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ABSTRACT: Although distributed plasticity beam elements include formulations that verify a strict 
equilibrium of the axial forces along the element length, known as force-based (FB) approaches, the 
classical conventional displacement-based (DB) elements show advantages in simulating the response of 
some structural members. However, the latter do not verify strong equilibrium of the axial forces, but 
only the weak or integral form of equilibrium. To fix this issue, several authors recently proposed 
enhanced strain formulations that respect a strict equilibrium along the axial direction, obtained through 
iterations on the cross-sectional average strain in each section. Unfortunately, most research efforts on 
innovative beam formulations have been directed towards planar (2D) elements, instead of spatial (or 3D) 
formulations. This work thus presents the implementation of a 3D axially equilibrated DB (DB/ae) beam 
element in the finite element software OpenSees, as an enhancement of the classical displacement-based 
(DB/c) formulation. In order to present advantages and drawbacks of the proposed 3D DB/ae beam 
element, its numerical responses are compared with those obtained from the DB/c and FB elements, first 
with reference to an application example featuring bidirectional loading, and then taking the experimental 
data from one series of quasi-static bidirectional cyclic tests, related to two reinforced concrete (RC) thin 
walls, as benchmark. 

1 INTRODUCTION 
The accurate simulation of the nonlinear bidirectional behaviour of vertical members, 
namely columns and walls, together with the influence of variation of the axial force, is 
assuming growing importance. However, given that nonlinear analyses of entire struc-
tures are computationally time consuming, engineers and researchers are usually forced 
to resort to the use of beam elements. Unfortunately, the ability of beam elements to 
simulate the bidirectional response of members is still unsatisfactory, for which two 
main reasons contribute: on the one hand, the overall paucity of high-quality experi-
mental results; on the other, the insufficient development and validation of beam finite 
elements. Both aspects are briefly revised below for reinforced concrete (RC) structures. 

Experimental research on the inelastic response of RC members under compressive 
axial force and biaxial lateral cyclic loading is still limited, when compared to one-
dimensional loading. It has been known for long that cyclic biaxial bending demands on 
RC columns tend to reduce their capacity and cause stiffness and strength deterioration 
during successive load reversals (Takizawa and Aoyama, 1976). A number of test pro-
grammes have followed, in which unfortunately not all experimental information re-
quired for model development and calibration has been measured or reported. The test 
programmes continued in this century (e.g. Rodrigues et al., 2013; Raza et al., 2020), 
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and revealed significant coupling among the three loading directions, showing that 
damage in one direction reduces stiffness in the other. Over the last couple of decades, 
bidirectional tests have also been performed by several researchers (e.g. Almeida et al., 
2017) on RC walls featuring cross-sections of different geometries. The influence of bi-
directional loading in the response is clear, reducing in general the displacement capaci-
ty with respect to unidirectional loading. 

Simulating numerically with beam elements the wide range of members and bidirec-
tional effects is often addressed by employing distributed plasticity formulations, the 
latter being naturally associated with cross-sectional fibre discretisation. Although the 
force-based (FB) formulation verifies a strict equilibrium of the axial forces along the 
element length, the classical conventional displacement-based (DB) elements show 
some advantages in simulating resisting mechanisms in structural members such as ten-
sion shift, which tend to cause a linear curvature profile. However, DB elements do not 
strictly equalise equilibrium of the axial forces along the element with the imposed axial 
loads, and only the finite element weak form is verified. To fix this issue, several re-
searchers, among which Tarquini et al. (2017), proposed enhanced strain formulations 
that respect a strict equilibrium along the axial direction, obtained through iterations on 
the cross-sectional average strain in each section. Unfortunately, such research efforts 
on innovative beam formulations were directed towards planar (2D) elements, instead of 
3D formulations. Based on the axially equilibrated DB (DB/ae) formulation proposed 
by Tarquini et al. (2017) for the planar case and its extension to 3D carried out by Cava-
lieri et al. (2022), the contribution given by the present work is the implementation of 
such a spatial DB/ae beam element in the finite element software OpenSees (McKenna 
et al., 2000), as an enhancement of the classical displacement-based (DB/c) formula-
tion. The numerical performance of the newly implemented element was herein com-
pared with those obtained with the classical (DB/c and FB) elements so as to highlight 
their relative advantages and drawbacks, firstly considering an example column subject-
ed to monotonic and cyclic bidirectional loading, and then using experimental results 
from quasi-static bidirectional cyclic tests on two RC thin walls as benchmark. 

