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Abstract. Reinforced concrete (RC) framed and dual wall-frame structures represent an important
fraction of the building stock in some European cities. Many of these were constructed without seismic
provisions. Therefore, it is important to assess their ability to withstand seismic events and to define
strategies to reduce their potential vulnerability. This work focuses on the numerical simulation of the
seismic behaviour of RC walls making use of fibre-based nonlinear beam-column elements. Even
though it is common to assume a perfect bond between the reinforcing bars and concrete, the relative
bond-slip deformations between the two materials can contribute up to 40% of the total lateral
deformation of columns when ribbed rebars are used and up to 90% when in the presence of smooth
rebars. This paper intends to be a contribution to understand the importance of these effects in old RC
walls, namely through the consideration of both ribbed and smooth rebars with different anchorage
lengths and provide indications regarding the use of a simplified bond-slip model.

1 INTRODUCTION

An important number of RC framed and dual wall-frame RC structures in southern Europe,
including Portugal, were constructed between 1960's and 1980’s, before the introduction of
modern seismic codes. Considering their potential seismic vulnerability, it seems important to
evaluate the validity of different numerical models that can be used to assess the seismic
performance of these RC walls, in particular the ones featuring smooth rebars.

Beam-column types of elements are widely used to simulate the nonlinear response of
structures. The application of such finite element formulation has proved to be adequate for
framed structures, combining the accuracy in the estimation of global response parameters
with an appreciable computational efficiency. However, whilst slender framed elements tend
to exhibit a response dominated by their flexural component, the response of wall structures
combines other deformation mechanisms, such as shear deformations, that are difficult to be
explicitly modelled with beam-column elements. In addition, limited investigation has been
carried out so far to assess the contribution of strain penetration (SP) effects at the anchorage
region of RC walls.

Hence, this work is focused on the numerical simulation of RC walls, with particular focus
on the importance of SP effects to the seismic behaviour of these elements. These effects
cause fixed-end rotations at wall-foundation interface, which can represent an important
contribution to the total lateral deformation of the member. Previous studies on RC columns,
e.g. [1] and [2], indicate that SP deformations can contribute up to 40% of the total lateral
deformation of columns when ribbed rebars are used. On the other hand, experimental tests
conducted on both RC columns [3] and beam-column joints [4] with smooth rebars reveal that
this mechanism may contribute to nearly 90% of the overall member deformation at failure.
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These results show that these phenomena can be particularly relevant in older RC members,
which are often characterized by inadequate detailing, insufficient anchorage lengths or the
presence of smooth rebars.

This study starts with a brief review of the literature in what regards the use of distributed
plasticity models, namely regarding the importance of shear deformations and SP effects. The
consideration of different element formulations of distributed plasticity models is then
analysed comparing the respective numerical response against the experimental results of a
slender RC wall tested in the past by Dazio et al. [5]. Subsequently, these numerical models
are used to explore the consideration of different anchorage conditions such as rebar surface
(ribbed or smooth) and different embedment lengths. Ultimately, this paper provides practical
recommendations and simplified solutions to model the nonlinear response of RC walls,
which can be used in engineering practice to model the seismic response of existing RC
buildings.

2 MODELLING ISSUES ASSOCIATED WITH THE NUMERICAL SIMULATION
OF RC WALLS

2.1 Element formulation

Contrarily to slender columns, whose behaviour is essentially governed by flexural
mechanisms, the seismic response of RC walls is more complex and their failure mode can be
expressed through flexural, diagonal tension, diagonal compression or sliding shear failure
[6]. Quasi-static cyclic tests on slender RC walls from Dazio et al. [5] showed that the shear to
flexural deformation varies between 5 and 13%. Moreover, for increasing displacement
demand, shear to flexure deformation ratio tends to remain approximately constant if the
shear capacity of the walls does not significantly degrade [7].

The structural behaviour of RC walls depends largely on their geometric characteristics,
namely the shear span-to-depth ratio. In general, for ratios larger than 3, RC walls are
classified as slender walls, and are essentially controlled by flexural behaviour. In this case
the impact of shear deformation on global engineering demand parameters, like member
forces and inter-storey drift displacements, will be typically small and can possibly be
neglected. For smaller shear span ratios, walls are considered as squat and shear deformations
are expected to play an increasing role in the member response [8].

