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Abstract

The aim is to elaborate suggestions for amendments which fit the current state of the art in masonry and earthquake-resistant
design. Focus will be on modelling, simplified methods, linear-analysis (g-values, overstrength-values), nonlinear
procedures, out-of-plane design as well as on clearer definition of limit states. Beside these, topics related to general
material properties, reinforced masonry, confined masonry, mixed structures and non-structural infills will be covered too.
This paper presents the preliminary work and results up to the submission date.
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1. General introduction
1.1 Introduction

In CEN, the European Committee for Standardization, the Sub-Committee SC8, of the technical committee
TC250 for “Structural Eurocodes”, dealing with the EN 1998 series, “Design of structures for earthquake
resistance” received the mandate to develop the next generation of EN 1998 series. Working under the direction
of the CEN/TC 250, funded Project Teams will undertake the core drafting work. As support for the broad field
of masonry and seismic engineering, working group WG1 has been formed under CEN TC250/SC8 to support
the Project Teams in this field.

1.2 Fields of amendemend

In general, WGL1 identified the following topics, which will be focused on during their work:

general reorganization of the code — (i) moving from a code whose principles are strongly influenced by concrete
and steel design concepts towards a code whose general principles are suitable for all materials including
masonry (ii) non-linear analysis, procedure, displacement demand; (iii) in plane capacity for non-linear analysis;
(iv) modelling (slabs, spandrels, lintels); (v) g-values, overstrength values; (vi) simplified masonry, tables and
rules; (vii) out of plane design; (viii) clearer and more consistent definition of limit states (damage limit state,
life safety, collapse); (ix)reinforced masonry (including also horizontal reinforcement only); (x) confined
masonry; (xi) mixed structures (RC and masonry); (xii) non structural infills; (masonry dry walls, etc., out of
plane) and (xiii) material properties; (mean strength values for nonlinear analysis, robustness, head and bed joint
configurations).

2. Material properties

One of the first steps to be performed (which is already well under way) is the assembly of a proper database,
which will serve for validation of proposed new (or modified) models and equations. The database will be made
public, but will not be part of the code.

3. g-values (Behaviour factors), overstrength values

The use of linear methods of analysis and strength based design with a behaviour factor (g-factor) is known to
give rise to many problems and inconsistencies in design/assessment of masonry buildings, possibly more than
for other structural types [1]. The main reason for these problems lies in the fact that in the definition of the g-
factor an overstrength ratio (OSR) should be accounted for, as a consequence of the fact that the attainment of
the strength capacity in a structural member or section can be reached in a linear analysis for levels of seismic
loading that are well below those corresponding to the seismic capacity of the structural system, The main
problem to be overcome is that such OSR strongly depends on the structural layout of the building. For
reinforced masonry it is possible, in the new design of buildings, to vary the strength in members by varying the
reinforcement: in URM buildings the strength of walls is essentially a result of the geometry, which is governed
to a great extent by architectural needs, and of how the floor systems distribute the gravity loads to the walls. As
a result, the OSR can vary widely from building to building (and even for the same building depending on the
direction of seismic loading).

Currently, in the Italian structural design code (NTC 2008) [2] the concept of overstrength ratio is already
implemented: nevertheless a more general approach should be sought for EN 1998 to cover the wide spectrum of
structural configurations that can be met in the different European countries.
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4. Simplified tables and rules

. )

The current version of EN 1998-1 (CEN, 2004) [3] already includes a chapter on how to design masonry
structures by purely considering geometric aspects, such as shear wall area percentages in relation to ground
floor footprint area. Obviously this table is limited by peak ground acceleration and maximum applicable storey
numbers. The idea here is to design simple masonry buildings, such as single family houses, without a highly
sophisticated numerical analysis.

Nevertheless, the values in the current table should be subjected to revision, in the light of the more recent
results of nonlinear analyses. The plan is to reorganise and redefine this table using conservative but realistic
behaviour factors, overstrength ratios, as well as the results of nonlinear analyses.

The aim is to present a conservative but applicable simplified method with shear wall area tables for practical
engineers in case of simple masonry buildings.

5. Nonlinear analysis procedures

Since the late 1970s nonlinear static analysis has been used in seismic assessment and design of masonry
structures. As can be easily verified, linear analysis may be very overconservative when applied to masonry
structures, which, instead, typically show a strongly nonlinear behaviour since the first stages of the structural
response.

