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FIGURE 1.1.
Drawing of adobe structure show-
ing deformation of the building and
typical damage to structural walls.

( Cracks at openings

CHAPTER 1

Introduction

Sun-dried mud brick, or adobe as it is commonly known in Latin America and other regions
of the world, is one of the oldest and most widely used building materials in the world. Adobe
is still used in many developing countries because soil is easily available and self-construc-
tion is simple and economical. Furthermore, adobe dwellings have suitable thermal and
acoustic characteristics. However, they are extremely vulnerable to earthquakes. Walls are
the main structural elements of earthen buildings, and their seismic vulnerability is a result
of their high mass, which produces high inertial forces, and their very low tensile strength,
which yields a brittle type of failure and can result in sudden collapse (Torrealva 2012).

Failure modes in adobe constructions under seismic loading depend on the mechanical
properties of units and mortar and on the overall geometric configuration of the building
(Varum et al. 2014). Given the magnitude and direction of the inertial forces, the corre-
sponding structural damage is composed of in-plane failure in parts of the building (rocking,
sliding, diagonal tension, and toe crushing), as well as out-of-plane failure, under flexural
hinge lines, formed usually at the base or at intermediate heights (Lourenco et al. 2011;
Tolles et al. 1996) (fig. 1.1).

The Seismic Retrofitting Project

During the 1990s, the Getty Conservation Institute (GCI) carried out a major research and
laboratory testing program, the Getty Seismic Adobe Project (GSAP), which investigated
the performance of historic adobe structures during earthquakes and developed cost-
effective retrofit methods that substantially preserve the authenticity of these buildings.
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Introduction

Results of this research have been disseminated in a series of publications in both English
and Spanish (Tolles, Kimbro, and Ginell 2002).

In 2006, the GCI’s Earthen Architecture Initiative convened two meetings: the Getty
Seismic Adobe Project Colloquium and New Concepts in Seismic Strengthening of Historic
Adobe Structures. Held at the Getty Center, the meetings focused on implementation of
the GSAP. Papers presented at the first meeting, the GSAP colloquium, as well as the main
conclusions of the colloquium’s roundtable discussions, were published as part of the
proceedings (Hardy, Cancino, and Ostergren 2009). The participants in the colloquium
concluded that the GSAP methodology was excellent and effective. However, the method-
ology’s reliance on high-tech materials and professional expertise was a deterrent to it
being more widely implemented.

On August 15, 2007, an earthquake of 8.0 Moment Magnitude (Mw) and a maximum
local Modified Mercalli Intensity (MMI) of VII=VIII occurred with an epicenter off the coast
of Pisco, Peru, resulting in 519 deaths and 1,366 injuries. A total of 650,000 people were
affected and 80,000 dwellings damaged. From October 28 to November 2, 2007, a rapid
assessment to better understand the failure of fifteen historic earthen sites was performed
by a multidisciplinary team of national and international experts convened by the GCI. The
assessment, which was organized in response to a request from the former Instituto
Nacional de Cultura del Pert (INC, Peruvian National Institute of Culture; now the Ministerio
de Cultura del Peru, or Peruvian Ministry of Culture), was also published (Cancino 2011).

Following the GSAP conclusions and the findings from the Pisco earthquake assess-
ment, the GCl initiated in 2009 the Seismic Retrofitting Project (SRP), with the objective of
adapting GSAP techniques to better match the equipment, materials, and technical skills
available in many countries with earthen sites. Using four Peruvian historic earthen build-
ings representing typologies across Latin America, the GCl—in collaboration with the
Ministerio de Cultura del Peru, the Escuela de Ciencias e Ingenieria of the Pontificia
Universidad Catélica del Peru (PUCP), and the University of Minho—is designing, testing,
and implementing seismic retrofitting techniques and maintenance programs with locally
available materials that will improve the structural performance and safety of earthen build-
ings while minimizing loss of historic fabric. The Department of Architecture and Civil
Engineering at the University of Bath and the Department of Civil, Environmental and
Geomatic Engineering at University College London have also been SRP partners from
2010 to 2012 and from 2013 to 2014, respectively.

From 2015 until 2017, the University of Minho used modeling as a method to under-
stand structural behavior of the SRP building prototypes and validate the retrofitting tech-
niques later design for them. The way modeling has been used is quite innovative, has
advanced the field of structural analysis of structures made of earth, and is worth
publishing.

Content

This publication is the first in a series within the SRP, under the auspices of the GCI. Its
publication is intended to help professionals and researchers in the field of structural engi-
neering with the assessment of historic earthen structures using advanced numerical mod-
eling techniques. The other reports in the series are “Modeling of Prototype Buildings”
(report #2) and “Simplified Calculations for the Structural Analysis of Earthen Historic Sites”
(report #3).

Seismic Retrofitting Project: Recommendations for Advanced Modeling of Historic Earthen Sites
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In addition to this introduction, this publication is composed of seven chapters. Chapter
2 presents the main structural analysis methods available, both static and dynamic, to
assist the reader with different techniques used to assess structures under different loading
conditions. Chapter 3 provides a user guide on the finite element method (FEM). FEM is
the most used technique to assess the structural behavior of buildings, and chapter 3 gives
an overall perspective and guidance on how to use this numerical tool, starting from plan-
ning the analysis through interpreting the results.

Chapter 4 deals with the nonlinear behavior of the materials, focusing on masonry in
general, which provides relevant data to model earthen masonry sites. Hereafter, masonry
is used to represent any kind of unit assemblage (e.g., clay bricks, stone blocks, or adobe).
Additionally, the behavior of rammed earth is similar to that of adobe masonry, and the
described models are also applicable, as they are all based in the assumption of low tensile
strength. Different modeling techniques or homogenization techniques are presented,
including the different constitutive models available in commercial software, compared
using a simple example.

Chapter 5 gathers available information on the mechanical properties of adobe
masonry. Due to the nature of the materials, the scatter in terms of mechanical properties
is considerable. This chapter provides the reader with a summary of the available reported
and standardized mechanical properties for adobe masonry.

Finally, chapters 6 and 7 present application examples of the use of numerical modeling
techniques to assess adobe structures. Chapter 6 gives an example of an adobe house
experimentally tested in the shaking table at PUCP. This example shows how advanced
numerical modeling techniques are able to replicate the structural behavior of these ele-
ments. Chapter 7 gives an example of a real adobe structure (the church of Santiago
Apostol de Kuhotambo, Peru) to highlight some of the critical points and difficulties when
modeling historic earthen buildings. More extensive examples of applications are given in
report #2 of this series (“Modeling of Prototype Buildings”). Chapter 8 compiles the main
conclusions and recommendations on modeling of historic earthen structures.

Seismic Retrofitting Project: Recommendations for Advanced Modeling of Historic Earthen Sites






CHAPTER 2

Structural Analysis Methods

Structural analysis is the determination of the effects of loads on physical structures and
their components. Structural analysis uses the fields of applied mechanics, material sci-
ences, and mathematics to determine the response of a structure when subjected to a
specific load in terms of deformations, internal forces, support reactions, stresses, and so
forth.

In past decades, there has been considerable development in numerical methods of
structural analysis. It is now possible, assisted by a computer, to analyze structures with a
high level of accuracy. New numerical methods and new analysis capabilities have been,
to some extent, incorporated in the practice of structural engineering, even if not always in
the best possible form (Lourengo 1998).

This chapter gives an overview on the available structural analysis methods, showing
their potential and limitations as well as comparisons between the different methods. A
distinction is made between static and dynamic methods as their considerations and
assumptions are rather different.

Static Analysis

Linear Elastic

The theory of elasticity introduced by Robert Hooke established that all materials and
structures deflect when they are loaded. This theory defined the relation between forces
and deflections as stiffness. Linear elastic analysis assumes that the material obeys
Hooke’s law (eq. 1):

E=0cl¢ (1)

Here, Eis Young’s modulus, or elasticity modulus, o is the stress, and ¢ is the strain.

Generally, this is the case in most civil engineering structures for low stress levels, as
the ones experienced in a structure submitted to everyday loading conditions. However, it
must be stated that materials have a maximum stress that they can sustain under a specific
loading condition. Linear elastic structural analysis does not take this into account, meaning
that Hooke’s law is applied to determine the response of the structure independent of the
stress level attained.

Linear elasticity is quite problematic in the case of masonry structures under tension,
as the material cracks at very low stress levels. One possibility when using such an
approach to assess masonry structures is to define an “allowable maximum stress,” which
permits the user to identify within the model the areas where a concentration of stresses
would be high enough to result in cracks. There are even some techniques that allow the
user to take into consideration crack-induced damage in a structure using this method. The
user can define a different stiffness for a specific set of elements (areas) where cracks

13
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already exist in the structure or in areas where a previous elastic analysis predicts high
tensile stresses. The user may choose to simply lower the stiffness, meaning that some
“damage” in the selected area is taken into account, or the user can assume a zero stiff-
ness, meaning that the selected area is not able to transfer any stress (simulating a fully
developed crack).

The main advantage in using this structural analysis method is the low required time
to run these simulations. However, with the advances in computers, the more time-
consuming techniques are now becoming much faster to run. In addition, the process of
an ad hoc definition of damage location will often require multiple iterations, with a number
of calculations, and is hardly objective.

The use of linear elastic analysis, especially in the case of masonry, is debatable and
should be avoided (Lourenco 2001). There are three different aspects that make linear
elastic analysis unsuitable for masonry and earthen structures: First, masonry possesses
very low tensile strength, and it usually is not possible to make provisions to cover all zones
where tensile stresses may appear. Second, the question “what is the maximum tensile
stress admissible?” cannot be answered with a linear elastic analysis, as the maximum
admissible value depends on the distribution of stresses itself. If the area of the structure
related to the crack propagation is rather large, the relevant stored energy might be too
high and the structural behavior ends up quite brittle. If the relevant stored energy is low,
the behavior can be rather ductile. Additionally, the linear elastic peak stresses in a struc-
ture are often meaningless quantities. Due to the application of concentrated loads and
strong geometric discontinuities, for example, openings in walls, the elastic peak stress is,
theoretically, infinite and the value obtained in the finite element analysis depends only on
the mesh discretization, such as the element size. Third, the act of preparing a finite ele-
ment model usually is time consuming. Given the effort and costs involved in the prepara-
tion of the model, the additional time requirements to carry out a nonlinear static analysis
are often marginal and its benefits for understanding the behavior of the structure are high
(Lourenco 2001).

Limit Analysis

Limit analysis is a structural analysis method to estimate the collapse load of a given struc-
tural model. This method is based on a set of limit theorems, which are based on the con-
servation of energy.

Johansen (1930) used the upper bound techniques of limit analysis and developed the
yield-line theory for reinforced concrete slab design. The application of stress fields to rein-
forced concrete beam design, based on the concept of the lower bound theorem of limit
analysis, was first proposed by Drucker (1961). This approach has been extended and
expanded to the design of concrete structures by Muttoni, Schwartz, and Thurlimann (1997).
Similarly, upper and lower bound concepts of limit analysis were used by Heyman (1969) to
explain the modern view of the traditional design and assessment of masonry arches.

At the limit state, the structure is about to collapse. In this case, both a statically and
kinematically admissible collapsing mechanism exists at the limit state (Roca, Cervera, and
Gariup 2010). Gilbert (2007) provides a graphic depiction of the relationship between theo-
rems in figure 2.1. Here, A is the load factor, a scalar with no units that multiplies the set of
loads applied to the structure. For the limit state analysis of masonry structures, Heyman
(1969) essentially provides the lower bound theorem, while Kooharian (1952) establishes
the upper bound theorem.

Seismic Retrofitting Project: Recommendations for Advanced Modeling of Historic Earthen Sites
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FIGURE 2.1.

Diagram depicting the relationship
between upper and lower bound
theorems in limit state analysis
(Gilbert 2007).

Load factor

A
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[
>

Internal stress state / mechanism configuration

Limit analysis can be assumed as adequate for the analysis of historical masonry
structures if a zero tensile stress is assumed and a ductile response is expected (Lourenco
2001). Limit analysis is based either on the lower bound (static) method or on the upper
bound (kinematic). Thrust-line analysis is an example of the static method and hinge analy-
sis for arches is an example of the kinematic method. The effects of previous applications
of loading may generally be ignored and a monotonic increase of the intensity of actions
may be assumed.

With respect to thrust-line analysis, it must be stressed that its application to larger
structures is rather cumbersome and the issue of structural safety is difficult to solve ade-
quately. This method is of interest as a pedagogical tool for engineering students because
it demonstrates clearly the flow of forces in a no-tension material such as masonry, even
if its application to real structures is often not straightforward (Lourenco 2001). On the
contrary, collapse mechanism analysis is a useful tool for engineering purposes. The inher-
ent difficulty in its use is the selection of the adequate collapse mechanism for a given load
combination. For traditional masonry constructions, such as the buildings in historic cen-
ters, the method can be readily applicable to analysis and strengthening (Lourenco 2002).
For more complex and unique monumental structures, this method is still of interest to
calculate strengthening, once the relevant collapse mechanisms are identified and the
structural behavior is understood resorting to a nonlinear analysis (Nielsen 1998).

