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a b s t r a c t

Structures subjected to cyclic loads show alternative tension–compression stress states; in such a case,
even if certain damage (fracture) is reached during the tension cycle, the computational model of the
structure should maintain its capacity to withstand subsequent compression based only on the contact
effect in the damaged area (opening, closing and reopening of cracks). In order to control this behavior, a
phenomenological constitutive model able to consider the contact as a structural limitation is required.
From the constitutive point of view, geomaterials have different damage thresholds for tension and
compression and, from the structural point of view, it must be ensured that the material damaged in
tension still resist compression. In this case, it is accepted that cracks behave as a contact surface at
the structural level. To meet the above mentioned phenomenology, a modification of the damage model
differentiated in tension and compression proposed by Faria et al. [Faria R, Oliver J, Cervera M. A strain-
based plastic viscous-damagemodel formassive concrete structures. Int J Solids Struct 1998; 35:1533–58]
is performed in this paper, considering independent strength thresholds in each of these processes,
controlled with two independent discontinuity threshold functions. Also, in this work an elasto-plastic
constitutive model is used to represent the behaviour of the steel bars.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The increase in the size of wind turbines requires an increase
in the height of their towers [1]. Traditionally, wind turbines
have been supported by steel conical frustum shaped towers of
about 20–30 m assembled in situ. The increase in height required
an increase of the thickness of the tower, with the consequent
problem of manufacturing and transportation of the steel parts.
Moreover, Harte and Van Zijl [2], established that steel tube towers
higher than 85 m are no longer able to assure adequate behaviour
of the vibrations induced by the wind turbine. Petcu and Mari-
Bernat [3] established that steel towers can be used only up to
80 m high. Due to this fact and to the maintenance cost of steel
towers, reinforced concrete began to be used in recent years for
these towers. The height of the reinforced concrete towers ranges
between 40 and 140 m and, as for steel towers, they are usually
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built by means of precast elements assembled in situ, and it has
been recognised that well designed reinforced concrete towers
have a good behaviour.

The aim of this work is to develop and apply a numerical
procedure for the analysis of precast wind turbine reinforced
concrete towers subjected to cyclic loads. An increasingmonotonic
load with unloading and reloading cycle was applied. This
procedure allows: (a) capturing the opening, closing and reopening
of cracks produced by cyclic loads, and (b) obtaining the capacity
curve for future studies on seismic risk. The wind action, thermal
effects, machine vibrations and fatigue phenomenon are out of
the scope of this study. This work is based on serial/parallel
mixing theory [4], a compression–tension damage model [5] and a
constitutive law of the elasto-plasticity. Two numerical tools were
developed and used in this procedure: constitutive joint concept
and global orientation of the steel bar.

Reinforced concrete has been computed as a composite
material by using the serial/parallel mixing theory [4]. The steel
reinforcement has been treated as an orthotropic elasto-plastic
material. The behavior of concrete has been represented by
means of the damage model developed by Faria et al. [5]. The
serial/parallel mixing theory, together with the damage model
allows analyzing reinforced concrete structures under cyclic
loading and also capturing the tension–compression cycles. The

0141-0296/$ – see front matter© 2011 Elsevier Ltd. All rights reserved.
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use of the damage model with the thresholds differentiated in
tension and compression allows including the ‘‘constitutive joint’’
concept avoiding thus the use of contact elements or of the
re-meshing of the contact area. This fact sets the possibility of
establishing a powerful strategy for analyzing this type of structure
with a high number of finite elements.

The proposed procedure is implemented in the PLCD finite
element code [6] which allows performing nonlinear static and
dynamic finite element analyses of composite materials [7–12].
This code works with two and three-dimensional solid geome-
tries as well as with prismatic, reduced to one-dimensional mem-
bers; it computes the numerical solution with a good numerical
precision and a reasonable computational cost [10–12] dealing,
at the same time, with kinematics and material nonlineari-
ties. It uses various 3-D constitutive laws to predict the mate-
rial behaviour (elastic, visco-elastic, damage, damage-plasticity,
etc. [13]) with different yield surfaces to control their evo-
lution (von-Mises, Mohr–Coulomb, improved Mohr–Coulomb,
Drucker–Prager, etc. [14]). Newmark’s method [15] is used to per-
form the transient analysis (cyclic and dynamic). Themain numer-
ical features included in the code to deal with composite materials
are: (1) Classical and serial/parallel mixing theory used to describe
the behaviour of the composite components [16,17]. (2) Anisotropy
mapped space theory which enables the code to consider materi-
als with a high level of anisotropy, without the associated numeri-
cal problems [8,17]. (3) Fiber-matrix debonding which reduces the
composite strength due to the failure of the reinforced-matrix in-
terface [18].

