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Abstract. Maintenance of bridges is becoming increasingly important in Japan.
In the maintenance of bridges, it is necessary to evaluate the current load carry-
ing capacity of a deteriorated structure by the use of design equations or numer-
ical analyses. However, the design drawings are often missing, thereby input
parameters such as material properties and internal reinforcement arrangements
for the equations and analyses are not available. In such a case, it is necessary
and important to determine the input parameters by destructive or non-
destructive tests (NDT) or rational judgements and to estimate the load carrying
capacity of a deteriorated structure with a rational analytical model. In this
study, using NDT results, the structural performance of SRC deep beams is
evaluated by FEA, where the evaluation processes are examined as well. Con-
sidering that the material properties from NDT has some ranges and may con-
tain errors, their values are adjusted referencing the design of similar beams
from some papers and then input for FEA. In terms of concrete, a nonlinear
stress-strain relation is employed for compression. Under tension, the concrete
is assumed to behave linear elastically before the tensile strength is reached. Af-
ter that, a linear softening behavior is assumed for cracked concrete. As for steel
reinforcements, i.e. embedded I-beam and rebars, the stress-strain relation is as-
sumed as elastoplastic. The steel/concrete interface is regarded as rigidly con-
nected. In addition to FEA, hand calculation using empirical equations is con-
duced as well to examine the predictions. Finally, the predictions such as inter-
nal structure, material properties and load carrying capacity are compared with
their corresponding experimental results which have been closed until this step.
From this comparison, the employed performance evaluation processes are ex-
amined.

Keywords: maintenance, structural performance evaluation, SRC, deep beam,
FEA, NDT.



1 Introduction

Nowadays, existing bridges are required to be inspected once every five years. In
Japan, the number of infrastructures which are over 50 years old is increasing. It is
reported by the Ministry of Land, Infrastructure, Transport and Tourism of Japan that
the ratio occupied by such structures will be 60% in the upcoming 20 years [1].
Therefore, it is of great importance to provide effective maintenance and evaluation
for those structures.

Unfortunately, the design drawings are lost for some existing structures. Thus, to
evaluate the performance of these structures, one has to obtain or estimate the values
of the material properties and the structural type and arrangement of the internal struc-
tures including concrete, reinforcement rebar and members based on destructive or
non-destructive tests or rational predictions. Even though the structural performance
can be evaluated easily using appearances such as the degree of cracking, the evalua-
tions are rather rough and the reliability of these evaluations can hardly be checked
and verified. However, theoretically, as the status of an existing structure can be re-
flected on some structural characteristics including the geometrical dimensions, mate-
rial properties and behaviors under some given loads, a more mechanical sound and
accurate performance evaluation can be provided by inputting the data from in-situ
inspection, measurement and NDTSs into a numerical model of the structures and then
conducting analysis. So far, the process of these prediction and evaluation has not
been established yet. Nowadays, the process depends on the judgment skill of engi-
neers.

As one of the evaluation methods for such structures, “Blind Performance Evalua-
tion” is currently under consideration at the Committee on Hybrid Structures, Japan
Society of Civil Engineers. We also decided to work on blind performance evaluation.
The Blind Performance Evaluation is to predict the internal structure of the structure
from the data obtained by inspection and measurement of the structure with unknown
internal structure, and then evaluate the structure performance including future behav-
ior. Blind performance evaluation has 4 steps. The first step is inspection and meas-
urement. The second step is prediction and analysis of the structure from data of first
step. The third step is evaluating the structure. The forth step is comparing the predic-
tion and the experimental results of the actual specimen. Therefore, the performance
of an SRC beam is evaluated with the developed method as well as hand calculation
using empirical equations. At the meanwhile, the process of structural performance
evaluation by conducting FEA of the structure predicted with date from NDTSs is ex-
amined, which is the primary purpose of this research.

