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Abstract: Modern design of buildings requires accounting for sustainability aspects using a life-cycle
perspective, but also the early design phase where earthquake actions have a significant influence
concerning the structural design. Recently, the seismic evaluation of masonry buildings using macro-
element modeling approaches became popular, by applying performance-based assessment procedures
through nonlinear static (pushover) analysis methodologies. This work addresses the validation for
these approaches referring to two full-scale masonry structures tested under quasi-static lateral loading
and almost unknown in the literature. The experimental behavior of tested unreinforced masonry
(URM) and confined masonry (CM) structures is compared against the pushover response of the
corresponding computational models. Then, referring to typical housing in southern Europe and its
usual design with a reinforced concrete (RC) structure, the validated assessment tools are employed to
evaluate the earthguake-resistant possibilities of URM and CM solutions, namely in terms of
maximum applicable ground accelerations. The masonry solutions are also compared in terms of
construction costs against the RC typology. The considered analysis tools present a good agreement
when predicting, satisfactorily, the experimental test behavior, thus being able to be used in
performance-based design. With respect to the studied housing, the predicted pushover responses for
the masonry structures denote capacity to resist earthquakes adequately. These structures allow also a
significant cost reduction (up to 25%) against the RC, thus appearing to be competing alternatives.
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1. Introduction

The building sector has a large influence in the economy, totalizing about 10% of the GDP in
European countries. Moreover, people live most of their lives inside buildings, while housing
has a major weight in the budget of families and of the banking system. Low-to-medium rise
buildings (up to 3 storeys) are the more frequent typology for housing, requiring then
particular attention in developing sustainable solutions for construction. The adopted
structural solution represents itself an important initial investment for housing and is the focus

of the present paper.
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Figure 1. Earthquakes in Europe with magnitude greater than 5 in the period 1973-2006
[Source: U.S. National Earthquake Information Center]

Buildings need to provide for welfare, health and safety of occupants. The occurrence
of strong earthquakes in the Euro-Med region, see Fig. 1, even in moderate seismicity zones
(e.g., the 2011 Lorca earthquake in Spain), highlighted the consequences of poorly designed
earthquake resistance structures regarding: damages, injured people, deaths, post-earthquake

traumas and reconstruction costs. It is known that earthquakes can take place all over the
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world causing large losses. The seismic action needs then to be adequately considered in the
design of buildings, as addressed in recent methodologies and codes for seismic safety
assessment of structures, e.g. [1-3].

There is an important challenge to be addressed today, which is combining
sustainability and earthquake resistance. Cost-effective structural solutions can present higher
vulnerability to earthquakes, as is typically the case of unreinforced masonry (URM) when
compared to reinforced concrete (RC), which became the dominant structural solution in
many countries, even for small houses in low seismicity regions. Still, in many cases and
taking into account the seismic performance, URM or confined masonry (CM) structural
solutions can be alternatively used for low-rise buildings.

The sustainability concept is often applied in the fields of construction economy or
green building as whole, with less consideration of the adopted structural typology, also in
terms of earthquake resistance. Framed RC structures, given their prevalence, are commonly
assumed as reference for sustainable building design. However, the optimization of the
building performance in general (economy, safety, durability, etc.) calls for a broad approach
to sustainability, which needs to account necessarily for the structural typology.

This study addresses the design of masonry building structures, focusing on the
seismic assessment, but economy aspects in construction are also discussed. Different tools
for seismic assessment and design of masonry buildings are presented and validated against
experimental results obtained from tests on full-scale structures. A validation of recently
proposed macro-element approaches for URM structures is made through a comparison with
experimental results. Furthermore, the study includes an experimental validation of a new
modeling approach recently adopted for CM buildings. The performed benchmarking allows

to extend significantly the application domain for the studied modeling approaches.



Afterward, by applying these tools in the performance-based seismic assessment of a
typical dwelling in Europe, URM and CM structural solutions are evaluated and compared
against the solution in RC. Referring to typical single family housing in southern Europe and
its usual design with a RC structure, the validated assessment tools are employed to evaluate
the earthquake-resistant possibilities of URM and CM solutions showing that the
corresponding structures appearing to be competing alternatives to RC structures. This is an

aspect of considerable relevance also concerning sustainability in construction.