Nonlinear Analysis

In nonlinear analysis, the relation between force and displacement is no longer linear. The
relation becomes nonlinear and the current displacements often depend on the displace-
ments at earlier stages. In such analysis, the objective is to calculate a displacement vector
that balances the internal and external forces, taking into account different nonlinear effects.
Thus, the problem becomes discrete in space (finite elements) but also in time (increments),
meaning that to achieve the equilibrium at the end of each increment, an iterative solution
algorithm is used in most cases: an incremental-iterative solution procedure (TNO DIANA
2009). In nonlinear analysis, the internal force vector usually depends nonlinearly on the
displacements, due to nonlinear mechanical behavior of the materials (physical or material
nonlinear analysis). However, the external force vector can also be dependent on the dis-
placements, as the magnitude or direction of the loading depends on the displacement
(geometric nonlinear analysis). It is also possible to have both types of nonlinearity in the
same analysis.

Seismic Retrofitting Project: Recommendations for Advanced Modeling of Historic Earthen Sites
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FIGURE 2.2.

Chart showing the general
incremental-iteration process
(TNO DIANA 2009).
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The solution of the nonlinear problem can be implicit or explicit. The implicit approach is
useful in problems in which time dependency of the solution is not an important factor (often
referred to as statics), whereas the explicit approach is most helpful in solving high deformation
time-dependent problems such as crash or blast (or dynamics). In any case, the explicit
approach can be used also for static problems, for example by using large damping.

The general procedure for the (implicit) incremental-iterative process can be seen in
figure 2.2. The total displacement increment (Au) is adapted iteratively by iterative incre-
ments (du) until equilibrium is reached, up to a prescribed tolerance. The incremental
displacement at iteration i + 1 is calculated as follows:

Au;,=Au;+éuy, (2)

There are several different iterative procedures; however, the only difference between
them is the way du is determined. The iterative increments are calculated using a “stiffness
matrix” (K;), which represents the relation between the force vector and displacement
vector:

ou; = Ki_1gi (3)

Here, g;is the out-of-balance force vector at the start of iteration .

Usually, commercial software allows the user to choose from different possible iteration
methods. As an example, DIANA software allows the user to choose from three iterative
procedures: (a) Newton-Raphson method, (b) quasi-Newton method, and (c) linear and
constant stiffness method. Besides these iterative procedures, there are variations of the
iteration algorithm, such as the arc-length method, which adapts the increment size.

Within the Newton-Raphson method are two distinct subclasses: regular Newton-
Raphson and modified Newton-Raphson. Both methods use equation 3 to determine the
iterative increment of the displacement vector. The difference between both subclasses is
the moment at which the stiffness matrix is evaluated. In the regular Newton-Raphson, the

Seismic Retrofitting Project: Recommendations for Advanced Modeling of Historic Earthen Sites



17
Structural Analysis Methods

FIGURES 2.3A-D.

Iteration methods: (a) regular
Newton-Raphson method; (b)
modified Newton-Raphson method;
(c) secant method, or quasi-Newton
method; (d) linear stiffness method

(TNO DIANA 2009).
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stiffness relation is evaluated every iteration (fig. 2.3a), meaning that the calculation of
equation 3 is based on the last known situation, even if it is not an equilibrium state. The
modified Newton-Raphson evaluates only the stiffness at the start of the increment
(fig. 2.3b), meaning that the calculation is always based on a converged equilibrium state
(TNO DIANA 2009). These differences usually result in the regular Newton-Raphson need-
ing fewer iterations, but every iteration is relatively time consuming, while the opposite
occurs in the case of the modified Newton-Raphson.

The quasi-Newton method, or secant method, uses the information of previous solution
vectors and out-of-balance force vectors during the increment to achieve a better approxi-
mation (fig. 2.3c). Unlike the previous methods, the secant does not evaluate a completely
new stiffness matrix every iteration. In this case, the stiffness of the structure is determined
from the known positions at the equilibrium path. The secant method can be used effi-
ciently because the inverse of the new stiffness matrix can be derived directly from the
previous secant stiffness and the update vectors using the Sherman-Morrison formula
(TNO DIANA 2009).

The linear stiffness method uses a linear stiffness matrix during the analysis (fig. 2.3d).
This method has the lowest convergence rate, but it costs the least time per iteration since
the stiffness matrix needs to be evaluated only once. The constant stiffness method used
the stiffness matrix evaluated in the previous increment.

Pushover Analysis

Pushover is a nonlinear analysis method for seismic assessment, where a structure is
subjected to gravity loading and a monotonic lateral load pattern representing inertial forces
related to the mass of the structure, which continuously increases through elastic and
inelastic behavior until an ultimate condition is reached (fig. 2.4). This lateral load pattern
represents the range of base shear induced by earthquake loading, and its configuration
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FIGURE 2.4.

Diagram and graph showing typical
pushover analysis procedure and
outcome.
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varies according to the type of pushover analysis used, typically uniform, inverted triangular
or mode proportional.

Output generates a static-pushover curve which plots a strength-based parameter
against deflection in a representative point, typically the roof level or the level with the larg-
est displacement (see fig. 2.4). Results provide insight into the ductile capacity of the
structural system and indicate the mechanism, load level, and deflection at which failure
occurs. Some normative documents, such as ASCE 41-06 (2007), define different perfor-
mance criteria based on the static-pushover curve.

To perform a pushover analysis for the assessment of seismic safety, the user must
define a load pattern that approximates the distribution of inertia forces. There are several
possibilities when choosing the load pattern acting on the structure. In invariant lateral force
distributions, the load distribution is constant throughout the analysis. Here, the most fre-
quently used distributions are the ones proportional to the mass of the structure (Betti and
Vignoli 2011; Roca et al. 2013; lvancic et al. 2014) and proportional to the first modal shape
(Lourenco et al. 2012). The latter must be used carefully in historic structures, as the first
modes are often complex and have low participation mass. However, frequently used,
these types of pushover analysis have some limitations, namely the inability to detect
changes in the nonlinear dynamic characteristics due to the evolution of damage in the
structure (Krawinkler 1995). More advanced pushover analyses have been formulated,
such as the modal pushover analysis and the adaptive pushover analysis (FEMA 440 2004;
Aydinoglu 2003; Papanikolaou and Elnashai 2005).

The lateral distribution pattern of the equivalent seismic load has an influence on the
results of the analysis. Several studies have been developed to compare the different
lateral load distribution patterns. It has been shown that mass proportional load distribution
usually induces more extensive damage, while the first mode proportional mass distribution
induces more damage on the higher parts of the structure (Galasco, Lagomarsino, and
Penna 2006). The estimation of the maximum shear capacity of the structure is usually
lower when using the first mode proportional load pattern (Saloustros et al. 2015; Simbes
et al. 2014; Endo, Pela, and Roca 2016). When comparing the results of pushover analysis
with nonlinear dynamic analysis, it seems that mass proportional distributions are able to
predict a maximum shear capacity closer to the one predicted using nonlinear dynamic
analysis (Endo et al. 2015; Endo, Pela, and Roca 2016). However, some cases have been
reported as having the first mode proportional distribution closer to nonlinear dynamic
analysis in the case of masonry buildings without box behavior (Lourenco et al. 2011). In
terms of displacement capacity, it appears that the pushover analysis, independent of the
load distribution pattern, underestimates the displacement capacity of the structure when
compared with nonlinear dynamic analysis (Pela, Aprile, and Benedetti 2013; Endo et al.
2015; Endo, Pela, and Roca 2016).
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FIGURE 2.5.
Chart and graphs showing the seis-
mic assessment procedure.

FIGURE 2.6.
Geometry of the arch adopted for
static analysis (Lourenco 2001).
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Pushover analysis is one of the most robust analyses for seismic assessment. The
European normative in fact suggests the application of the N2 method proposed by Fajfar
(2000), based on the combination of pushover analysis with the capacity spectrum
approach (correlating the displacement capacity of the structure to the displacement
demand of the expected earthquake) (fig. 2.5). When compared with more advanced analy-
sis types, such as nonlinear dynamic analysis, pushover analysis has been revealed to be
a suitable and practical approach for seismic assessment (Lourengo 2001; Lourenco et al.
2011; Endo et al. 2015; Endo, Pela, and Roca 2016). From all the available load distribution
patterns, mass proportional appears to be the most reliable pushover method for masonry
structures (Saloustros et al. 2015; Endo, Pela, and Roca 2016).

Comparison of Static Analysis Methods

The following exercise illustrates the different static analysis methods described previously;
see Lourenco (2001) for details. These methods are applied to a semicircular arch (fig. 2.6).
The arch has a span of 5.0 m, a rise of 2.5 m, a thickness of 0.3 m, and a width of 1.0 m. A
nonstructural backfill up to a height of 3.0 m is considered in the analyses. The loads con-
sidered include the weight of the arch (volumetric weight y = 20 kN/m3) and fill (y = 15 kN/
m?3) as dead load, and a point load of 10 kN at a quarter span as live load.

10 kN
1.25

2.5
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The following structural analyses were carried out: (a) linear elastic finite element anal-
ysis; (b) kinematic limit analysis (or hinge analysis); (c) static limit analysis (or thrust-line
analysis), with calculation of the so-called geometric safety factor; (d) nonlinear physical
finite element analysis; and (e) nonlinear combined physical/geometrical finite element
analysis. In all cases, the dead load is applied first, followed by the monotonic application
of the live load until failure.

For the linear elastic analysis, eight-node plane stress elements (for the units), com-
bined with six-node line interface elements (for the interface), were adopted (see chapter
3 for a discussion on element types and chapter 5 for a discussion on modeling strategies
for masonry and earthen buildings). The following elastic properties were assumed:
(a) units, Young’s modulus of 10,000 MPa and Poisson ratio of 0.2; and (b) interface, nor-
mal stiffness of 2400 N/mm? and transverse stiffness of 1000 N/mm?3 (see chapter 5 for
recommended material properties for historic structures). The results of the linear elastic
analysis are shown in figures 2.7a and 2.7b in terms of maximum and minimum principal
stresses. In order to establish the safety of the structure being considered, it is usual to
define some allowable maximum stress in case of linear elastic analysis. If the allowable
maximum stress is zero, then no load can be applied to the arches for this type of analysis.
Therefore, a low value should be considered as usually exhibited by masonry. Here, a
maximum allowable tensile stress, f,,, of 0.2 MPa and unlimited compressive stress were
assumed. For the adopted mesh discretization (as the peak values depend on the mesh
discretization), the obtained safety factor was 0.3.

For the limit analysis, a nonlinear programming implementation of the limit analysis was
adopted (Ordufia and Lourencgo 2001). Commercial software is available for this purpose,
such as RING by LimitState Ltd. For this type of analysis, it is necessary to know the ulti-
mate strength properties of the materials, being that the elastic properties of the materials
are not relevant. It was assumed that failure can occur only in the joints of the model and
that the properties were as follows: (a) zero tensile strength and unlimited compressive
strength; (b) friction angle of 37 degrees or friction coefficient of 0.75; and (c) zero dilatancy.
Figures 2.8a and 2.8b show the obtained collapse mechanism and thrust line. The safety
factor of the structure can be evaluated when using this type of analysis. The kinematic
safety factor is 1.8. The geometric safety factor (Heyman 1969), which represents the ratio
between the actual thickness of the arch and the (minimum) thickness of an internal arch
with the original span and is able to resist the original applied load, is 1.2.

The finite element mesh used for the linear elastic analysis was also adopted for the
nonlinear analyses. In this case, both the elastic and inelastic properties of the materials are
required. The elastic properties used for the linear elastic analyses and the inelastic proper-
ties used for the limit analyses were again used for this nonlinear analysis, now together.
Both physical nonlinear behavior and combined physical/geometrical nonlinear behavior
were considered. Figures 2.9a and 2.9b show the results of the physical nonlinear analysis,
in terms of minimum principal stresses and deformed meshes, at peak load. The results for
the combined physical/geometrical nonlinear analyses were quite similar to the results shown
in figures 2.9a and 2.9b. A second nonlinear analysis was carried out, adopting some limited,
yet non-zero, strength. For this purpose, a tensile strength, f,, of 0.2 MPa, a cohesion of
0.3 MPa, and a fracture energy of 0.1 N/mm were assumed in the joints. Note that this tensile
strength will degrade to zero and is not an assumed constant value as the admissible tensile
strength, £, above. Again, both physical and combined physical/geometrical nonlinear
behavior were analyzed. Safety of the structure can also be evaluated when using nonlinear
analysis. For zero tensile strength and physical nonlinear analysis, the ultimate load factor
(i.e., the scalar multiplying the point load) is 1.8, as for kinematic limit analysis.
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(a) (b)

FIGURES 2.7A, 2.7B.

Diagrams showing results of linear elastic finite element analysis in a masonry semicircular arch subjected to a point load (Lourenco 2001): (a)
maximum value of the principal stresses (peak value: 0.64 N/mm,); (b) minimum value of the principal stresses (peak value: —1.0 N/mm,).

(a)

FIGURES 2.8A, 2.8B.

Diagrams showing results of limit analysis in a masonry semicircular arch subjected to a point load (Lourengo 2001): (a) failure mechanism
(kinematic load factor 1.8); (b) thrust line and internal minimum thickness arch (indicated by dotted lines) (geometric load factor 1.2).

7YY

FIGURES 2.9A, 2.9B.
Drawings showing failure mecha-
nism and minimum principal
stresses at ultimate load for nonlin-
ear physical analysis for a masonry
semicircular arch (Lourenco 2001):
(a) zero tensile strength (peak
value: —5.4 N/mmy,); (b) non-

zero (low and degrading) tensile
strength (peak value: —5.4 N/mm,).

