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Abstract

In the current study, the finite element method using the ABAQUS program is employed to investigate the shear behavior of reinforced concrete (RC) beams
strengthened by carbon fiber reinforced polymer CFRP. Load-deflection curves, modes of failure and the pattern of the cracks are studied. Also, the influence of
compression strength of concrete, the configuration of CFRP (U shape and 2 side bond shape) and shear span to depth ratio (a/h ratio). The results show that the
shear capacity of RC beams strengthened by CFRP increased by a maximum percentage of up to 111.7% compared to the unstrengthened beam. Also, it is found
that by increasing the compressive strength of concrete from 40 MPa to 65 MPa the load-carrying capacity increases by 28% and the stiffness also increased, while
the decrease of shear span to depth ratio from 1.66 to 2.33 leads to increasing the shear capacity by 23%. The maximum load of beam strengthened with U shape
increased by up to11.5% when compared with the same beam strengthened with two side bond shapes of CFRP. However, the gain in the strength was reached to
22.7% for beams strengthened with CFRP laminate compare to unstrengthened beams. The strengthening of RC beams by CFRP laminates using the near surface

mounted (NSM) technique is more efficient than the externally bonded reinforcement (EBR) technique for all beams in the shear behavior. The finite element
models provide a good level of accuracy compared to experimental results and ACI-440.

FEM, CFRP, behavior, shear, beam
Resumen

En el presente estudio se emplea el método de elementos finitos utilizando el programa ABAQUS para investigar el comportamiento cortante de vigas de hormigén
armado (RC), endurecidas con polimero reforzado con fibra de carbono CFRP. Se estudian las curvas carga-deflexién, los modos de fallo y el patrén de las grietas.
También se estudia la influencia de la resistencia a la compresién del hormigén, la configuracién del CFRP (forma de U y forma unién de 2 lados) y la relacién entre
la luz de corte y la profundidad (relacién a/h). Los resultados muestran que la capacidad de corte de las vigas de CR reforzadas con CFRP aumenté en un porcentaje
méximo de hasta el 111,7% en comparacién con la viga no reforzada. Ademas, se observa que al aumentar la resistencia a la compresién del hormigén de 40 MPa a
65 MPa, la capacidad de carga se incrementa en un 28% y la rigidez también aumenta, mientras que la disminucién de la relacién entre la luz de corte y la
profundidad de 1,66 a 2,33 conduce a aumentar la capacidad de corte en un 23%. La carga maxima de la viga reforzada con forma de U aumenté6 hasta un 11,5%
en comparacién con la misma viga reforzada con dos formas de unién lateral de CFRP. Sin embargo, la ganancia en la resistencia fue del 22,7% para las vigas
reforzadas con laminado de CFRP en comparacion con las vigas no reforzadas. El refuerzo de las vigas de hormigén armado con laminados de CFRP mediante la
técnica de montaje en superficie (NSM), es mds eficaz que la técnica de refuerzo de unién externa (EBR), para todas las vigas en el comportamiento cortante. Los
modelos de elementos finitos proporcionan un buen nivel de precisién en comparacién con los resultados experimentales y la norma ACI-440.

FEM, CFRP, comportamiento, cortante, viga

Reinforced concrete (RC) structural elements such as beams may be subjected to significant shear stresses.
Upgrading or strengthening becomes necessary when these structural elements are not able to provide satisfactory
strength and serviceability. Shear failure of RC beams could occur without any warning. Many existing RC members
are found to be deficient in shear strength and need to be repaired. Shear deficiencies in reinforced concrete beams
may occur due to many factors such as inadequate shear reinforcement, reduction in steel area due to corrosion.

In general, shear resistance of RC beams has been increased when strengthed by CFRP against shear failure
using NSM and EBR techniques. FRP composites are lightweight, non-corrosive, and easily constructed which
exhibit strength and high specific stiffness. FRP composites have been used in rehabilitation and new construction
structures, and external reinforcement for seismic upgrade and strengthening.

