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Abstract. The study aimed to construct a finite element model of bending reinforced concrete beams taking
into account crack formation. An incremental orthotropic model was used for modeling the elastic-plastic
deformation of concrete. The finite element stiffness matrix was formulated based on a complementary
energy functional. By employing Lagrange multipliers, the functional was augmented with nodal equilibrium
equations derived via the principle of virtual displacements. Crack formation was incorporated by
introducing additional unknown nodal displacements and using independent stress approximation functions
within the element subdomains separated by the crack. The stiffness matrix of the rectangular finite element
was derived by approximating the stress fields within the element domain using linear functions. To solve
the non-linear problem, an incremental-iterative algorithm was proposed to track the progressive sequence
of crack initiation within the finite elements. The Euclidean force norm was used to evaluate the solution
residual. The number of required iterations is determined chiefly by the total number of initiated cracks.
Once no new crack initiation occurs during a load step, the residual norm approaches zero within just two
iterations. To validate the proposed model, a numerical analysis of a reinforced concrete beam subjected
to a uniformly distributed load was performed. The numerical results derived via the proposed method were
validated against the LIRA-SAPR simulation data.
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1. Introduction

As is well known, cracks can occur in tension zones of reinforced concrete structures even under
relatively light loads. These cracks, when further loaded, significantly affect the stress distribution and
strength of the structure. The crack width affects the rate of reinforcement corrosion and the durability of
reinforced concrete structures. Numerous scientific studies have been devoted to modeling the process of
crack formation and opening in the analysis of reinforced concrete structures. In [1], a continuous-
discontinuous method was used to model cracking deformation and rock contact, taking into account the
internal cracking of quadrangular elements. This method divides the computational domain into
quadrilateral elements with high accuracy. It combines the advantages of the continuous and discontinuous
methods. Before crack formation, this method does not require the introduction of normal and tangential
contact stiffness. After formation, cracks can propagate along the element boundaries and diagonal lines
of the quadrilateral elements. In [2], a crack model was proposed that focuses on calculating the crack
spacing based on the reinforcement strain profile. For small beams, a linear crack width profile was
assumed. For primary cracks in large beams, a bilinear width profile was used. The crack spacing and
width predictions obtained using the proposed model are in good agreement with test results.
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One of the most widely adopted approaches for modeling crack formation is Extended Finite Element
Method (XFEM) [3-6]. Within this framework, additional degrees of freedom along with corresponding
enrichment functions are introduced at the nodes of the cracked element, utilizing the Heaviside step
function to represent the displacement jump across the crack faces. The strain fields within the finite
element are subsequently determined through the derivatives of these displacement approximation
functions. In [5], this methodology was successfully employed to analyze massive structures while
accounting for crack propagation. Furthermore, [7] integrated XFEM with the substructure technique for
crack modeling. By partitioning the structure into multiple substructures, XFEM could be efficiently applied
to capture localized cracking within each subdomain.

Papers [8, 9] focus on experimental investigations of crack propagation in reinforced concrete
beams, evaluating crack widths and spacing in comparison with standardized design values. In [10], a novel
family of finite elements based on deformation analysis was introduced to capture material softening in
planar frame structures. Within this framework, the softening zone is represented by a discrete crack treated
as an ‘excluded’ point of the finite element. Consequently, crack strains are computed separately from the
bulk element strains, being linked to the element solely via kinematic variables that define the crack
opening. To further advance structural modeling, a rectangular finite element formulated through a
complementary energy functional was proposed in, where nodal equilibrium equations were integrated
using the Lagrange multiplier method and derived via the principle of virtual displacements. Additionally, a
new approach for modeling frictional contact within XFEM was developed in. This work introduced an
innovative nodal scheme incorporating a coupled Coulomb friction model. The primary novelty of this
technique lies in its unprecedented ability to account for stress redistribution within localized regions of the
crack surface, offering a distinct advantage in mitigating the blocking problem during numerical simulations
of frictional contact.

[14] introduces a finite element formulation for the analysis of reinforced concrete slabs, accounting
for both concrete cracking and reinforcement yielding. Developed within the framework of localized damage
mechanics, this formulation assumes that all inelastic effects are concentrated along discrete lines, directly
linking all numerical parameters to the mechanical properties of the slab. Furthermore, this finite element
approach has been numerically validated to yield mesh-independent results. Alternatively, an approach for
modeling discrete cracks in three-dimensional space using a particle method was described in. Under this
framework, cracks can be arbitrarily oriented, and their propagation is discretely represented by activating
crack surfaces on individual particles, thereby eliminating the need for explicit crack topology tracking.