Figure 2.10 shows the load-displacement diagrams for the nonlinear analyses calcula-
tions and the ultimate load factor for the kinematic limit analysis, whereas table 2.1 shows
the obtained maximum load factors in the different analyses.

The linear elastic analysis gives information about the deformational behavior and
stress distribution of the structure. The limit analysis provides information about the failure
mechanism of the structure. The nonlinear analysis gives full information. For the simple
arch presented here, physical nonlinear analysis and kinematic limit analysis provide the
same failure mechanism and ultimate load factor (if a zero tensile strength is assumed).
Also, if geometrical nonlinear behavior is included in the analysis, the ultimate load factor
is reduced by about 10% for this structure.

The consideration of a non-zero, yet low and degrading, tensile strength increased the
ultimate load factor considerably (about 40%). Therefore, when using a non-zero tensile
strength, special care might be necessary in real case applications: (a) tensile strength is
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FIGURE 2.10.
Load-displacement graph showing
the different nonlinear analyses and
limit analysis safety factors for a
masonry semicircular arch (f,is the
tensile strength of masonry, which
degrades) (Lourenco 2001).
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TABLE 2.1.
Maximum load factors for the different analyses considered (Lourenco 2001).
Approach/Analysis Type Max. Load Factor
Allowable stresses (f,, = 0.2 MPa) 0.3
Kinematic limit analysis 1.8
f,= 0, physical nonlinear 1.8
f,= 0, physical and geometrical nonlinear 1.7
f,= 0.2 MPa, physical nonlinear 25
f,= 0.2 MPa, physical and geometrical nonlinear 25

difficult to assess, and (b) tensile strength might be severely reduced at critical locations.
Also, the post-peak response obtained in a nonlinear analysis is an important issue when
addressing structural safety. Brittle responses provide little warning and should require
larger safety to provide similar risk levels. In the present case, the residual capacity of a
non-zero tensile strength structure is similar to the zero tensile strength capacity, and this
residual load factor seems to be the one to adopt for engineering purposes.

In conclusion, the different nonlinear methods and the limit analysis method provide
rather similar results in terms of capacity of the structure (a maximum load factor of about
1.8). Conversely, linear elastic analysis cannot be used and provides an unrealistic low value,
which corresponds to the onset of the first crack (in this case about 1/6 of the maximum load).
Masonry arches (and most historic structures) crack easily, but the structure is not neces-
sarily unsafe. Therefore, linear elastic analysis should not be used. The geometric safety
factor (equal to 1.2) cannot be related to the ultimate load factor, meaning that it should not
be used to define safety levels, at least according to the modern code-based approach.

Dynamic Analysis

Response Spectrum Analysis

Response spectrum analysis is a linear dynamic analysis method that measures the con-
tribution from each natural mode of vibration to indicate the likely maximum seismic
response of an essentially elastic structure. The results of a response spectrum analysis
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FIGURE 2.11.

Example of a spectral acceleration
diagram of an earthquake. PGA is
peak ground acceleration, or the
maximum ground acceleration that
occurs during an earthquake.
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are given in terms of individual and combined modal forces (Gupta 1992). A response
spectrum analysis requires the specification of an excitation spectrum (fig. 2.11), also
known as a period-acceleration spectrum. The excitation spectrum is specified by a base
excitation, nodal, or element load, and a diagram with period-dependent load multiplication
coefficients.

Response spectrum analysis is based on the mode superposition principle. The modal
response may be combined using different approaches, such as (a) absolute sum (ABS);
(b) square root of the sum of the squares (SRSS); or (c) complete quadratic combination
(CQC). The ABS method is simply a summation of the absolute values of the modal results
(eq. 4). The SRSS method is a technique that does not take into account modal damping
or cross coupling (eq. 5). The CQC method accounts for modal damping; however, if damp-
ing is zero, CQC gives the same result as SRSS (eq. 6). These three methods for modal
combination are the most commonly used.

ABS method: F,, => " |F

i,max

SRSS method: . = m ®)

CQC methOd: Fmax = \/Z{L jl\i1 pij|Fi,maij,max| (6)

(4)

Here, pij is a correlation coefficient, which varies between zero and unity, F;,max s the
maximum modal response for mode /i, and N is the number of modes.

Response spectrum analysis is useful for assessment of structures because it relates
structural type selection to dynamic performance. It also can be used to understand the
main vibration modes in each direction, as well as to define a proper distribution of the
forces for a pushover analysis. However, in the case of masonry buildings, which are char-
acterized by having highly nonlinear behavior, a linear elastic analysis is not the most
suitable technique.

Time History Analysis

Time history analysis provides evaluation of dynamic structural response under loading,
which varies according to the specified time function (ground motion accelerograms). These
analyses can be linear or nonlinear, depending on the considerations made on the mate-
rial’s mechanical properties. These types of analysis are usually taken as the most repre-
sentative when assessing the seismic behavior of structures. However, there are a few
drawbacks: (a) these analyses are very time consuming; (b) they may be dependent on the
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FIGURE 2.12.
Example of an artificial spectrum-
compatible generated accelero-
gram (SeismoArtif 2016 software,
SeismoSoft).

[E] SeismoArtif * [Untitled.sap]
File Edit View Tools Help

selection of the applied ground motion accelerograms; and (c) they involve complexity in
terms of execution and interpretation of the results.

Although its use is allowed in building codes for seismic assessment of structures
(Bommer and Ruggeri 2002), time history analysis seems to be mostly used for academic
and research purposes, being occasionally used in high-impact structures (complex or
safety-critical facilities). To properly take into account the variability of the action, seismic
building codes require several analyses to be performed with different ground motion accel-
erations. The process of selection and production of the ground motion accelerograms and
the number of analyses required by the seismic building codes make this analysis unfea-
sible for a design office.

As stated, one key parameter for such computations is the input motion, or the ground
accelerogram. The method to develop these accelerograms is not always clearly defined
in the seismic building codes (e.g., EC8 2004). Possible alternatives include (Bommer and
Acevedo 2004): (a) using artificial spectrum-compatible accelerograms; (b) using synthetic
accelerograms generated from seismological source models; and (c) using real accelero-
grams recorded during earthquakes.

The first type of accelerograms (artificial spectrum-compatible) are obtained by gener-
ating a power spectral density function from the code response spectrum (fig. 2.12) and
deriving signals compatible to that spectrum (Bommer and Acevedo 2004; lervolino,
Maddaloni, and Cosenza 2008). Even though it is possible to obtain acceleration time-
series that are compatible with the elastic design spectrum, the generated accelerograms
often have an excessive number of cycles of strong motion and consequently have unre-
alistically high energy content (Bommer and Acevedo 2004). The difficulty of the artificial
time history generation methods lies in trying to match a single ground motion to a design
response spectrum that is not intended to represent the motion from an individual earth-
quake (Naeim and Kelly 1999). The design response spectrum is generally a result of a
statistical analysis that considers the influence of several seismic sources simultaneously;
hence, the response at different periods may be driven by earthquakes in different sources,
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FIGURE 2.13.
Example of a real recorded
accelerogram.

and the spectrum is the envelope of spectra corresponding to scenarios in each of the
sources (Reiter 1990; Bommer, Scott, and Sarma 2000).

The second type of accelerogram are synthetic accelerograms and can be generated
from seismological source models, accounting for path and site effects. In general, there
are difficulties in defining appropriate input parameters such as source, path, and site
characteristics. To generate synthetic accelerograms, there is a need for the definition of
a specific earthquake scenario in terms of magnitude and rupture mechanism in addition
to geological conditions and location of the site. Generally, most of these parameters are
not available, particularly when using seismic building codes (Bommer, Acevedo, and
Douglas 2003). Software for ground motion generation has been developed (e.g., Zeng,
Anderson, and Yu 1994; Beresnev and Atkinson 1998; Boore 2003), but the application, in
terms of defining the many parameters required to characterize the earthquake source, will
generally require the engineer to engage the services of a specialist consultant in engineer-
ing seismology.

The third type of accelerograms, real ground motion accelerograms, contain a wealth
of information about the nature of the ground shaking. Due to the increase of available
strong ground motion records, using and scaling real recorded accelerograms has become
more common (fig. 2.13). Despite the continued growth of the global strong motion data-
bank, there are many combinations of earthquake parameters that can make obtaining
suitable records difficult in some circumstances (Bommer, Acevedo, and Douglas 2003).

In seismic codes, the guidelines for preparation of ground motion input for dynamic
analysis are generally poor (Bommer and Ruggeri 2002). The code-based prescriptions
for records often require compatibility with a smooth design acceleration spectrum. For
example, Eurocode 8 (EC8 2004) allows employment of all three kinds of accelerograms
listed above as an input for seismic structural analysis. The EC8 prescriptions request
matching the average spectral ordinates of the chosen record set to the target code-based
spectral shape. The accelerogram set must consist of at least seven recordings to consider
the mean of the response. Otherwise, if the size of the set is from three to six, the maximum
response to the records within the sets needs to be considered.

Nonlinear time history analysis of masonry structures is complex and time consuming.
Masonry structures are characterized by low values of tensile strength, meaning that there
will be important cracking in the structure, with cracks opening, closing, and reopening. This
mechanical behavior present in masonry introduces in the numerical calculations some
numerical noise, due to the fast transition from linear elastic behavior to a fully cracked

0.6

I
-
1

S
[
1

Acceleration (g)

-0.4

-0.6 -

Seismic Retrofitting Project: Recommendations for Advanced Modeling of Historic Earthen Sites



26
Structural Analysis Methods

state involving almost zero stiffness (Mendes and Lourenco 2010). This fast and constant
change in the displacement field tends to originate the propagation of high-frequency spuri-
ous vibrations (Cervera, Oliver, and Faria 1995). Therefore, it is important to use an appro-
priate time integration method. The Hilber-Hughes-Taylor integration method (the HHT
method, or the a method) allows the introduction of numerical dissipation without degrading
accuracy (TNO DIANA 2009). This method requires the definition of an a parameter that
varies between —1/3 and 0. For a = 0, the method reduces to the Newmark method. For
values of a between —1/3 and 0, the scheme is second-order accurate and unconditionally
stable. Decreasing a means increasing the numerical damping. This damping is low for
low-frequency modes and high for high-frequency modes (TNO DIANA 2009).

One other important aspect when performing a time history analysis is the definition of
the time step for each increment of the analysis. Commercial software offers different pos-
sibilities to address this aspect. The most common approach is to explicitly define a con-
stant time step throughout the analysis. To properly define an adequate time step, there
are some recommendations. TNO DIANA (2009) suggests that the time step At should be
determined according to equation 7:

At=T (7)
20

Here, T;is the lowest period with relevance for the structural behavior.

One other possibility when addressing time integration analysis is to use explicit cal-
culations as opposed to implicit. Explicit methods calculate the state of a system at a later
time from the state of the system at the current time, while implicit methods find a solution
by solving an equation involving both the current state of the system and the later one.
Whereas an implicit calculation must iterate to determine the solution to a nonlinear prob-
lem, an explicit calculation determines the solution without iterating by explicitly advancing
the kinematic state from the previous increment. Explicit analysis will be performed with
smaller time steps when compared with implicit analysis, meaning that the required number
of increments to complete the analysis will be higher in the explicit analysis. Explicit analy-
sis may be more efficient if the same analysis using an implicit method requires many itera-
tions, but there is the risk that the obtained result is incorrect if inadequately used. Some
commercial software allows both possibilities (e.g., ABAQUS/Standard and ABAQUS/
Explicit). Still, for earthquake engineering, due to the fast change in accelerations and the
random nature of the input, explicit methods are rarely used.
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CHAPTER 3

User Guidance on the Finite
Element Method

The finite element method (FEM) has become possibly the most powerful analysis tool for
solving engineering problems. FEM is a computational numerical technique most commonly
used to solve complex engineering problems by dividing them into smaller, manageable
blocks or problems. It should be kept in mind that a finite element analysis (FEA) does not
produce a formula (closed-form expression) as a solution and does not solve a class of
problems (only a specific problem), and that the solution is approximate (entailing some
error).

To analyze a structure using FEM, the structure is idealized as a numerical conceptual
model where the structure is broken down into a finite number of regions or parts (ele-
ments). These elements are connected to one another at specific points (nodes). This
assembly of elements and nodes is called mesh.

To shorten the computational time required to provide the solution to the problem, to
maximize the confidence in this solution, and to minimize errors in the analysis process,
the modeler (or analyst) must (a) understand the physics of the problem and the behavior
of the finite elements; (b) select the proper element type(s), element number, and element
arrangement; (c) understand the effects of the used simplifications and assumptions; and
(d) critically evaluate the results and, if possible and/or needed, make modifications in the
model to improve its accuracy.

Planning the Analysis

Before starting any analysis, it is important to think and plan the approach to be used for
the problem at hand. It is important to have a clear understanding of (a) what the objectives
are; (b) what criteria will be used to evaluate the objectives; (c) what the required output is
considering the required objectives; (d) how much of the structure needs to be modeled;
(e) what the boundary conditions and loads are; and (f) other relevant applicable aspects.