2. Macro-element models for masonry

Masonry structures present specific and diverse bond typologies, for which several modeling
approaches have been adopted. In the academic-research field the modeling of masonry
buildings has been applied using two different scales, namely the micro- and macro-element
approaches, see Lourenco [4]. Engineering applications of these academic-based approaches
can be found e.g. in [5-6], but they remain confined to a rather small number of experts. The
concept of using structural component models designated by macro-element modeling for
masonry structures was introduced in the 1970s by Tomazevi¢ [7] and applied to perform
seismic assessment. This concept is the one addressed next, given the easy implementation of
material laws and of the formulation of structural equilibrium. The adopted structural
component discretization largely reduces the number of degrees-of-freedom in relation to the
traditional micro- or macro-modeling approaches, allowing for more resource- and time-
efficient computations and making them attractive to practitioners. In the following, the
available models are briefly described and validated, for unreinforced and confined masonry.
2.1 Models for unreinforced masonry (URM)

Recently, and mainly in Italy, several user-friendly computer codes based on macro-elements

have been developed for assessing the seismic safety of URM buildings. Marques and



Lourenco [8] benchmarked the ANDILWall/SAM 11 [9], the TreMuri [10] and the 3DMacro
[11] software codes, and provided the basic description of the macro-element formulation and
assemblage used in these methods. Briefly, SAM Il and TreMuri are based on frame-type
modeling by using one-dimensional macro-elements, while the 3DMacro is based on a
discretization with two-dimensional discrete elements, as shown in Fig. 2.

Frame-type approaches are based in the discretization of the structure into piers and
spandrels, which are connected by rigid nodes hence creating an equivalent frame.
Assemblage and solution for this approach can be implemented similarly to framed structures,
by applying conventional methods of structural mechanics. However, these methods present
limitations concerning the simulation of the interaction between macro-elements through rigid
nodes, and the modeling of the cracked condition of panels, which is lumped at middle/end
parts of the element. These aspects are improved when considering the two-dimensional
approach in 3DMacro by using a set of non-linear springs that allows simulate the planar
response of masonry panels and its interaction and cracking within the entire element (Fig.
2¢). The seismic assessment by these methods is performed through performance based

approaches, i.e. nonlinear static (pushover) analysis, according to recent design codes [1-3].
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Figure 2. Schematization of wall models in (a) SAM 11, (b) TreMuri and (c) 3DMacro
The methods above were developed in a sequential process, from macro-element

idealization, through wall assemblage definition to full building simulation. The validation



process for these methods was made with experimental testing and more advanced
computations, in individual masonry panels, full plane masonry walls and three-dimensional
structures. With respect to the entire building simulation, the masonry building tested in Pavia
under quasi-static loading by Magenes et al. [12] is @ much used benchmark for validation.
But the validation process is not easy due to the large variability of masonry materials and due
to the importance that the complex structural organization in full buildings might assume. On
the other hand, rather few quasi-static tests on URM buildings have been carried out allowing
this validation: another example is given by Yi et al. [13] for typical URM in the mid America
region. Many URM building models have been tested in shaking tables, but, in general, the
dynamic experimental behavior is difficult to compare with the pushover response.

Here, an experimental test with lateral cyclic static loading on a URM structure, which
received almost no attention in the literature so far, is adopted to evaluate the predictions by
the pushover analysis using the macro-element models. The tested structure, presented in
Cappi et al. [14], is constituted by a couple of identical masonry walls made of solid ceramic
bricks, with a thickness of 0.375 m (in the parapets, only 0.125 m thickness) and a specific
weight of 18.0 kN/m®. The two walls are in parallel position and are weakly connected
through timber joists, as shown in Figure 3. The walls are subjected to a vertical load of 100
kN/m, applied using steel tie-rods anchored on a reinforced concrete beam in the top of the
wall. The walls were then, separately, subjected to cycles of an increasing horizontal force P
also applied at the top beam level.

The known strength properties for the masonry, obtained from experimental tests, are
a tensile strength f; of 0.08 MPa and an internal friction angle ¢ of 36°, which allow using the
diagonal shear strength criterion by Turnsek and Cagovi¢ [15]. The elastic moduli were
estimated by inverse fitting the numerical results to replicate the initial stiffness of the

structure, assuming a ratio between the longitudinal and transversal moduli, respectively E



and G, of 6 (the value given in the Italian code OPCM 3431/2005 [16] for solid brick
masonry). The resulting values for E and G are, respectively, 3200 and 533 MPa. The
masonry compressive strength f, was obtained from the formula in EC6 [17] for short
duration actions, as E/1000 or 3.2 MPa.