2 The procedure of Blind Performance Evaluation

As shown in section 1, the blind performance evaluation has 4 steps. The first is in-
spection and measurement. In this study, this step contains two phases. The first phase
is only inspection of the structure, such as dimensions and cracking procedure during
loading experiment. The second phase is measurement by non-destruction testing



(NDT) techniques. The data obtained from NDT includes the prediction of material
property and internal structure arrangement. The second step is prediction and analy-
sis the structure. From the data of first step, the specimen is predicted referring other
papers of which specimen is close to this study to determine material property and
internal structure arrangement. Then, following this prediction, the analysis is con-
ducted using hand calculation and FEA by MSC/MARC. In this analysis, the behavior
is analyzed, such as procedure of cracking, failure mode and the maximum load ca-
pacity. The third step is evaluation. In this step, the future behavior of the specimen
after damaged is evaluated from data of first step and prediction and analysis of sec-
ond step. The forth step is comparison the prediction and actual structure and loading
experiment.

3 The data from inspection and measurement

The inspection and measurement has 2 phases. The first phase of inspection and
measurement is to get only specimen dimensions. Fig.1 shows the geometric infor-
mation of the specimen. As the reinforcement condition is not available from these
information, one can only suppose the specimen as a regular reinforced concrete (RC)
beam as this structural type is most commonly employed. The second phase of in-
spection and measurement is to conduct non-destruction test (NDT) to get material
property and internal steel arrangement. The arrangement of internal structure deter-
mined from NDT is shown in Fig.1. In terms of the NDT, a microwave radar was
used for prediction of steel arrangement and a hammer test was adopted for determin-
ing the range of compressive strength of concrete. It is found that the tested specimen
may be a steel reinforced concrete beam rather than a normal reinforced concrete
beam. Table 1 and Table 2 show ranges of material properties of concrete and steels
from NDTs. To investigate the dependence of the accuracy of the proposed method
on the completeness and richness of the data from inspection and measurement, pre-
diction of the specimen details is conducted after each phase. The specimen is named
as first prediction from the data of the first phase. The specimen is named as second
prediction from the data of the second phase.
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Fig.1 The data of size of specimen



Fig.2 The picture of specimen after cracking

Table 1 The data of concrete from NDT
Compressive strength 26.8 ~ 40.7 MPa
Tensile strength 2.06 ~ 2.72 MPa
Young’s modulus 26.4 ~31.1 GPa

Table 2 The data of steels from NDT

Diameter of rebar in compressive zone D16 or D19
Diameter of rebar in tensile zone D19 or D22
Diameter of stirrups D13, D16 or D19

Fig.3 Picture of specimen after failure

4 Prediction of Material Properties and Internal Arrangements

In this study, the paper written by Muhammad SAFDAR [2] is referenced, where a
non-linear analysis software MSC/Marc was used to analyze RC beams and slabs
repaired with Ultra-high performance fiber reinforced concrete (UHPFRC). In this
paper, the same software, MSC/Marc, is used as well. In SAFDAR’s paper, it is



showed that the method developed in MSC/Marc can provide an accurate prediction
of behaviors including load-displacement of mid-span curve of the tested structures
compared to experiment. Therefore, the same theories adopted in SAFDAR’s paper
are adopted in this study as well.

4.1 Concrete

In this study, two assumptions are employed on the material properties of concrete.
The first assumption is that concrete is homogenous and initially isotropic. The sec-
ond assumption is that the uniaxial compressive stress-strain relationship for the con-
crete model shown in Fig.4 is obtainable following the multi-linear equations for con-
crete proposed by MacGegor 1992 [3].

According to first phase of data, i.e. the dimensions of specimen, no information
about the concrete was provided. The material properties have to be predicted based
on experiences and existing related knowledge, such the design specifications, stand-
ard design cases, as the specimen should satisfy the requirements of the design speci-
fication and should not be too special. Then two papers were referenced [4][5]. The
dimensions of the specimens which were used on these two papers were close to the
specimen which are used in this research. From these two papers, it is showed that the
maximum compressive strength and Young’s modulus of the concrete, f'., and, E,,
are close to 30 MPa and 28 GPa. Therefore, in this research, 30MPa and 28GPa were
adopted for the compression strength and Young’s modulus of the concrete of the
specimen named as the first prediction.