2. Constitutive models of single materials

2.1. Compression-tension damage model (d+ d−) for the concrete

Concrete is a material with a complex behavior due to the phe-
nomena of micro-cracking and sliding between granular parti-
cles which lead to a highly non-linear and inelastic behavior [19].
Kachanov [20] introduced in 1958 the continuous damage the-
ory and, even if since then several authors have developed dif-
ferent formulations based on this theory [21–26], they have not
considered the differentiated damage in tension and compression.
In 1998 Faria et al. [5] proposed a formulation with two inter-
nal variables, damage to tension (d+) and damage to compression
(d−), in order to cope with the 3D problem of concrete dams sub-
jected to seismic loads. Recently, this formulation has been imple-
mented in the PLCD code [1,6]. Although the originalmodel of Faria
et al. [5] considers the plastic component in the formulation, the
plasticity component of concrete is not taken into account in this
paper, in which it is considered that the entire energy dissipation
is caused by damage.

A description of this model is given therein. As a starting point,
the polar decomposition of the tensor of effective stress, σ̄ = Co :
(ε − εp) = Co : εe, as a sum of a tensile stress tensor with a
compression stress one is required. The tensile stress tensor is
defined by σ̄+ = ⟨σ̄i⟩pi ⊗ pi where ⟨σ̄i⟩ is Mc Aully’s function of
the i-th principal stress of the effective stress tensor and pi is the
corresponding principal direction. The compression stress tensor,
σ̄−, is calculated as σ̄− = σ̄ − σ̄+.

This model complies with the thermodynamic principles of
non-reversible, isothermal and adiabatic processes and defines
Helmholtz’s free energy asψ(ε, εp, d+, d−) = (1− d+)ψ+

0 + (1−
d−)ψ−

0 , where the elastic free energy of tension and compression

are defined by ψ+
0 (σ̄ (ε, ε

p)) = 1
2
σ̄+ : C

1
0 : σ̄ and ψ−

0 (σ̄ (ε, ε
p)) =

1
2
σ̄− : C

−1
o : σ̄ , respectively. Thus, for the elastic case, the equation

ψ0 = ψ+
0 +ψ−

0 = 1
2
(σ̄++σ̄−) : C

−1
0 : σ̄ = 1

2
ε : C0 : ε is satisfied.

Due to the quadratic form of the elastic free energies, one
perceives that they are positive and, therefore, the energy ψ will
be positive as well; moreover, the matrix form of Co is positive
definite and the damage variables d+ and d− take values between
0.0 for an undamaged state and 1.0 for a complete damage state of
a material point. This model defines two damage criteria, one for
tension g+(τ̄+, r+) = τ̄+ − r+ ≤ 0 and another for compression
g−(τ̄−, r−) = τ̄− − r− ≤ 0, where τ̄+ and τ̄− are two functions
which transform a stress tensor in scalar. The equivalent tension
and compression stress functions are

τ̄+ = [σ̄+ : C
−1
0 : σ̄+] 1

2 ; τ̄− = [
√
3(kσ̄−

oct + τ̄−
oct)]

1
2 (2.1)

where σ̄−
oct = I−

3
; τ̄−

oct = [ 2
3
J2]

1
2 and k is a parameter which

ranges between 1.16 and 1.2 obtained starting from a 1D and a 2D
compression test; in this case the value 1.2 has been chosen [27]. It
defines two elastic behaviour change thresholds r+ and r− in terms
of the material characteristics; their initial values are defined by

r+
0 =

f +
0√
E
; r−

0 =


f −
0

√
3

3
(2 − k)


1
2

(2.2)

where f +
0 and f −

0 are the ultimate strength of the material in
tension and compression, respectively. The internal variables that
are considered in the implementation of this model are only the
damage ones. The evolution law of the internal damage variables
is expressed as

ḋ+ = µ̇+ ∂G
+(r+)

∂r+ ; ḋ− = µ̇− ∂G
−(r−)

∂r− (2.3)

where µ̇+ and µ̇− are the damage consistency parameter for
tension and compression, respectively, and they control the
loading, unloading and reloading processes. When the initial
threshold is reached, the damage variable is activated, fulfilling
the damage consistency condition. The threshold function varies
in the same way as the equivalent stress function, which is the
permanency condition on the damage threshold surface

r+
t = max{r+

0 ,max(τ̄+
s )}; r−

t = max{r−
0 ,max(τ̄−

s )};
s ∈ {0, t}. (2.4)