Maney experimental researches have investigated the effect of strengthening RC beams by CFRP laminate or
sheet on the shear strengrth. However, some of the numerical studies were used to represent RC beams strengthed
by CFRP as in. Accordingly, most of the previous works related to the strengthening of concrete beams by CFRP to
enhance the shear behavior of RC beams were experimental studies. It is very essential to understand the behavior
of CFRP-RC beams by presenting more theoretical and numerical studies. The theoretical works related to the
behavior of RC beams with CFRP in shear using program ABAQUS are still limited.
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In this study, finite element analysis using ABAQUS program was presented to investigate the efficiency of

using CFRP with NSM or EBR technique to enhance the shear strength of RC beams. The FEM model was build

based on the experimental results concluded by (Barros et al, 2007). A parametric study was presented to
investigate the impact of different parameters on the shear strength of RC beams strengthened by CFRP.

2. Materials and methods

2.1 Materials

The same properties of steel reinforcement and concrete proposed by (Barros et al., 2007) have been used in
the current study. (Table 1) shows the properties of steel and concrete materials.

Two types of CFRP were used in this paper: the first type is CFRP sheets with 80 mm in width used for the
flexural strengthening. The second type is CFRP- laminates with 1.4 x 9.6 mm2 as a cross-sectional area in the
flexural strengthening. The properties of the CFRP used in this study are listed in (Table 2).

Table 1. Properties of steel bars and concrete

concrete
fcMPa) @ (mm)
6 (stirrups)

49.2¢

6 (long.)
10

56.2°
12

a: A series.
b: B series.

Table 2. Properties of the CFRP and adhesive materials

Material

Tensile strength
(Mpa)

Ultimate
strain (%)

Thickness
(mm)

sheet

3000

0.8

0.167

epoxy

54

2.5

primer

0.7

3

Adhesive

16-22

Laminate

2286

1.3

1.4

3. Finite element analysis

The finite element method (FEM) was performed to model the nonlinear behavior of RC beams strengthened
by CFRP.

3.1 Concrete

The plastic damage was performed to model the concrete behavior. This model assumes that the major two
failure modes of concrete are tensile cracking and compression failure as shown in (Figure 1). The modulus of
elasticity (E.) and modulus of rupture were calculated theoretically based on experimental values of compressive
strength of concrete  (f7).
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For tension behavior (Equation 1):

FS0.6T\[f oo [¢)]
(Equation 2)

E=22(0.1 % fL)O37000.................ccc.o oo 2)
€=0.000117
(Equation 3)

Eot=E 1= Lt/ E e e (3)
(Equation 4)

O, = Fr(Er/E) 0 @)
(Equation 5)

€ost=C€r— (Eic) .................................................................................................. )

For compressive behavior:
(Equation 6)

k=1.05x EC(% ............................................................................................... (6)

(Equation 7)

€= 0.0014(2 — e%024fc — 014Fe) e, (2)
(Equation 8)

N € e vneen e et ¥

(Equation 9)

, kxR—82
O, = fc * (m) ............................................................................................. (9)

where:
fi: tensile strength of concrete, f, : compressive strength of concrete, E.: elastic modulus, & strain in the

tension zone, oy tensile stress in plastic range, Ecq: tensile strain in the plastic range, &.;: strain at the peak stress,
o.: compressive strength of concrete in plastic range.
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I
(M

(a) (b)

Fl:gure 1. Stress-strain curves of concrete a) tension b) compression (CEN. European Committee
for Standarization, 2014)

3.2 Steel reinforcement

The steel reinforcement was used as an elastic-plastic material. (Figure 2) shows the stress-strain relationship
of steel in compression and tension behavior. The elastic modulus and the yield stress were obtained from the
experimental work conducted by Barros et al, 2007. A Poisson’s ratio used in this study equal to 0.3 for the steel
reinforcement. A perfect bond between concrete and steel was assumed.

(+]

»

2 e e e ' e i i e

Figure 2. Stress-strain relationship of steel reinforcement in tension and compression

3.3 CFRP

Generaly two models were used to represent CFRP. Firstly, CFRP was assumed as a linear elastic isotropic
until failure. While in another model, CFRP was assumed as a linear elastic orthotropic material. The first model has
been used in this study. The CFRP properties were specified by the manufacturer. A Poisson’s ratio of 0.3 was used
for CFRP. The stress-strain of CFRP is shown in (Figure 3).
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Figure 3. Stress-strain curve of CFRP for sheet and laminate types