The above discussion is particularly relevant when selecting the numerical tool to model
these RC walls. The employment of lumped and distributed plasticity elements offer an
accurate and efficient solution to model the nonlinear behaviour of slender RC elements.
However, considering their limitations to account for shear deformations, their application to
walls should deserve additional attention. On the other hand, advanced modelling approaches,
such as solid or shell elements, are capable to account directly for the interaction between
axial force, flexure and shear, but are computationally demanding and not used in common
engineering practice. For the sake of knowledge, a state of art-review of different macro-
modelling approach for RC walls was presented by Wu et al. [10], addressing important
modelling issues, including the interaction between flexure and shear.

In this framework it is worth to refer a study developed by Almeida et al. [11], regarding
the identification of the most suited approach for modelling the inelastic behaviour of RC
walls. In this study, shell element models were used as benchmark to assess the extent to
which pure flexural models, such as beam elements, can capture the response of elements that
have non-negligible shear deformations. The outcome of this work shows that, for slender
walls, where a predominant flexural response is expected, the computation of global
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guantities, such as stiffness up to peak and force is moderately sensitive to the different
modelling approaches.

Considering the above limitations, and before addressing the simulation of SP effects, the
numerical response of the RC wall was firstly validated through a comparison of the
numerical response, featuring different formulation and discretization schemes, against the
experimental response of an RC wall subjected to experimental tests in the past. This
preliminary study is described in more detail in Section 3.2.

2.2 Strain Penetration effects

RC members subjected to seismic loading can show localized deformation occurring
between the reinforcement and the concrete of adjacent members. The transfer mechanism of
rebar forces to the surrounding concrete occurs due to chemical adhesion between steel and
concrete, frictional forces at the interface between both materials and bearing force of the ribs
against the concrete [12]. These phenomena are generally referred to as SP or bond-slip
effects and lead to the development of an additional rotation at the extremity of the members,
when these are subjected to lateral loads.

This fixed-end rotation results from the spread of the rebars strains through the anchorage
region, which causes strain incompatibility between the reinforcement and the surrounding
concrete. To limit these deformations, it is necessary to provide a sufficiently long
embedment length (L¢) allowing the transfer of the axial load at the rebar to the surrounding
concrete through the contact surface. Whenever the embedment length is insufficient, the
rebar experiences an important increase of slip, leading to a large increase of the element’s
base rotation or even failure of the anchorage system (Figure 1).
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Figure 1: Behaviour of anchorage region with adequate (left) and limited (right) embedment length
(adapted from [20]).

Generally, the numerical simulation of RC structures assumes a perfect bond between the
two materials. However, for increasing loads demand, breaking of the bond occurs and bond-
slip between reinforcing steel and surrounding concrete takes place. Even though relatively
large anchorage lengths are provided, avoiding the failure of the anchorage system, these
deformations can represent an important contribution to the global deformations of the
members (e.g., [13], [14], [1] and [2]). In older RC structures, with inadequate anchorage
detailing and/or smooth rebars, with much reduced bond strength, these effects become more
relevant, as noted by Verderame et al. [3] and Melo et al. [4].

Despite the recognized contribution of SP effects to the overall member’s deformations,
the numerical models available to simulate these nonlinear effects are still very limited.
Although these effects can be explicitly simulated in finite element software featuring highly
discretized solid elements capable of describing the anchorage region (e.g., [15], [16], [17],
[18] and [19]), conventional beam elements formulation does not allow modelling the
interface between the reinforcement and the surrounding concrete. To overcome these
limitations, several studies have been conducted in the recent years to develop models
compatible with beam elements formulation capable of accounting for the bond-slip effects
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(e.g., [1], [20], [21] and [22]). Despite the number of studies developed, only a few have been
incorporated in commercial software packages used by practitioners. The interested reader
can find a description of some of these models in [12].