By integrating analytically the equation ḋ+ = Ġ+(r+) ∂G
+(r+)
∂r+ ṙ+

which describes the evolution of the internal damage variable for

tension, the damage function for tension, d+, is obtained in the

following form:

d+ = G+(r+) = 1 −
r+
0

r+ exp



A+


1 −
r+

r+
0



; if r+ ≥ r+
0 . (2.5)

This equation represents the softening of the material subjected
to one dimensional tension. The parameter A+ depends on the
mechanical properties of the material and is defined according
to the criterion of the objectivity of the mesh. The objectivity
is achieved by regularizing the fracture energy Gf with the so-
called characteristic length lch, which depends on the material’s
properties and the characteristic dimension of each finite element
of mesh

A+ =


Gf E

lch(f
+
0 )

2
−

1

2



. (2.6)

Starting from equation ḋ− = Ġ−(r−) ∂G
−(r−)
∂r− ṙ− which describes

the evolution of the internal damage variable for compression,
the law of evolution of the damage function d− is obtained in the
following form

d− = G−(r−) = 1 −
r−
0

r− (1 − r−)− A− exp



B−


1 −
r−

r−
0



;

if r− ≥ r−
0 (2.7)
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which is similar to that derived by Mazars and Pijaudier-Cabot in
1989 [28]. The parameters A− and B− can be defined starting from
two points of the stress–strain curve in a 1D compression test;
Mazars et al. [28] proposed values A− = 1.4 and B− = 1.850. The
second law of thermodynamics and the reasoning of Coleman [29],
allows obtaining the constitutive law of this damage model


σ −
∂ψ

∂ε



= 0 (2.8)

σ = (1 − d+)σ̄+
0 + (1 − d−)σ̄−

0 . (2.9)

2.2. Elasto-plastic constitutive model for the steel

In small deformation problems, the plasticity theory is charac-
terised by assuming the total strain as an additive decomposition of
the elastic and plastic components ε = εe + εp. Because the plas-
tic strains are irreversible, the energetic processes that occur are
dissipative and path dependent. The stress–strain relation is given
by

σ = C : εe = C : (ε − εp) (2.10)

where, σ is the second order Cauchy’s stress tensor and C is the
fourth order elasticity tensor. According to the plasticity theory,
based on the continuum-solid mechanics which describes the
behaviour of the ideal solid at macroscopic level, the elastic zone,
linear or non-linear, is delimited by a yield function while the
elastoplastic zone is described by a non-proportional stress–strain
relationship. In this zone, the relation between the stress rates
and strain rates could be positive, zero or negative, depending
on the elastoplastic behaviour which can show hardening, perfect
plasticity or softening. This response is conditioned by the
mechanical characteristics of each material. The behaviour in the
elastic zone is described by Hooke’s law; the boundary between
the elastic and elastoplastic zones is given by a yield function and
the behaviour in the elastoplastic zone is described by defining
(i) the decomposition of the total strain into its elastic and plastic
strain components, (ii) a plastic flow law, and (iii) a set of internal
variables and their evolution law. The yield function is a scalar
of the stress tensor which will be referred to as the plastic yield
function

g(σ ; q) = 0 (2.11)

where σ is Cauchy’s stress tensor and q is a set of internal
variables. The plastic yield function in the tension space is a
surface that envelops the elastic zone which could expand or
contract depending on the hardening or softening behaviour. In
order to establish differences between of the plasticity theories,
the decomposition of the total strain rate has been traditionally
used as a criterion. The Levi–Mises theory admits that the total
strain rate is equal to plastic strain rate ε̇ = ε̇p ⇒ ε̇e = 0, while
the Prandtl–Reus theory defines that total strain rate is composed
by the addition of the elastic strain rate with plastic strain rate
ε̇ = ε̇e + ε̇p; thereby the stress–strain rates are related by

σ̇ = Ct : ε̇ = Ct : (ε̇e + ε̇p) (2.12)

where Ct is the fourth order elastoplastic tangent tensor. In
small strains, the classic plasticity theory admits the Prandtl–Reus
hypothesis as valid in order to decompose the total strain. Thereby,
the plastic strain represents the fundamental internal variable and
its evolution is defined by the plastic flow law

ε̇p = λ̇
∂G(σ ; q)
∂σ

(2.13)

where G(σ ; q) is the plastic flow potential and λ̇ is a non-negative
scalar denominated as the plastic consistency parameter. When
the plastic flow potential is considered to be equal to the plastic
yield function, then it is the plastic associated flow law.