According to the second phase of data, it was found that the uniaxial compressive
strength and Young’s modulus of concrete vary in 26.8 ~ 40.7MPa and 26.4 ~
31.1GPa, respectively, as shown in Table 1. These ranges include the values, which
are predicted at first phase. Under uniaxial compression, the concrete strain, ¢,, corre-
sponding to the peak stress, f’, , is assumed as 0.002 which is commonly used. The
crushing strain, €., of concrete is defined as 0.003 as suggested by ACI committee
318. The Poisson’s ratio of concrete is assumed to be 0.2. In terms of the tensile prop-
erties of concrete, it is generally accepted that the uniaxial tensile strength, f;, varies
from 2.06 MPa to 2.72 MPa. In this study, the tensile strength is calculated based on
equation (5) using the compression strength. Under tension, a linear elastic relation is
used for the stress and strain of concrete before cracking, i.e. until the tensile strength
of concrete, f;, is reached. Once the cracking of concrete takes place, a discrete model
is used to represent the macro cracking behavior. It is known that cracked concrete of
RC member can still carry the tensile stress in the direction normal to the crack,
which is known as tension stiffening [6]. In this study, a linear softening model as
shown in Fig.5 is adopted to capture the tension-stiffening phenomenon. The soften-
ing modulus, E;, is selected as 2.55 GPa and corresponding strain, &*, at which tension
stiffening stress reduces to zero is 0.001. During the post-cracking stage, the cracked
concrete can still transfer the shear forces through aggregate interlocking or shear
friction, which is termed as shear retention. The shear retention is modeled by intro-
ducing the shear retention factor, which is an input parameter to reduce the shear
modulus after cracking. Numerous analytical results have demonstrated that shear



retention factor has value between 0 and 1 [7]. The shear retention factor is selected
as 0.4 in this analysis.
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Fig.4 Uniaxial compressive stress-strain curve for concrete

Fig.5 Tension stiffening model for concrete



4.2 Reinforcing Rebar

On first phase of data, any information of internal structure was not given. On sec-
ond phase of data, material properties of steel include only prediction of range of
diameter, no maximum tensile strength, f,,,, and yield strength, f,,, and stress-strain
curve. Thus, these material properties were predicted according to normal design.
Fig.6 shows the constitutive law of reinforcing bar and I-Beam. In this research, a
linear elasticity is used for 0 < o5 < f,,, and a linear hardening elastoplastic model is
applied until a specified ultimate strain is reached under tension and compression. The
yield strength and ultimate strength of all reinforcing bar are provided with 345 MPa
and 545 MPa respectively. These values are from construction criteria of steel. The
ultimate strain &, used in this study is 240000 p. The Poisson’s ratio and elastic mod-
ulus, E, of 0.3 and 200 GPa for both steels are used in this study considering that
these values are generally used. Diameter of each reinforcing bar is determined to
ensure that the steel ratio of the specimens in this study is similar to the steel ratios
used in KOSA’s and TANIMURA'’s papers [4, 5] because the specimens in these
papers possess dimensions and material properties approximate to the data from the
inspections and measurement in this study. In these papers, the steel ratio of the spec-
imen is 2% in tensile zone and 0.4% in shear zone at the first phase. The diameter of
rebar in compressive zone is not important because the rebars in compressive are
exploited to facilitate the installation of the stirrups and the compressive stress of
rebar is quite small compared to the concrete which has much larger area. According
to the above considerations, the diameter of rebars in compressive zone, tensile zone
and stirrups are finally determined as D13, D29 and D10 respectively at the first pre-
diction as shown in Fig.7. However, at the second prediction, it is found that these
steel ratios are not included in the data of NDTs. Thus, diameters which can provide
steel ratios approximate to 2% and 4% were adopted. Finally, at the second predic-
tion, the diameter of rebar in compressive zone, tensile zone and stirrups are deter-
mined as D13, D29 and D10 respectively as show in Fig.8. Table 3 shows the deter-
mined diameters of each rebar.