Decision making at critical moments throughout the modeling process requires training,
experience, and expert opinion. The decisions made will influence the accuracy and the
required computational time of the solution. The critical steps at which these decisions need
to be made are as follows:

« Choice of type of analysis

+ Definition of material properties and constitutive models

- Definition of geometry details and level of detail (or simplifications)
+ Selection of element type(s) and modeling approach

« Selection and application of supports, constraints, and loads

27
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Model Geometry

As discussed in chapter 2, the analysis of historic masonry monuments is a very complex
task. In general terms, there are two major steps required when facing these kind of engi-
neering problems: (a) idealization of the geometry and (b) idealization of the materials.
These two steps have much influence on the response of the structure. In the specific case
of historic structures, the common findings are as follows:

+ Geometry data are incomplete.

+ Information about the internal composition of the structural elements is also
incomplete.

+ Significant changes in composition of structural elements occurred, associated
with long construction periods.

+ Construction sequence is unknown, also affecting the actual load distribution in
the structure.

» Existing damage in the structure is unknown.

This lack of information or uncertainty must be accepted and may be considered when
idealizing the geometry of the model, for example by performing sensitivity analysis affect-
ing the most relevant influencing factors. It is evident that the analysis of historic masonry
structures contains many simplifications. Therefore, the idealization of the geometry should
be kept as simple as possible, while being adequate for solving the problem under
consideration.

Element Type

In general, when using FEM software, there are several different types of elements avail-
able to idealize the problem. Some types are more relevant for general applications, while
others have a more limited application. Table 3.1 summarizes the available element types
in most FEM software.

In the specific case of historic masonry structures, the geometry can usually be ideal-
ized in different ways, namely using linear elements (truss or beam elements), plane “two-
dimensional” elements (shell elements, often denoted by 2.5D), or fully three-dimensional
elements (solid elements). Truss or beam elements are usually used to idealize linear
structural components, such as truss elements for steel tie rods or stitching bars or beam
elements for lintels, arches, beams, and columns. Typical applications of shell elements
are roofs, walls, and slabs but also vaults or domes, being flat or curved components. Solid
elements are general-purpose elements. It is not straightforward to define the conditions
under which a given idealization of the geometry is the most appropriate one. The geometry
of historic masonry structures is rather complex as there often is no distinction between
decorative and structural elements. Therefore, it is not clear which approach is the best,
and, in several cases, the final adopted strategy involves a combination of some or all of
the above-mentioned element types. It is also beneficial that, at an early phase of the
analysis, different models are tried and compared, aimed at verifying the results of the
element type selection and defining the most adequate model.

One other important aspect of model discretization is the element order. Element order
refers to the polynomial representation of the element’s shape functions, being usually
linear or quadratic. This is a mathematical function that, within the element, interpolates
the solution between the discrete values (i.e., displacements or rotations) obtained at the
mesh nodes. Because FEA obtains a solution for degrees of freedom (DOF) values only
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TABLE 3.1.

Summary of typically available FEM element types (TNO DIANA 2009).

Element Type

Truss element

Beam element

Plane stress element

Plate bending element

Shell element

Solid element

Contact/interface
element

Generic Scheme

Brief Description

Truss elements are linear elements in which the deformation can only be the
axial elongation (D/or e).

Beam elements are linear elements in which the deformation can be axial
elongation (D/), shear deformation (g), curvature (k), and torsion (f).

Plane stress elements are two-dimensional elements in which the deformation
can only be translations (u, and uy) in the plane of the element.

Plate bending elements are two-dimensional elements in which the
deformation can only be rotations in the direction of the plane of the element
(9, and ¢y) and translation in the direction perpendicular to the plane of

the element (u,).

Shell elements are two-dimensional elements in which the deformation can
only be the translations in the three general directions (u,, u,, and u,) and
the rotations in the directions of the plane of the element (¢, and ¢y).

Solid elements are three-dimensional general-purpose elements in which the
deformation can be the translations in the three general directions (u,, u,,

and u,).
VA
X A/L‘ Y
y
Contact or interface elements are special elements that are able to describe f °
a specific behavior between two other elements, providing a relation between T_ _____ S
the stresses (tractions) on the surfaces and their relative displacements. ° °

at the nodes, a shape function is required to map the nodal degrees of freedom values to
points within the element. The choice of the element order directly affects the accuracy of
the solution (Rajadurai et al. 2014) (fig. 3.1).

When an element type is chosen, the modeler is implicitly choosing and accepting the
element shape function assumed for that element type. Therefore, the element order infor-
mation should be checked before choosing an element type. As depicted in figure 3.1, one
alternative is to use linear elements in a finer mesh. Quadratic elements seem more
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FIGURE 3.1.
Comparison of element orders
(Rajadurai et al. 2014).
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appealing but, when complex nonlinear analysis is used, involving material deterioration
(i.e., loss of strength), the robustness of the finite element type in these conditions can be
more relevant than the order of the approximation. Linear elements are more constrained
and are less prone to spurious movements than quadratic elements, in the presence of
very low stiffness due to extensive inelastic behavior.

2D vs. 2.5D vs. 3D

It seems that fully three-dimensional elements (3D) are the most appropriate type of ele-
ment for historic structures; however, these are usually time consuming (considering the
time used to prepare the model, perform the actual calculations, and analyze the results).
Shell models (2.5D), on the other hand, exhibit a variation of stresses along the thickness
of the element, requiring attention and often the increase of integration points along its
thickness. Moreover, shell models consider only the middle plan of the element, while the
rigid stiffness of the connection between two orthogonal elements is not considered. The
connection stiffness is particularly important for the global response in the case of historic
masonry structures, as the walls are generally very thick when compared to their length or
height. Similarly, if shells are used for vaults or domes, the stiffness of the connections can
be partly misrepresented. Finally, there are cases in which only a part of the structure can
be analyzed and the full building does not need to be represented. Proper boundary condi-
tions that allow the user to take into consideration the rest of the structure, for example
using springs or interface elements, may need to be introduced. Finally, plane stress mod-
els (2D) are often inapplicable to historic structures, given the intrinsic three-dimensional
effects present. In a few cases, they can be used to analyze parts of the building (e.g., an
arch, a barrel vault, or a long wall).

Comparisons are made using different modeling approaches. Figures 3.2a—c show
models of the cloister of a Cistercian monastery in Salzedas, Portugal. The two-dimensional
model (fig. 3.2a) was adopted for performing a nonlinear analysis that allowed an under-
standing of the damage to the structure (fig. 3.2b) and to assess its safety. The three-
dimensional model (fig. 3.2c) is shown only for academic purposes and includes analysis
with soil-structure interaction. The difference in displacements and stresses at specific
control points at the barrel vault was less than 10% (Lourenco 2001).

Figures 3.3a and 3.3b show models of the refectory of the monastery of Jerénimos,
Portugal. Two modeling approaches were used: (a) three-dimensional elements (fig. 3.3a)
and (b) shell elements (fig. 3.3b). It is worth noting that the three-dimensional model yields
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FIGURES 3.2A-C.

Models of the cloister of an

eighteenth-century Cistercian

monastery in Salzedas, Portugal,

showing (a) deformed shape
of two-dimensional model at

failure; (b) damage pattern of

two-dimensional model at failure;
(c) deformed shape of three-

dimensional model (Lourengo

2001).

(b)

FIGURES 3.3A, 3.3B.

Models of the refectory of the
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similar results to those of the simplified shell model for the first two vibration modes.
Nevertheless, there was a need to correct the thickness of the walls in the shell model to
consider the additional stiffness provided by the connection of the thick walls. Also, the loca-
tion of the horizontal elements representing the slabs needs to be carefully selected (Lourengo
and Mourdo 2001). The model with 3D elements is certainly more appropriate to study the
refectory, but the simplified shell model was adopted for a global analysis under seismic load-
ing of the full compound of the monastery (in-plan size greater than 300 x 50 m?).

One possible source of errors in the analysis of historic masonry structures is the use
of fully three-dimensional elements and very coarse meshes, particularly across the thick-
ness, meaning that in some cases there is only one lower-order element through the thick-
ness of the structural element (Lourengo 2001). This discretization may provide large errors
in bending and the accuracy of the results may be compromised. In fact, some authors
suggest that an acceptable finite element mesh with solid elements should consist of five
finite elements through the thickness (Bjorkman and Piotter 2008).

Finally, careful analysis of the building is recommended before starting to model it and
to understand where each type of element can be introduced to the best of its use and the
acceptable complexity level. Quite often the best modeling solution comprises different
types of elements.

Meshing

An FEM model is broken down into individual finite elements according to a systematic
procedure known as meshing the model. The shape and size of the elements have an
important impact on the solution. A mesh that is too coarse can produce inaccurate solu-
tions, while a mesh that is too fine will result in excessive computation time, particularly if
nonlinear static or dynamic analysis is carried out. Still, according to the FEM theory, as the
mesh gets finer, it gets closer to the true solution (see the section “Model Calibration/
Verification” below, which is related to how representative the model is of the structure, not
with the mathematics involved and the accuracy of the model). The modeler may then
perform a mesh convergence exercise that includes the following steps: (1) mesh once and
solve; (2) mesh finer and solve again; (3) check if the difference between the previous
results in control points or sections are within a certain percentage; and (4) repeat the
second step and compare the global number of DOF until the difference between meshes
is within an acceptable percentage. It should be noted that this exercise may be performed
in terms of representative displacements, as they converge faster than stresses. At the
scale of monumental masonry structures, an element dimension of approximately 10 to
30 cm may result in an appropriate level of mesh refinement (Atamturktur 2006). It is not
uncommon that 500,000 to 1 million degrees of freedom are found in large historic struc-
tures, which makes nonlinear analysis lengthy and demanding.

One solution is to use coarser meshes in regions with a low gradient of strains/stresses
and to use finer discretization in regions where a high gradient of strains/stresses is expected.
FEM software allows transitions from coarser to finer meshes within the same model. The
regions to expect a high gradient of strains/stresses include cutouts, openings, cracks, and
supports; entrant corners or sharply curved edges; vicinity of concentrated loads; and abrupt
changes in thickness, material properties, or cross-sectional areas (fig. 3.4).

When discretizing two- and three-dimensional problems, one must avoid finite elements
of high aspect ratios (the aspect ratio of a two- or three-dimensional element is the ratio
between its largest and smallest dimensions). As a rough guideline, elements with aspect
ratios exceeding 3 require caution and those exceeding 10 should not be used (DNV GL
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FIGURE 3.4.
Examples of situations with a high
gradient of strains/stresses where a
locally refined discretization (in red)
is recommended.

FIGURE 3.5.
Examples of elements with good
and bad aspect ratios.
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2015) (fig. 3.5). Bad-shaped elements will not necessarily produce incorrect results, but
they are likely to introduce problems during the analysis, particularly in the nonlinear field.
Most FEA software gives warning prompts when the aspect ratio or the corner angle limits
in elements are exceeded.

The modeler should keep it simple. Initial finite element models may have to be sub-
stantially revised to accommodate design changes or subsequent modeling decisions.
There is little point in using complicated models that will not be able to accommodate
refinements. During the refinement process, the modeler develops a better understanding
of the underlying physics, possibly reinforced by experiments or observation, and a clearer
picture of the performance of the building being studied.

Materials

Material properties must be decided upon, depending on the boundary conditions and load-
ing conditions of the building. A decision to keep the material linear elastic or the allowance
for material change due to loading processes and/or time must be made before selecting
the material properties. The behavior of masonry is nonlinear. The behavior in tension at
low stress level is inelastic due to cracking. The behavior in compression at higher stress
levels is also inelastic due to irreversible damage. Because of the mortar joints, the material
is also anisotropic and heterogeneous. Moreover, historic masonry elements usually have
multiple layers, with the presence of an inner core and external leaves in walls (and col-
umns, in many cases) and infill material in vaults.

Masonry is a material exhibiting distinct directional properties, owing to the mortar
joints, which act as planes of weakness. In general, the approach toward its numerical
representation may focus on the micro modeling of the individual components, units and
mortar, or the macro modeling of masonry as a composite (Rots 1991). In the specific case
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of modeling full-scale masonry buildings, the usual approach is to consider the representa-
tion of masonry as a homogeneous composite material. Micro-modeling approaches are
more suitable for smaller models, such as individual structural components. Chapter 4
presents a detailed revision of the material behavior and the available constitutive models,
including a discussion of micro and macro modeling.

Supports and Loads

Boundary conditions, or supports, have great influence on the computed results. For a true
representation of the actual system in the finite element model, boundary conditions must
be represented as closely as possible to the actual conditions of the structure. In the case
where only a portion of the structure is modeled, it is difficult to assign correct boundary
conditions, as that portion of the structure modeled is supported elastically. The estimation
of boundary conditions is difficult in historic buildings. The choices may be partly imposed
by the modeler’s intuition and by the capacity of the finite element modeling software.

Because boundary conditions are applied to the DOF at the nodes rather than to the
element, the prescription of boundary conditions is related to the selection of the element
types. For example, if a wall is modeled with fully three-dimensional elements and all
nodes at the base are pinned, this provides a clamping restrain. If a wall is modeled with
shell elements, a hinged foundation is easier to apply. In most commercially available finite
element modeling software, physical constraints are applied by zero displacements or
rotations at the user-defined nodes. For situations of partial restraints, an elastic founda-
tion, which is usually simulated by a series of springs or interface elements, can be used.

It is of great importance to start with physically reasonable boundary conditions in the
initial finite element model. If empirical data are available, the initial model can be calibrated
with successive iterations so that the finite element modeling solutions correlate to the
experimentally obtained data or observed building performance.