The wall-type structure was simulated in the software codes indicated above,
according to the computational models given in Figure 4. Subsequently, pushover analysis
provides the capacity curve. Note that for the TreMuri software two different approaches for
the macro-element shear-displacement response were considered, namely a bilinear law and
the approach of Gambarotta and Lagomarsino [18], which are hereafter designated as 3Muri
and TreMuri models. The capacity curves obtained are compared in Figure 5 against the
experimental response envelopes for the two tested walls. In general, all the models present a
satisfactory prediction of the experimental capacity curve, particularly in terms of the initial
stiffness and of the base shear strength. Furthermore, the 3Muri, TreMuri and 3DMacro
models are capturing the stiffness decay in the second part of the experimental response. All
the models predict a drop in strength for a displacement of 17.5-20 mm and, with the
exception of SAM I1, a significant loss of strength (about 20%) for a displacement of 26.5-30

mm. In the case of SAM 1, this drop of strength occurs for a displacement of 40 mm.
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Figure 3. Views of the masonry structure tested under lateral static loading [14]
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Figure 4. Wall models in (a) ANDILWall/SAM I, (b) TreMuri and (c) 3DMacro
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Figure 5. Experimental envelopes and capacity curves obtained for the several models

More than the good approximation observed in the global response of the structure, it
is interesting to investigate the load evolution on the different wall elements, and also their
damage progress in correspondence with the applied load. Next, the evolution of the axial
load N and of the shear force V in the panels labeled in Figure 4c is discussed. These are
panels in the ground level: the leftmost pier (Label 1), the center spandrel (Label 2) and the
right-center pier (Label 3). The evolution of the N and V versus the wall displacement at top is
presented in Figures 6 and 7.

Concerning the pier panels, the evolution of the axial load shown in Figure 6a is, in
general, similar for all the models. Note that for the TreMuri (Gambarotta-Lagomarsino shear
law), the computed axial force is reduced with respect to the elastic value, to account for the

deterioration of piers in compression as proposed by Penna [19]. Regarding the shear force,
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Figure 6b shows the strength sensitivity to the material degradation behavior considered in the
case of the TreMuri and 3DMacro models, which is evident for Pier 1. Observing the two
graphs, it is clear that the evolutions of axial and shear force are directly related, which calls

for an adequate approach in the evaluation of the axial force.
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Figure 6. Evolution of the (a) axial and (b) shear forces in the piers

For the center spandrel, the evolution trend of the axial and shear forces shown in
Figure 7a provides significant disagreement between the models, concerning namely the
extreme values for the axial load, once that the TreMuri model provides significantly higher
values than the others and SAM |1 provides a zero value. This disagreement is due to different
assumptions in the methods for the spandrel behavior and the interaction between the piers. In
the case of the frame-type models the spandrel is purely connected to the piers through rigid

nodes, and for the SAM Il without considering the axial load to the spandrel, while in the



3Muri and TreMuri models the contribute of axial compression is considered to compute the
shear strength of the spandrel. This aspect is clearly a limitation of these methods, since
experimentally it can be observed that the lateral response of URM walls is largely influenced
by nonlinear behavior of spandrels, namely due to diagonal cracking as verified for the
present wall, and also to flexural damage [20]. Thus, the 3DMacro model by considering
explicitly both diagonal shear and flexural mechanisms for the spandrel element probably
provides a more accurate approximation. According to Cappi et al. [14], the damage in the

walls was typically by diagonal cracking and was initiated in the center spandrel (Fig. 7b).
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Figure 7. Response of the center spandrel: (a) evolution of the axial and shear forces;
(b) crack in the experimental model [14]

The predicted sequence for the wall deformed shape and damage is summarized in
Figure 8, for every model and in correspondence with wall displacement levels of 7.5 mm
(yielding), 18.5 mm (end of the first yielding stage) and ultimate displacement (strength loss
of 20%). A wider sequence for the wall predicted behavior is presented in Marques [21]. The
known experimental results describing the wall deformed shape and damage are limited, but
according to Cappi et al. [14] the wall response incorporates wall- and frame-type behavior
patterns. Due to the wall-type behavior, the overturning action generates tension in the left

piers and compression in the right piers, while the spandrels are essentially subjected to shear.



Due to the frame-type behavior, the four bottom-to-top columns are subjected to similar

moments, while the cross members are compressed and bent.
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Figure 8. Wall deformed shape and damage according to models: (a) SAM 11, (b) 3Muri,
(c) TreMuri and (d) 3DMacro (50 times magnification)

Concerning the deformed shape, the SAM Il and 3Muri models provide a similar trend
by deforming linearly along the height. On the other hand, the TreMuri and 3DMacro models
present an identical first level mechanism. In terms of damage the same groups are identified,

with the first group (SAM Il and 3Muri) presenting initial damage mostly by flexure, even if
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some panels fail latter by shear, and the second group (TreMuri and 3DMacro) presenting
shear damage in selected panels (e.g. the lower pier on the wall right), associated with rocking
of piers at the first level on the wall left. In the experimental test, the earliest damage was due
to shear on the intermediate horizontal cross member, and which resulted seriously damaged
at the end of the test. Damage to this member is identified by all the models.

