89.129 35.051 0.018352 3854 0.00846 14.395 

B4 40 2.667 48.94 4.411 80.32 23.835 0.025102 5271 0.005776 5.734 

B2 B1 
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Fig 8: Modes of failure for all tested specimen. 

 

Effect of crack depth on the load versus mid-span deflection 

The figure (9) shows the load versus mid-span deflection responses for tested beams (B1, B2, B3 and B4), at first zone of 

graph depicts the nearly identical pre-cracking stiffness responses for all beams. This is usually attributed to the fact that the 

structural behavior in the pre-cracking stage is dominantly governed by the un-cracked stiffness of the beams. As opposed to 

that, the post cracking responses shown in figure (9) show a completely different trend than the pre-cracking ones, as the 

influence of the crack depth investigated in this study becomes more evident on the bending stiffness of the tested beams and 

structural behavior. From Figure (9) and Table (5) by comparing results of control beam (B1) with beams (B2, B3 and B4) it 

was found that: 

 Load carrying capacity of tested beam (B2) induced by crack depth 20 mm at mid span decreased with percentage 3.03 % 

than control beam (B1), and its deflection increased with percentage 19.46 %. 

 Load carrying capacity of tested beam (B3) induced by crack depth 40 mm at mid span decreased with percentage 7.57 % 

than control beam (B1), and its deflection decreased with percentage 5.05 %. 

 Load carrying capacity of tested beam (B4) induced by crack depth 70 mm at mid span decreased with percentage 16.71 

% than control beam (B1), and its deflection decreased with percentage 32.76 %. 

It can be concluded that increasing the crack depth, decreases the ultimate load and stiffness while it reduces the deflection of 

flexural tested beams. 

 

Effect of crack depth on the load versus steel strain. 

Figure (10) depicts the total applied load versus the tensile steel strain of the bottom steel bars at mid-span sections of tested 

beams. (B1, B2, B3 and B4). 

From Figure (10) and Table (5) by comparing results of control beam (B1) with beams (B2, B3 and B4) it was found that:  

 Tensile steel strain of tested beam (B2) decreased with percentage 79.05 % than control beam (B1). 

 Tensile steel strain of tested beam (B3) decreased with percentage 59.46 % than control beam (B1). 

 Tensile steel strain of tested beam (B4) decreased with percentage 44.55 % than control beam (B1). 

As expected, that increasing of crack depth, decreases the tensile steel strain of flexural tested beams. 

 
Fig 9: Load deflection curves for beams (B1, B2, B3 and B4) 

 

Effect of crack depth on the load versus concrete compression strain. 

Figure (11) shows the total applied load versus the concrete strains in the compression zone at the surface for tested beams 

(B1, B2, B3 and B4). 

 From Figure (11) and Table (5) by comparing results of control beam (B1) with beams (B2, B3 and B4) it was found that:  

 Compression concrete strain of tested beam (B2) increased with percentage 230.72 % than control beam (B1). 

 Compression concrete strain of tested beam (B3) increased with percentage 563 % than control beam (B1). 

 Compression concrete strain of tested beam (B4) increased with percentage 352.26 % than control beam (B1). 

It can be concluded that the failure of the reinforced specimens is classified as ductile flexural failure due to steel 

reinforcement yielding led by crushing of concrete at the compression face of the beam; thus, the presence of the crack 

resulted in high strain of concrete at the compression zone when compared to the control beam. This type of failure is similar 

to balanced failure in that the concrete crushes and the steel yields at the same time and occurs when the quantity of steel in 

the beam is the same to the balanced reinforcement ratio. 

B3 
B4 
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Fig (10): Load steel strain curves for beam (B1, B2, B3 and B4)   

 
Fig (11): Load concrete strain curves for beam (B1, B2, B3 and B4)  

 

Effect of crack depth on the load versus crack width strain. 

Figure (12) shows the total applied load versus the concrete crack width in the tension zone at the surface for tested beams 

(B1, B2, B3 and B4). 

 From Figure (12) and Table (5) by comparing results of control beam (B1) with beams (B2, B3 and B4) it was found that:  

 Crack width of tested beam (B2) increased with percentage 76.58 % than control beam (B1). 

 Crack width of tested beam (B3) increased with percentage 36.42 % than control beam (B1). 

 Crack width of tested beam (B4) decreased with percentage 45.66 % than control beam (B1). 

It can be concluded that increasing the crack depth, decreases the width of cracks at the tension zone. 

 
Fig (12): Load - crack width for beams (B1, B2, B3 and B4)  

 

Ductility  

In general, ductility can be defined as the ability of material to undergo large deformations without rupture before failure. 