3.4 CFRP-concrete interface

Two models were utilized to model the interface between CFRP concrete surfaces A perfect bond was
assumed in the first model and a cohesive model was assumed in the second one. (Figure 4) shows the relationship
between maximum shear stress (T,,,) and effective opening displacement(8) in the interface zone between
concrete and CFRP by using simple bilinear traction-separation law. The interface is modeled with a small thickness
and the initial stiffness K, is defined as (Guo et al., 2005) (Equation 10)

k0:ti

L te
G; G

eV

Figure 4. Bilinear traction—separation constitutive law

It is assumed that G= 0.665 GPa, G.= 10.8 GPa, t;= 0.5 mm, and t. = 5 mm. The relation between the effective
opening displacement and traction stress is represented by the stiffness (Ko), opening displacement at fracture (8y),
the material strength (t,,,) and the energy required to open the crack (G.) which is defined by the area under the
traction—displacement relationship as shown in (Figure 4).(Equation 11) (Equation 12), provides an upper limit of
the maximum shear stress. (tmax,):
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225-2
BW = [0 be e (12)
125+

The value of fracture energy (G.) was ranged between 300 J/m2 and 1500 J/m’ as assumed in other
researches. The value of 900 J/m*was used in current research.

The damage was assumed to occur firstly when the nominal stress ratios reached value one this criterion can
be represented by (Equation 13)(Hibbitt and Sorensen, 2000):

(6,/0%)% + (Es/t°)2 + £, /1°)% =1 oo, (13)

0°, =f;=4.4 MPa, and £, = £, = 1.5 MPa, used in this study

4. Shear strengthening

Numerical modeling to study the behavior of beam strengthened for shear by CFRP under four-point loading
using the ABAQUS program using the experimental work conducted by (Barros et al., 2007) to build the model.
The numerical study has been adopted based on the experimental study of four series of tested beams presented by
(Barros et al., 2007). (Figure 5) and (Table 3) show the support conditions, reinforcement arrangement, and
geometry of the beams. Each series was composed of a beam without shear reinforced (R) and the following beams
strengthed with shear reinforcing: strips of CFRP sheet (M), steel stirrups (S), strips of CFRP at 450_ with the beam
longitudinal axis (IL) and laminate strips of CFRP at 900_ with the beam longitudinal axis laminate (VL).
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Figure 5. Series of beams strengthened for the shear (dimensions in mm)
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Table 3. Series beams strengthened for the shear

Shear strengthening systems

Beam designation

Material

Quantity

Spacing

A10-R

A10-S

Steel stirrups

606 of two branches

AT0-M

CFRP sheet

8*2 layers of 25 mm
(U shape)

A10-VL

CFRP laminate

16 CFRP laminates

AT0-IL

CFRP laminate

12 CFRP laminates

A series

Al12
series

A12-R

A12-S

Steel stirrups

1006 of two branches

A12-M

CFRP sheet

14*2 layers of 25 mm
(U shape)

A12-VL

CFRP laminate

28 CFRP laminates

A12-IL

CFRP laminate

24 CFRP laminates

B10-R

B10-S

Steel stirrups

606 of two branches

B10-M

CFRP sheet

10*2 layers of 25 mm
(U shape)

B10-VL

CFRP laminate

16 CFRP laminates

B10-IL

CFRP laminate

12 CFRP laminates

B series

B12
series

B12-R

B12-S

Steel stirrups

1006 of two branches

B12-M

CFRP sheet

16*2 layers of 25 mm
(U shape)

B12-VL

CFRP laminate

28 CFRP laminates

B12-IL

5. Results and discussion

CFRP laminate

24 CFRP laminates

5.1 Load-deflection curve

This section discusses the ultimate load and the relationship between load and mid-span deflection of all
tested beams. A summary of the experimental loads and predicted loads by finite element method at the ultimate
level as well as the increase in the ultimate loads based on numerical results are presented in (Table 4).

The highest deformation capacity was registered in the beam strengthened with inclined laminates (AT0_IL).
The relationship between the applied load and the deflection at mid span of the beams for FEM and experimental
results are shown in (Figure 6) (Figure 7) (Figure 8) (Figure 9) and (Figure 10). It is clear from these figures there is
a good agreement between the results of the experimental and FEM results using ABAQUS according to max loads.
Also, (Table 4) improved this conclusion.
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Table 4. Finite element and experimental results

Beam Experimental (EXP) Finite element mothod(FE) EXP/FE
designation

Max load (KN) Max load (KN) Percentage (%)
Increase in
Capacity (%)
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Figure 7. Load-deflection curves of beam with steel stirrups