Considering the previous limitations, engineering practitioners often resort to simplified
modelling approaches such as the elongation of the structural element by the strain
penetration length or the definition of linear rotational springs at the extremities of the
elements. Despite the improvements in the computed response, the former approaches present
important limitations, namely the change in the elastic properties of the structure or the
underestimation of the shear forces developed at the element [23].

An alternative, and simpler approach, involves the modification of the reinforcing steel
constitutive law. According to [24], it is possible to take into account the bond-slip effect
through a correction factor (A) that modifies the reinforcement constitutive law. This slippage
factor represents the ratio between concrete and steel strain (Equation 1), and expresses the
correction of the average steel strain in a RC finite element [24]. According to this proposal,
the steel constitutive law is assumed to be bilinear with an elastic perfectly-plastic behaviour,
as represented in Figure 2. In turn, Equation 2 to 4 express, respectively, the modifications in
the strain, stress and modulus of elasticity of the steel, to account for the bond-slip effect ([24]
and [25]).
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Figure 2: Correction of the steel reinforcing law (adapted from [24]).

At the current state-of-the-art, these models lack clear application guidance. Furthermore,
they require additional calibration with the aim of adjusting the different parameters to
alternative element typology and anchorage conditions, such as the presence of smooth rebars
or insufficient anchorage length. As an attempt to contribute to minimize these limitations, the
following section presents a case study where the response of one RC wall, submitted to
experimental cyclic tests, is numerically simulated considering different anchorage
conditions. The outcome of these analyses provides indicative parameters to modify the
reinforcing steel constitutive law in order to take into account the bond-slip effects under
different loading conditions.

A== (1)
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3 CASE STUDY
3.1 Description of the experimental test

In the current study, the wall specimen WSH4 analysed by Dazio et al. [5] was numerically
modelled and subjected to pushover analysis. The characteristics of the RC wall specimen are
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representative of constructions without seismic detailing, with total reinforcement ratio
typically smaller than 1%, a relatively low axial load ratio (N/Agfc) and limited ductility
properties of the longitudinal reinforcement. In addition, the wall has no confining or
stabilising reinforcement, i.e. it was not specifically designed for ductile behaviour. The test
unit is 2.00 m long and 0.15 m wide. The length of the shear span is 4.56 m for a shear span
ratio of 2.28 m. The details of the reinforcement (ribbed rebars) are shown in Figure 3, whilst
Table 1 and Table 2 summarize the information regarding the axial force, reinforcement ratios
and material properties. A detailed description of the test can be found in [5].
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Figure 3: Reinforcement layout in the plastic zone of the wall WSH4. All dimensions in mm. (Adapted
from Dazio et al., 2008).

Table 1: Summary of test unit WSH4 properties.

Sectional forces at the base Reinforcement rations
N (kN) N/Aqfc (') Pbound (%) Pweb (%) Ptot (%) Ph (%)
695 0.057 1.54 0.54 0.82 0.25

Ppound - boundary reinforcement; pyep - web reinforcement; py - total reinforcement ratio; py, - horizontal
reinforcement

Table 2: Summary of test unit WSH4 material properties.
Material properties

f. (MPa) & (%o) E. (GPa)
Concrete -40.9 -2 38.5
fy (MPa) f, (MPa) &gy (%0) &sy (%o) E; (GPa)
Steel ® 12 mm 576 674.9 2.74 75 210.3
Steel ® 8 mm 583.7 714.4 2.66 75 219.5

Concrete: f, — maximum strength; e — strain at maximum strength; E. - modulus of elasticity
Steel: f, - yield strength; f, - ultimate strength; &, - yield strain; &g, — ultimate strain; E, - modulus of elasticity

3.2 Numerical modelling options

Before addressing the numerical simulation of strain penetration effects, it is fundamental
to guarantee that the behaviour of the wall, i.e., the response of the element above the
anchorage region, can be accurately represented with the consideration of beam elements with
distributed plasticity. In this section, three distinct modelling options to simulate the
behaviour of the cantilever wall are presented. They differ with regard to the beam element
formulation and mesh discretization.