For these reasons, in spite of the attempts to better define behaviour factors, including overstrength [1], for linear
analysis and reformulating rules for the design of simple masonry buildings, pushover analysis is widely used in
assessment and design of masonry buildings in several moderate to high seismicity countries in Europe.

This diffusion and use of pushover analysis for masonry structures (much more common than for concrete and
steel structures) calls for a general revision of the procedure currently proposed in EN 1998, which needs further
specifications to be fully applicable to masonry buildings (e.g. displacement/drift limits) as it is for example the
procedure proposed in the Italian Building code (NTC, 2008) [2] and its commentary.

Several aspects, also related to modelling requirements, definition of capacity and simplified evaluation of the
displacement demand, need to be considered. They are summarised in the following subsections.

5.1 Pushover analysis procedures

A general revision of the pushover analysis procedure includes the review of the applicability conditions of
pushover analysis for design and assessment [4], which may be related to the structural regularity and the
characteristics of the horizontal diaphragms. Also, the definition of a standard pushover analysis algorithm (e.g.
displacement control with constant load pattern) and possible alternatives (e.g. adaptive, multi-modal) could be
considered.

A suitable procedure for converting the pushover curve into a bilinear capacity curve for an equivalent single-
degree-of -freedom system needs to be specifically defined for the case of masonry structures.

Moreover, the simplified formulae for the determination of the displacement demand which are currently
reported in EN 1998 (Fajfar, 2000) were developed for structural systems with periods of vibration longer than
those typical of masonry structures and were characterized by different hysteretic behaviours. For these reasons,
possible modifications to the current formulae will be considered [5].

Displacement-based safety checks also require the definition of appropriate displacement limit states, based on
member drift capacity and/or alternative criteria for the definition of global limit states.

5.2 Structural models for pushover analysis

Spatial building models based on the equivalent frame approach will be probably considered as the reference
models for the analysis of masonry buildings. Simpler models may be still accepted for specific cases and
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speéific limitations; the use of more sophisticated modelling strategies could also be an option. Minimum model
requirements and limitations of the applicability of each modelling solution need to be considered.

For equivalent-frame models, specific requirements for structural member elements (nonlinear frame models
representing piers and spandrels) will include consistency with appropriate definitions of force (strength criteria)
and displacement capacity. Indications for modelling floor and roof diaphragms (in-plane/out-of-plane stiffness)
will be also evaluated.

Advanced modelling strategies (e.g. FEM or discrete element modelling), to be mainly adopted for structures
falling outside the range of applicability of equivalent frame models, may require specific benchmarking of
modelling and analysis results for meeting acceptability conditions.

5.3 Other issues on nonlinear analysis
Other topics are covered by the sub-working group dealing with nonlinear analysis of masonry buildings :
o [ssues related to pushover analysis considering different loading directions;

o Procedures for nonlinear time history analysis, including the definition of minimum model requirements
for dynamic analysis and the definition of limit states;

o Nonlinear analysis procedures for buildings with mixed/combined masonry and non-masonry structures;

o Issues related to convergence of nonlinear analysis and use of sensitivity studies.

6. Force and displacement capacity of piers and spandrels

The current version of Eurocode EN 1998-3 (CEN, 2005) [6] estimates the drift capacity of unreinforced
masonry piers based on the failure mode (shear vs flexure) and the shear span ratio Hy/L where Hy is the height
of zero moment and L the wall length:

Shear failure: Ssp = 0.4% )
Flexural failure: dep = 0.8% @ (2

Equations (1) and (2) give the drift capacities for the limit state “Significant Damage” (SD). To obtain the drift
capacity at near collapse limit state, NC, the drift capacities of Equations (1) and (2) are multiplied by a factor
4/3 (EN 1998-1; CEN, 2004) [3]. Other design codes use similar approaches [7, 8, 9, 10, 11]. Current codes do
not distinguish between the type of the masonry when assessing the drift capacity and assign all masonry types
from modern brick masonry to ancient stone masonry the same drift capacity. Furthermore, current codes do not
provide guidelines for the deformation capacity of unreinforced masonry spandrels.

The definition of the deformation capacity of piers and spandrels calls therefore for a general revision in the
version of the code. It is suggested that in particular the following points should be addressed.