The model grouping in terms of the predicted response seems to be associated to the
assumptions adopted by the models, as the first group considers one-dimensional elements
with a bilinear response, while the second considers a bi-dimensional domain for the material
constitutive law. From the experimental and analytical results presented in Cappi et al. [14],
namely the identified diagonal shear damage for the central spandrel and a stronger deformed
shape at the first level, it seems that the second model group better agrees with the
experimental response. For this reason, Figure 8c-d is assumed to represent the best
approximation to the experimental damage.

2.2 Models for confined masonry (CM)

CM is a particular case of masonry structures, even if it presents some similarity with
reinforced concrete (RC) structures due to the presence of a frame. CM is characterized by
casting of the RC elements only after the masonry works, which provides a good connection
between the confining elements and the masonry panels due to the combination of bond
effects, shrinkage of the RC elements and the fact that the vertical dead load is transferred to
the walls. The interaction behavior between the confining elements and masonry through the
existing interface is a specific aspect that needs to be considered in the response of CM walls
under lateral loading. Some models have been implemented for CM structures based on a
wide-column approach, e.g. [22-23], considering the interaction behavior between the

confining elements and the masonry implicitly in the wall shear response.
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Micro-modeling strategies can also be used, namely based in the finite element
method, to model explicitly the concrete-masonry interface, e.g. Calderini et al. [24].
Alternatively, a discrete element approach is also applicable, such as that idealized by Calio et
al. [25] originally for URM and which has been extended in the 3DMacro software [11] to
model RC/steel/masonry mixed structures. This last approach uses an interface (constituted by
nonlinear springs) between the masonry panels (Fig. 9a), which in the case of two
neighboring CM panels is interposed by a frame modeled through nonlinear beam finite
elements with concentrated plasticity (Fig. 9b). For the beam elements and in agreement to a
given type of interaction (axial, flexural or axial-flexural), the corresponding hinges are
considered according to the respective N-M,-My domain (such as in Fig. 9c). This approach
has already been used for the simulation of a CM structure built in southern Italy after the

1908 Messina earthquake [26].
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Figure 9. Discrete macro-element: (a) interface model, (b) frame element and (c) example of
interaction domain N-My-My

In this work, a building tested under quasi-static loading by Zavala et al. [27] at
CISMID (Peruvian-Japanese Center for Seismic Research and Disaster Mitigation), in Peru, is
considered to evaluate the discrete element approach implemented in the 3DMacro software
for CM structures. The building, with the plan shown in Figure 10a, corresponds to a typical

family house in Peru and features a 2.5 m storey height and 100 tones mass. The structure is
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built with panels of handmade clay brick confined by RC elements and floors made with
prestressed ribbed slabs. The masonry presents an experimental compressive strength f,, of
4.65 MPa, from which the diagonal shear strength was empirically estimated as f,*? (kg/cm?)
or 0.3132f,* in the standard unit (= 0.68 MPa), while the elastic and shear moduli E and G
respectively as 400f,, (= 1860 MPa) and 160f, (= 744 MPa), according to specifications in the
Peruvian code [28].

The test set-up is given in Figure 10b, where two actuators are placed at the roof slab
level and a third actuator is placed in the first storey, in order to push and pull the building
cyclically. The test was conducted with mixed control, as one of the actuators in the roof was
displacement controlled and the other roof actuator is force-controlled. A load pattern
proportional to the building height is induced. Concerning the building damage evolution, the
structure is reported to have behaved in elastic range until a 0.0625% first storey drift, while
cracking in the walls started for a 0.125% drift. Large degradation was identified for a 0.5%

drift, with ultimate capacity occurring for 1.33% drift.
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Figure 10. Building tested by Zavala et al. [27]: (a) structural plan and (b) test set-up

13



The building was modeled in 3DMacro as illustrated in Figure 11. The model was then
analyzed under pushover loading in the £Y direction and considering the control point at the
roof centroid (G in Fig. 11). In the simulation, the predicted damage occurs mostly by
diagonal cracking in the confined panels, and also with flexural plastic hinges in the confining
elements. A comparison of the numerical and experimental damage evolution is shown in
Figure 12 for the South wall that allows to identify globally the walls subjected to higher
degradation, which are namely in the central part of the building adjacent to the openings.

which aspect is probably related with force redistributions in the post-peak stage.

o NP: North point e CP: Central point e SP: South point e G: Roof centroid

Figure 11. Geometrical and computational models in 3DMacro of the building

The capacity curves for the building are compared in Figure 13 against the hysteretic
response obtained from the test. The predicted curves present a good agreement with the
experimental envelope, even if the displacement capacity was underestimated in the case of
positive loading. Note that in the graphs three different experimental responses are overlapped
corresponding to three different control points, placed respectively in the alignments North
(blue series), South (green series) and Central (red series), see Fig. 11. If the hysteretic
response for the Central alignment is adopted for comparison the agreement is better, with the