4.3  l-beam

At the first prediction, the specimen is predicted as a simple RC beam as no inter-
nal information was available after the first phase and the RC beam is the most widely
employed structural type. However, it is revealed that the specimen has a steel I-beam
as internal reinforcement according to the data of NDT. The beam may be a steel-
reinforced concrete (SRC) beam. In a relevant paper presented by MURATA [9], it is
found that the yield strength, £,,, of the steel I-beams may vary over a wide range, from
271.6 to 527.6. In this paper, the yield strength of the I-beam of the specimen which
is close to the specimen of this research was 351.2 MPa. It is close to the value of
rebars, i.e. 345 MPa. In that paper, as no information of other material properties,
such as young’s modules and maximum tensile strength are available, the material
properties of the steel rebar are exploited for the steel I-beam as well for the SRC
beam.



4.4  Discussion

Fig.7 and 8 show the first prediction and second prediction, respectively, following
sections 4.2 and 4.3. In this chapter, i.e. chapter 4, material properties and internal
arrangement are predicted. From only picture of cracking and size, it is too difficult to
predict internal arrangement with confidence. Actually, the specimen is predicted as
RC beam at the first phase, but it is revealed that the specimen is SRC from NDT at
the second phase. Therefore, it is quite important to conduct NDTs for predict internal
arrangement and the accuracy of the prediction depend greatly on the richness and
completeness of the data from NDTs. With the predicted structural type and material
properties, a finite element model of the tested specimen will be developed in chapter
5 to predict the maximum load capacity and also check the influences of NDT on the

accuracy of the method.

Table 3 Diameter of rebar

Rebar of compressive Rebar of tensile | Stirrups
First prediction D13 D29 D10
Second prediction D22 D22 D13
. F 3
5‘:’
Fia.6 Stress-strain model for steel
D13 (83@150mm) D13 (8@ 150mm)
/— / D16
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Fig.7 First prediction
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D130]

Reinforcing bar in tension
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Fig.9 Boundary conditions, mesh and internal arrangement at first prediction

Reinforcing bar in compression[]
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Reinforcing bar in tension
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Fig.10 Boundary conditions, mesh and internal arrangement at second prediction
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5 Analysis of the predicted structure

51 FEA

Finite element analysis is performed by using a nonlinear FEA software, i.e.
MSC/Marc. The steel reinforcement is idealized using truss elements with the node
points defined such that each rebar element is sharing common nodes with the con-
crete solids. This approach is called discrete idealization of rebar with concrete. Fig.9
and Fig.10 shows analysis model on MSC/Marc on each prediction phase. Fig.11
shows load—displacement of mid-span curves by FEA of each prediction. It is found
that the maximum load capacities are 1003kN and 1593 kN for the first and second
predicted specimens, respectively. From FEA, it is generally recognized that the shear
failure is difficult to be reproduced output. However, according to TANIMURA’s
paper [5], the procedure of cracking can be reproduced. In this study, to facilitate the
investigation of the cracking procedure, it is defined that a major crack forms once the
strain exceeds €%, i.e. 0.001, (see Fig. 5). Besides, the shear failure would be defined
as once the major shear crack determined according to the definition reaches from
bottom side to top side as shown in Fig.12(f) and Fig.13(f), where the gray zones
indicate the concrete with tensile strain larger than 0.001.

From the analysis of the first prediction, it is found that the simple RC beam cannot
reproduce the procedure of cracking. The cracking process of the first prediction can
be divided into 4 steps as follows. Step 1: one flexural crack initiates in tensile zone.
Step 2: two flexural cracks initiate adjacent to the crack initiated in step 1 in the ten-
sile zone. Step 3: those two cracks expand to the direction of shear cracking. Step 4:
those two shear cracks reach both of the bottom and top sides. And then the shear
failure happens according to the definition.

In terms of the analysis of the second prediction, it is found that the procedure of
cracking is successfully reproduced by the SRC beam. The cracking process of the
second prediction can be divided into 4 steps as follows. Step 1: two flexural cracks
initiate in tensile zone. Step 2: two cracks initiate adjacent to the two initiated flexural
cracks in step 1. Step 3: these two cracks expands to the direction of shear cracking.
Step 4: these two shear cracks reach both of bottom side and top side. And then, the
shear failure happens according to the definition in this research. Fig.11 shows the
load- displacement curve of the speciemen at mid span.
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5.2 Hand Calculation

In this research, the hand calculation using empirical equations was conducted for
prediction the maximum load capacity and cross check with the results from FEA. In
these equations, the assumption is adopted that the maximum load capacity is a sum-
mation of the load capacity of each material, such as concrete, stirrups and I-beam.
Table 4 shows the calculation result of the first prediction and the second prediction.