In [16], an adaptive crack propagation algorithm utilizing the multifunctional super singular element
method was proposed. This approach yields highly accurate numerical solutions for singular stress fields
and stress intensity factors, thereby enabling precise trajectory predictions. The implementation of adaptive
mesh refinement technology allows for the automatic generation of background meshes for complex
geometries based on three distinct intersection strategies applied within the update zone, significantly
reducing the complexity of mesh subdivision. Similarly, the primary objective of study [17] was to develop
a local multiscale mesh refinement strategy. To capture singularities accurately during crack growth, a
localized refinement scheme around the crack tip region was implemented. The formulation integrates
elements with a variable number of nodes and their corresponding shape functions to effectively resolve
the mismatch problem arising from adjacent elements of different sizes.

Various plastic flow theories are frequently employed to model the elastic-plastic behavior of concrete
under loading [18-20]. In these theories, the relationship between stress increments and plastic strains is
governed by specifying yield and loading surfaces. This approach enables the development of effective
incremental-iterative algorithms for analyzing reinforced concrete components under diverse loading
scenarios. Under active loading, however, a simpler orthotropic concrete model can be utilized, such as
the one outlined in the CEB-FIP Model Code 1990.

In [21], an innovative approach to describe crack evolution in quasi-brittle materials, modeled in the
framework of isotropic damage mechanics, has been presented. Based on innovative Finite Element
Method — Virtual Element Method coupled discretization of the body, this technique gives satisfactory
results. They are comparable to the results obtained by well established approaches in the literature, where
crack propagation is correctly caught by usually employing remeshing procedures or adding degrees of
freedom. The aim of the work [22] was to reduce the computing efforts in the framework of the Global
Cracking Elements Method, which involves finite elements with nonlinear interpolation of the displacement
field. This aim was achieved with the help of hybrid linear and nonlinear interpolation. The numerical
examples have shown that the proposed approach saves a lot of computing time as compared to the
original global cracking elements. Besides, with this approach, curved boundaries can be more accurately
modeled by adding edge nodes. In [23], to solve the mesh dependency problems of the cracking elements
method with a 6-node triangular element (CEM-T6), the numerical formulation and procedures of CEM-T6
were investigated. The characteristic length used in the original CEM-T6 was found to be inaccurate and
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inconsistent. Hence, a new form of the characteristic length that depends only on the size and shape of the
T6 element was presented. With the new form, the mesh dependency of CEM-T6 was greatly mitigated.

The study aimed to construct a finite element model of bending reinforced concrete beams taking
into account crack formation. An incremental orthotropic model was used for modeling the elastic-plastic
deformation of concrete. A stepwise iterative algorithm was used to solve the nonlinear problem.

2. Methods

To determine the location and opening width of cracks in a bending reinforced concrete beam, the
plane elasticity problem was formulated under physically nonlinear conditions. An orthotropic model was
applied for the stress-strain relationship, following the CEB Model Code 1990 guidelines. Under this model,
the concrete stresses under uniaxial compression (Fig. 1a) were calculated:
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Figure 1. The stress-strain diagrams for concrete: a) under compression; b) under tension.

E. is the initial modulus of elasticity of concrete; €y = —0.0022; E = fem is the

cm
0.0022"
compressive strength of concrete, fy,, is the tensile strength of concrete, €plim IS the ultimate
deformation under compression.
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Figure 2. Biaxial strength of concrete (fem = 37 MPa).

Under biaxial stress condition, the concrete strength was evaluated using Equations (3)—(5), which
represent failure criterion curves (Fig. 2). In case of biaxial compression or tension-compression at

Gzt <0.96f.

1+3.80a Got
O3f =~ 2 fom: = ' 3)
(1+a) O3f
under biaxial tension
o15 = fem =const, (4)

under biaxial tension-compression at o3¢ >0.96 f ..

O3f
O15 = 1+O8f_ fctm' (5)

cm
015, Oof, Og¢ arethe greatest, mean and least principal stresses.