‘base shear-first storey displacement’ envelope for negative loading being the exception. The
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differences between the measured displacements in the three series are due to the building
rotation, which is evident in the positive loading and is very important. This rotation could be

captured in the prediction, even if only qualitatively as significantly smaller values are found,

X diagonal cracks = traction cracks e flexural plastic hinge

Figure 12. Experimental against predicted damage in the South wall for three drift levels
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3. Comparison of different structural solutions for a dwelling

Dwelling houses up to 2 storeys are the majority of the building stock in Europe, both in
terms of existing and newly constructed buildings. The loss of masonry as a structural
solution, due to an ungrounded perception of its lack of capacity to resist earthquakes and also
to the dissemination of RC structures, caused a strong reduction of the use of structural
masonry in new buildings. On the other hand, a large development occurred in the masonry
industry, namely with the introduction of high-quality masonry systems regarding functional
and mechanical features. In the academic field important efforts have been also made to
develop adequate tools to account for the intrinsic nonlinear capacity of masonry structures
when subjected to earthquakes. A first comparison of these tools was made by Marques and
Lourenco [8] referring to a simple building configuration. In this study, the comparison is
extended, concerning a real and more complex structure, addressed next.

3.1 The case study

The adopted two-storey semi-detached dwelling is representative of typical housing in the
southern Europe, with rooms and kitchen in the ground storey and bedrooms and an office in
the first storey. The house presents also a garage and a multi-level roof, as shown in Figure
14. The structure for the building was originally designed in RC, with full drawings available
in Torre [29]. In the following, alternatively to the original structure, solutions of URM and
CM structures are presented and compared. The building is assumed to be constructed on type
B ground (deposits of very dense sand, gravel, or very stiff clay) with prevalence to
earthquakes with surface-wave magnitude lower than 5.5. Therefore, a type 2 spectrum (near-
field) with an associated soil factor S value of 1.35 according to EC8 [1] is adopted.

3.2 Unreinforced masonry solution

URM, considering that is a simple construction technique which allows an energy-efficiency

enclosure with no thermal bridges concern, is the first adopted option. In this case, a clay
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block masonry system is used with tongue and groove head joints, and with shell bedded
horizontal joints. The system uses a vertically perforated block of dimensions 0.30 m x 0.30
m x 0.19 m and complementary pieces (half-block, end-piece, corner-block, adjusting-piece
and lintel-block) allowing a geometry in plan with a module of 0.15 m. A M10 mortar pre-
batched, according to EC6 classification [17], is used for the joints. The structural plans for
the proposed solution are presented in Figure 15, which show the bond in the first course and

the second course arrangement around the wall crossings.
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Figure 15. Structural plans of the solution in URM

The floors of the building are made with prestressed ribbed slabs, which have a
thickness of 0.19 and 0.15 m in the accessible zones and for the ceiling/roof, respectively. The
slabs are similar to those used in the original RC structure, and are subjected to dead loads of
4.5 and 3.0 kN/m? and to live loads of 2.0 and 0.4 kN/m?, for the same areas. A bond-beam is
made with the lintel-block that serves as a formwork, with a concrete section of 0.20 x 0.35
m? and reinforcement of 410 mm with stirrups $6 mm@0.20 m (0.10 m at the ends).

The properties for the masonry were considered according to EC6 [17], the producer
declared values and selected materials, resulting in a compressive strength of 3.25 MPa, a

pure shear strength of 0.1 MPa, an elastic modulus of 3250 MPa and a shear modulus of 1300
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MPa. Additionally, the in-plane ultimate drifts for the masonry panels were assumed,
according to the EC8 — Part 3 [2] and the Italian code [3] with values of 0.4% and 0.8%,

respectively for the shear and flexural failure modes. The weight for the masonry with

plastering is 12.0 kN/m®.

Displ. = 12 mm @)

w24
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[ Telastic plastic by shear shear failure B2 plastic by flexure

Figure 17. Damage sequence from 3Muri corresponding to the (a) +X and (b) +Y analysis
Aiming for a comparison of the seismic response predicted by different methods, the
building was modeled in the 3Muri and 3DMacro software codes, using the macro-element

models presented in Figure 16. Concerning the floors, 3Muri cannot simulate inclined slabs
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and the roof was simulated in a simplified way, by overlapping the corresponding slabs at the
ceiling level, to simulate the vertical loading and the diaphragm effect. In 3Muri, the floors,
apart from transferring vertical loads to the walls are considered as plane stiffening elements
(orthotropic membrane elements). The floors in 3DMacro are simulated as polygonal

diaphragms elastically deformable, considering an orthotropic slab element.