Loads can be applied to nodes, such as thermal, inertial, concentrated, or distributed
forces in the form of nodal displacement or nodal force. Loads can also be applied in sur-
faces or volumes. The arrangement of loading conditions depends on the analysis type. In
static analysis, defining the gravitational acceleration is usually necessary, together with
existing external loads. In modal analysis, the results are independent of any load input.
In the case of transient analysis, a user-defined time-dependent loading must be adopted.

One common issue when dealing with full building modeling is the consideration of live
loads or special concentrated loads in modal analysis or pushover analysis. For such
analysis, these loads can be considered by converting them into inertial loads. One simple
example is the consideration of live loads in a floor, which can be converted into mass and
added to the mass of the floor elements by adjusting the density of the material.

Model Calibration/Verification

After obtaining an analysis result, one key aspect is not to assume immediately that the
results are correct. Questions need to be asked by the analyst or modeler whether the
obtained displacements, stresses, or strains make sense. The following five simple actions
can be used to aid the modeler in ensuring that the model is correct and to improve the
analysis results:
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1. Check global structural reactions against global applied loads. This step is particu-
larly important to make sure there were no mistakes in the load input.

2. Use deformed shapes and animations to check load and support definitions. Here,
the analyst or modeler should use linear static analysis (typically, gravity loading can
be used for this purpose). Combined load behavior is often difficult to predict, and
separating each load into its own load case allows loads to be checked individually.

3. Use stress or strain contour plots to check mesh connectivity. Sometimes the model-
ing process provides parts of the structure improperly connected to the rest of the
structure, or some elements are missing. The presence of very high stress/strain
peaks may indicate a meshing error. Again, linear elastic analysis and gravity loading
seem adequate for this purpose.

4. Alternatively or complementary to the previous step, perform modal analysis to check
the mesh connectivity. In the case of full-scale monumental structures, gravity loading
might not identify all meshing errors.

5. Whenever possible, compare the results to tests, theory, expedite hand calculations,
experimental in situ testing data, or the building condition. It is important to maintain a
critical view of the obtained results. Examples of expedite hand calculations are the
stress level at the base of a wall or column, or the frequencies of a building. An exam-
ple of measurements that can be carried out in a building are the frequencies and
mode shapes (using dynamic identification), and an example of building condition is
crack surveying and mapping of the real building and comparing this with the model-
predicted cracks in the building under dead load and/or a known past event such as
soil settlements from an earthquake.

Interpretation of Results

After the verification of the model, and having developed an acceptable level of confidence
in the model, interpretation of the results is critical, requiring extensive processing time and
an inquisitive mind. Because monumental masonry structures represent complex engineer-
ing problems, it is not advised to consider the obtained results as final and correct.
Engineering experience and common sense play an important role in the interpretation of
the obtained results regarding this kind of structure. As stated above, hand calculations and
simplified models can be carried out using alternative expedite software. Moreover, verifica-
tion is strongly recommended using the existing condition of the building and in situ testing,
as discussed above.

Again, given the uncertainties involved in the process, a key aspect when dealing with
this kind of structure is to perform a sensitivity analysis. This allows the modeler to deter-
mine the effects of model input parameters and modeling decisions on the response,
providing further insight into the problem and allowing the definition of critical aspects.
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FIGURES 4.1A, 4.1B.
Diagrams showing characteristic
stress displacement of quasi-brittle
materials under uniaxial loading:
(a) tensile behavior; (b) compres-
sive behavior (Lourenco 1996).

CHAPTER 4

Constitutive Models

In this chapter, the constitutive models available for masonry will be addressed. Different
approaches for modeling masonry are presented, such as smeared cracking and damage
plasticity as well as micro and macro approaches. The available models implemented in
selected commercial finite element method (FEM) software are also presented and
compared.

Nonlinear Behavior

Masonry has a nonlinear behavior and manifests a nonductile post-peak softening behavior,
which consists in a gradual strength decrease of the material under a continuous increase
of deformation. This characteristic is typical of quasi-brittle materials. Figures 4.1a and 4.1b
show characteristic stress-displacement diagrams in uniaxial tensile and compressive
behavior (Lourengo 1996).

Here, f,and G, are the tensile strength and fracture energy, and f and G, refer to the
compressive strength and fracture energy. The strength is the maximum value of the stress-
displacement curve. The procedure to calculate the fracture energy has been indicated,
for example, by Jansen and Shah (1997). The relation between the fracture energy and
the strength is the ductility index (eq. 8) (see chapter 5 for the recommended values for
these parameters).

d=G/f 8)

Gr

(a) (b)
Micro and Macro Models
In the 1960s, the numerical simulation of concrete fracture was initiated as a first application

of nonlinear constitutive models. Ngo and Scordelis (1967) and Rashid (1968) introduced
discrete cracking and smeared crack models, respectively. In general, the discrete model
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FIGURE 4.2.
Diagram showing early discrete
crack modeling (Ngo and Scordelis
1967).

is aimed at the simulation of the initiation and propagation of dominant cracks. The smeared
crack model started with the idea that in concrete many small cracks are initiated, which
only at a later stage of the loading process link up to form one or more dominant cracks.
Because each individual crack is not numerically solved, the smeared crack model is able
to capture the deterioration process through a constitutive model, in which cracks over the
continuum are distributed evenly.

The discrete crack approach to fracture is intuitive, because a crack is introduced as a
geometric entity. Figure 4.2 shows a mesh in which nodes are physically separated to
represent a crack in the bottom center. Initially, this approach was implemented by letting
the crack grow when the force at the node ahead of the crack tip exceeded a tensile
strength criterion. At this stage, the node splits into two nodes and the tip of the crack is
assumed to propagate to the next node. Again, once the force at this new node exceeds
the tensile strength criterion, it splits and the procedure is repeated, as shown in the crack
vertical propagation in figure 4.2.

In its original form, this discrete crack approach has certain disadvantages. Because
the crack is forced to propagate along the element’s boundaries, it becomes mesh depen-
dent. Although some techniques, such as automatic re-meshing, have been introduced and
implemented in computer codes (Ingraffea and Saouma 1985), a computational complica-
tion takes place, namely because the continuous change in topology is inherent in discrete
crack approaches. Methods such as meshless methods were also developed to overcome
these limitations (Belytschko, Lu, and Gu 1994) but showed difficulties with robust three-
dimensional implementations and the large computational demand (Borst et al. 2004). A
finite element method accommodating the propagation of discrete cracks through elements
was proposed by Moes, Dolbow, and Belytschko (1999), which exploits the partition-of-
unity property of finite element shape functions (Babuska and Melenk 1997). Originally, the
discrete crack model was introduced using elastic fracture mechanics and, because of that,
special functions were required to simulate the near-tip singularity (Moes, Dolbow, and
Belytschko 1999). Many new developments occurred in the past decades, but these remain
of application to specific tailored research problems.

In the smeared crack approach, the nucleation of one crack in the volume that is attrib-
uted to an integration point is translated into a deterioration of the current stiffness and
strength at that integration point (Borst et al. 2004). When the combination of stresses
satisfies a given criterion (usually the major principal stresses reaching the tensile
strength), a crack is initiated. This implies that at the integration point where the stress and
strain variables are monitored, the isotropic stress-strain relation is replaced by an ortho-
tropic elastic-type relation, with the direction normal and tangential to the crack being the
orthotropic axes (Rashid 1968).
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FIGURE 4.3A-C

Diagrams of modeling strategies
for masonry structures: (a) detailed
micro model; (b) simplified micro
model; (c) macro model (Lourenco
1996).
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There are several possibilities to solve the problem of modeling masonry. The available
alternatives depend on how detailed the modeling is and whether the model is able to
describe accurately different types of failure (Lourengo 1996; Lopez, Oller, and Onate
1998). Usually the alternatives are classified as detailed micro model, simplified micro
model, and macro model (fig. 4.3).

In the first alternative (detailed micro model), both bricks and mortar are considered as
continuum elements with specified failure criteria. The interface between bricks and mortar
is considered with interface elements, which represent the discontinuities. This approach
completely reproduces the geometry of the wall; taking into account the level of detail, it is
assumed that it can represent most failure mechanisms in masonry.

In the second alternative (simplified micro model), the bricks are considered as con-
tinuum elements with specified failure criteria, but the mortar joints and interface elements
are redefined as individual elements to represent the contact area. This approach maintains
the general geometry of the wall; however, because the individual elements that represent
joints and interface are not represented, some types of failure mechanisms cannot be
reproduced in this type of failure (e.g., due to the transversal expansion of mortar over
bricks, when compressed until failure).

The last alternative (macro model) considers the masonry as a homogeneous element.
Because of its characteristics, this approach should be able to reproduce the general
structural behavior of a masonry panel, but it is not able to reproduce all types of failure
mechanisms.

Generally, the more detailed the model, the harder it is to implement. This is particularly
important when deciding which model to use for a specific application. Micro models are
more suitable for the study of single walls or special localized problems (e.g., openings,
wall intersections, arches, and domes). On the other hand, macro models are faster and
easier to represent the structural behavior of a whole building. One other important aspect
to take into consideration when choosing the type of model to use is that, in general, micro
models require more detailed information on the material properties.

One of the first developed models able to represent the nonlinear behavior of masonry
was proposed by Page (1978). This model considers masonry as a two-phase material
(brick and mortar). Bricks are represented with plane stress quadrilateral finite elements.
The mortar joints are represented by linkage elements. These elements can deform only
in normal and shear directions. Later, Page, Kleeman, and Dhanasekar (1985) also
proposed a macro model to represent masonry. A large experimental campaign on half-
scale brick masonry was performed (Page 1981, 1983). The information obtained from the
experimental tests allowed the development of stress-strain relationships able to reproduce
the inelastic behavior of masonry and different forms of failure of masonry, taking into
account the orientation of the joints (fig. 4.4).

Lourenco (1996) proposed two models to describe the nonlinear behavior of masonry:
(a) a composite interface model, which is a micro model, and (b) an anisotropic continuum
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FIGURE 4.4.

Image showing 3D failure surface
of masonry (Page, Kleeman, and
Dhanasekar 1985).

FIGURE 4.5.

Diagram showing 3D failure sur-
face for composite interface model
(Lourengo 1996).
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model, which is a macro model. The composite interface model is defined through joints
that concentrate the inelastic behavior of the masonry. The plasticity model of the joints is
able to reproduce three different types of failure mechanism: (a) tension cutoff; (b) Coulomb
friction; and (c) elliptical cap (fig. 4.5). Good agreement was found with experimental tests.
The anisotropic continuum model, also from Lourenco (1996), is defined by considering an
orthotropic continuum model for masonry, taking into account a Rankine-type yield criterion
for tensile failure (cracking) and a Hill-type yield criterion for compressive failure (crushing)
(fig. 4.6). Again, good agreement was found with experimental tests. Both models require
a relatively large number of parameters to be used.

There are many other proposals for micro and macro approaches of masonry for the
analysis of simple and complex structures. These proposals include different types of
modeling strategies and are oriented to different types of masonry. Sayed-Ahmed and
Shrive (1996) developed a nonlinear model for hollow masonry using isoparametric shell
elements. This model considers the nonlinear behavior of masonry in compression due to
progressive cracking as well as geometric nonlinearities. Zhuge, Thambiratnam, and
Corderoy (1998) developed a model for unreinforced masonry under in-plane dynamic
loads. Park et al. (2011) developed a model to take into consideration the effect of the
wall-slab interaction in the seismic design of masonry structures. This model represents a

Coulomb friction mode Tension mode

5 “___ Cap mode
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FIGURE 4.6.

Diagram showing 3D failure sur-
face for anisotropic continuum
model (Lourenco 1996).

Oz Rankine type yield surface in xy plane
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complete wall and is composed of three beams connected in an I-shaped form (top and
bottom horizontal beams and one vertical beam). The connections between the beams and
the adjacent structure are modeled with springs. There are many other models to represent
the nonlinear behavior of different types of masonry elements under different conditions.
Some examples can be found in Pietruszczak and Niu (1992); Anthoine (1995); Crisafulli
(1997); Lopez, Oller, and Onate (1998); Zucchini and Lourengo (2002); Chen, Moon, and
Yi (2008); and Milani and Lourenco (2009).

Constitutive Models in Commercial Software

In this section, some of the available commercial FEM software, widely disseminated and
appropriate for use in advanced computer simulations, is presented in terms of constitutive
models for masonry structures. The presented commercial FEM codes are DIANA, by TNO
DIANA (now DIANA FEA BV), and ABAQUS, by Dassault Systemes. It is important to men-
tion that existing masonry structures often have multileaf walls that are difficult to detect
without in situ testing. These unknown construction details are important while modeling a
historic structure, and overcomplex constitutive models should not be used. In particular,
isotropic models are recommended in most engineering applications.

DIANA

DIANA (DlIsplacement method ANAlyser) is an extensive multipurpose finite element soft-
ware package that is dedicated but not exclusive to a wide range of problems arising in civil
engineering, including structural, geotechnical, tunneling, earthquake disciplines, and oil
and gas engineering. With regard to the assessment of masonry structures considering
nonlinear behavior of masonry, this software has different possibilities for the constitutive
models of masonry materials (considering only macro-modeling approaches), namely the
following:

+ Total strain-based crack (TSC) model can describe both the tensile and the com-
pressive behavior of a given material with one stress-strain relationship.

+ Engineering masonry model, developed for cyclic loading, is a smeared failure
model and can be applied with plane stress and curved shell elements.
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The TSC model is one of the most commonly used for masonry-related simulations and
is explained in more detail in this section. This constitutive model, available in DIANA, is
based on total strain and is developed along the lines of the modified compression field
theory originally proposed by Vecchio and Collins (1986). This model follows a smeared
approach for the fracture energy.

