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Abstract: The structural assessment of masonry construction often requires the use of
nonlinear 2D and 3D finite element analysis. This work describes a strategy for using
energy outputs from such analyses to accurately assess failure conditions precipitated by
increasing lateral load. The methodology relies on the analogy between plastic strains and
fracture that is inherent to the concrete damaged plasticity (CDP) macro-model used to
represent the quasi-brittle behavior of masonry material. At critical conditions, energy
imparted to a structure by loading can no longer be completely stored as elastic strain energy
and must be dissipated. This occurs with fractures in masonry, which are represented with
plastic strains when using CDP material. The development of plastic dissipation energy can
therefore be used as a measure for understanding the progressive collapse of a structure, as
we illustrate with the following three case studies analyzed using Abaqus/CAE Explicit:
the massive earthen pyramid at Huaca de la Luna (Trujillo, Peru), the Roman pozzolanic
concrete vault of Diocletian’s Frigidarium (Rome, Italy), and the mixed-material triumphal
arch of the San Pedro Apéstol Church of Andahuaylillas (Peru). The method is verified by
other measures of failure and has particular applicability for seismic analysis of complex
masonry and earthen structures.

Keywords: failure of masonry structures; nonlinear finite element analysis; concrete
damaged plasticity; monumental masonry structures; heritage constructions; energy-based
failure criteria; explicit dynamic analysis

1. Introduction and Objectives

Historic monuments have often survived years of renovation, repurposing, additions,
and subtractions, to say nothing of the irregularities in material and form that many of these
monuments were originally built with. For heritage buildings, non-standard is the standard.
Code-based analyses of structural integrity have been implemented and even specialized
for the assessment of historic monuments [1,2]. However, as these and other authors note,
there are instances when common practices are not ideal. To assess such unique structures
and to recommend appropriate interventions for their preservation requires analytical
creativity. This work summarizes a strategy that utilizes energy outputs from explicit
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nonlinear finite element (FE) models to assess the time evolution of failure in a way that is
compatible with modeling the mechanical peculiarities of heritage structures.

Unique circumstances may arise due to the scale and complexity of a monument.
Analyses that track nodal displacements require a representative node. For relatively simple
small structures, there may be an obvious choice, e.g., the apex of a gabled roof or cupola
at the top of a dome [3,4]. However, such a choice becomes more difficult (or multiple
curves are required, see [4]) when the structure includes, perhaps, multiple gabled roofs,
or is sufficiently large that the failure of one gable or dome is not indicative of the failure
condition of the rest of the structure. Additionally, tracking failure by monitoring variations
in the supporting reactions may become challenging or even numerically unfeasible for
a large or irregular massive structure. Non-standardized materials produce additional
challenges. The extremely nonlinear behavior of brittle materials produces complex models
that require careful analysis. To efficiently model masonry bricks and blocks, macro-models
that reduce the material and its morphology to a continuum can be adopted [5-9].

We highlight the following three critical open issues related to loading, limit states, and
numerical convergence for seismic analyses of built heritage structures that are addressed
in the present work:

1.  In the context of the so-called “displacement-based design”, predicting the displace-
ment that a structure can reach at limit state conditions is fundamental. The substantial
inability of finite element models conceived in the static field to accurately predict
the ultimate displacements for historical buildings is well documented in the litera-
ture [10-13]. The Italian guidelines for cultural heritage (probably the most advanced
for numerical analysis of monumental structures), address this limitation by sug-
gesting nonlinear static analyses—in the absence of a clear drop in the load-bearing
capacity and for materials unable to withstand tensile stresses—up to “relevant dis-
placements” of the pushover curve (§ 5.2.4 [14]). Thus, a quantitative measure of
failure is missing.

2. Nonlinear static analyses often exhibit a lack of convergence for applied loads far
from the collapse limit state and /or premature halting. These issues can be solved by
using dynamic analyses in which the equations of motion are solved at each load step
by means of well-known integration schemes that do not require sub-iterations based
on return mapping procedures. This easily justifies the potentially high cost of using
the explicit formulation adopted here instead of a standard formulation.

3. Relative distributions of inertial forces acting on a structure are often based on modal
superposition and are imposed a priori. For a nonlinear static analysis, the hypoth-
esis of a linear elastic material for masonry is used for these calculations, but it is
unrealistic, especially when masonry is subjected to progressively increasing horizon-
tal accelerations. Such an assumption, already questionable at the beginning of the
analyses for monumental historic masonry buildings (which are often damaged by
previous seismic events and may exhibit pre-existing states of cracking that occurred
over a long period of time, for example induced by foundation settlements) would
require adaptive procedures, as for instance adaptive pushover analyses, which are
typically carried out in a static fashion. Indeed, with the progressive application
of the horizontal loads, crack spreads and damage patterns tend to evolve, with
the progressive shift of the period of the structure towards the right portion of the
spectrum. The presence of evolving crack patterns changes the natural frequencies
and the corresponding participating mass, and potentially invalidates the originally
determined force distributions.