6.1 Deformation capacity of piers

At present, the drift capacity is defined in terms of interstorey drift where it is computed as the difference in
horizontal displacements at two successive storeys divided by the storey height. A revision should take into
account the outcomes from numerous research results that clarify the influence of vertical stresses, element
aspect ratio and boundary conditions on the different performance limits for different types of the masonry.
Beside shear and flexural modes of failure a mixed type (governed by aspect ratio) will be introduced for historic
types of masonry. For this type of masonry additional performance limits as well as safety factors will be set
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depending on its texture and morphology. For some classes of masonry additional performance limits will enable
multilinear idealization of structural element response.

. )

The background of the current drift capacity equations is not known to the authors. In particular, it is not known
to which type of masonry the drift limits apply, which experimental dataset was used for the validation of these
drifts and which fractile value they represent. For the next generation of Eurocode 8 it is desirable that the
derivation of any new drift capacity equations be made transparent. This applies in particular to the following
steps:

o Definition of a unified way to derive performance limits from quasi-static cyclic tests.
o Collection of data bases for different types of masonry,

o Review of existing drift capacity equations for different performance limit states,

e Proposal of new deformation capacity equations for use in codes,

¢ Introduction of a safety factor for displacement capacities.

6.2 Deformation capacities of spandrels

Spandrels have long been recognised to strongly influence the force-displacement response of unreinforced
masonry buildings [12, 13]. The current version of Eurocode EN 1998-1 (CEN, 2004) [3], however, does not
contain any information on spandrels, which arose from the absence of experimental tests on spandrels. Over the
last decade, such test results have become available [14]. Although they are very scarce when compared to tests
on piers, the tests allow mechanical and numerical models to be validated. The New Zealand Guideline for the
Seismic Assessment of Buildings was the first international code to include the definition of the complete force-
displacement response of spandrels. ASCE 41 [15] is currently under revision and is likely to adopt a similar
path. It is recommended that a revision of Eurocode 8 adopts a similar approach. This comprises:

i. Definition of deformation capacity,

ii. Review of existing tests on masonry spandrels,

iii. In collaboration with Working group “Modelling”, proposal of the force-rotation response of spandrels,
i.e., the effective stiffness of the spandrel, the strength of the spandrel for the peak and residual
strength regime and the corresponding rotation limits.

6.3 Effective stiffness of masonry

One of the most challenging and still not satisfactorily solved issues in the seismic design of structural
masonry is the assessment of the stiffness of shear walls. Determining the correct stiffness is of utmost
importance for the deformation-based design of masonry structures. In general, the response of masonry walls
subjected to cyclic shear is nonlinear and dependent upon several parameters, e.g. the level of the pre-
compression applied to the shear wall, boundary conditions etc. Moreover, the reduction in both strength and
stiffness of masonry can be observed during cycling, see e.g. [16]. Usually, the hysteresis curve is chosen to
represent the load-deformation characteristics for the evaluation of the deformation capacity of masonry. This
relationship can be modelled by a (bilinear) linear-elastic ideal-plastic curve. The first portion of this curve is
determined by the effective stiffness, K.

In general, the effective stiffness, is a complex parameter and difficult to determine. For practical applications,
it is usually adopted as a certain percentage (usually 50%) of the elastic stiffness, K. Elastic stiffness is usually
calculated based on the elastic beam theory incorporating shear deformation. Furthermore, the masonry material
mechanical characteristics involved in this calculation are rarely determined through material tests, but are rather
chosen based on experience or adopted from Structural Code provisions and recommendations.

In the case where the experimental data from cyclic tests is available, the tangent stiffness, Ko, evaluated as
the slope of the line connecting the positive and negative extreme points of the first hysteresis loop, i.e. the loop
corresponding to the first applied displacement cycle, see also [17] could be used to obtain the effective stiffness.
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HoWever, as shown in Figure 1, the ratio between the tangent stiffness, K, and the effective stiffness as well as
between the elastic stiffness and the effective stiffness for clay block masonry walls, is scattered and the latter
ratio is, in most cases, much smaller than 0.5.
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Fig. 1 — Stiffness comparisons

Furthermore, as can be clearly seen from the hysteretic behaviour of the masonry walls a significant
degradation of stiffness K, during cyclic loading can be observed. Figure 2 shows exemplarily the stiffness
degradation for three tests of the Series T [17].
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Fig. 2 — Stiffness degradation
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7 'Out-of-plane response