Table 1

Characteristics of the constitutive model for the steel bars.

Characteristics Equation

von Mises plastic yield function g(J2; τmax
oct ) = 1

2
s : s − [τmax

oct ]2 = 0

Plastic flow potential and plastic flow

rule

G(J2; τmax
oct ) = g(J2; τmax

oct )

Plastic flow rule ε̇p = λ̇
∂(J2;τmax

oct )

∂ J2
= λ̇s

Plastic consistency condition of Prager ġ(J2; τmax
oct ) = s : ṡ = 0

Plastic consistency parameter λ̇ =


J̇ ′
2

J2
; J̇ ′2 = 1

2
(ep : ep)

Fourth order elastoplastic tangent

tensor

Ct = C − C:s⊗s:C
s:C:s

G(σ ; q) ≡ g(σ ; q). (2.14)

The Kuhn–Tucker equations, λ̇ = 0; g(σ ; q) ≤ 0 and λ̇g(σ ; q)
= 0, allow simultaneous satisfying of both the plastic consistency
condition of Prager, ġ(σ ; q) = 0, and the loading/unloading condi-
tion. Each steel barmaterial is represented by an associated elasto-
plastic constitutive law. The von Misses yield function (Eq. (2.11))
bounds the elastic domain; for the plastic domain, an associated
flow rule (Eq. (2.14)) is used according to Prandtl–Reus hypothe-
sis [19]. A perfect elastoplastic behaviour of the steel is considered
in this work, without internal variables for hardening/softening ef-
fects [30]. The characteristics of the constitutivemodel for the steel
bars are defined in Table 1.

2.3. Constitutive joint

In this work, the horizontal joints between the different precast
conical frustum parts have been modelled as an application of the
constitutive damage model and will be referred to as a constitu-

tive joint. Due to the fact that in the compression–tension damage
model the strength thresholds can be defined independently (Sec-
tion 2.1), it is possible to decrease the tensile strength of the con-
crete to a minimum value but keeping constant the compressive
strength and all the other mechanical characteristics of the mate-
rial. This modified material is assigned to the elements belonging
to the joints between the precast members. Thus, when the struc-
ture has tension force in the joint planes, the reaction force will
be negligible and, conversely, when the forces are compressive,
the structural response takes into account the compressive capac-
ity of the concrete. This procedure, which is based on constitutive
laws, avoids the use of contact finite element and re-meshing tech-
niques, simplifying thus the numerical solution.

3. The serial/parallel mixing theory

Usually, reinforced concrete has three perpendicular bars in
each analysis point, and therefore powerful mixing theory is nec-
essary. This mixing theory should permit modelling the reinforced
concrete like a compositematerial. In this case, reinforced concrete
is modelled by using the serial/parallel mixing theory [4].

3.1. Definition of the serial/parallel components of the strain and

stress tensors

Only two composite components will be included in the
serial/parallel mixing theory: fiber (steel bars) and the matrix;
the direction of the fiber is considered in parallel while the other
one is the serial. In order to take into account this dual condition,
it is necessary to subdivide the strain and stress tensors of the
composite constituents in their serial and parallel directions. If e1
is the direction vector corresponding to the parallel direction of
the fiber, the parallel projector tensor can be defined as the dyadic
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productNP = e1⊗e1 and the fourth order parallel projector tensor
is PP = NP ⊗NP . The serial projector tensor can be evaluated as the
complement of the parallel tensor PS = I − NP . The strain tensor
can be split in its serial and parallel components

ε = εP + εS; εP = PP : ε y εS = PS : ε. (3.1)

The stress tensor can be subdivided in a similar way

σ = σP + σS; σP = PP : σ y σS = PS : σ . (3.2)

3.2. Hypotheses of the numerical model

The numerical model developed to obtain the stress–strain
relationship of the composite starting from the serial/parallel
behaviour of its components is based on the following hypotheses:
(1) The constituent materials undergo the same strain in the
parallel direction (iso-strain condition). (2) The constituent
materials have the same stress components in the serial direction
(iso-stress condition). (3) The contribution of the components
to the response of the composite is directly proportional to its
volumetric participation in the composite. (4) A homogeneous
distribution of the different components of the composite is
considered. (5) The component materials are perfectly bonded to
each other.