In the coordinate system aligned with the principal stress axes, the relationship between strain and
stress increments was determined as follows:

{Acl} 1 E  wWEE {Aal}_

AGZ B ASZ

1V |wWEE, &

The tangent deformation moduli E;, E,, expressed as functions of the principal stresses, were

(6)

determined using the concept of equivalent uniaxial strains &;,.

Ay, =251 =12, %
Ei

€jy = %Asiu , 8)

K is the number of stress increments.

Tangent modulus of elasticity:



Magazine of Civil Engineering, 19(4), 2026

oc—28i“+(oc—2)(8i“j2 f

do €1 €c1 E.
Ei( iu): € =— : C2 cm? a:i- 9)
de; c: Ea
SCl 1+(O€-2)£
cl

Equation (7) can be expressed in matrix form as follows:

Ac E, 0 |[Ae
1(_| = 1u . (10)
AGZ 0 E2 ASZU
To determine the tangent moduli E;j based on equivalent uniaxial deformations g;,, it is necessary

to replace fcm in Equation (1) with the corresponding value of the ultimate concrete strength Gjs .

By substituting o, for 6, in Equation (3), the concrete strength value was obtained.

Ogf =05 —0.5fy 12 —11.2f (0. (11)

Similarly, by substituting o3¢ for G3 in Equation (3), the following relation was obtained:

This approach implies that at each iteration step, the concrete strength in the principal direction under
consideration is determined based on the current principal stress in the orthogonal direction.

For the biaxial tension-compression state o3¢ = 0.96 fcm, the following relations were derived in

accordance with Equation (5):

o1 =(1+ 0.8;’—2J fomn: (13)
cm
6or =| O _q|fom (14)
2y, )08

The strain value €, must be replaced by the equivalent strain &g, accompanied by the

corresponding Poisson’s ratio V. In the case of biaxial compression or tension-compression at
o3¢ <0.96f,,, the following relation was obtained:

O3f O2f
€c3f =8C1[—3f——2J, €eof :801(_31;__2]’ v=0.2. (15)

cm cm

Under biaxial tension

&cif =Eqy =0.00015, v=0.2. (16)

Under biaxial tension-compression at o3¢ = 0.96 f,,,, the following relation was obtained:

3 2
_ —O3f —O3f —O3f _ _ )
€c3f =€c11—1.6 : +2.25 +0.35 . &f =& =0.00015; (17)

cm cm cm
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The shear modulus was determined using Equation (19).
E, +E, -2v/EE
G=—1' 2 “IWHm (19)

4(1-v?)

In Equation (6), the relationship between the shear stress and shear strain increments was
incorporated as follows:

Aoy . B vwWEE 0 Ag,
AGy = 7% | [ELE, E, 0 Agy . (20)
ATy, (1—v ) 0 (1_\;2)6 Ay1p

The following notations were introduced for the vectors and the concrete stiffness matrix:

Ac'=<Ac, ¢, Ae'=¢Ag ¢, E'= % v EE, E, 0 . (21
(1-v*)
Aty Avip 0 0 (1— v2 ) G

Equation (20) can be expressed in matrix form as follows:
Ag' =EAG'. (22)
The prime symbol indicates that the equation is formulated in the principal axes X'0Y".

The principal stresses and the inclination angle of the crack normal are evaluated as follows:

2
Gx tOy (GX_GY) 2

01’2 = 2 * 4 + Txy ; (23)
2t
a=l arctg —2 . (24)
2 (cx - Gy)

A crack forms in a finite element when the principal stress satisfies the following condition:
Gl > fctm'
. T . .
The vector of stress increments Acs:{AcX Acy Arxy} in the global coordinate system

X QY was expressed via the matrix M.

cos? o sin? o 2sina cosa

Ac’'=mAc, m= sin? o cos® a —2sino.cosa |. (25)

—sina.cosa. sinocoso  cos? o —sin® o

-
Using Equations (22) and (25), the strain vector A8={A8X Asy Asxy} in the global

coordinate system can be expressed as follows:

Ae=E A, E1=m"Em. (26)
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Within the finite elements where a crack has formed, the concrete deforms elastically, and the matrix
Elis given by:
YEs -v/Eq O
E_l = _V/ E.i ]/Eci 0| G=
0 0 1G

Eci

——, v=0.2
2L+v) @0

The stress-strain relationship for the reinforcement is represented by a bilinear diagram as follows:

{Gs = Egeg, g5 <Ry /Es,

(28)
og = RS+(85—RS/ES)hS, g5 > Ry /Es.

where Rq is the yield strength of the reinforcement, E is the modulus of elasticity of the reinforcement

steel, and hy is the hardening modulus.