Fibre-based non-linear beam elements idealize a section into a number of discrete fibres to
which a uniaxial material constitutive relation is assigned. These fibre sections are defined
along the different elements through a finite number of integration points (IPs) allowing to
describe the spread of inelasticity along the element. The definition of the different response
parameters at the different IPs can be accomplished following a force-based (FB) or
displacement-based (DB) formulation, which verifies the equilibrium in an exact and
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averaged way, respectively. In this regard, and contrarily to the FB case, where a single
element with a certain number of IPs can be used to compute the element response (through
Gauss-Lobatto integration scheme), in the DB case, the RC member need to be discretized in
several elements. In this latter case, two IPs per element are sufficient to determine the
element response (through Gauss-Legendre integration scheme).

In the present study, the RC wall was modelled in the OpenSees platform [26] considering
3 different formulation/discretization schemes, namely 2 FB models and 1 DB model.
Although for the FB formulation 5 IPs are generally sufficient [27], it has been shown that the
post-peak element response is highly dependent on the number of IPs [11]; therefore an
additional scheme with 9 IPs was also considered. Regarding the DB model, the wall was
modelled with 4 elements, each one with two Gauss-Legendre IPs.

For all the cases described above, the section of the wall was discretized in 200 fibres,
which corresponds to 1 fibre for each centimetre, for both cover and core. Moreover, the
reinforcing steel was modelled using the uniaxial material ‘Steel02’ based on the Giuffre-
Menegotto-Pinto constitutive model [28]. On the other hand, the cover and core concrete were
modelled using the uniaxial material ‘Concrete 04°, which is based on the model proposed by
Popovics [29]. The mechanical properties of the confined concrete were determined according
to Mander et al. [30], with a geometrical effectiveness coefficient of confinement C. = 0.5
[11].

A comparison of the shear force-top displacement curves presented in Figure 4 shows a
good agreement between the numerical and experimental results. Up to peak strength, the
numerical predictions are very similar and are in line with the experimental results.
Nonetheless, the model using FB elements appears to provide a better estimation of the peak
strength than the model employing DB elements, which shows an overestimation of the
maximum lateral resisting force. After the peak strength, the predictions with the different
modelling approaches diverge due to a numerical pathology named localization, wherein
curvatures concentrate at the most stressed sections of the elements [31].

Overall, and despite the potential limitations in the use of beam elements to model RC
walls, highlighted in section 2.1, the results obtained indicate that the application of these
models appear to produce reliable and acceptably accurate predictions of the behaviour of the
RC wall. Based on the results obtained, the investigation of the importance of SP effects in
old RC walls presented in the following section is conducted considering the numerical model
featuring one force-based element with 5 IPs.
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Figure 4: Shear force-top displacement for the RC wall specimen WSH4, considering both FB and DB
formulation.
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4 NUMERICAL RESULTS

This section presents the results of the numerical analysis conducted to evaluate the SP
effect in the seismic behaviour of RC walls considering ribbed and smooth rebars with
different embedment lengths. Based on the results obtained, it was possible to establish
reference parameters that can be used to adjust the properties of the reinforcement constitutive
models in order to implicitly reflect the SP effects in the anchorage region of RC walls.

4.1 SP effects for different anchorage conditions

Current software packages featuring beam elements, including the one used in this study,
provide limited solutions to simulate SP effects, especially under specific conditions such as
smooth rebars and limited anchorage length. Hence, these effects were firstly determined with
the explicit bond-slip model proposed by Sousa et al. [22]. In addition to the geometric and
mechanic properties of the anchorage region of the elements, this model explicitly simulates
other important effects such as the cyclic degradation and rebar yielding of the embedded
rebars. This element replicates the member-end section and simulates the embedded region
with virtual integration points distributed along the embedment length with independent
bond-slip constitutive relations based on the model proposed in Model Code 2010 [32].