3.3. Constitutive equations of each component material

The behaviour of each component of the composite is described
by its own constitutive equation. In this case, the damage
constitutive law of the concrete is that given in Section 2.1 and the
steel reinforcement is represented by the classical plasticity law
given in Section 2.2. In the specific case of the compression–tension
damage constitutive law, the relationship between the stress and
the strains of the material can be written as
kσ = (1 − d−) k

C : (kε)+ (1 − d+) k
C : (kε) (3.3)

being kσ the stress of the k material of the composite, k
C the

constitutive tensor and kε and kεp the total and the plastic strains,
respectively. Eq. (3.3) can be rewritten by taking into account
the decomposition of the tensors in their serial and parallel
components
[

kσP
kσS

]

=
[

k
CPP

k
CPS

k
CSP

k
CSS

]

:
[

kεP
kεS

]

(3.4)

where
k
CPP = PP : k

C : PP ; k
CPS = PP : k

C : PS;
k
CSP = PS : k

C : PP ; k
CSS = PS : k

C : PS . (3.5)

3.4. Equilibrium and compatibility equations

The equations defining the stress equilibrium and establishing
the strain compatibility of the composite components are obtained
starting from the assumptions outlined above. The serial/parallel
mixing theory has been formulated for composites with only two
components: fiber (steel bar) and matrix. With this approach, the
relationship between the two materials in the parallel and serial
directions are

Parallel behaviour: cεP = mεP = f εP ;
cσP = mkmσP + f k f σP (3.6)

Serial behaviour: cεS = mkmεS + f kf εS;
cσS = mσS = f σS (3.7)

where the super indices c , m and f stand for the material:
composite,matrix and fiber (steel bar), respectively. The parameter
ik denotes the volumetric participation of the material in the
composite.

3.5. Numerical implementation of the serial/parallel mixing theory

Considering the mixing theory as a manager of the constitutive
equations, its implementation in a finite element code is made at
the constitutive level, that is, in the part of the codewhich, starting
from the deformation in a Gauss integration point, calculates the
corresponding stress. Then, being the strain of the composite cε
at time instant t + 1t entered into the algorithm, this calculates
the stress–strain state of each compoundingmaterial whichmeets
the equations of equilibrium and compatibility and delivers the
stress cσ in the composite. The first operation performed by the
algorithm is to separate the strain tensor into its serial and parallel
parts, calculating the strains in the fiber and matrix compounding
materials. In the next step, the parallel part of the strain tensor is,
according to Eq. (3.6), the same for both compounding materials.
On the other hand, the serial component requires a first prediction
of the expected strains in any of the components. If this prediction
is made for the matrix material, the increase of the expected strain
in the current load step can be expressed as

[m1εS]0 = A : [f CSS : c1εS + f k(f CSS − m
CSP)

c1εP ] (3.8)

where A = (mkf CSS + f kmCSS)
−1 and c1εS = t+1t [cεS] − t [cεS].

With this first approximation of the serial strain in the matrix, the
strain tensor in the fiber (steel bar) can be calculated using the
equilibrium condition (Eq. (3.7)).

t+1t [f εS]0 =
1

f k

t+1t [cεS] −
mk

f k

t+1t [mεS]. (3.9)

Once known the serial strain of the fiber and matrix, they must
be combined with the parallel components in order to obtain
the strain tensor of each compounding material. In order to do
this, the constitutive equations of each of the materials can be
used independently, to calculate their stresses and to update their
internal variables. The serial stress component obtained for the
fiber andmatrix should verify the equilibrium condition (Eq. (3.7)).

1σS = mσS − f σS ≤ toler (3.10)

where 1σS is the residual stress. If this value results to be less
than the tolerance, the initial serial strain prediction for thematrix,
and also the obtained stresses, will prove to be correct. On the
other hand, if Eq. (3.10) is not verified, the initial prediction of the
strains should be corrected. This correction is performed by using
a Newton–Raphson scheme, in which the Jacobian of the residual
stress has to be obtained. In this case, the equation of the Jacobian is

J =
∂1σS

∂mεS









mεS=[mεS ]n
= [mCSS]n +

mk

f k
[f CSS]n (3.11)

with n the number of the last iteration which has been performed.
Once the Jacobian has been obtained, the correction of the predic-
tor of the serial strain tensor of the matrix is

[mεS]n+1 = [mεS]n − J
−1 : [1σS]n. (3.12)

To achieve a quadratic convergence using the serial/parallel
mixing theory, the Jacobian has to be obtained using the tangent
constitutive tensors of the steel bar and of thematrix. According to
the constitutive equationwhich is used for each of thesematerials,
an analytical expression providing the tangent constitutive tensors
could be not available. To overcome this difficulty, and aiming
to obtain a robust algorithm, a numerical derivation using the
perturbation theory has been developed. The flow chart of Fig. 1
shows how the algorithm based on the serial/parallel mixing
theory works.