During the loading phase, the material is subjected to both tensile and compressive
stresses, which can result in cracking and crushing of the material. It is assumed that dam-
age recovery is not possible. The loading-unloading-reloading condition is monitored with
some internal constraints that are determined for both tension and compression to model
the stiffness degradation in tension and compression separately. As shown, the model is
not adequate for seismic loading in presence of compressive damage, as secant unloading
to the origin is present (fig. 4.7).

The TSC model available in DIANA can describe both the tensile and the compressive
behavior of a given material with one stress-strain relationship. This stress-strain relationship
in tensile behavior can be idealized in several different approaches, including constant, linear,
exponential, and brittle (figs. 4.8a—d). Similarly, the compressive behavior can also be ideal-
ized in different approaches, such as elastic, constant, and parabolic (figs. 4.9a—c).

Within the TSC models, two distinct approaches are available and can be distinguished
as (a) TSFC (total strain fixed crack) model and (b) TSRC (total strain rotating crack) model.
In both formulations, the crack is initiated when the maximum principal stress equals the
tensile strength of the material, and its initial orientation is normal to the maximum principal
strain. The main difference between these two formulations is related to the crack orienta-
tion during the inelastic process. In the TSFC model, the coordinate system is fixed upon
cracking according to the principal strain directions and remains invariant during the total
analysis process. Each integration point admits a maximum of two orthogonal cracks. The
TSRC model allows a gradual correction of the initial crack direction, as the crack plane
can rotate during the analysis. The crack direction rotates with the principal strain axes,
ensuring that the crack remains normal to the direction of the maximum principal strain. In
the fixed formulation, a shear retention parameter is required for the definition of the model
shear behavior, while in the rotating model the shear softening occurs implicitly as a result
of the principal stress and strain conditions. Several studies showed that the TSRC model
should be used in shear-dominated applications (Rots 1988) and that fixed crack models
should not be used for existing (unreinforced) masonry structures.

To use this constitutive model in DIANA, the modeler usually must supply the following
parameters: (a) density (p); (b) Young’s modulus (E); (c) compressive strength (f,);
(d) compressive fracture energy (G,); (e) tensile strength (7,); and (f) mode-I fracture energy
(G)). Note that the fracture energy is divided by some factor related to the element volume
(h) to ensure mesh-independent results. This factor is normally termed characteristic length
or crack bandwidth.

ABAQUS

ABAQUS offers solutions for both routine and sophisticated engineering problems covering
a vast spectrum of industrial applications. It also offers the possibility of performing analysis
with implicit and explicit solvers.

Three different constitutive models are offered in ABAQUS for the analysis of quasi-
brittle materials: (a) the smeared crack model in ABAQUS/Standard; (b) the brittle cracking
model in ABAQUS/Explicit; and (c) the concrete damage plasticity model (CDP) in both
ABAQUS/Standard and ABAQUS/Explicit. Each model can be applied to all types of finite
elements: beams, trusses, shells, and solids.
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FIGURE 4.7.

Diagram showing loading-
unloading-reloading condition
for total strain models.

FIGURES 4.8A-D.

Examples of the available tensile
behavior in DIANA (TNO DIANA
2009): (a) constant; (b) linear;
(c) exponential; (d) brittle.
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The smeared crack model is intended for applications in which the material is subjected
to essentially monotonic straining and a material point exhibits either tensile cracking or
compressive crushing. Plastic straining in compression is controlled by a “compression”
yield surface. Cracking is assumed to be the most important aspect of the behavior, and
the representation of cracking and post-cracking anisotropic behavior dominates the
modeling.

The brittle cracking model is intended for applications in which the material behavior is
dominated by tensile cracking and compressive failure is not important. The model includes

Seismic Retrofitting Project: Recommendations for Advanced Modeling of Historic Earthen Sites



44
Constitutive Models

FIGURE 4.10.
Diagram of the failure surface in
a CDP model, represented in the
deviatoric plane S,, S,, and S,
(Kmiecik and Kaminski 2011).

consideration of the anisotropy induced by cracking. In compression, the model assumes
elastic behavior. A simple brittle failure criterion is available to allow the removal of ele-
ments from a mesh.

The CDP model is based on the assumption of scalar isotropic damage and is designed
for applications in which the material is subjected to arbitrary loading conditions, including
cyclic loading. The model takes into consideration the degradation of the elastic stiffness
induced by plastic straining in both tension and compression. It also accounts for stiffness
recovery effects under cyclic loading. As this is the model with wider application, it will be
explained in more detail.

The CDP model used in ABAQUS software is a modification of the Drucker-Prager
model by Lubliner et al. (1989) and Lee and Fenves (1998). In particular, the shape of the
failure surface in the deviatoric plane (fig. 4.10) does not need to be a circle and is gov-
erned by parameter K. This parameter can be interpreted as a ratio of the distances
between the hydrostatic axis and, respectively, the compression meridian and the tension
meridian in the deviatoric plane. This ratio is always higher than 0.5, and when it assumes
the value 1, the deviatoric cross section of the failure surface becomes a circle (Kmiecik
and Kaminski 2011). The CDP model requires four additional parameters to be defined:
the dilatation angle, the flow potential eccentricity, the ratio of initial equibiaxial compressive
yield stress to initial uniaxial compressive yield stress, and the viscosity parameter. For
these parameters, the ABAQUS user’s manual (ABAQUS 2010) suggests values as indi-
cated in table 4.1. Additional information regarding this model can be found in Kmiecik and
Kaminski (2011) and Jankowiak and Lodygowski (2005).

TABLE 4.1.
Default parameters suggested by the ABAQUS user’s manual (ABAQUS 2010).

Parameter Value
Dilatation angle (W) 40°
Eccentricity (&) 0.1
f.olfoo 1.16
K, 0.667
Viscosity parameter (1) 0.0
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FIGURES 4.11A, 4.11B.

Diagrams showing stress-strain (o)
relations: (a) in tension; (b) in com-
pression (Lubliner et al. 1989).

FIGURES 4.12A, 4.12B.

Schematics of numerical model
dimensions: (a) plan view;
(b) elevation in meters.

The CDP model assumes that the failure for tensile cracking and compressive crushing
of the material is characterized by damage plasticity. The model uses the concept of isotropic
damage evolution in combination with isotropic tensile and compressive plasticity to repre-
sent the inelastic and fracture behavior of the material. The model also allows the definition
of strain hardening in compression and strain softening in tension. The usually adopted
stress-strain curves in tension and compression can be seen in figures 4.11a and 4.11b.

The process for using this constitutive model in ABAQUS requires imputing in the same
parameters as DIANA. As previously mentioned, it is important that the fracture energy is
divided by some factor related to the element volume (h) to ensure mesh-independent
results. This factor is normally termed characteristic length or crack bandwidth. It should
be adopted for tension and compression, even if ABAQUS only considers this factor auto-
matically for tension.

A GH
Geu| - —

GCO L.

(14K, !

(a) (b)

Comparison for Commercial Software
A simple model of a structure was developed and analyzed in DIANA and ABAQUS to
compare results. The dimensions of the numerical model are shown in figures 4.12a and
4.12b. In DIANA and ABAQUS, a three-dimensional solid elements approach was
followed.

At the bottom of the walls, all translations are blocked (pinned), but this represents a
clamped foundation. The model was subjected to a lateral load (in the Y-direction) propor-
tional to its mass, meaning that an acceleration was applied to the model in the Y-direction.

03]  — T T
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1.0 41 4
T ] 1.0

1.0 \ 1 2.0
T 1.0

1.0 + T

0.3: I:| (b)
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FIGURES 4.13A, 4.13B.

Images showing finite element
meshes of the numerical model,
using (a) DIANA; (b) ABAQUS.

e

X

To mesh the numerical model, the available automatic algorithms were used in both
DIANA and ABAQUS, using tetrahedron-type solid elements and keeping a maximum ele-
ment size of 150 mm. The resulting meshes can be seen in figures 4.13a and 4.13b and
were composed of 23,838 elements in DIANA and 28,272 elements in ABAQUS.

In DIANA, the TSC model (rotating cracks) was used. An exponential stressstrain rela-
tionship was adopted in tensile behavior (see fig. 4.8c) and a parabolic stress-strain rela-
tionship was adopted in compressive behavior (see fig. 4.9c). The mechanical properties
assigned to the constitutive model are presented in table 4.2. It is important to mention that
the crack bandwidth is considered differently in ABAQUS (element size for linear elements)
and DIANA (cubic root of the volume for 3D elements). This yields a difference of about
two for the adopted mesh, and the fracture energy in DIANA was doubled for
consistency.

TABLE 4.2.
Mechanical properties adopted.
Mechanical Property Adopted Value
o (density) 1900 kg/m3
E (Young’s modulus) 500 MPa
f. (compressive strength) 1.00 MPa
G, (fracture energy) 1.60 N/mm
f, (tensile strength) 0.10 MPa
G (fracture energy mode-/) 0.05 N/mm

In ABAQUS, the CDP model was used. An exponential stress-strain relationship was
adopted in tensile behavior and a parabolic stress-strain relationship was adopted in com-
pressive behavior. The mechanical properties assigned to the constitutive model are the
same as in DIANA. From the compressive stress-strain, the compressive strength-inelastic
strain curve was extracted and introduced in the constitutive model. The ABAQUS/Standard
(implicit) routine was used to perform the analysis.

Both analyses were performed until softening behavior could be found in the capacity
curves, and the results in terms of capacity curve are shown in figure 4.14. Here, the dis-
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FIGURE 4.14.
Graph showing analysis results in
terms of capacity curves.

FIGURES 4.15A, 4.15B.
Maximum principal strains as an
indicator of cracking: (a) DIANA;
(b) ABAQUS. Red indicates the
maximum value (wide crack) and
blue indicates no crack.
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placement was captured as the average of the displacements of the four external top
corners of the model. The load factor corresponds to the ratio between the base reaction
forces in the Y-direction and the self-weight of the model in the Z-direction. In figure 4.14,
it is possible to see that both models showed the same capacity (0.3% difference). The
displacement at maximum capacity is slightly higher in the TSRC model (10% higher). The
initial stiffness of the model is the same for both models. Besides the capacity curve, the
failure modes were compared. In both models, shear cracks developed in the lateral walls,
starting at the corners of the windows and propagating to the corners of the walls (fig. 4.15).
Here, as an indicator of the locations of the cracks, the maximum principal strains are
plotted.

As can be seen from the presented results, both models were able to reproduce the
same failure mode, with shear cracking in the lateral walls. Both models estimate the same
capacity in terms of lateral load, demonstrating the reliability of these tools. Even consider-
ing that this example is a rather simple one, some differences are to be expected.
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CHAPTER 5

Recommended Properties for
Numerical Modeling

Because masonry exhibits manifestly nonlinear behavior, an adequate material constitutive
model needs to be selected to achieve reliable simulations. Constitutive models, either
using a micro- or macro-modeling approach, require the input of several mechanical pro-
perties. The nature of masonry materials (being composed of units and mortar) allows
several different combinations of constituent materials and unit arrangements. This results
in some scatter of reference values available in the literature, even if the reasonable chan-
ges in the material properties will not affect the results to a large extent. This chapter
gathers available sources of information regarding the mechanical properties of masonry
structures.

Masonry Structures in General

As stated in chapter 3, masonry is a heterogeneous material, being composed of units and
mortar. The mechanical properties of masonry are greatly dependent on the physical and
mechanical properties of its components. Eurocode 6 (EC6 2005) establishes the following
relation to determine the compressive strength of masonry as a composite (eq. 9):

fc — Kf047f0.3 (9)

bc "mc

Here, Kis a constant that depends on the combination of unit and mortar (e.g., for
dimensioned stone units, K'is 0.45), f, . is the compressive strength of a masonry unit, and
fmc is the compressive strength of masonry mortar.