Once the moment-rotation relation associated with the bond-slip effects at the base of the
RC wall is determined, a monotonic (tri-linear) law was adjusted to the computed cyclic
response in order to calibrate the nonlinear rotational springs to be assigned at the base of the
RC wall element modelled in OpenSees (Figure 5). The numerical simulation of the wall
specimen WSH4 was conducted considering moment-rotation relationships that describe the
bond-slip effects at the base of the wall for the following anchorage conditions:

1. Case 1 - Ribbed rebars with embedment length of 1.5 m;
2. Case 2 - Smooth rebars with embedment length of 1.5 m;
3. Case 3 - Smooth rebars with embedment length of 1.0 m;
4. Case 4 - Smooth rebars with embedment length of 0.5 m.
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Figure 5: Moment-rotation relation for ribbed (a) and smooth rebars with different embedment length
(b) for the RC wall specimen WSH4.
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It should be mentioned that, for the case of ribbed rebars, the effect of bond stress
reduction due to cyclic degradation was included, while this effect was neglected for the case
of smooth rebars. Considering the absence of ribs in the rebars, it is expected that most of the
bond force results from adhesion and friction between the reinforcement and the surrounding
concrete. Consequently, it is not expected that the anchorage system exhibits meaningful bond
degradation due to cyclic loading [12].

The results presented in the previous figure show that, for the case of smooth rebars, the
anchorage system can only withstand a fraction of the maximum bending moment developed
for the case with ribbed rebars. Given the absence of ribs, the bond stress is significantly
lower and the rebars cannot sustain large anchorage forces. The decrease in anchorage
strength becomes more pronounced as the embedment length is reduced. If this length
becomes too short, the bond forces developed along the embedment length become
insufficient to sustain the yielding force of the rebar and, consequently, the moment capacity
of the wall can be considerably reduced. The combination of smooth rebars with 0.5 m of
embedment length (Figure 5, b) led to a reduction on the bending moment capacity of about
half the one sustained with adequate bond conditions, i.e., ribbed rebars with an embedment
length of 1.5 m (Figure 5, a).

Once the cyclic response of the anchorage system is determined for the four different
anchorage conditions considered, simplified tri-linear moment-rotation relationships were
adjusted to the numerical results (Figure 5). As noted before, these relations are to be assigned
to zero-length elements that, in turn, will be defined at the base of the wall element. These
new models, defined in OpenSees, were submitted to nonlinear static (pushover) analysis in
order to evaluate the changes in the global behaviour resulting from the consideration of the
SP effects with different anchorage conditions. The results obtained, expressed in terms of
base shear-top displacement, are presented in Figure 6.

The results presented in the following figure show that the consideration of the SP leads to
an increase of the overall flexibility of the walls. This effect can be noted in a softer capacity
curve of the models with SP effects with respect to the one with fixed base conditions.
Furthermore, in the models featuring smooth rebars with reduced embedment length (i.e.,
Le=1.0 m and L.=0.5m), the RC wall present also a reduction in the shear strength, as the
embedment length of the rebars decreases.
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Figure 6: Shear force-top displacement relation for ribbed (a) and smooth rebars with different
embedment length (b) for the RC wall specimen WSH4.
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With respect to the previous figure, it should be noted that, despite the strength of the
anchorage system with smooth rebars and Le=1.5 m is lower than the one with ribbed rebars
with the same anchorage length (see Figure 5), its strength is still sufficiently large to sustain
the maximum lateral strength that the wall can develop. For this reason, the maximum shear
force in the wall is very similar for both cases.

4.2 Calibration of reinforcement properties to account for SP effects

The results presented in the previous section demonstrate the importance of incorporating
the SP effects in seismic analyses, particularly for structures with smooth rebars. Considering
the limitations in the numerical models available to simulate these effects, this section
presents the results of a calibration procedure carried out to establish reference reduction
values for the Young’s Modulus and the maximum stress of the reinforcing steel.

In order to estimate the reduction of the rebar’s capacity, a constant averaged bond stress is
considered along the total anchorage length. Taking in consideration the geometrical
characteristic of the rebars (the area As and the perimeter P) and the maximum constant
averaged bond stress Tmay, it IS possible to evaluate the maximum steel strength fs developed
for different embedment lengths, through equilibrium considerations between the force in the
rebar Fy maxand the anchorage force F:

Fy,max =F Ag fs = P Le Tiax (57 6)

The value of tmax considered follows the one adopted in the Model Code 2010 (fib, 2011),
for the case of smooth rebars:

Tnax = 024/ fem (7)
where f.n, Is the mean value of the concrete compressive strength in MPa.