Revista Ingenieria de Construccion

Vol 36 N°2  Agosto de 2021

www.ricuc.cl

125




Revista Ingenieria de Construccion RIC

Vol 36 N°2 2021 www.ricuc.cl

ENGLISH VERSION . ...t s e et e e s oo e s et e b oo b e e s e s e b e s e 4 e 4 e e R 0o R e s oo R e e s e b oo h e e e e b o0 e e R e R e e s e e e s e s e b oo e e s et e s e s e s et s e s s e s e s e st e s e e

Joad (KN)

200 e ¢ S 1
150
o /
SO o
0
0 1 2 3 4 5
deflection (mm)

(a) Load-deflection curve of beamstrengthened with
CFRP sheet{B12-M)

load {KN}

0 1 2 3 a

defiection {mm}

(c) Load-deflection curve beam of strengthened with
CFRP(A10-M)

———Ff —EXP

0 1 2

deﬂecﬁgn (mm) .

(b} Load-deilection curve of beam strengthened with CFRP sheet
(A12-M)

—EXP

load {KN}
b b
N S O S N &
00 @0t e

0 1 2 3 a 5

deflection [mm)

(d} Load-deflection curve of beamstrengthened with
CFRP(B10-M)

Figure 8. Load-deflection curve of beam strenghened with CFRP sheets

N0

ke (XN}

deliechion [mm)

[0} Sadechemcton corve of bears dnvegdienmd with CERP
- ventical minge ATCVL

7 £

3 S e

1 a
pefecnon (mm|

(et hsack-deflaction cunve of heam srergirened with CFRP
vorteal amisaes (H10-V4)

p) s 2

—nR ~

2

250 -
o 2% / ,-xﬂ-ﬂ%
2 .

(-] P
i /4

wo

o |

)
o i s [ H w u

seflachian (mmd

b dwd-ched et icn curve of bear eiwrgthened with C)
vermicd Laminae 1250

e |

QP

//’ = b,

142
29
e
3

; &0

g kM
\

2 wbactde jmm|d 5 §

i leadtdetiection cune of haam seengitored wien CERP
wemica lamnats (B2
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Figure 10. Load-deflection curve of beam strenghened with CFRP inclined laminate

5.2 Modle failure

Shear failure was the failure modes of the control beams for all series (beams without shear reinforcement)
and no yielding of tensile reinforcement was observed. Yielding of main steel reinforcement was observed firstly in
beams A12_S and A10_S followed by shear cracks, while, shear cracks firstly occurred in beams (B10-S and B12-5)
and the yielding of the longitudinal steel reinforcement was observed. Shear failure was the failure modes of beams
AT10-M, A12-M, B10-M, and B12-M. The shear cracks were started from compression to tension due to the U
configuration of the CFRP sheets. Experimentally, the rupture of CFRP sheets was clearly observed. Conversely, no
rupture was observed in the numerical results. Also, yielding of main steel reinforcement was observed firstly in
beams AT10_VL, and then a shear failure crack was formed. While beam A12_VL failed by shear cracks and no
vielding of tensile steel was noted. The failure mode of beams B10_VL and B12_VL was forming shear cracks from
load to support without yielding of longitudinal tensile reinforcement. Beams (A12_IL and A10_IL) failed by the
formation of the flexural failure cracks. The mid-span deflection drops gradually after longitudinal tensile
reinforcement yielded. Mode of failure of B10_IL, B12_IL beams is forming shear cracks from load to support
without yielding of the longitudinal tensile reinforcement. (Figure 11) (Figure 12) (Figure 13) (Figure 14) (Figure
15) (Figure 16) (Figure 17) (Figure 18) (Figure 19) (Figure 20) (Figure 21) (Figure 22) (Figure 23) (Figure 24)
(Figure 25) (Figure 26) (Figure 27) (Figure 28) (Figure 29) and (Figure 30) show the experimental and numerical
failure modes of the studied beams. The ultimate load beams (A10-S, A12-5, B10-S and B12-S) at failure are higher
than beams (A10-M, A12-M, B10-M, and B12-M) due to the premature FRP debonding which took place before
reaching failure.
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Figure 11. Mode of failure of control beaM (R B12)
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Figure 12. Mode of failure of control beam (B10-R)
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Figure 13. Mode of failure of control beam (A10-R)
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Figure 14. Mode of failure of control beam (A12-R)
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Figure 15. Mode of failure of control beam with steel stirrups (A10-S)
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Figure 16. Mode of failure of control beam with steel stirrups (A12-5)
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Figure 17. Mode of failure of control beam with steel stirrups (B10-S)
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Figure 18. Mode of failure of control beam with steel stirrups (B12-S)
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Figure 19. Mode of failure of beams strengthened with CFRP sheet (A10-M)
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(a) Stresses in steel bar and CFRP sheet (b) Development of cracks
(c) Strain in the concrete (d) Experimental failure