The current versions of EN 1998-1 (CEN, 2004) [5] and of EN 1998-3 (CEN 2005) [6] do not give specific
indications for design of new constructions or assessment of existing ones against out-of-plane (OOP) actions. In
EN 1996-1-1 (CEN 2005) [18] there are some indications for walls subjected to lateral loading. The lateral loads
mentioned are wind, accidental situations, earth and water pressure, all cases when actions are basically
monotonic assumed as static loading. Consequently, the standard considers only a strength-based approach.
When the wall is supported only along its bottom and top edges, the applied moment may be calculated from
normal engineering principles, taking into account any continuity. When the wall is supported along three or four
edges, the calculation of the applied moment is taken following a bending moment coefficients approach, taking
account of the degree of fixity at the edges of the walls, the height to length ratio of the walls, and the orthogonal
ratio of the design flexural strengths along the two principal horizontal and vertical directions of the wall panel.
Although it is never mentioned, comparison between the tables in EN 1996 and that in Haseltine et al. [19]
shows the theory at the base of suggested coefficients is the yield line one. Appraisal of numerical results against
experimental data from the extensive campaign by West et al. [20], who loaded the walls through airbags, shows
reasonable agreement. Sinha [21, 22] highlighted some inconsistencies in the application of the yield line theory
to a material that cannot develop constant-moment hinges as it occurs in reinforced concrete with yielding of the
steel, and exhibits not only different strengths properties in two orthogonal directions, but also different stiffness
properties. The author proposed an alternative fracture line approach, which accounts for stiffness orthotropy,
but otherwise delivers the same results [23]. Currently there are no provisions on how to account for
displacement capacity of walls supported along three or four edges, despite their cyclic behavior has been
investigated experimentally [24]. In these circumstances it is proposed to review the yield line based provisions
in EC6 and extend them to the case of seismic actions, with the assumption of static equivalent loading, more
explicitly. Moreover post-earthquake observation and tests have proven that when vertical constraints on the
loaded facade are active, the crack moves on the return walls, and the lateral capacity is much improved. A
proposal will be made for considering this condition, ( D’ Ayala and Speranza [25], De Felice and Giannini [26]).

On the other hand, the use of a strength-based approach for walls supported just along its bottom and top edges
is overconservative under earthquake loads, see Sorrentino et al. [27] and Shawa et al. [28]. Hence, alternative
approaches, accounting for a behavior factor or the displacement capacity, already in use in some countries
(NZSEE 2006 [29]; CMIT 2009 [30]; ASCE/SEI 41 2013 [31]) are under consideration.

Finally, a revision of demand equation for non-structural elements, present in the current version of EN 1998-1
(CEN, 2004) [5], will be examined, based on divergence with other international codes (NZSEE 2006 [29];
AS1170-4 2007 [32]; CMIT 2009 [30]; ASCE/SEI 41 2013 [31]) and recent research on filter effect of buildings
[33].

8. Non structural infills

Problems of Non Structural Components and Systems (NSCS) are more widespread and complicated than
Non Structural Masonry Infills (NSMI), and are bound also to constructions other than Masonry: that is why this
issue will be covered by subgroup SWP4-1998-1 for Non Structural Masonry Infills only — and not as it is
organised in 1SO 13033.

In current European standard EN 1998-1 (CEN, 2004) [5], the problem of NSCS is not solved in the complex
form, and that of NSMI is mentioned only. In the case of simple masonry buildings design, where a full seismic
analysis is not requested, the problem of NSMI is not mentioned at all. In other cases, e.g. in multi-storey
buildings with different types of framed construction (either in the non-structural external walls or in their
external layers), the criteria for design and construction such NSMIs should be evaluated and commented upon
in the new version of the Standard; at least in sections 4.2.2, 4.3.5, 4.3.6, 5.7 and 5.9, respectively.
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8.1.” Fields of amendment

. )

¢ Non-structural masonry enclosures and partitions (variety of masonry types)

o Non-structural internal masonry infill walls (not serving as a part of a structural system of building)

o Non-structural external masonry infill walls, external leafs of multi-layer masonry walls and their

connection / anchoring against earthquake motions
It will be necessary to recommend specific rules about the overall effect of masonry infills on seismic

performance of building systems, bring attention to local effects on structural frames of different types and
materials (for 2-storey and multi-storey buildings), their influence when combined with frequently used open
ground storeys, the relevance of their distribution in plan and along the height of the building, etc.

Special topic of so called “dry masonry” and the influence of the out-of-plane effects on non —structural infills
will be mentioned, too.

9. Summary

The goal of WG1 is to hand over to TC250/SC8 its results and findings by 2018, as a discussion base and further
as recommendations for the next generation of the Eurocode by 2020.
Finally it needs to be mentioned that all WG members are performing their work on an entirely voluntary basis.
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