The application of this procedure leads to reductions of Fy ax that ranged from 0 to 60% of
the expected rebar strength. These values are summarized in Table 3, together with the values
of the reduction of the Young Modulus obtained for all cases.

Applying a rotational spring at the anchorage region of the RC walls conducted to a
reduction on the Young Modulus of the steel material of the rebars of approximately 20% for
ribbed rebars and 40% for smooth rebars.

Table 3: Summary of the percentage reduction for the Young modulus (E) and the maximum strength
(Fy.max) Of the reinforcing steel.

Ribbed rebars Smooth rebars
Reduction Reduction Reduction
of E (%) of E (%) of Fymax (%)
Le =1.5m 20 Le =1.5m 40 -
Le =1.0m 40 30
Le =0.5m 40 60

The appropriateness of these values was determined through the comparison of the
correspondent numerical response against benchmark numerical outcomes obtained with the
model in [22], as illustrated in Figure 7. The results show that the response of the model with
the calibrated parameters is in line with the one obtained considering a rotational spring with a
tri-linear relation. Nonetheless, the responses in the post-peak branch present some important
differences. This is essentially because the model with the tri-linear rotational spring accounts
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for the SP deformations throughout the entire response of the wall, i.e., both at the linear and
nonlinear regime, whilst the reduction in the Young Modulus increases the wall flexibility
only up to yielding of the rebars. This effect can be appraised in the larger lateral
displacement of the wall when the strength decreases abruptly (Figure 7, a). In the presence of
smooth rebars (Figure 7, b), the anchorage system becomes even more flexible, reducing the
loading demand in the wall for the same level of lateral top displacement, precluding the wall
to reach its maximum lateral strength. In these cases, the wall will eventually fail due to
failure of the anchorage system.
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Figure 7: Comparison of the shear force-top displacement relation for ribbed (a) and smooth rebars
with different embedment length (b), considering the model with reinforcement parameters calibrated
and the one considering a rotational spring with a tri-linear relation.

5 CONCLUSION

This work presents a numerical study addressing the behaviour of slender RC walls, in
particular, the importance of strain penetration effects in the seismic behaviour of these
elements. For this purpose, a slender RC wall experimentally tested in the past was used as
benchmark for which different anchorage conditions were considered.

The quantification of the SP effects was firstly determined with an explicit bond-slip
model capable of accounting for different properties of the anchorage region. Once the
moment-rotation relationships were determined for different rebar properties (ribbed and
smooth) and anchorage lengths, these relations were incorporated through zero-length
elements at the base of the model of the wall.

The results of the pushover analyses carried out showed that the consideration of the SP
effects introduces a non-negligible flexibility at the base of the wall that becomes more
relevant as the anchorage conditions deteriorate, namely with the consideration of smooth
rebars and reduced anchorage lengths. Moreover, when in presence of reduced embedment
lengths, the lateral strength of the wall can be significantly compromised due to failure of the
anchorage system.

Despite being limited to a single wall specimen, the results allowed to define indicative
values that can be used to reduce the Young Modulus and the maximum strength of the rebars
in order to implicitly account for such effects in numerical analyses in a very expedite

10



C. Caruso et al.

manner. Hence, it was observed that, for ribbed rebars with appropriate embedment length,
the reduction in the Young Modulus should be in the order of 20%, whilst in the presence of
smooth rebars, this value should increase to values in the order of 40%, regardless of the
embedment length. In what regards the rebars strength, this value is naturally dependent on
the embedment length, and may need to be reduced to values in the order of 60% of its
expected value. Appropriate general expressions to estimate this parameter for different
anchorage lengths were presented in this paper. In the future, the authors intend to extend the
present study to a larger number of RC walls with different properties in order to establish
more general reference values for its parameters.
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