4. Global orientation of the steel bars

In the of serial/parallel mixing theory, the steel bar is oriented
according to Euler’s angles φmat , θ, ψ in a 3-1-3 rotation sequence
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Fig. 1. Algorithm based on the serial/parallel mixing theory [18,31].

Fig. 2. Algorithm based on the serial/parallel mixing theory with orientation of the

fiber (steel bar) in each element (modified from [18,31]).

Fig. 3. Reinforced concrete tower with a height of 100 m.

Source: [33].

[32], taking advantage of the fact that the first rotation is made
in the original z-axis and that the vertical axis of the structure
coincides with the z axis. The orientation of the steel bars in each
element is done by calculating the angle φposel between the axis x
and the vector that joins the vertical axis and the geometric center
of the element. Finally, the angles φmat and φposel are summed for
each element and Euler’s angles φ∗, θ, ψ are obtained, that allow
defining the overall orientation of each steel bar of each element, as
well as the rotationmatrix [32]. The calculation process can be seen
in Fig. 2. For example, in an element placed on the x global axis, the
tangential steel bar will be oriented according to 0°, 90°, 0° Euler’s
angles; while for an element located on an axis x’ at a 40° angle
with the axis x, the tangential steel bar will be oriented according
to Euler’s angles, which are 40°, 90°, 0°. The stiffness matrix of
each element is calculated considering the overall orientation of
the steel bar.

5. Anisotropy of the composites

Even though the simple materials are considered isotropic, the
serial/parallel mixing theory allows capturing of the anisotropic
behaviour the composites, because the steel bars reinforce the
structure according to preferential direction. Thus, the use of
a serial/parallel mixing theory can capture the anisotropy as a
structural behaviour of the composites.When the simplematerials
have an anisotropic behaviour, the anisotropy mapped space
theory [8] can be used. If the anisotropy mapped space theory
would be associated with the serial/parallel mixing theory, the
anisotropic behaviour of the composite is as a result of combining
the anisotropy of each simple material with the anisotropy of
reinforcement orientation.

6. Numerical example

6.1. General description of the structure

A reinforced concrete tower with a height of 77.4 m, composed
by four precast conical frustum members, has been studied. Fig. 3
shows examples of precast parts of this type of structure.

The wall thickness changes between 0.15 and 0.35 m along the
height of the tower (see Fig. 4). Particularly there are three zones:
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2.74 m;  t=0.15 m 

0.00 m;  t=0.20 m 

z

x

m;  t=0.15 m 

77.40 m;  t=0.35 m 

z

x

  75.82 

(a) Wall thickness at the basement. (b) Wall thickness at the top of

the tower.

Fig. 4. Wall thickness.

Basement of the tower

Top of the tower

Horizontal joints

Volumes in
anchorage zone

Steel ring for
load distribution
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Fig. 5. Details of the horizontal joints.

(a) At the base, the thickness changes from 0.20 to 0.15m, between
the levels 0.0 and 2.14 m (see Fig. 4(a)); (b) between 2.14 and
75.82 m the thickness is constant having 0.15 m; and (c) at the
top it changes from 0.15 to 0.35 m between the levels 75.82 and
77.40 m (see Fig. 4(b)). The diameter of the tower at the base is
6.3 m and at the upper part is 2.4 m.

Horizontal joints. At the levels 20.00, 40.00 and 60.00 m there are
horizontal joints connect the prefabricated partswith vertical steel
bolts. In order to represent geometrically these joints a horizontal
area common to both the upper and lower volumes is modelled.
In addition, volumes covering the length of the anchors to both
sides of the horizontal joint are generated (see Fig. 5). In the real
geometric design, thickness increase is considered in this area;
thus in order to simplify the geometric model, the thickness of the
wall in these areas is fixed to 0.15 m.

A horizontal joint connecting the bottom of the tower with
the foundation is considered. The thickness of this point of the
developed model has the actual thickness of the structure (see
Fig. 5). At the top of the tower, volumes are considered that
represent the areas where are the anchors connect the wind
turbine with the tower. Additionally, a ring-shaped volume that
represents the base of the wind turbine was placed (see Fig. 5).

Structural reinforcement of the tower. The reinforcement of the
tower has longitudinal steel bars, hoops and wall strips. The
anchors are oriented in the longitudinal direction. In the part of the
tower with anchors, the design criteria require longitudinal steel
bars, hoops and wall strips. In the central part of each section of

Longitudinal steel, hoops
and wall strips zone.

Longitudinal steel, hoops
and wall strips zone.

Longitudinal steel
and hoops zone.