Some normative documents (e.g., NZSEE 2006) suggest reference values for the
mechanical properties of both mortar and brick, being defined in different classes according
to visual inspections and hand tests (table 5.1). The Italian Technical Building Norm (NTC
2008) prescribes a range of values for the mechanical properties of different types of
masonry (table 5.2). These values can be adjusted taking into consideration factors such

TABLE 5.1.
Strength parameters for mortar and brick according to NZSEE (2006).
Compressive Compressive Tensile Strength Young’s Poisson
Strength (mortar) Strength (brick) (brick) Modulus Ratio
f... (MPa) f,. (MPa) f,,(MPa) E (MPa) v
= Stiff 8.0 12000 0.11
5 Fim 4.0 9000 0.07
= Soft 1.0 7000 0.05
» Hard 20.0-30.0 2.0-3.0 18000 0.2
é Stiff 10.0-20.0 1.0-2.0 13000 0.2
@ Soft 1.0-5.0 0.1-0.5 4000 0.35
49
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TABLE 5.2.
Reference values of mechanical parameters (maximum and minimum) for different types of masonry (NTC 2008).
f, T E G P
(MPa) (MPa) (MPa) (MPa) kg/m3

Masonry Typology min-max min-max min-max min-max
ggl;l;l)e stone masonry (pebbles, erratic and irregular 1.0-18 0.020-0.032 690-1050 230-350 1900
Irr_egular stone masonry with external leaves of limited 20-3.0 0.035-0.051 1020-1440 340-480 2000
thickness and infill
Regular stone masonry with good bond 2.6-3.8 0.056-0.074 1500-1980 500-600 2100
Soft stone masonry (tuff, calcarenite, etc.) 1.4-2.4 0.028-0.042 900-1260 300-420 1600
Dressed rectangular stone masonry 6.0-8.0 0.090-0.120 2400-3200 780-940 2200
Solid brick masonry with lime mortar 2.4-4.0 0.060-0.092 1200-1800 400-600 1800
Perforated brick (< 40%) masonry with cement mortar 5.0-8.0 0.240-0.320 3600-5400 875-1400 1500
Perforated brick (< 45%) masonry 4.0-6.0 0.300-0.400 3600-5400 1080-1620 1200
Perforated brick (< 45%) masonry with unfilled 3.0-4.0 0.100-0.130 2700-3600 810-1080 1100
perpendicular joints
Concrete and lightweight concrete block masonry (voids: 15-2.0 0.095-0.125 1200-1600 300-400 1200
45%—65%)
Concrete block (< 45%) masonry 3.0-4.4 0.180-0.240 2400-3520 600-880 1400

f_= average compressive strength of masonry
T = average shear strength of masonry

E = average value of the Young’s modulus

G = average value of the shear modulus

p = average density

as the quality of the mortar, the thickness of the joints, the presence of regular masonry
courses, transverse elements (through stones, headers, or other elements), or an exces-
sively thick inner core. The American Standard (ASCE 41-06 2006) defines default lower
bound masonry properties according to the masonry condition (table 5.3).

Young’s modulus E'is usually associated with compressive strength f_ by E = af,, with
a wide range of variation in a, which, according to Tomazevic (1999), is from 200 to 1000.
In ASCE 41-06 (2006), the recommended relationship for existing masonry is E = 550f,
(Angelillo, Lourenco, and Milani 2014; Lumantarna, Biggs, and Ingham 2014), whereas in
EC6 (2005) the recommended relationship is £ = 10001,

A level of uncertainty is present in the relation between tensile and compressive
strength of masonry (Angelillo, Lourenco, and Milani 2014). The flexural strength of
masonry, as stated in Eurocode 6 (EC6 2005), ranges from f,, , = 0.05 to 0.20 MPa for a
plane failure parallel to bed joints and f,,, = 0.10 to 0.40 MPa for a plane failure

TABLE 5.3.
Default lower bound masonry properties (ASCE 41-06 2006).
Property Masonry Condition
Good Fair Poor
Compressive strength (MPa) 6.21 4.14 2.07
Young’s modulus 5507, 5507, 5507,
Flexural tensile strength (MPa) 0.14 0.07 0.00
Shear strength (MPa)
Masonry with a running bond lay-up 0.19 0.14 0.09
Fully grouted masonry with a lay-up other than running bond 0.19 0.14 0.09
Partially grouted or ungrouted masonry with a lay-up other than running bond 0.08 0.06 0.03
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TABLE 5.4.

perpendicular to bed joints, whereas in ASCE 41-06 (2006) the expected tensile strength
varies from 0.00 to 0.14 MPa.

As far as the softening behavior of masonry is considered, the tensile and compressive
fracture energy values, necessary for the presented constitutive models, can be derived
according to the tensile and compressive strength and each ductility index (see eq. 8,
chap. 4). For the compressive fracture energy, MC2010 (2010) suggests a value of d =
1.6 mm for compressive strength lower than 12 MPa. The recommendation (Lourenco
2009b) is to increase this value for lower-strength materials (typically more ductile):

d=2.8-0.1f, [mm] (10)

For the tensile fracture energy, no relation can be found between strength and fracture
energy and a value of 0.02 N/mm is recommended (Lourengo 2009a, 2009b).

Earthen Structures

In the specific case of historic earthen structures, the information available in the literature
is scarce. The mechanical properties of adobe masonry have a wide range of variation,
depending mostly on the soil characteristics and workmanship. The compressive strength
is mostly dependent on the properties of the adobe blocks and the thickness of mortar joints
(Paulay and Priestley 1992). Yet, the high level of heterogeneity and large scatter of adobe
masonry mechanical properties are evident even on a given site (table 5.4); thus, many
specimens are often needed for obtaining results of high statistical accuracy. Given also
the level of fragility and limited number of adobe specimens extracted from historic sites,
the task of performing advanced testing on adobe masonry is difficult.

Mechanical properties of adobe masonry obtained from the literature. (Carina Fonseca, University College London, 2013. Revised

TecMinho, 2018.)

Compressive Modulus of
Strength Shear Strength Elasticity Shear Modulus
Reference Country f_(MPa) f, (MPa) E (MPa) G (MPa)
Testing Results PUCP (tests Peru Ica: 0.46 Ica: 0.014-0.050 Ica: 98 -
performed on piers) Lima: 0.44 Lima: 0.010-0.043 Lima: 48-75
Testing Results PUCP (tests Peru Ica: 0.59 — — —
performed on units) Lima: 1.51
Kufio T.: 0.71
NTE E. 080 (2017)—Peruvian Peru 0.20 0.025 - -
building code (piers) (required minimum) (ultimate strength)
NTE E. 080 (2017)—Peruvian Peru 1.20
building code (units) (ultimate strength)
Vargas et al. (1986) Peru - 0.047-0.098 - -
(from different sources)
Ottazzi et al. (1989) Peru 1.64 0.070 181 -
Yamin et al. (2004) Colombia 1.22 0.314 117 30
Quagliarini, Lenci, and lorio Italy 1.00 0.140 33
(2010) 0.270
Tarque (2008) Peru 0.84 0.070 174 78
Liberatore et al. (2006) Italy - 0.021 -
Varum et al. (2006) Portugal 1.13 0.109 183 33
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The typical ancient masonry stones have a compressive strength ranging from 5 MPa
(for schist) up to 150 MPa (for granite), and the typical clay bricks in ancient masonry have
a compressive strength ranging from 5 to 20 MPa, whereas the adobe has only a compres-
sive strength ranging from 0.5 to 3 MPa. This applies to the masonry units and not the
masonry itself, which has a compressive strength lower than the unit strength. Table 5.4
shows some of the developed experimental work on the mechanical characterization of
historic earthen masonry material. As stated previously, the scatter in the obtained results
is evident, even if a value of compressive strength f_in the range of 0.5 MPa seems on the
safe side. Consideration of Young’s modulus E = 200f,, which is the minimum in Tomazevic
(1999) per the section “Masonry Structures in General” above, provides a value of 100 MPa.

For the tensile strength, the minimum value of Eurocode 6 (EC6 2005) can be adopted:
f,=0.05 MPa. Finally, for the tensile and compressive fracture energies, the values of
0.02 and 1.4 N/mm, respectively, can be used per the section “Masonry Structures in
General.” Table 5.5 provides a proposal for mechanical data to be used for earthen historic
masonry in the absence of more information.

TABLE 5.5.
Proposed values for historic adobe masonry structures.

Mechanical Property Proposed Value
E (Young’s modulus) 100 MPa
Poisson ratio 0.2

f. (compressive strength) 0.5 MPa

G, (fracture energy) 1.4 N/mm

f, (tensile strength) 0.05 MPa

G (fracture energy mode-/) 0.02 N/mm
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FIGURES 6.1A, 6.1B.

Views of the adobe models used
in the numerical analysis: (a) plan

view; (b) elevation (PUCP).

CHAPTER 6

Application Example: Adobe House

This chapter presents a numerical analysis of experimental tests performed by the Pontificia
Universidad Catélica del Pert (PUCP) on adobe models for the SismoAdobe conference
in 2005 and published in Blondet et al. (2006). The numerical models presented are based
on the experimental results from PUCP (also briefly presented here). This chapter focuses
on reproducing the experimental results through nonlinear pushover analyses to validate
the proposed constitutive model and modeling approach. Additional information can be
found in Pereira and Lourenco (2016).

General Description of the Models

The adobe models consisted of four walls 3.21 m long, of variable height, with a thickness
of 0.26 m. The longitudinal walls (parallel to the direction of shaking) included a central
window opening. The front transverse wall had a door opening, and the taller back wall did
not have any openings. P lan view and elevation of the models are shown in figures 6.1a
and 6.1b.

All models were built using traditional techniques, representative of seismically vulner-
able adobe construction in Peru. The adobe blocks were fabricated using soil, coarse sand,
and straw in proportions of 5:1:1. The blocks measured 65 x 250 x 250 mm?3 and were laid
with earth mortar made with soil, coarse sand, and straw in proportions of 3:1:1. Each
specimen was built over a reinforced concrete foundation ring beam, which also served to
anchor the specimen to the shaking table and as a support during transport from the con-
struction yard to the laboratory.
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FIGURES 6.2A, 6.2B.
(a) Results of table-motion test-
ing of adobe models for phases 1
and 2; (b) model instrumentation
(PUCP).

A wooden collar beam was placed on top of the specimens to integrate the walls and
transmit the roof weight to the longitudinal walls. The roof consisted of wooden joists cov-
ered with tiles. Each specimen weighed around 140 kN. Both windows had wooden lintels.
Masons with experience in building adobe houses were hired to produce the adobe blocks
and construct the specimens (Blondet et al. 2006).

Experimental Results for Calibration of Numerical Models

The displacement control signal introduced in the shaking table at PUCP was generated
from an acceleration record obtained during the 1970 Huaraz earthquake in Peru. Each
model was subjected to a sequence of table motions with increasing amplitude. The models
were subjected to three successive motions (test phases), defined by their peak command
displacements of D=30, D=80, and D=130 mm (fig. 6.2a). These motions represented
earthquakes of low, medium, and severe magnitude, respectively. The displacement trans-
ducers were removed before the third and final severe test phase to prevent damage due
to possible collapse of the models (Blondet et al. 2006). Therefore, recordings were made
of only the first two phases regarding the displacement transducers and accelerometers
(fig. 6.2b); however, a video and pictures taken after the third phase can be used to assess

]- - - phase 1 (D=30mm)
phase 2 (D=80mm)

Displacement (mm)

/é/\ Ao+Do+Fa
(mesa)

A10 A9

Lado Secretaria
SISMO

(b)
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Load factor

— Stage 1: Point D3 ¢

Load factor

2.0
Displacement (mm) Displacement (mm)

(a)

FIGURES 6.3A, 6.3B.
Force-displacement diagrams (at
top, center, front wall) for (a) phase
1; (b) phase 2. Note the difference
in scale from 1.5 to 75 mm dis-
placement (Pereira and Lourengo
2016).

(b)

the failure modes. The data used for the numerical analysis consisted of displacements,
accelerations, and force at the base during two of the tested phases (D=30 and D=80 mm).
The video and photography report was also used for comparison of damage and failure
modes.

With the relative displacement at different locations and the force at the base of the
model, it is possible to plot capacity diagrams for each phase of loading. Figure 6.3a shows
the force-displacement diagram (at top, center, front wall) for phase 1. As expected, for this
first phase the behavior of the building remains mostly elastic. Figure 6.3b shows the force-
displacement diagram (at top, center, front wall) for phase 2. At this stage, the building
presents extensive nonlinear behavior. Besides the displacements and forces during the
tested phases, a video of the final phase of testing was also supplied by PUCP. Figures
6.4a—d show the model at different stages during the final test phase. It is clear that the
main damage to this model is concentrated in the longitudinal walls with diagonal cracking
and in the transverse back wall with out-of-plane failure.

Numerical Analysis

Numerical models were built to replicate the obtained experimental results. The finite ele-
ment method (FEM) was chosen to perform the simulations using DIANA (DlIsplacement
method ANAlyser) 9.6 software.

Definition of the Finite Element Model

A macro-modeling approach was used, assuming adobe masonry as a composite homo-
geneous material. The FEM model used 3D solid elements, and the created finite element
mesh is composed of 36,787 isoparametric pyramid linear elements. The final finite element
mesh can be seen in figure 6.5. The wooden collar beam on top of the building was replaced
by wooden beams only on the longitudinal walls, the reason being that the interface between
the wood elements and the adobe transverse wall seems very weak, as observed from the
model in the previous phase (see figs. 6.4a—d). Besides these wooden beams, wooden
lintels were modeled on top of every opening. For the wooden elements, reference values
were used for the linear mechanical properties, assuming 10 GPa for Young’s modulus (E).
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FIGURES 6.4A-D.
Photos of adobe model during the
third and final test phase: (a) initial
damage; (b) diagonal cracking

on the longitudinal walls; (c) out-
of-plane failure of the back wall;
(d) model after testing was com-
plete (Photos from video: PUCP).

FIGURE 6.5.
Diagram of the final finite element
mesh (Pereira and Lourenco 2016).

The TSC (total strain-based crack) model was selected (TNO DIANA 2009). Parabolic
and exponential stress-strain relations were used to describe the tensile and compressive
behaviors, respectively. The equilibrium solution of the equations in each step of the non-
linear analysis is obtained using a regular Newton-Raphson iterative method, and a con-
vergence criterion based on internal energy with a tolerance of 103 has been used.