3. Results and Discussion

L 2

reinforcement
Figure 3 Finite element model.

The stiffness matrix of the rectangular finite element was derived by approximating the stress fields
within the element domain using linear functions [12, 24, 25]:

GX:al+a4y, (6} :a2+a5x, TXy:as. (29)

y

The local coordinate system was centered at the finite element origin. The stress functions (29)
satisfy homogeneous differential equilibrium equations in the finite element domain for plane elasticity
theory. In [24], such approximations were used to obtain the stiffness matrix of a rectangular finite element
with a linear stress-strain diagram of the material.

Using Equation (29), the tangent stiffness matrix of the finite element is derived, accounting for
physical nonlinearity:

Ay
Ao, 1 00y O Aa,
Ao =HAa, Ac= Acy , H=]0 1 0 0 x|, Aa=<Aay;. (30)
Aty 00100 Aay
Aag

After a crack had formed in the finite element, additional unknown displacements were introduced
into its nodes (Fig. 4b), and the stresses on each side of the crack were approximated independently,
yielding:

na"=(Asl Aa} Ash Aaj Aak Aaf Aef Aed Aaf Aad) (31)
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The superscript in Equation (31) denotes that the corresponding parameters are associated with the
finite element subdomains A; or A, (Fig. 4a).
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Figure 4. a) The variants of the crack cd location; b) the unknowns’ number
in anode, depending on the crack location [24].

Increments of finite element complementary strain energy:

1 b/2 a/2
AE=>Aa'DAa, D=t [ [ HTE 'Hdxdy, (33)
2 _b/2-a/2

where t is the element thickness.

The matrix E_1 (26) for a finite element without a crack is calculated at its geometric center point;
its elements depend solely on the parameters &;, @,, ag and are assumed to be constant. The tangent

matrix D is calculated numerically using the 3-point Gauss quadrature rule:

a:’tzlleT(X"yJ) (El’EZ)H(Xi'VJ)gigj- (34)
5

gi, gj are the weighting factors. The expressions for the matrix components of a cracked finite

element were provided in [24].

To this end, the equilibrium equations derived via the principle of virtual displacements were
incorporated into the complementary energy increment (Fig. 4) following the approach in [24]:

AE:%AaTDAaJrAuT(La—R)—)min, (35)

where AU is the element nodal displacement increment vector, R is the element nodal reaction vector.

Expressions for the matrix L elements, which depends only on the geometric parameters of the finite
element, are given in [24]. Each node has two primary and two additional displacements. Based on these
nodal displacements, the crack opening width within the finite element was evaluated (Fig.5). The
expressions for evaluating the crack opening width were provided in [24].
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Figure 5. The basic du and additional du®" possible displacements of nodes after the crack cd
forming: a) Suax(y); b) Buaxy); €) Busxyy; d) Bu'sxy). The figure is given in [24].

For the iterative scheme, the iteration index i was incorporated into Equation (35):
_ 1 T T .
AEi —EAai DtAai +Aui (Liai —Ri)—)mln. (36)
Expression (36) was transformed as follows:

AEi = %Aa}rDiAai +AU;I— (LiAai _(Ri — Liai_l)) —> min, (37)

where @;_4 is the vector of unknowns from the previous iteration. Equating the derivatives of AE; to zero,
yields the following equations:

DiAai +LTAUi :0, LiAai _(Ri —Liai_l)zo. (38)
Solving system of Equation (36) yields:
Aa.i = —Di_ll_-irAUi, AGi = HAai; (39)
KiAu; = R; —Liaj g; (40)
Kf =LiDi'L, (41)

where K? is the finite element tangent stiffness matrix.

3 4
b
As
7
1 2 2

Figure 6. Reinforcement modeling within the finite element.