0.24f " (1+/100p,) - (1 +3.337/d) b ©
Vcall_ 1+(a/d) w
where, V., is the load capacity of RC without stirrups (N). f’', is compressive
strength of concrete (N/mm?). p, is the steel ratio in tensile zone. d is the effective
height (mm). b,, is the width (mm). r is the length of loading plate (mm). a is the
shear span.

Vearz = Vean + @ - Vs (7)
@ =-017+0.3a/d + 0.33/(100p,,) ©)
Vs=Aw'fwy'Z/Ss 9

where, V4, is the load capacity of RC with stirrups (N). V; is the load capacity of
stirrups (N). py, is A, /(b - S5). A,, is the amount of area of stirrups in Ss (mm?). f,,,,
is the yield strength of stirrups (N/mm?). S, is the interval of stirrups (mm). Z is
d/1.15.
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VcalB = Vcalz + Vsy (10)

V;y zfvy'tW'Zw (11
where, V.43 is the load capacity of SRC (N). V;,, is the load capacity of I - Beam (N).
foy is the yield strength of | - Beam (N/mm?). t,, is the thickness of | — Beam (mm).
Z,, is the height of I - Beam (mm).

5.3  Discussion of prediction of behavior on loading experiment.

Table 4 shows the result of prediction of load capacity by FEA and hand calcula-
tion. As the first prediction shown, the results from FEA and hand calculation are
close to each other. From these results, if the prediction of first step of the specimen is
correct, the results would be close to the experimental results. However, as the actual
specimen is an SRC beam, the results of the specimen from the first prediction should
not be close to the experimental results. As shown in the results of the second predic-
tion, the gap between FEA and hand calculation is relatively large. This may be due to
the setting of node at FEA. As shown in section 5.1, in this analysis, the rigid connec-
tion is adopted. This is considered as a reason of gap of prediction of maximum load
capacity of the specimen. On the real specimen, the slip between I-beam structure and
concrete happens. However, in this analysis, the slip is ignored. As comparison of
first prediction shows, without I-beam, the gap of prediction of maximum load ca-
pacity is much larger. Therefore, the connection of concrete and rebar may not have a
remarkable effect compared to the connection of concrete and steel 1-beam. As a fu-
ture work, the connection between I-beam structure and concrete may have to be de-
liberated.

Table 4 Maximum load capacity by FEA and hand calculation

FEA Hand calculation
First prediction 1003 kN 957 kN
Second prediction 1593 kN 1298 kN

6 Comparison of Prediction and Actual Specimen

6.1  Arrangement of internal structure

Fig.14 shows the actual design drawing of the specimen. Comparing the second
prediction, the steel arrangement is similar to the actual design drawing. The differ-
ence of the second prediction and the actual design is the rebar diameters and the
length of steel 1-Beam. Table 5 shows the actual diameter of all types of rebars. It is
found that the diameter of the tensile rebar of the second prediction is larger than in
the tested specimen.

Table 5 Each actual diameter of rebar

Rebar of compressive Rebar of tensile | Stirrups

Actual diameter of rebar D13 D13 D10
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Fig. |4 Actual design drawing of the specimen

6.2  Load-displacement curve

Fig.5.1 shows the load — displacement curves of the specimen at mid-span from
FEA and experiment. In the experiment, the maximum load capacity is 1758 kN.
This value is larger than value of FEA and hand calculation. Error is -9.4% for FEA
and -26.1% of hand calculation, respectively. Therefore, FEA is reliable in the range.
It could be considered that this gap may come from the error of the predicted material
property of 1-Beam structure. From the comparison between the predictions and actu-
al design drawing, it is found that all diameters of rebar of actual structure are smaller
than the predictions. However, the maximum loading capacity from experiment is
larger than the load capacity from prediction. Therefore, this gap may come from the
error of the material property of I-beam in the predicted specimen.