Each design code acknowledges the significance of ductility in design since a ductile structure has a higher capacity to absorb 

energy without catastrophic breakdown. A structure can experience significant plastic deformations with little loss of strength 

related to ductility behavior. The test results show that when RC beams were subjected to any types of damage such as what 

was mentioned in our research will significantly decrease in ultimate capacities. However, as the beams' load-deflection 

curves show, the gains in capacities are usually at the expense of ductility. 

 

 

 

 

 

 

 

Fig 13: Definition of ductility Index. 
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The ductility can be evaluated in terms of energy or deflection. For comparison purposes, using ductility required 

understanding of energy as in Figure (13), (µE) referred to as the ratio of the energy at failure (Eu) of the system to the 

energy of the initial steel yield (Ey). The deflection ductility index  is a concept of deformation. So that, the energy 

ductility  is computed as the ratio of the area under the load-deflection curve at the ultimate failure to tension steel yield 

value as shown in equations from (4.1 to 4.3).  

The ductility indexes can be described as: 

Deflection ductility:                                                                                                    (4.1) 

Energy ductility:                                                                                                         (4.2) 

Table (6) displays the energy and deflection ductility of the damaged RC beams.  

                         (4.3)    

It is essential that RC beams which subjected to any types of failure resulted in significant ductility gained, mainly if the 

failure mode is premature, such as debonding or flexure failure. 

 

Table 6: Ductility index for tested beams. 

 

  

 

 

 

 

 

 

 

Verification study 

The following verification presents a description of finite element models to predict the load-deflection behavior and failure 

modes of tested RC beams under static cyclic loading mentioned in last paragraph. 

The input data required in ANSYS to describe the Linear and nonlinear properties of concrete are shown in Table (7). 

The concrete is modelled using the form of element SOLID65, this element is capable of plastic deformation, cracking, and 

crushing in three orthogonal direction. Due to concrete being highly nonlinear in compression, a proper uniaxial stress-strain 

relationship can describe this nonlinearity.  

 

Table 7: Material models for concrete element. 

Material 

Model 

Number 

Element 

Type 

Material Properties 

1 SOLID 65 Linear isotropic Multi-linear Isotropic Concrete  

EX 29800 Point Strain stress ShrCF-OP (βo) 0.3 

PRXY 0.2 Point 1 0.00037 11.1 Shr CF-CL (βc) 0.9 

  Point 2 0.0006 16.9 Un Ten St  4.11 

     (Fr)  

  Point 3 0.0009 23.7 Un Comp St 46 

     (fc`)  

  Point 4 0.0012 28.9 Bia.Crushing  0 

  Point 5 0.0018 32.7 Hyd. Pressure  0 

  Point 6 0.002 37 Hyd. Biax Crushing  0 

    Point 7 0.0025 37 Tensile Crack  0 

 

The beams' finite element models were constructed using two types of steel rebar according to the uniaxial tensile tests on the 

different bars introduced in material properties. The reinforcement element was assumed to be a bilinear isotropic elastic-

perfectly plastic material and identical in tension and compression. Table (8) shows the Material properties input values for 

the longitudinal and transverse reinforcement. Poisson’s ratio of 0.3 was used for all types of steel reinforcement. 

 

 

 

Beam 

No. 

Ductility Ductility ratios 

In terms of 

deflection (µ ) 

In terms of 

energy (µE) 

In terms of 

deflection (µ ) 

In terms of energy 

(µE) 

B 1 5.99 10.17 1 1 

B 2 7.19 15.25 1.2 1.5 

B 3 8.26 15.88 1.38 1.56 

B 4 5.4 11.26 0.9 1.11 
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Table 8: Material models for steel element. 

Material 

Model 

Number 

Element 

Type 

Material Properties 

2 (T12) LINK 180 Linear Isotropic   Bilinear Isotropic 

EX  2*105  Yield 

Stress 

 556 

PRXY  0.3  Tang Mod  0 

3 (T10) LINK 180 Linear Isotropic Bilinear Isotropic 

EX  2*105  Yield 

Stress 

 547 

PRXY   0.3   Tang Mod   0 

The beam, plates, and supports were modeled as volumes. To achieve good results with the SOLID65 element, the use of a 

rectangular mesh is recommended. Therefore, the mesh is set up by creating square or rectangular elements. The volume 

sweep command was used to mesh the steel plate, support and beam. This properly sets the width and length of elements in 

the plates to be consistent with the elements and nodes in the concrete portions of the model. The overall mesh of the 

concrete, plate, and support volumes and the meshing of the reinforcement is creating with concrete mesh is shown in Figure 

14 

   
Fig 14: FE meshes for concrete and steel  

 

Numerical Versus Experimental Results 

Table (9) summarizes the comparison of experimental and numerical results achieved for all specimens studied for cracking 

stage and ultimate stage also, demonstrates that the analytical approach discussed here can be used to model static cyclic 

loading behavior of reinforced concrete beams. It is shown agreement of the results for the eight beams obtained from F.E 

model and the results obtained from the experimental results. The average difference between the experimental and the F.E. 

model values of the ultimate capacity is within 4 % at the intact and damaged state.  