If the reinforcement passes through the finite element (Fig. 6), its stiffness matrix must be
incorporated into the element stiffness matrix defined by Equation (41). The bond slip of the reinforcement
relative to the concrete was neglected, therefore, the end displacements of the reinforcement were
expressed in terms of the nodal displacements of the rectangular finite element. Thus, the following relation
was obtained:

Kg,i = Ls,iDs,%LT , (42)

S,i1

a1 E y y) Ys ¥
Di=— T. Al |1-Ls|1-2s|_IsIs | 43
S, Asa S, AS{ [ bj[ b b b ( )
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The reinforcement stresses are constant along the element length and ¢ = @, is the only unknown

parameter for the reinforcement. E; is the tangent modulus of elasticity of the reinforcement. Accounting
for the reinforcement, equation (40) is expressed as follows:

(K? +K§,i)AUi =Ri-Ligi —Lgjogia- (44)
The global system of linear equations for the entire domain is formulated as follows:
Ne . .
KiAU; =AR;, AR;j=F -3 Lla}, Z Lol (45)
j=1

where K; is the global tangent stiffness matrix for the entire region, AU; is the global nodal displacement

increment vector, F; is global external load vector, N, is the total number of finite elements, Ny is the

number of reinforcement-yielding elements.
At each step of the iterative process, the finite element  max

G{nax was determined. If Ginax > fom, acrackinitiates within the element. Subsequently, the vector AU;

with the maximum principal stress

was updated using the following formula:

AU, :fCﬁAl )i (46)
max
01

Reducing the step size is permissible because the tangent stiffness matrix is constant. Thus, at each
iteration, crack initiation is restricted to a single finite element exhibiting the maximum principal stress. This
algorithm allows one to track the sequence of crack formation. Upon crack initiation, additional unknown
nodal displacements are introduced into the finite element structure [24], and a new iteration is executed.

If no cracks initiation occurs within any finite element, the iteration termination condition is checked.
The Euclidean norm was used to calculate the solution residual, and the iteration termination criterion was

the defined by the following inequality:
JART AR,
1 <tol (47)

VR R o

where tol is an acceptable computational tolerance. If the vector ARi approaches zero during the

iteration, the nodal equilibrium conditions of the finite element mesh nodes are satisfied, and the iterative
process terminates. Fig. 6 shows the step-by-step algorithm of iterations.

1.ak:0,{05}1:0,Ul:0 {glu} O{SZU} O,{G}l:O,F°:0.

2. For K =1 to number of load step do

3. F“=F"+AF,

k
4. ay,=a",{o.}, ={o,} ,U, =U". Crack=false.
5. For i =1to number of iterations do

6. Compute for all finite elements:

{E1}| ' {EZ}i ).
NS

AR =F _ZL| |l ZLjs,iGSj,i—l
=i
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_ AR -AR,
If j>1) res=1+——".

F'-F

If (j > 1) and (Crack=false) and (res <tol)

then

o= i, {Gs}k+l = {GS}i U= U, {G}kﬂ = {G}i :

Terminate the current load step.
7. Compute: K;.
8. Solve the system: K;AU, = AR, .
9. U, =U+AU,,
Compute for all finite elements:
Aa, =-D 'L Au,, a

i = +Aa;,

{Ac}i =HAa,, {G} = {G}i +{A6}i '

i+1

principal stresses {

{GZ}i (23),

Sy
{Acl}i - {Gl}i _{Gl}i—l’ {AGZ}i - {GZ}i _{GZ}i—l
10. Find out k™, o™

11, If o™ > f,

then

Crack=true.

Add the new unknowns to the nodes of finite element k™ .
Compute for all finite elements:

f f
AU, =S AU, Aa, = —91 Aq,

1
G, G,

U, =U+AU;, a, =a; +Aa,

c Csi— D_L. Au,,

s,i+l — s,ims,i

(Ao}, =Haa,. {o},,, = (o}, +{4o],

i
principal stresses {Gl} ,{Gz}i (23).

{Acl}i :{Gl}i _{Gl}i—l’ {AGZ}i - {GZ}i _{62}i—1

else

Crack=false.

Compute the finite element’s equivalent deformations
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1

12. End of iterations loop.
Form the load step results.

13. End of load step loop.

Figure 7. Step-by-step algorithm of iterations.

To validate the proposed model, a numerical analysis of a reinforced concrete beam subjected to a
uniformly distributed load was performed. The beam parameters are listed in Table 1. The reinforcement
consists of four 24-mm diameter bars Fig. 3.

Table 1. The beam parameters.