Displ. =1 mm Displ. =6 mm (b)

Figure 18. Damage sequence from 3DMacro corresponding to the (a) +X and (b) +Y analysis
(X: diagonal shear, =: tension cracks, e: flexural plastic hinge)
The models were analyzed under pushover loading in the principal directions, and

considering ‘mass’ and ‘first-mode’ load distributions. Concerning the +X and +Y analysis
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with first-mode load distribution, the damage sequence for the building is shown in Figures
17 and 18, respectively for 3Muri and 3DMacro. For +X and regarding the front facade, a
similar trend is captured in the ground storey with shear failure of the central pier and rocking
of the extreme piers, and with concentration of displacements at this storey. A similar
deformation mechanism and substantial shear damage are observed from 3DMacro in Figure
18a for the other wall alignments. In +Y the models agree when predicting rocking and shear
failures respectively for slender and squat panels, and identifying a first storey mechanism.
This agreement in deformation and failure mechanism allows obtaining similar capacity
curves, compared in Figures 19 and 20 for the two models. They provide similar results in

terms of initial stiffness, yielding displacement, base shear strength, and even decay phase.
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Figure 19. Comparison of the capacity curves in X direction from 3Muri and 3DMacro
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Figure 20. Comparison of the capacity curves in Y direction from 3Muri and 3DMacro
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3.3 Confined masonry solution

CM, assumed as an intermediate solution between URM and RC structures, is now considered
using the prescriptive rules from the European regulations. For the confining columns,
according to EC6 [17], a longitudinal steel reinforcement must be included equivalent to 0.8%
of the column cross-section area, with a minimum of 4¢8 mm. The transversal reinforcement
consists of 6 mm diameter stirrups spaced in general of 0.20 m and of 0.10 m at the column
ends. Note that the specification in codes of Latin America, e.g. the Peruvian code [28], to
confine the full masonry thickness creates thermal bridges. Here, the external masonry walls
are only partly confined in the thickness. The solution for the horizontal confining element is
the same adopted for the URM structure in Section 3.2, namely through the use of a lintel-
block that serves as lost formwork and eliminates the thermal bridge, with a section of 0.20 x
0.35 m?. The structural plans for the CM solution are presented in Figure 21.

The CM structure was modeled in the 3DMacro software [11], with the geometrical
and computational models shown in Figure 22. Note that the main change with respect to the
URM model is the inclusion of the reinforced concrete confining columns, which are
simulated as beam finite elements with concentrated plasticity and feature a tridimensional
constitutive behavior N-My-My. The model was then analyzed under pushover loading in the
main directions and assuming load distributions proportional to the mass and to the first
vibration mode.

The damage sequence for the CM model is illustrated in Figures 23 and 24 for the +X
and +Y analysis with ‘first-mode’ load distribution, corresponding to different displacement
levels. For both analyses, damage in the building starts to be relevant for 1 mm displacement,
when several masonry panels develop tensile cracks in the interfaces and also diagonal shear

cracking. For a displacement of 4 mm damage spreads widely, to all walls of the building.
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Then, damage evolves with increasing deformation due to the progressive formation of

flexural plastic hinges at the ends of the confining elements.
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Figure 22. Geometrical and computational models in 3DMacro of the CM building
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The capacity curves are given in Figures 25 and 26, together with a comparison with
the results from the URM solution. An increase of the base shear capacity is clearly observed
for the X direction. Still, a sharp decrease of capacity is found after peak due to small number
of confined panels and absence of walls at first storey in the left part of the building. The high
degradation of the confined walls at peak load generates a ground-storey mechanism.

Concerning the Y direction, a remarkable improvement of the base shear strength and

ductility is observed.

Figure 23. Damage sequence for the +X analysis with 1st-mode load distribution

(X: diagonal shear, =: tension cracks, e: flexural plastic hinge)
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Figure 24. Damage sequence for the +Y analysis with 1st-mode load distribution

(X: diagonal shear, =: tension cracks, e: flexural plastic hinge)
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Figure 25. Capacity curves in X direction for the URM and CM models in 3DMacro
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Figure 26. Capacity curves in Y direction for the URM and CM models in 3DMacro

Figure 27. Damage scenario in (a) URM and (b) CM frames for the —Y analysis with 1st-
mode load distribution (X: diagonal shear, =: tension cracks, ®: flexural plastic hinge)