2 PERFORMANCE AND FEATURES OF THE 3D DB/AE ELEMENT 
This section illustrates the features of the developed 3D axially equilibrated DB (DB/ae) 
beam (Cavalieri et al., 2022) element under idealised monotonic and cyclic loadings, 
exploiting the bidirectional response of simple structures. The element was implement-
ed in the finite element software OpenSees, as an enhancement of the classical dis-
placement-based (DB/c) formulation. The input parameters to be defined are the same 
required by the 2D version of the axially equilibrated DB element, developed by Tar-
quini et al. (2017), plus the torsional rigidity, GJ. Such input parameters are also the 
same required by the classical DB element in OpenSees, except for the axial force toler-
ance, which must be explicitly defined in the DB/ae case. The latter tolerance expresses 
the maximum axial force unbalance accepted between the integration points (IPs). 

In this section, the main features of the proposed DB/ae element are presented and 
compared with those of the DB/c and force-based (FB) elements at the global level, in 
order to highlight their relative advantages and drawbacks, with reference to an applica-
tion example extended to bidirectional loading. The latter, already used in Tarquini et 
al. (2017), consists of a three-metre length RC cantilever column, subjected to an axial 
load of 60 kN, corresponding to an axial load ratio of about 1.2%, and imposed lateral 
displacements at the free end, Dx and Dy, along the two horizontal directions, x and y. 
The RC section has dimensions of 300 × 400 mm2, with a concrete cover of 20 mm in 
both directions. The longitudinal reinforcement is composed of 12 f16 mm steel bars, 
corresponding to a reinforcement ratio of about 2%. A schematic representation of the 
column and its sectional properties are shown in Figure 1. 

The column model was discretised with two equal-length finite elements for the DB 
formulations (i.e. DB/ae and DB/c), and only one element for the FB formulation. Each 
element was assigned four Gauss-Lobatto integration sections. Regarding the sectional 



 

discretisation, twelve fibres in both directions were used to discretise the concrete core, 
eight by two fibres were adopted for the concrete cover at both sides (parallel to the x- 
and y-directions), whereas the longitudinal reinforcing bars were modelled with one fi-
bre each. Geometric nonlinearities were not included (i.e. a linear geometric transfor-
mation was used). The constitutive relationship proposed by Popovics (1973), imple-
mented in the Concrete04 material model in OpenSees, was used for both confined and 
unconfined concrete, with the values reported in Table 1 for the following parameters: 
Young’s modulus Ec, unconfined concrete compressive strength f’c, unconfined con-
crete strain at maximum strength ec, confined concrete compressive strength f’cc, con-
fined concrete strain at maximum strength ecc. On the other hand, the Menegotto-Pinto 
(1973) constitutive law, represented by the Steel02 material model in OpenSees, was as-
signed to the longitudinal reinforcement, with the values reported in Table 1 for the fol-
lowing parameters: Young’s modulus Es, yield strength fy, strain-hardening ratio b. Giv-
en these material and sectional properties, the torsional rigidity resulted to be GJ = 
22429 kNm2. 
 

 
Figure 1. Application example: structural representation and sectional properties. 

 
Table 1. Parameter values adopted for concrete and steel in the application example. 

Ec (GPa) f’c (MPa) ec (‰) f’cc (MPa) ecc (‰) Es (GPa) fy (MPa) b (‰) 

30 37 2 42 3 200 480 5 
 
2.1 Monotonic loading 
The first exercise carried out to present the main features of the implemented 3D DB/ae 
formulation consisted in modelling the column with both the 2D and 3D versions of the 
DB/ae formulation, adopting the element discretisation for the DB formulations de-
scribed above, and applying a monotonic loading in displacement control along the x-
direction at the column’s free end. The aim herein was to prove that the 3D DB/ae ele-
ment, when used in a 2D loading scheme, provides the same results as its 2D version: 
this is in fact what was observed, with the two shear force-displacement curves appear-
ing to be superimposed, thus reassuring on this first important requirement of the im-
plemented element. 