The calibrated mechanical properties obtained for this model are shown in table 6.1
and are similar to the values proposed for historic adobe masonry structures (see table
5.5, chap. 5). The obtained values are in excellent agreement with previous surveys devel-
oped by the University of Minho regarding historic adobe structures in Peru. Young’s modu-
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FIGURE 6.6.
Force-displacement diagram com-
paring numerical and experimental
results (Pereira and Lourenco
2016).

lus and the compressive mechanical properties are the same as those obtained in previous
experimental campaigns (Karanikoloudis, Lourengo, and Mendes 2015). The tensile
mechanical properties are slightly higher than those obtained previously (Karanikoloudis
and Lourencgo 2015; Karanikoloudis, Lourencgo, and Mendes 2015) and in table 5.5 but still
fall in the range of expected values for this material (ASCE 41-06 2006). This also seems
reasonable when comparing new buildings, such as the one constructed in the shaking
table, with existing historical buildings.

TABLE 6.1.
Calibrated mechanical properties for the PUCP adobe model (Pereira and Lourenco 2016).

Mechanical Property Calibrated Value

E (Young’s modulus) 270 MPa

f, (compressive strength) 0.45 MPa

G, (fracture energy) 1.25 N/mm

f, (tensile strength) 0.10 MPa

G (fracture energy mode-/) 0.08 N/mm

Nonlinear Static Analysis

A nonlinear pushover analysis was chosen to analyze the building under the experimental
conditions. First, the self-weight was applied. Subsequently, the model was subjected to a
mass proportional pushover analysis in the longitudinal direction.

The obtained results can be seen in terms of a force-displacement diagram (fig. 6.6)
and deformed shape (fig. 6.7). Here, the load factor is the relation between the lateral load
and the vertical load. It is clear that the numerical model is able to properly capture the
stiffness and the maximum capacity of the experimental model (see fig. 6.6). Besides
maximum capacity and stiffness, damage was analyzed. Figures 6.8a—e show the obtained
damage for the numerical model, which can be compared with the obtained damage for
the experimental adobe model (see figs. 6.4a—d). Both the numerical and experimental
models show concentrated damage on the longitudinal walls due to diagonal cracking and
on the transverse walls due to out-of-plane bending, with cracks developing vertically at
the edges and horizontally in the bottom of the transverse walls.

2.0
------ Experimental results: stage 2
Numerical results
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FIGURE 6.7.

Diagram showing deformed shape
for the numerical adobe model.
Red indicates maximum value of
displacement in the longitudinal
direction; blue indicates minimum
value (m) (Pereira and Lourenco
2016).

Damage patterns for the numerical
model: (a) 3D view; (b) front wall;
(c) longitudinal wall; (d) transverse

FIGURES 6.8A-E.

back wall. The legend in (e) shows
the scale of strain. Principal strains
are shown in red (maximum) and
blue (minimum) (Pereira and
Lourencgo 2016).
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Conclusions of the Comparison

This chapter used experimental tests on adobe models subjected to a shaking table test to
validate the proposed modeling approach, including the constitutive model and the static
pushover analysis method. It has been concluded that the numerical model is able to prop-
erly capture the stiffness, maximum capacity, and damage at collapse of the experimental
model, and is therefore appropriate for engineering applications.
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FIGURE 7.1.
Aerial view of the church of
Kufiotambo in Peru, taken from the
southeast. Photo: Wilfredo Carazas.

CHAPTER 7

Application Example: Kuhotambo, Peru

This chapter presents a summary of a numerical analysis on the structural performance
and seismic assessment of the church of Santiago Apostol de Kufiotambo, in Acomayo,
Cusco, Peru. This numerical work was based on inspections and surveys provided by the
Getty Conservation Institute and on in situ inspection and testing conducted by the
University of Minho in May 2015 (Greco et al. 2015). It is aimed at reproducing the existing
structural damage and assessing current safety status through nonlinear static analyses.
The following pages focus on the ability of using numerical modeling for the seismic assess-
ment of real adobe masonry structures. Additional information regarding the numerical
modeling and the obtained results, together with other case studies, can be found in
“Modeling of Prototype Buildings,” the second report in this series, part of the Seismic
Retrofitting Project (SRP).

General Description of the Building

The church of Kufiotambo is a religious structure of the seventeenth century, representative
of churches built in the Andes during the period of the Spanish viceroyalty (fig. 7.1). Built in
1681, it consists of a single nave leading to an elevated presbytery and altar, with an adjacent
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FIGURES 7.2A-D.

(a) Architectural plan view of the
church coro at +4.00, (b) archi-
tectural plan view of the church
at +2.50, (c) sectional drawing,
and (d) elevation of the church of

Kufiotambo (Cancino et al. 2012).

sacristy and baptistery. The walls and buttresses are of thick adobe masonry, with a single-
gable timber roof and clay tiles. The structure is built on a base course plinth of rubble stone
masonry with earth mortar, over a sloping natural rock, with varying layers of compacted clay.
The church is characterized by a relatively simple geometry involving two longitudinal
walls and two gable walls (facades) made of adobe resting over a rubble stone masonry
foundation (figs. 7.2 a—d); dimensions are given in figures 7.2a and 7.2b. Due to the poor
roof structural system, two different finite element models were prepared (one with and one
without the presence of timber tie beams in the transversal direction of the main nave).

Definition of the Finite Element Model

The finite element model was created using DIANA (DIsplacement method ANAlyser) so
ftware (TNO DIANA 2009). The created finite element mesh was produced by setting maxi-
mum size of the elements at 30 cm, with the exception of the east arched opening, where
there was a more refined mesh (with maximum element size at 15 cm). Several different
types of elements were used: (a) isoparametric pyramid linear elements for the masonry;
(b) two-node truss elements for the tie beams; and (c) two-node beam elements for the
anchor beams. The resulting mesh was composed of around 320,000 elements and around
69,000 nodes (fig. 7.3). Details of the shape of the mesh are shown in figures 7.4a and 7.4b,
namely those of the timber anchors and the openings. In the thickness of the structural
elements, seven elements are present in the lateral walls of the nave, while four and six
are present through the thicknesses in the west facade and east facade, respectively.

WE
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FIGURE 7.3.

Drawing of finite element mesh,

with base course founda-

tion in brown and ties in red

(Karanikoloudis and Lourenco

2015).
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Material Model and Mechanical Properties

The masonry was modeled following a macro-modeling approach using the total strain-
based crack (TSC) available in DIANA. Exponential behavior in tension and parabolic
behavior in compression were adopted.

The mechanical properties were determined from bibliographic resources and national
technical building standards (FEMA 306 1998; NTC 2008; EC6 2005). Also taken into
account were the results of experimental campaigns conducted for the SRP by the Pontificia
Universidad Catolica del Pert in 2011 and 2012 and the results of in situ sonic testing car-
ried out by the University of Minho in May 2015 (Greco et al. 2015). Different materials
were defined as part of the structural system of the model: (a) adobe masonry for the
system of walls, gable ends, and buttresses; (b) rubble stone masonry for the base course;
and (c) timber for tie beams, anchors, and lintels. Table 7.1 shows the mechanical proper-
ties adopted in the TSC model. Regarding the timber elements, there were two different
types of timber in the model; both were kept in the elastic regime (Karanikoloudis and

Lourencgo 2015).
TABLE 7.1.
Mechanical properties adopted in the model for the church of Kufiotambo (Karanikoloudis and
Lourenco 2015).
Mechanical Property Adobe Masonry Rubble Stone Masonry
o (density) [kg/m?] 1900 1900
E (Young’s modulus) [MPa] 100/ 270! 300/ 15701
f, (compressive strength) [MPa] 0.45 0.60
G, (fracture energy) [N/mm] 1.0 1.5
f, (tensile strength) [MPa] 0.05 0.06
G (fracture energy mode-/) [N/mm] 0.01 0.01

1 Range of values found in different sources of information.

Numerical Results and Observed Conclusions

Several pushover analyses (mass proportional) were performed to assess the seismic
behavior of the model of the church of Kufiotambo. Both orthogonal directions were studied
(longitudinal, X, and transversal, Y) in the positive load application (direction of the altar
and direction of the sacristy, respectively, for X and Y) and negative load application. These
analyses allowed the assessment of the maximum load capacity of the model for all load
application configurations. Figures 7.5a and 7.5b show the capacity curves of the model
considering different mechanical properties (Karanikoloudis and Lourenco 2015). On the
positive X axis, maximum capacity was 0.28 g, the failure mechanism being vertical separa-
tion cracks along the corners in the west part of the church. These cracks covered the entire
elevation and thickness, with horizontal hinge lines at the bottom of the base course foun-
dation, resulting in collapse of the west gable wall (fig. 7.6b). In the Y positive direction, the
failure mechanism consisted of the separation and out-of-plane overturning of the south
lateral wall. Large deformations were evident at the eaves of the south lateral wall (fig. 7.6c).
The structure’s lateral capacity reached 0.22 g with maximum outward displacements
recorded at the middle top of the south lateral wall. Cracking started to appear at the south-
east corner and continued in the southwest corner of the nave (fig. 7.6d).
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FIGURES 7.5A, 7.5B.
Examples of capacity curves
obtained in numerical analyses:
(a) capacity curve for X-direction
positive; (b) capacity curve for
Y-direction positive.

(b)

With the performed analyses, it was possible to assess the seismic behavior of the
church of Kufotambo in terms of maximum capacity to lateral loads and damage patterns.
The numerical model can reproduce the damage condition (current) of the structure rea-
sonably well. The present damage appears to be inflicted partly by earthquakes and settle-
ments, amplified by erosion, improper drainage, lack of use and maintenance, and
consequently abandonment. The system of existing timber ties along the span of the nave
and altar, at eave level, and in between timber wall plates is discontinuous and the confine-
ment rather poor, given the connections present. In the east facade, damage consists of
vertical cracks at the corners and along the entire thickness and elevation. The south wall
exhibits outward displacements, small cracks, and loss of material in exterior areas. The
baptistery exhibits several vertical cracks located in the sidewalls and at the northeast
corner.

The dispersion of material properties from literature, laboratory testing, and in situ sonic
testing was accounted for by assigning lower and upper bound values. According to the
pushover nonlinear analyses, under a mass proportional lateral load, strengthening is
needed since the overall capacity does not reach the required peak ground acceleration
(0.25 g). Additional models with proposed strengthening techniques were developed and
analyzed, and, as indicated above, the full findings can be found in the report “Modeling of
Prototype Buildings.”
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FIGURES 7.6A-D.
Examples of damage plots
obtained in numerical analyses (in
terms of crack patterns): (a) crack
pattern for positive X axis, west
wall; (b) crack pattern for positive
Y axis, west wall; (c) crack pattern
for positive Y axis, south wall;

(d) crack pattern for positive Y axis,
southwest corner (Karanikoloudis
and Lourenco 2015).
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CHAPTER 8

Conclusions

This publication is part of a series within the Getty Conservation Institute’s Seismic
Retrofitting Project (SRP). It is intended to help engineering professionals who deal with
assessment of historic earthen structures using advanced numerical modeling
techniques.

Different structural analysis methods have been presented, both linear and nonlinear
as well as static and dynamic. From the methods in this report, the nonlinear static analysis
method, also termed pushover analysis, is highlighted. Although nonlinear time history
analysis is taken as most representative in case of seismic assessment of structures, such
time integration approaches are time consuming and unreasonable in engineering practice,
being used only for a handful of high-impact structures and academic research. Pushover
analysis seems to be, from the available methods, the most efficient type of analysis for
advanced seismic assessment.

With the technological advancements made over the last few years, the computational
capabilities and graphic environments in finite element method (FEM) allow the user to
easily build up models with good representativeness of the real structures. Simplifications
are required when building FEM models of complex structures in historic earthen sites.
Different possibilities are available in terms of type of elements, type of integration, and so
forth, which still require adequate knowledge on the part of the engineer. Some simple
steps, such as linear elastic analysis and eigenvalue analysis, help ensure the model is
properly replicated, dramatically increasing confidence in the later obtained results.

There are several modeling techniques to represent masonry materials. Because the
objective of this report is to provide advice on the modeling of historic structures, only macro
modeling was approached, as the alternatives are less reasonable for real-size structures
and engineering applications. Two different commercial software tools were presented,
including the available constitutive models able to reproduce the mechanical behavior of
masonry. From the comparison of the commercial codes, it was observed that the results
are similar, further demonstrating the reliability of these advanced numerical tools.

The mechanical properties of adobe masonry have a wide range of variation, depend-
ing mostly on soil characteristics and workmanship. Although there are some normative
documents with reference values for mechanical properties of masonry, in most cases
historic masonry and earthen masonry are less prescribed. Still, from the available informa-
tion in the literature, it is possible to provide sound estimates of the mechanical properties
to be adopted. Reasonable variations of these properties should provide limited changes
in the structural response.

Application examples focused on showing the capability of reproducing the mechanical
behavior of earthen structures in both laboratory environments and real structures. It was
shown that nonlinear static analysis (pushover analysis) using the proposed constitutive
models was able to reproduce the experimental results obtained in the laboratory using a
shaking table. In the case of the church of Santiago Apéstol de Kufiotambo in Peru, it was
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possible to reproduce in reasonable agreement the damage observed in the current condi-
tion of the structure.

The final outcome of this publication is to guide professionals in performing the complex
task of using FEM for historic earthen structures. The different options and variables to
consider have been highlighted, and the participants in the SRP, along with their partners,
hope that this report will forward the analysis, understanding, and retrofitting of earthen
historic buildings. The next two publications of the modeling phase of the SRP aim to pro-
vide specific examples of how the modeling was performed for all prototype buildings and
to ensure that simple calculations, based on the research developed as part of the SRP
modeling phase, can help to design retrofitting techniques for historic earthen buildings.
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