Figure 20. Mode of failure of beams strengthened with CFRP sheet (A10-M)
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Figure 21. Mode of failure of beams strengthened with CFRP sheet (B10-M)
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Figure 22. Mode of failure of beams strengthened with CFRP sheet (B12-M)
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Figure 23. Mode of failure of beams strengthened with CFRP vertical laminate (A10-VL)
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Figure 24. Mode of failure of beams strengthened with CFRP vertical laminate (A12-VL)
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Figure 25. Mode of failure of beams strengthened with CFRP vertical laminate (B10-VL)
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Figure 26. Mode of failure of beams strengthened with CFRP vertical laminate (B12-VL)
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Figure 27. Mode of failure of beams strengthened with CFRP Inclined laminate (A12-IL)
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Figure 28. Mode of failure of beams strengthened with CFRP Inclined laminate (A12-IL)
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Figure 29. Mode of failure of beams strengthened with CFRP Inclined laminate (A10-IL)
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Figure 30. Mode of failure of beams strengthened with CFRP Inclined laminate (b12-IL)
5.3 Parametric study

5.3.1 Effect of compressive strength of concrete

The concrete compressive strength (f.) is an important factor that affects the shear strength and the overall
behavior of the beams. The parametric study was carried out to evaluate the effects of compressive strength of
concrete on the behavior strengthened beams. Twelve beams are analyzed numerically. Three values of f; (40
MPa, 56 MPa, and 65 MPa) were considered to investigate this parameter in this study as shown in (Figure 31). The
figure indicates that the stiffness and ultimate load increase as the compressive strength of concrete are increased.
(Figure 32) shows the relationship between the max load and the compressive strength of concrete. Also, it is
observed that the stresses in the CFRP sheet or laminite have been increases as the compressive strength of concrete
increases. Beams B10-S failed by yielding of longitudinal tensile reinforcement when f, equal to 65 MPa while no
vielding was observed in beam B10-S beam with f; 40 or 56.2 MPa. Beam B10-M failed by rupture of CFRP sheet
when compressive strength equal to 65 MPa while it failed by forming shear crack without rupturing of CFRP when
f; equal to 40 and 56.2 MPa.
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Figure 31. Load-deflection curve for different compressive strength of concrete
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Figure 32. Relationship between load and compressive strength of concrete

5.3.2 Eftect of Shear span to depth ratio (a/h)

The a/h ratio has an essential effect on the shear behavior of RC beams. change in a/h ratio may lead to a
significant change in the shear resistance. The influence of (a/h) ratio was investigated by building an FE model.
Three values of a/h ratios; 1.66, 2 and 2.33 were considered. (Figure 33) and (Figure 34) show that the increase of
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a/h ratio results in decreasing the shear strength. Shear strength decreased by about (20-30) % when increased the
ratio (a/h) from 1.66 to 2.33.
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Figure 33. Relationship between load and deflection for different depth ratio (a/h)
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5.3.3 Eftect of shape of CFRP on shear strength

Generally, three types of CFRP wrapping schemes had been used to improve the shear strength of RC
members such as beams and columns which one ( completely wrapping, U-wrap shape and two side bond shape).
In this study, we used two types of strength: U shape and two side bond shapes. (Figure 35) shows that the
retrofitting with U shape is slightly improves the strength of more than two sides boned. The maximum load in A10-
M, A12-M, B10-M, and B12-M beams strengthened with U shape CFRP increased by 6.2%, 5.9%, 11.5%, and
9.5% respectively compared with beams retrofitted with two sides shape (figure 35).
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Figure 35. Beams strengthened with CFRP U shape and 2 side bond shape