Subsequently, three column models were created using the three formulations at 
hand (i.e. DB/ae, DB/c and FB), and a monotonic bidirectional loading was applied in 
displacement control at the free end of the column along the section diagonal. It is worth 
noting that two components of incremental load, equal to cos(q) and sin(q), where q is 
the angle defining the direction of the section diagonal with respect to the x-axis (see 
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Figure 1), were applied along the x- and y-directions, respectively. However, since the 
displacement control within a pushover analysis in OpenSees can only be enforced 
along one direction, which was herein selected to be the x-direction, the target dis-
placement of 0.4 m was reached along the x-direction only (see Figure 2a), whilst a non-
monitored maximum displacement was attained along the y-direction. 
The resulting shear-displacement curves, for both horizontal directions, are displayed in 
Figure 2a) and Figure 2b). The largest force capacity is unsurprisingly provided by the 
DB/c formulation, owing to the constraints imposed in both the axial and transversal 
displacement fields. By imposing axial equilibrium, and thus removing the axial strain 
constraint, the model using the DB/ae formulation exhibits a reduction in the simulated 
shear in both directions. The weakest response is provided by the FB formulation, 
where no displacement fields are assigned and exact equilibrium is satisfied. This global 
behaviour is expected and consistent with what observed by Tarquini et al. (2017) for 
the 2D version of the DB/ae formulation, thus further reassuring on the accuracy of the 
3D implementation carried out in this work. 
 

 
 (a) (b) 

Figure 2. Shear-displacement curves for the DB/ae, DB/c and FB formulations, in the 
(a) x-direction and (b) y-direction, when a monotonic loading is applied along the 

cross-section diagonal. 
 
With reference to these pushover results, the numerical performance of the 3D DB/ae 
formulation was compared with that of the other two formulations, finding that compu-
tational time increased by a factor of around three with respect to the classical DB and 
FB formulations. This is due to the additional axial-equilibrium iterative level and it ob-
viously depends, as discussed in the previous section, on the specified tolerance; the lat-
ter was set to 10-5 N, a quite stringent value, for all the simulations carried out in this 
work. However, the increased computational cost required by the proposed 3D DB/ae 
formulation also entails important advantages, especially with respect to the DB/c for-
mulation and at the local level, as it will be shown in the next subsection with reference 
to axial force estimation, as well as in the comparison against experimental testing re-
sults in Section 3. 
 
2.2 Cyclic loading: loading along the cross-section diagonal and clover leaf pattern 
For the column models implementing the three formulations, the analysis was then ex-
tended to bidirectional cyclic loading. In the first example, the simple cyclic displace-
ment pattern with three cycles shown in Figure 3a,top) was applied at the free end of the 
column along the section diagonal. The same scheme, applied previously, of two com-
ponents of incremental loading and displacement control along the x-direction only, was 
also adopted in this case. Figure 3b,top) shows the axial force values obtained with the 
DB/ae and DB/c formulations at the four IPs of the base element. The curves related to 
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the different IPs are superimposed and shown with the same colour, for each of the two 
DB formulations. The plot clearly confirms what was expected, that is, the use of classi-
cal displacement-based elements ensures axial equilibrium only in an average sense and 
yields different values of axial force at distinct IPs, whilst the 3D DB/ae formulation 
leads the axial force in the four IPs to be constant and practically coincident with the ex-
ternal applied axial load. The resulting shear force-displacement curves, for both hori-
zontal directions, are displayed in Figure 3a,bottom) and Figure 3b,bottom). The same 
relationships between the elements in terms of lateral strength response, already ob-
served for the monotonic loading case above (Figure 2), also apply to this case: at the 
global level, the behaviour of the DB/ae element appears to be intermediate between the 
ones of the other two elements, showing a stable numerical performance. 

In the second example, a more complex bidirectional displacement pattern, following 
a clover leaf shape, was applied at the free end of the column. Contrarily to the previous 
cases, where displacement could be controlled along one direction only, this example 
required to apply target displacements in both horizontal directions. To the authors’ 
knowledge, the only analysis type in OpenSees that allows imposing a target action 
(force, displacement, acceleration) along several directions at the same time is dynamic 
analysis. In undertaking the latter, the displacement pattern shown in the bottom-left 
corner of Figure 4b) was applied using two single-point constraints (sp command in 
OpenSees), one per horizontal direction. Naturally, the model was assigned no mass and 
damping, so as to avoid giving rise to inertial and damping forces. The responses of the 
DB/ae, DB/c and FB formulations were compared at the global level, in terms of shear-
displacement curves in both horizontal directions and shear-shear curve, as shown in 
Figure 4. The same intermediate response of the DB/ae element is again observed in this 
case, thus confirming the reliability of the proposed formulation in handling material 
nonlinearities in a bidirectional static loading scheme. These two examples illustrate the 
stability of the proposed formulation and its correct implementation in OpenSees. 
 