Reinforcement of the tower Finite element model

H
o
ri

zo
n
ta

l
jo
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Fig. 6. Reinforcement of the tower and finite element model.

the tower, the current reinforcement consists of longitudinal steel
bars and hoops (see Fig. 6).

6.2. Numerical model of the structure

A 3D numerical model has been developed with 104,976
tetrahedral elements (see Fig. 6). The 3D analysis implies that the
different families of steel bars change their orientation depending
on the overall position of each finite element. Therefore, an
algorithm allowing calculating the actual (global) direction of each
steel bar for each finite element was implemented (see Section 4).
The analysis of the studied reinforced concrete tower was made
for two different cases: Case A, considering perfect connections
for the structure, without considering constitutive joint; and Case

B, considering constitutive joints in the horizontal planes. Six
composites are used in Case A which can be seen in Fig. 7, while
for the Case B the seven composites of Fig. 8 are used. MC7 is the
material of the constitutive joint.

6.3. Single materials and composites assigned to different structural

parts

Three simple materials are used in the finite element model:
concrete, modified concrete for the constitutive joints and steel.
Table 2 shows themainmechanical properties. The parameters A−

and B− of the concrete are obtained by calculating the compression
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Fig. 7. Assignment of the materials. Case A: structural model without constitutive joint.
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Fig. 8. Assignment of the materials. Case B: structural model with constitutive joint.

Table 2

Mechanical properties of the individual materials.

Material type Concrete Concrete constitutive joint Steel

Material name MS1 MS5 MS2 MS3 MS4

φmat 0 0 0 0 0

θ 0 0 90 90 0

ψ 0 0 91.4 0 0

Constitutive model d+d− d+d− Elasto-plastic

E (MPa) 3.7 · 104 3.7 · 104 2.1 · 105

ν 0.20 0.20 0.00

σ o
C (MPa) 30 30 500

σ ult
C (MPa) 58 58 500

σ o (MPa) 4.1 0.05 500

GC [kPa m] 100 100 2000

GT [kPa m] 0.68 0.68 2000
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Table 3

Volumetric composition of the composite materials (%).

Composites Single materials

MS1 MS2 MS3 MS4 MS5

MC1 96.80 2.400 0.800 0.000 0.000

MC2 100.000 0.000 0.000 0.000 0.000

MC3 95.883 2.670 0.217 1.230 0.000

MC4 97.030 2.850 0.000 0.120 0.000

MC5 96.750 1.840 0.706 0.706 0.000

MC6 0.000 0.000 0.000 100.000 0.000

MC7 0.000 0.000 0.000 0.000 100.000

damage variable d−
i = 1 − σi/Eεi in two points of a simple com-

pression stress–strain curve. The threshold function ri is calculated
using the elastic strain σ̄− = Eεi and knowing the initial threshold.
These values are replaced in Eq. (2.7) and a system of two equa-
tions with the unknowns A−and B− is obtained and solved by an
iterative process to calculate A− and, then, B−. Fig. 9 outlines this
numerical process. For the structure analyzed in this paper, the val-
ues A− = 3.7627 and B− = 0.7097 were used. Five simple materi-
als are defined (MS1–MS5); Euler’s angles φmat , θ, ψ defining the
orientation of each single material are shown in Table 2. The vol-
umetric composition of the distinct composite materials is shown
in Table 3 while their spatial distribution is shown for Case A and
Case B in Figs. 7 and 8, respectively.

6.4. Applied loads

Three states of load are applied on the structure. The gravity
loads due to the self weight and the weight of the turbine are
applied first; then, the cyclic horizontal load is applied. The cyclic
horizontal displacement in direction x is applied incrementally
(dx) from 0.0 to 0.425 m and then in the opposite sense, from
0.425 to −0.425 m in the nodes of the upper part of the tower.
The displacements of the base of the tower have been completely
restricted.

6.5. Results

Fig. 10 shows the force–displacement curves for the cyclic loads
applied on the structure, in which it can be observed that the
overall stiffness of the structure is not affected by the use of the
constitutive joint. In general, the strength in Case B is slightly
lower when compared with that of Case A. However, the use of
this numerical tool can capture the damage levels in the structural
areas of the connections between the precast members, that is,
material MC4, Figs. 7 and 8 show the volumes with material MC4
corresponding to the anchorage zones, while Figs. 13 and 14 show
the tension damage evolution in the same zones.