An examination of the Table (9) reveals that: 

Finite element results in close agreement with the experimental results. 

 

The first cracking loads from the finite element analyses and the experimental data are almost comparable, as seen in Table 

(9). This is possibly due to sensitivity of numerical solution to concrete and reinforcement constitutive stress-strain curve in 

nonlinear period. 

 

Table 9: Comparison between experimental and numerical results.  

Beam  Cracking Stage Failure Stage Pmax 

(exp)/ 

Pmax (the) 
EXP. FEM EXP. FEM 

Pcr ∆cr Pcr ∆cr Pmax ∆max Pmax ∆max 

(KN) (mm) (KN) (mm) (KN) (mm) (KN) (mm) 

B1 20 0.617 18.759 0.232 96.434 36.911 97.102 44.915 0.9931 

B2 35 2.434 18.592 0.23 93.51 44.097 92.979 50.3 1.0057 

B3 35 1.731 17.589 0.781 89.129 35.051 89.297 42.242 0.9981 

B4 40 2.667 11.808 0.432 80.32 23.835 80.625 34.43 0.9962 

Figure (15) Shows the load plots from the finite element analyses for all groups of beams at the last converged load step, and 

shows comparisons between the failure loads of the experimental and finite element models. 

 

 

Fig 15: Comparisons between failure loads between experimental and FE for beams 

(B1, B2, B3 and B4). 

 

 

 

 



 Abdelrahman et. al.,/IJREM/5(3); 2022; 133-142 

International Journal of Research in Engineering & Management                                                                                                                   142 

Conclusions 

 It can conclude that increasing the crack depth, decreases the ultimate load, stiffness and deflection where the ultimate 

capacity of tested beams (B2, B3 and B4) induced by crack depth variable from 20 mm to 70 mm at mid span decreased by 

3.03%, 7.57% and 16.71% respectively than control beam (B1).  

 Increasing of crack depth, decreases the tensile steel strain of flexural tested beams. 

 As expected, increasing of crack depth, increases the concrete compressive strain of flexural tested beams. 

 On increasing the crack depth, the width of cracks decreases at the tension zone. 

 Significant ductility gained for RC beams which subjected to any types of failure mainly if the failure mode is premature. 

 The analytical results demonstrated similar key conclusions to the experimental ones, varying no more than 4 % for all 

specimens. 

 For any decision-making process, these performance evaluation limits are sufficient to monitor RC structures to ensure a 

secure safety level that provides reliable performance evaluation. 

 

References 

Journals 

Charles Schallhorn and Salam Rahmatalla. (2015). Crack detection and health monitoring of highway steel-girder bridges, 

Structural Health Monitoring, Vol. 14(3), pp.281–299, DOI: 10.1177/1475921714568404. 

G Song, H Gu1, YLMo, T T CHsu and H Dhonde. (2007). Concrete structural health monitoring using embedded 

piezoceramic transducers, Smart Materials and Structures, 16, pp. 959–968. doi:10.1088/0964-1726/16/4/003. 

Jinping Ou, and Hui Li. (2010). Structural health monitoring in mainland china: review and future trends, Structural Health 

Monitoring 9(3), pp.219-13, IBSN: 1475-9217 (201005). 

Scott W. Doebling, Charles R. Farrar, Michael B. Prime, Daniel W. Shevitz (1996). Damage identification and health 

monitoring of structural and mechanical systems from changes in their vibration characteristics: A literature review, New 

Mexico, los alamos 13070-ms. 

Yao Yao, Shue-Ting Ellen Tung and Branko Glisic. (2014). Crack detection and characterization techniques—an overview, 

Structural Control and Health Monitoring, 21, pp.1387–1413. DOI: 10.1002/stc.1655. 

 

Books 

Adams DE. (2007).  Health monitoring of structural materials and components: methods with applications, United Kingdom, 

John Wiley & Sons. 

Balageas D, Fritzen CP, Güemes A. (2006). Structural Health Monitoring, United Kingdom, John Wiley & Sons, ISTE: 

Hoboken, NJ. ISBN: 1905209010. 

Giurgiutiu V. (2008). Structural health monitoring with piezoelectric wafer active sensors, Burlington, MA. Academic Press. 

Glisic B, Inaudi D. (2008). Fiber optic methods for structural health monitoring, United Kingdom, John Wiley & Sons, 

Interscience, ISBN: 0470061421. 

Staszewski W, Boller C, Tomlinson GR. (2004). Health monitoring of aerospace structures, United Kingdom, Smart Sensor 

Technologies and Signal Processing, Wiley: ISBN: 9780470843406. 

Wenzel H. (2009). Health monitoring of bridges, United Kingdom, John Wiley & Sons. ISBN: 0470031735. 

 

 