 
 (a) (b) 

Figure 3. (a,top) Cyclic displacement pattern applied along the cross-section 
diagonal. (b,top) Axial force estimates obtained with the DB/ae and DB/c formulations 

at the four IPs of the base element. Shear force-displacement curves for the DB/ae, 
DB/c and FB formulations, in the (a,bottom) x-direction and (b,bottom) y-direction. 
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(a) (b)             (c) 

Figure 4. Response to cyclic clover leaf pattern: shear force-displacement curves for 
the DB/ae, DB/c and FB formulations, in the (a) x-direction and (b) y-direction, and (c) 

bidirectional shear force curve. 

3 COMPARISON AGAINST BIDIRECTIONAL CYCLIC TESTING RESULTS 
With a view to highlight the strengths and weaknesses of the proposed 3D DB/ae for-
mulation with respect to the classical DB and FB formulations, the numerical responses 
from models employing all three types of element were compared against experimental 
testing results obtained from one series of experimental tests on RC thin walls, in terms 
of global (force-displacement) and local (curvature and axial force profiles) quantities. 

In particular, the experimental campaign considered herein, described in the paper by 
Almeida et al. (2017), is the quasi-static bidirectional cyclic tests conducted on five thin 
T-shaped RC walls at the Earthquake Engineering and Structural Dynamics Laboratory 
(EESD Lab), École Polytechnique Fédérale de Lausanne (EPFL), Switzerland. Of the 
five specimens (called TW1 to TW5), only the last two test units (namely TW4 and 
TW5) are considered herein, being subjected to a combination of in-plane and out-of-
plane loads. 

Wall TW4, whose cross-section is depicted in Figure 5a), was 2000 mm tall, 80 mm 
thick, and 2700 mm long, with a lateral flange 80 mm thick and 440 mm wide. The lon-
gitudinal reinforcement layout consisted of a single layer with 11 f6 bars (correspond-
ing to a total reinforcement ratio of 0.72% in the web), three additional f16 bars at each 
end boundary, and four f6 bars along the short flange. The f6 longitudinal bars had 350 
mm long straight lap splices at the bottom of the wall, whilst the f16 bars were continu-
ous. The transverse reinforcement consisted of 10 f6 bars at 200 mm spacing. Only the 
ground story of the idealised wall was actually constructed in the laboratory, and a shear 
span of 10 m, corresponding to a shear span ratio of 3.70, was simulated through several 
coupled servo-controlled actuators. The f6 and f16 bars were characterised by two dif-
ferent steel materials, having yield stress of 460 MPa and 515 MPa, ultimate stress of 
625 MPa and 618 MPa, and ultimate strain of 9.9% and 12.7%, respectively. The con-
crete compressive strength was determined to be 31.2 MPa. The applied constant axial 
load ratio was 3.3%. 

Wall TW5, whose cross-section is depicted in Figure 5b), was 2000 mm tall, 120 mm 
thick, and 2700 mm long, with a lateral flange 120 mm thick and 440 mm wide. The 
longitudinal reinforcement layout consisted of a double layer with a total of 66 f6 bars, 
54 of which in the web (corresponding to a reinforcement ratio of 0.49%) and the re-
maining 12 in the flange. The transverse reinforcement consisted of 30 f6 bars at 130 
mm spacing. In the southern boundary region, 15 U-shaped f6 at 130 mm spacing were 
introduced. It is noted that the transversal bars, which should act as stirrups, were un-
commonly placed on the inside of the longitudinal rebars, a detail representative of the 
reproduced construction practice that provides an unclear level of confinement to the 
concrete (Almeida et al., 2017). The concrete cover was 15 mm. In the case of TW5, the 
shear span was set to 7.35. For the longitudinal and transverse f6 bars, the same steel 
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material characterising the f6 bars in wall TW4 was used. The concrete compressive 
strength was determined to be 33.6 MPa. The applied constant axial load ratio was 
4.8%. For both specimens, the loading protocol consisted of a reversed cyclic history, 
applied in displacement control in both horizontal directions and including a number of 
load stages, the latter corresponding to the peak (positive and negative) drift values. For 
more detailed information on the test setup, the reader is referred to the paper by Al-
meida et al. (2017). 
 

 
Figure 5. Cross-sectional layout of walls tested at EPFL: (a) TW4 and (b) TW5. All 

dimensions are in mm. 
 