5.3.4 Eftect of addition CFRP laminate to beams with stirrups
Four RC beams with traditional stirrups were strengthened by CFRP laminate to @8sessithe effect of CFRP
laminate on the strength of RC beams with stirrups (A10-S, A12-S, B10-S, and B12-S). Fig (36) shows that the

capacity of beams was increased by 8.74%, 12.13%, 15.87%, and 22.73% compared with beams (A10-S, A12-S,
B10-S, and B12-5) without SFGRGTGHG
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Figure 36. load- deflection curves of beams with steel stirrups strengthened with CFRP laminate

6. Appraisal of the ACI-440

Figure 35. Beams strengthened with CFRP U shape and 2 side bond shape

According to ACI, the nominal shear strength for the beam strengthened with CFRP is calculated from the
following (Equation 14):

V‘n:VS+VC+fo ............................................................................................ (’4)

(Equation 15)

Vg = Ay oo (15)
(Equation 16)
Ve=2oAFc b o (16)

the design value for shear strength of the CFRP is given by (Equation 17):
Vg = O Loy e (12)
5f

for concrete material, ¢ has a value of 0.85, w f have a value for the U-wraps shape equal to 0.85
(Equation 18)
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The effective stress in the FRP f fe, is obtained by multiplying the effective strain by the Young’s modulus of
the FRP ( Ef) (Equation 19)

Ere = ky % €5, S0.004 ... o (19

where (Equation 20):

_ _kikalLe
v T 11900¢p,

0. 7 S 20)
where (Equation 21):

Lo = (23300)/ (1t Ef)%58 ..ot 21)
(Equation 22)

k= (O3 22)

(Equation 23)

In (Equation 10) and (Equation 4) dyis the effective depth of the beam. f;” is the concrete compressive
strength. The force and the length unities of the variables in (Equation 7) (Equation 8) (Equation 9) and (Equation
10) are Newton and millimeter respectively. (Table 5) shows the results for finite element method, experimental and
ACI of RC beams in shear behavior and compared between them.

Table 5. Finite element method (FEM), ACI and Experimental results

Beam FEM ACI Experimental | EXP/ACI | FE/ACI
designation | Maximum Maximum Maximum
load (KN) load (KN) load (KN)
A10-R 96.2 77.5 100.40
A12-R 119 77.28 116.50
B10-R 73.39 35.04 74.02
B12-R 73.36 34.82 75.70
A10-S 183.12 122.46 169.35

A12-S 205.5 166.86 215.04
B10-S 107.69 73.08 120.64
B12-S 154.3 110.22 159.10
AT0-M 121.7 115.82 122.06

A12-M 166.48 153.66 179.54
B10-M 105.55 73.46 111.14
B12-M 134.35 111.04 143.00
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1. The good agreement between FEM and experimental results for the RC beams strengthened with CFRP
laminate or sheet. The maximum difference between the experimental and analytical results is 12%.

2. Strengthening of RC beams for shear using CFRP sheet or laminate improves the load-carrying capacity of
the RC beams up to 117.7%, in this study.

3. Strengthening RC beams using either U shape wrapped or 2-side bond shape is very important to increase
the shear strength. The U shape wrapped beam is more efficiency in increasing the ultimate load and
stiffness than the 2-side bond shape. The maximum load of beams strengthened with U shape was
increased by 5.9% to 11.5% for beams strengthened by CFRP sheet, A12-M and B10-M respectively when
compared with the same beams strengthened with two-side bond shape of CFRP.

4. The different between FEM results and experimental results is 12%, while the difference between FEM and
ACI 440.1R-17 approach reached 109%. Also, the difference between experimental and ACI 440.1R-17
approach reached 217%, this indicates that the finite element method (FEM) is a very good tool to
predicate the shear strength of CFRP-RC beam:s.

5. The crack patterns and modes failure obtained from the FE models and the experimental work, in general,
are similar.

6. The decrease of shear span to depth ratio (a/h) from 1.66 to 2.33 leads to increasing the load carrying
capacity by 23%.

7. The NSM was the most efficient of the CFRP systems than EBR in shear strengthening.

8. This research shows the potential of FE as a method to support the structural field problems in the modeling
of shear of CFRP- reinforced concrete beams and developing a parametric study to assess the effect of each
parameter on the shear of CFRP- reinforced concrete beams. Therefore, it is considered that the application
of the finite element method may provide a simple method for most problems in structural engineering
fields.
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