Length, h, b, fem, fetm, Edi, Es, Rs, Ac m2 ys, m from
m m m MPa MPa MPa MPa  MPa S the bottom
6 0.6 0.3 22 1.805 32500 200000 235 0.00181 0.03

Due to symmetry, the numerical analysis was performed for only half of the beam. To model the
support, vertical displacements were restricted at the nodes of the leftmost cross-section. The beam was

analyzed under a uniformly distributed vertical load A, = 10, 20, 30, 34 kN/m.

Fig. 8 shows the evolution of the solution residual (47) during the iterations. The loading step size
was setto AQ, =2 kN/m. The spikes in the residual norm correspond to the initiation of new cracks during

the loading process. Once no new crack initiation occurs during a load step, the residual norm approaches
zero within just two iterations (as indicated by the nearly vertical lines in Fig. 8). Thus, the number of
required iterations is determined chiefly by the total number of initiated cracks.

Residual of the solution during incremental loading and iterations

1
o VJ step 5 step 6
1 21 41 61 81 101 121 141 161 181 201 221 241 261 281 301 321 341 361 381 401 421 441

Figure 8. Convergence history of the solution residual. gz = 24 kN/m, grid 20 by 80.

Figs. 9—12 show the numerical results for the beam analysis under various loads. The scale of the
crack width visualization is 50 times larger than that of the finite element mesh. The maximum crack width
is 0.128 mm under a load of (, = 34 kN/m. Because the rightmost crack (numbered 1 in Fig. 12) lies

directly on the symmetry plane, its calculated width was doubled to reflect the actual physical crack opening.
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Figure 11. gz = 30 KN/m. Grid 20 by 80.
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Figure 12. ; = 34 kN/m. Grid 20 by 80.

The concrete stresses in the X-direction are presented in Fig. 13. Fig. 14 presents the mid-span load-
deflection curves obtained using the proposed method in comparison with the LIRA-SAPR simulation
results. In LIRA-SAPR, an exponential stress-strain diagram for class B40 concrete was adopted.
According to LIRA-SAPR calculations, the maximum tensile stress in the reinforcement is 107182 kN/m?2,
and the peak compressive stress in the concrete along the X-direction is —10529 kN/m?2. These findings are
in good agreement with the numerical predictions obtained via the proposed method. Maximum vertical
displacements obtained using LIRA-SAPR calculations are fifteen percent smaller than those obtained
using the proposed method (Fig. 14).

1ot e H= o= pE=——] o= C=—— = Y T e ]

Figure 13. The stresses along the X-axis. LIRA-SAPR.

Vertical displacement, mm
36
32
28
24
20
16
12

0 1 2 3 4 5 6 7 8

Figure 14. The blue line represents the results of the proposed method;
the red line shows the LIRA-SAPR results.

It should be noted that the proposed method does not take into account possible slippage of the
reinforcement relative to the concrete, which can lead to increased crack width and displacements. To
account for reinforcement bond slip, independent degrees of freedom must be defined for the rebar nodes.
The reinforcement-to-concrete interface can be captured via shear spring elements, governed by a
prescribed bond stress-slip diagram.
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4. Conclusion

1. Afinite element model for the non-linear analysis of reinforced concrete beams incorporating crack
initiation and propagation has been presented. Plane stress rectangular finite elements were
employed to discretize the concrete beam. The finite element stiffness matrix was formulated based
on a complementary energy functional. By employing Lagrange multipliers, the functional was
augmented with nodal equilibrium equations derived via the principle of virtual displacements. An
incremental orthotropic model was applied for the stress-strain relationship of concrete.

2. Crack formation was incorporated by introducing additional unknown nodal displacements and
using independent stress approximation functions within the element subdomains separated by the
crack. The stiffness matrix of the rectangular finite element was derived by approximating the stress
fields within the element domain using linear functions.

3. To solve the non-linear problem, an incremental-iterative algorithm was proposed to track the
progressive sequence of crack initiation within the finite elements. The Euclidean force norm was
used to evaluate the solution residual. The number of required iterations is determined chiefly by
the total number of initiated cracks. Once no new crack initiation occurs during a load step, the
residual norm approaches zero within just two iterations.

4. To validate the proposed model, a numerical analysis of a reinforced concrete beam subjected to

a uniformly distributed load was performed. The numerical results derived via the proposed method
were validated against the LIRA-SAPR simulation data.
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