In the CM, the presence of confinement constitutes a constraint for the masonry infill,
which induces a damage trend different of that verified for URM. Referring to frames
presented in Figure 27 of the building lateral facade, it is observed that for the URM wall the
damage is initially by tension cracking in panel edges and with subsequent rocking of the

slender panels, while for the CM frame early damage occurs due to diagonal cracking which
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propagates along the wall diagonals inducing flexural hinges in the confinements. For a
displacement of 10 mm, the URM wall is seriously damaged, while the CM frame presents
widespread cracking but damage is controlled.
3.4 Comparative analysis
An evaluation supported by the analyses is now made more in detail of the seismic capacity of
URM and CM structural solutions. In particular, a discussion on the behavior factors to use in
force-based safety verifications is made. Regarding economic aspects, a comparison is made
between the construction costs of the URM and CM structures against the usual RC solution.
Figure 28 presents the values of the reference peak ground acceleration on type A
ground (rock formations) as defined in EC8 [1], agu, corresponding to the ultimate
displacement capacity for the building according to the considered codes [2—3]. The building
is subjected to a type 2 spectrum (“near-field earthquake™) and all acceleration values were
derived using the N2 method [30] in the software codes. The agy can be interpreted as the
maximum ground acceleration supported by the building for a condition of near collapse or
ultimate state. Regarding the application of a force-based approach, namely the lateral force
method of analysis in EC8, the base shear force Fy, is computed as

szsd(T)-m:ag-S%-m (1)

where Sq (T) is the ordinate of the design spectrum at the fundamental period of vibration T of
the building in the direction considered, m is the total mass of the building, S is the soil factor
and q is the behavior factor. Here, it is assumed that the structure is behaving in the short-
period range. On the other hand, a design ground acceleration can be considered, associated to
the yield strength Fy of an energy-equivalent bilinear response to the building capacity curve,
agy. Then, by assuming that Fy, is equal to Fy, the reduced acceleration agy can be computed as

Y T )
9.y
g 25-S-m
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where g, can be taken as an approximation to the behavior factor q in ECS8, as it reflects the
reduction of the elastic acceleration spectrum to the requested acceleration in the capacity
curve, when considering the inelastic response of the building.

The values of the g, reduction factor (computed as the ratio between the two defined
accelerations, agu/agy) establish a correspondence between the considered force-based and
displacement-based assessment approaches. It is noted that the g, values were obtained
through an expedite way and for a very particular building configuration, but two conclusions
are possible: (1) in the URM structure, the computed g, values (2.7-3.7) are significantly
higher than the specified values of the behavior factor q (1.5-2.5) in EC8; and (2) the qr
values for the CM structure (1.8-3.0) are in the range for ¢ in EC8, although being lower than
the computed g, values for the URM structure. Therefore, the application of the lateral force
method of analysis with the recommended g values in EC8 seems too conservative for the
case of URM buildings, as corroborated from experimental and analytical studies by
Tomazevi¢ [31] and Magenes [32], respectively. The finding of g, values for the CM building
lower than those for the URM building is believed to be due to a particular building
configuration, with an excess of capacity in a rather weak part of the building that cannot be
redistributed. This is considered a conclusion that cannot be generalized for all masonry
buildings. It is also noted that, still, the capacity of the CM structure is higher than that of the
URM structure.

The solution originally considered for the dwelling was a RC structure. Using two
software codes (3Muri and 3DMacro) it was demonstrated that the URM structural solution
allows a more than sufficient seismic capacity. The computation in 3Muri referring to zones
with prevalence to type 2 spectra (“near-field earthquakes”) indicates that seismic safety is
ensured up to a reference peak acceleration (agr) of 1.7 m/s. For the case of type 1 spectra

“far-field earthquakes™) the allowed agr is 1.5 m/s%. On the other hand, from the simulation in
( q 9
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3DMacro the CM structural solution withstands an agr of 2.5 m/s” in the case of “near-field
earthquakes” and an agr of 2.0 m/s” in the case of “far-field earthquakes”, which denotes this
structural typology as an alternative to RC structures even in regions of high seismicity.
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Figure 28. Evaluation of maximum acceleration capacity and corresponding reduction factors

In order to support a choice for the structural solution also regarding the economic
aspect, the costs associated to the construction of the dwelling with RC, URM and CM
typologies are now estimated. Note that the RC structure presents a double-wythe cavity wall
that includes internal insulation to comply with the thermal code, while the masonry
structures feature a single leaf wall. By adopting 2013 prices in the Portuguese construction
market, the costs of the structure for the different solutions are presented in Figure 29. Note
that the values are expressed as a percentage of the total cost of the RC structure.