For the DB/ae and DB/c formulations, the wall model was discretised with two finite el-
ements. The length of the base element was set to 0.6 m for TW4, so as to obtain the 
best match with the experimental results at the global level (see Figure 6). For TW5 
three different bottom-length values, namely 0.2 m, 0.4 m and 0.6 m, were adopted to 
carry out a sensitivity analysis at the local level. On the other hand, only one element 
was employed for the FB formulation. All elements were assigned four Gauss-Lobatto 
integration sections. In the TW4 model, the lap splice of the f6 longitudinal bars was 
not modelled, because the experimental observations showed not to overly influence the 
response (unlike with unit TW3, not addressed herein), and also due to epistemic uncer-
tainty related to that modelling detail. Due to the presence of a single layer of bars, with 
no stirrups, concrete confinement was not modelled. In the TW5 model, due to the 
above-mentioned position of the transversal bars, concrete confinement was not mod-
elled as well. Regarding the sectional discretisation, 130 and 22 fibres were adopted in 
both models for the longer sides of the web and the flange, respectively, whilst the 
shorter sides of both the web and the flange were represented with four and six fibres 
for TW4 and TW5, respectively. 
 

Table 2. Parameter values adopted for concrete and steel in both TW4 and TW5 
models. 

Model 
Ec 

(GPa) 
f’c 

(MPa) 
ec 

(‰) 
Es (f6) 
(GPa) 

fy (f6) 
(MPa) 

b (f6) 

(%) 
Es (f16) 
(GPa) 

fy (f16) 
(MPa) 

b (f16) 

(%) 
TW4 29.2 31.2 2.1 184 460 0.93 210 515 0.4 
TW5 31.7 33.6 2.1 - - - 

 
A linear geometric transformation was adopted (geometric nonlinearities not included), 
since the experimentally imposed loading, in terms of ratio between the moment applied 
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by the actuators at the top of the walls and the horizontal load, was based on a geometri-
cally linear relation. The Concrete04 material model was used for concrete, whilst the 
Steel02 material model was assigned to the longitudinal (both f6 and f16 bars) and 
transverse reinforcement. All the adopted parameter values are reported in Table 2. Giv-
en these material and sectional properties, the torsional rigidity resulted to be GJ = 5078 
kNm2 and GJ = 18430 kNm2, for TW4 and TW5, respectively. 

As for the previous numerical cases, a dynamic analysis framework with two single-
point constraints was employed to apply the displacement path to the models. To cor-
rectly reproduce the shear span of the specimens, in both wall models an additional 
node was created at the height of 10 m and 7.35 m for walls TW4 and TW5 respective-
ly, where the bidirectional displacement path was then applied. Such a node was linked 
by a rigid elastic element to the nonlinear portion of the model, made of one or two el-
ements depending on the formulation. Consequently, it was required to multiply the 
displacement patterns along the two directions by two constant scaling factors, which 
were iteratively adapted until a good match was obtained between the bidirectional tar-
get pattern (i.e. the one imposed in the tests) and the pattern actually recorded at the top 
node of the nonlinear portion of the model, at a 2 m height. In order to reflect the load-
ing conditions of the tests and to avoid giving rise to unwanted moments, the vertical 
load was instead applied at the top node of the nonlinear portion of the model. 

As far as the global level is concerned, Figure 6 displays, for both walls TW4 and 
TW5, the comparisons between the experimental in-plane shear-displacement curves 
and the numerical ones, obtained adopting the three formulations that are investigated in 
this work. The length of the base element for the two DB formulations within the TW5 
model was set to 0.6 m for consistency with the value adopted in the TW4 model; by 
comparison with the curves related to the other two values considered herein, namely 
0.2 m and 0.4 m, it was observed that the obtained curves are all similar, meaning that 
the base element’s length does not play an important role at the global level, as ex-
pected. It can be noted for both walls that i) the three types of element lead to curves 
that are almost superimposed, and ii) the agreement with the experimental curves is 
poor, which was anticipated. In fact, the plane-sections-remaining-plane assumption is 
not adequate for long cross-sections as it does not capture the nonlinear strain profile 
developing along the wall length, even for flexurally governed walls with relatively 
high shear span ratios (Almeida et al., 2016). 
 

 
 (a) (b) 

Figure 6. Experimental in-plane shear force-displacement curves, and numerical 
results obtained with the DB/ae, DB/c and FB formulations, for (a) TW4 and (b) TW5. 