In Case B (with constitutive joints), it can be seen that at the
end of the unload stage there is a permanent deformation. This is
due to the fact that the longitudinal stresses are larger that the
stress yield in the longitudinal fibre of the MC4 composite. Thus,
we can see the capability of the constitutive joint in modelling
this problem. When the loading direction changes, the elements
previously subjected to tensile stresses are compressed and vice
versa. However, the overall structural response of the tower does
not change as it can be see in Fig. 10, excepting in the part of the
curve (Case B) in which there is permanent deformation. This fact
confirms that the elements with tensile damage have not lost their
capacity towithstand the subsequent compression considering the
contact effect. In the unloading cycle, it can be seen that in Case
A (without constitutive joints) the original overall stiffness of the
structure gradually recuperates while lateral displacement tends
to the origin. This is due to the fact that the elements in tension
area starting gradually to work in compression. In this state of the
cycle, these elements do not show compression damage.

Fig. 9. Calculation scheme for A− y B− .
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Fig. 10. Load–displacement curves for the Cases A and B.

The evolution of damage in function of the load cycle is shown in
items (a)–(d) of the captions of Figs. 11–14. For the load stage, the
damage level when the non-lineal behaviour begins can be seen in
the items (a), while the damage level in themaximum applied load
is shown in items (b). For the opposite sense load, the damage level
evolution is shows in items (c) and (d).

The tensile damage in the matrix of the composite material
MC1 starts when the lateral displacement at the top lies between
0.15 and 0.25 m. Comparing the two studied models, results are
shown in Figs. 11 and 12, it can be concluded that thematrix of the
composite material MC1 shows a higher level of tensile damage in
Case A than in Case B, while the matrix of the composite material
MC4 (see Figs. 13 and 14) shows a higher level of tensile damage in
Case B than in Case A. This is due to the fact that in Case B there is a
concentration of tensile stress in the anchorages zone (composite
material MC4) due to constitutive joint which is not present in
Case A.
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Fig. 11. Damage in the structure model without constitutive joint (material MC1); (a) dx = 0.25 m; (b) dx = 0.425 m; (c) dx = −0.25 m; (d) dx = −0.425 m, where dx is

the lateral displacement at the top of the tower.
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Fig. 12. Damage in the structure model with constitutive joint (material MC1); (a) dx = 0.25 m; (b) dx = 0.425 m; (c) dx = −0.25 m; (d) dx = −0.425 m, where dx is the

lateral displacement at the top of the tower.

7. Conclusions

A procedure for the analysis of wind turbine reinforced con-
crete towers subjected to cyclic loads was developed and applied.
Serial/parallel mixing theory, compression–tension damagemodel
and elasto-plastic constitutive law were applied and two numeri-
cal tools were developed: constitutive joint concept and global ori-
entation of the steel bars. The proposed procedure, together with
the anisotropy due to the reinforcement orientation, is a powerful

tool for modeling structures of the type studied herein, avoiding
the use of re-meshing and of joint elements in the areas of connec-
tions between precast members.

The algorithm allows establishing the steel bar orientation,
locates the steel reinforcement of the structure, optimizing
the computational resources and facilitating the use of the
serial/parallel mixing theory. It can be observed that in the loading
cycle the overall stiffness of the structure is not affected by the use
of the constitutive joint, while the damage distribution is different
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Fig. 13. Damage in the structure model without constitutive joint (material MC1 yMC4); (a) dx = 0.25 m; (b) dx = 0.425 m; (c) dx = −0.25 m; (d) dx = −0.425 m, where

dx is the lateral displacement at the top of the tower.
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Fig. 14. Damage in the structure model with constitutive joint (material MC1 y MC4); (a) dx = 0.25 m; (b) dx = 0.425 m; (c) dx = −0.25 m; (d) dx = −0.425 m, where dx

is the lateral displacement at the top of the tower.

for each case studied. As a result of this study, the phenomenon
of opening, closing and reopening of cracks produced by cyclic
loads are obtained. Figs. 11–14 show the damage evolution in the
structure. In items (a) it can be seen that damage begins in traction
zone (opening of cracks phase); in items (b) bigger damage can be
seen in the same zone (opening of cracks phase).When the loading

direction changes, the elements previously subjected to tensile
stresses are compressed (closing of cracks phase) and vice versa
(opening or re-opening of cracks phase), as can be seen in Figs. 11–
14, items (c) and (d). As future work, this procedure will be the
base of the seismic and dynamic analysis of this type of structure.
The study of changes in the frequencies of the structure, caused
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by the evolution of damage in the composite material should be
developed. The use of a single yielding surface in the differentiate
damage constitutivemodel is foreseen. The thermomechanical and
fatigue analyses are important issues open for future studies.
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