In the case of the structural masonry solutions, although the block-work is more
expensive due to the higher quality of the units, there is significant economy in the
foundations, which have small section since the stresses are low and distributed through the
walls, and in the RC superstructure. Note that the masonry work presents a higher cost for the
CM, due to cutting of blocks and application of thermal insulation in the columns. The URM

and CM solutions allow a total cost reduction of, respectively, 24% and 16% when comparing
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to the RC structure. This adds to a faster construction process and better long term / service

performance as a result of better durability and lower cracking and deformation.
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Figure 29. Summary of construction costs for different structures

4. Conclusions

The present work offers a contribution regarding the design and construction of cost-effective
buildings in seismic regions. For this purpose, the tools available for the seismic design of
unreinforced and confined masonry buildings are presented and validated against
experimental evidence. With reference to an actual case of a single family housing,
simulations are carried to assess its earthquake-resistant capabilities and an evaluation of the
construction costs of masonry solutions is made in comparing with the usual RC frame
structure.

In general and referring to the validation of experimental tests, the analysis tools
available allowed a satisfactory prediction of the capacity curve from the pushover analysis,
namely in terms of initial stiffness, base shear strength and displacement capacity, thus being
accurate to use in performance-based design. Furthermore, the software codes allow
simulating the specificities of real masonry building configurations.

Using a typical house in the southern Europe as case study, structural masonry

solutions allowed ensuring seismic safety up to large ground acceleration levels, namely
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0.15g and 0.20g for URM and CM structures, respectively. Furthermore, these solutions allow
a cost reduction of the structure respectively of 24% and 16% when considering the RC
structure as reference. For the URM structure, it was demonstrated that a very conservative
design is obtained using the force-based method specified in EC8 [1], due to the consideration
of very conservative values for the behavior factor.

The simulation of the real dynamic behavior of a masonry building is a very complex
task. In order to simplify, the validation of the presented macro-element models against
experimental results and also its application to a typical building allows to obtain an approach
to the pushover response of the studied structures, which is assumed to provide a
representative indication of the seismic behavior, particularly regarding the application of

seismic codes.
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Figure captions

Figure 1. Earthquakes in Europe with magnitude greater than 5 in the period 1973-2006

[Source: U.S. National Earthquake Information Center]

Figure 2. Schematization of wall models in (a) SAM I, (b) TreMuri and (c) 3DMacro

Figure 3. Views of the masonry structure tested under lateral static loading [14]

Figure 4. Wall models in (a) ANDILWall/SAM Il, (b) TreMuri and (c) 3DMacro

Figure 5. Experimental envelopes and capacity curves obtained for the several models

Figure 6. Evolution of the (a) axial and (b) shear forces in the piers

Figure 7. Response of the center spandrel: (a) evolution of the axial and shear forces;

(b) crack in the experimental model [14]

Figure 8. Wall deformed shape and damage according to models: (a) SAM 11, (b) 3Muri,

(c) TreMuri and (d) 3DMacro (50 times magnification)

Figure 9. Discrete macro-element: (a) interface model, (b) frame element and (c) example of

interaction domain N-M,-M,

Figure 10. Building tested by Zavala et al. [27]: (a) structural plan and (b) test set-up



Figure 11. Geometrical and computational models in 3DMacro of the building

Figure 12. Experimental against predicted damage in the South wall for three drift levels

Figure 13. Comparison of the predicted envelopes in 3DMacro against the experimental

response (color figure available online)

Figure 14. Architectural drawings of the dwelling: plans and elevation views

Figure 15. Structural plans of the solution in URM

Figure 16. Tridimensional models of the building in (a) 3Muri and (b) 3DMacro

Figure 17. Damage sequence from 3Muri corresponding to the (a) +X and (b) +Y analysis

Figure 18. Damage sequence from 3DMacro corresponding to the (a) +X and (b) +Y analysis

(X: diagonal shear, =: tension cracks, e: flexural plastic hinge)

Figure 19. Comparison of the capacity curves in X direction from 3Muri and 3DMacro

Figure 20. Comparison of the capacity curves in Y direction from 3Muri and 3DMacro

Figure 21. Structural plans of the constructive solution in CM



Figure 22. Geometrical and computational models in 3DMacro of the CM building

Figure 23. Damage sequence for the +X analysis with 1st-mode load distribution

(X: diagonal shear, =: tension cracks, e: flexural plastic hinge)

Figure 24. Damage sequence for the +Y analysis with 1st-mode load distribution

(X: diagonal shear, =: tension cracks, e: flexural plastic hinge)

Figure 25. Capacity curves in X direction for the URM and CM models in 3DMacro

Figure 26. Capacity curves in Y direction for the URM and CM models in 3DMacro

Figure 27. Damage scenario in () URM and (b) CM frames for the —Y analysis with 1st-

mode load distribution (X: diagonal shear, =: tension cracks, e: flexural plastic hinge)

Figure 28. Evaluation of maximum acceleration capacity and corresponding reduction factors

Figure 29. Summary of construction costs for different structures