 
Focusing now on the local level, only the two DB formulations for wall TW5 are con-
sidered for comparison, given that the aim of this work is exploring the benefit of the 
axially equilibrated formulation with respect to its classical counterpart. In Figure 7a), 
the axial forces obtained in all IPs of the two elements discretising the wall, for both the 
DB/ae and DB/c formulations, are compared against the experimental (constant) axial 
force profile. The numerical profiles related to the three different lengths of the base el-
ement are superimposed and shown with the same colour, for each of the two DB for-
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mulations. The plot clearly confirms what was already shown in Figure 3b,top) above, 
that is, the use of classical displacement-based elements yields different values of axial 
force at distinct IPs, whilst the 3D DB/ae formulation leads the axial force in the four 
IPs of the two elements to be constant and very similar to the external applied axial 
load. The in-plane curvature profiles obtained with the two DB formulations, again for 
different lengths of the base element, are compared against the experimental profile in 
Figure 7b). It can be readily observed how the multi-linear curvature profile exhibited 
by the DB/ae formulation is smoother than the one provided by the DB/c approach, 
which tends to be piece-wise vertical with sharper discontinuities between adjoining el-
ements. Such advantageous feature of DB/ae reflects on a less scattered simulation of 
the base curvature for the three meshes, which unsurprisingly also better reproduces ex-
perimental measurements. Incidentally, it is noted that the best experimental vs. numeri-
cal match is obtained when the base element’s length is set to 0.2 m, capturing the con-
centration of deformation in the plastic zone at the wall base. The above aspects 
described for in-plane curvature are also apparent for the out-of-plane curvature pro-
files, shown in Figure 7c) for both DB formulations. Here the slope of the curvature ex-
hibited by the two DB/c elements results to be increased with respect to the in-plane 
case, though in any case considerably less smooth than that produced by the DB/ae for-
mulation, which is deemed more in line with the real test, especially considering the 
very small thickness of the wall. 
 

 
(a) (b)              (c) 

Figure 7. Wall TW5: experimental results and numerical output obtained with the 
DB/ae and DB/c formulations, for different lengths of the base element: (a) (constant) 
axial force profile, (b) in-plane curvature profiles, (c) out-of-plane curvature profiles. 

 
Still on the local level, the two DB formulations were also compared in terms of stress-
strain curves for several steel fibres at the base integration section, with reference to the 
TW5 wall model with a base element’s length of 0.2 m. For most of the rebars, the 
curves (not shown here due to space constraints) show a reasonable agreement, whereas 
they diverge substantially for the South rebar, especially concerning the most intense 
compression cycle; this is expected, given that the South side of the cross-section, being 
just 120 mm thick, is subjected to a (compression) stress-strain field that is more intense 
than in the North side (where the flange is located). The significantly different maxi-
mum compressive strains – which could be used for seismic design or assessment veri-
fications – obtained by the two approaches are ultimately a consequence of the lack of 
strict axial equilibrium of DB/c, further highlighting the importance of developing for-
mulations that avert numerical pathologies, such as the current DB/ae. 

4 CONCLUSIONS 
Although the classical displacement-based formulation (DB/c) shows advantageous fea-
tures in simulating tension shift effects in structural members, it does not verify full 
equilibrium in the axial member direction. Several authors recently proposed enhanced 
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strain formulations for 2D beams that bypass this drawback. This work presented the 
implementation in OpenSees of the extension to 3D (see Cavalieri et al., 2022) of a re-
cently developed axially equilibrated DB (DB/ae) planar beam element. The numerical 
performance of the new beam element was compared with those obtained with the DB/c 
and FB elements, firstly considering an example column subjected to monotonic and 
cyclic bidirectional loading, and then using experimental results from one series of qua-
si-static bidirectional cyclic tests on two RC thin walls as benchmark. 

It could be gathered that at the global level the performances of DB/c and DB/ae are 
quite similar. On the other hand, significant divergencies were observed at the local lev-
el. In particular, it was confirmed that DB/c elements ensure axial equilibrium only in 
an average sense and yield different values of axial force at distinct IPs, whilst the spa-
tial DB/ae formulation leads the axial force in all integration points to be constant and 
coincident with the external applied axial load. Consequently, the DB/ae formulation 
exhibits a multi-linear curvature profile that better reproduces experimental measure-
ments. All these observations provide reassurance on the increased accuracy of the pro-
posed 3D DB/ae formulation and highlight the need to develop formulations that avert 
numerical pathologies. 
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