6.3  Procedure of cracking of Actual Structure and FEA

From section 5.1, the cracking procedure of the second prediction is got. Compar-
ing to the actual structure, it is found that the second prediction reproduces the actual
procedure of cracking reasonably well. As shown on the picture of the actual struc-
ture after damage (Fig.2), the specimen has two tensile micro cracking and two micro
shear cracking. As shown on the picture of the actual specimen after failure (Fig.3),
the shear cracking expands and leads to a shear failure finally. Comparing this exper-
imental cracking procedure with the analytical cracking procedure using FEA (see
Fig.13), it is found that the FEA using data from NDTs can provide an accurate pre-
diction of the actual cracking procedure and damages.

6.4  Discussion from comparison

In this section, a comparison between the behaviors of the specimen from FEM and
from experiment is conducted. As for the first prediction, it is very different from the
actual specimen as no internal information from NDTs was provided until this predic-
tion. This prediction has to be conducted by only referring other papers. Consequent-
ly, it was impossible to predict the internal structure or in other words whether the
beam is an RC or SRC beam. In this prediction, the specimen was predicted as RC,
however actual structure was SRC. In terms of the second prediction, the internal
steel arrangement is predicted appropriately using the data from NDTs. The gap of the
maximum load capacity between FEA of second prediction and the actual specimen is
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163 kN which is only 9.4% of the experimental load capacity. This gap may be due
to the difference of diameter of rebar, 1-beam material property and concrete material
property. However, the gap of maximum load capacity of between hand calculation of
second prediction and the actual specimen is 460 kN, which is much larger than the
FEA. Thus, the hand calculation has a room of improvement and can be used as a
rough cross check of the FEA. Therefore, it would be demonstrated that the process of
predicting the structure details by jointly using data from NDTs and referring related
experiences and knowledge and then conducting FEA of the predicted structure can
provide a structural performance evaluation with good accuracy.
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e 1200 4
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T 1000 4
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Fig.15 Comparison of FEA and Experiment

7 Conclusion and Future Work

In this research, a process, namely blind performance evaluation, is conducted to
predict and evaluate the structural performance of a beam using data from NDTs. The
process can be described as follows. Firstly, a prediction of the details of the tested
beam is conducted using date from inspection, measurement, and NDT technique
together with referencing to related experiences and knowledge including standards,
and academic article. Secondly, a nonlinear numerical analysis is conducted on the
predicted structure based on FEM. Finally, the analytical behaviors of the structure
are compared with the corresponding experimental behaviors to examine the proposed
process for structural performance evaluation. Main findings can be concluded as
follows:
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The accuracy of the predictions depends greatly on the richness and completeness
of the date from inspection, measurement, and NDTs. For example, the tested
SRC beam was predicted incorrectly as an RC beam incorrectly with only pic-
tures and dimensions and correctly as an SRC beam with additional data from
NDTs. Besides, referencing to related experiences and knowledge can be a help-
ful supplementary for an appropriate prediction.

As the data from NDTSs, such as material properties, may vary over wide ranges,
it is of great significance to consider the effects of the obtained data on the be-
haviors of the structures.

For the SRC beam which is predicted using NDTs, a numerical analysis based on
nonlinear FEA and a hand calculation based on empirical equations are conduct-
ed to predict the load capacity. Comparing with the experimental load capacity, it
is found that the FEA can provide a good accuracy which is much higher than the
hand calculation. This observation demonstrates the reliability and applicability
of the proposed method and process. Nevertheless, the empirical equation can be
a cross check of the FEA.

In addition, the experimental cracking procedure and shear failure mode are re-
produced by the nonlinear FEA as well. Superior to the experiment and hand cal-
culation, the FEA could provide a more detailed investigation of the structure.

In this research, the gap between FEA and the experiment may be from the mod-
eling of the interface of rebar/concrete and I-beam/concrete. In this study, the ma-
terials or components are rigidly connected. As a future work, it may need to be
improved.
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