In the present work, we address these issues by proposing a methodology that is
compatible with dynamic loading and explicit analysis, which removes the need to calculate
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modal participation factors for pushover loads altogether. The methodology relies on the
analogy between plastic strains and fracture that is inherent to the concrete damaged
plasticity (CDP) macro-model that is commonly used to represent the quasi-brittle behavior
of heritage structures” masonry material [5-9,15-23]. At critical conditions, energy imparted
to a structure by loading can no longer be completely stored as elastic strain energy and
must be dissipated. This occurs with fractures in masonry, which are represented with
plastic strains when using CDP material. The concepts are initially illustrated with the
static pushover analysis of a 3D wall, followed by a dynamic 2D in-plane analysis of a
panel loaded by acceleration applied at the base, and finally three different walls loaded
with applied displacement. The examples are used to explain the assessment steps and for
comparisons with other measures of stability.

The second half of this paper demonstrates the utility of the methodology when
applied to case studies of varying complexity, with each case illustrating issues of irreg-
ularity in archaeological and historical architecture discussed above. The first case study
is an analysis of Huaca de la Luna’s main pyramid, a monument of massive scale and
extremely brittle adobe material, which was constructed and reconstructed over a period of
six centuries with an unintuitive system of adobe brick piers [24]; second, the Frigidarium
of Diocletian, a gigantic Imperial Roman concrete vaulted structure [25]; and third, the
triumphal arch of the Church of San Pedro Apéstal in Andahuaylillas, an Andean Spanish
church of mixed adobe, stone, and brick material [26]. Through these analyses, we show
that the benefits of this methodology are that (a) the evolution of collapse can be monitored
from initiation to total failure and (b) the method is well suited to modeling failure under
seismic action as the result of inertial forces excited by acceleration applied to the base of
the structure.

2. Materials and Methods

In nonlinear FE models characterized by CDP formulation, the interpretation of
energy results to determine structural failure offers a rational and verifiable strategy both
to numerically determine lateral capacity and to evaluate the enucleation of local damage
to structural failure. The underlying postulate is that the structural failure of masonry
constructions modeled as a continuum can be defined as a transition from stable to unstable
equilibrium via fracture into disconnected parts. This leads to a sudden variation in support
reactions. In a nonlinear dynamic FE formulation, this transition can also be detected from
the time evolution of elastic strain energy (SE), plastic dissipation energy (PD) due to
fracture propagation, and kinetic energy (KE) arising from disconnected parts moving
away from each other.

The concrete damaged plasticity (CDP) formulation for material is an isotropic contin-
uum material model [27-29]. It assumes a homogenous layout of masonry components
and allows separate definition of tensile and compressive behavior. The formulation uses
plasticity to represent fractures, and we highlight the analogy between plastic strains and
fracture given by Lubliner et al. as “plastic strain may be identified with any and all
inelastic strain, including cracking strain” [28]. The direct analogy between plastic strains
and fracture means that the growth of plastic strains implies propagation of fractures.
Therefore, plastic dissipation energy (PD), which describes energy dissipated through
plastic deformation, can serve as a proxy measure for fracture growth. Sharp asymptotic
behavior occurs after a structure can no longer dissipate enough energy from loading
via small or slow-propagating cracks, and the structure loses equilibrium and separates
into parts. Thus, in the limit state, for disconnected parts to move independently, plastic
strains—and with them plastic dissipation energy—must grow asymptotically.
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Under static loading conditions, failure detected from the asymptotic growth of PD
is also reflected in the growth of kinetic energy (KE). When the structure separates into
parts at failure, each of the disconnected elements move with increasing velocity under
the applied loads, and KE, defined by the velocity of a mass in motion, must increase.
Although negligible during the phase of stability of the simulation, KE begins to manifest
itself as portions begin to accelerate independently of the whole. Ultimately, KE grows
asymptotically, inevitably intersecting the elastic strain energy (SE) curve.

Structural failure also affects the evolution of elastic strain energy, since elastic strains
will actually decrease during fracture growth. Thus, when approaching failure conditions,
SE will sharply decrease in the presence of total failure or continue to grow at a lower rate
for a failure involving only a portion of the structure. Under the stated conditions, SE will
never exhibit the same asymptotic behavior as either PD or KE; thus, the two curves can be
expected to intersect in close proximity to failure. This intersection point can be taken as a
logical point of measure for failure.

This methodology for determining lateral capacity, and the measures used for its
validation, are discussed below in the analysis of simple masonry walls under (1) static
pushover loading, (2) dynamic loading via ground acceleration, and (3) static displacement
loading. The first two cases are analyzed in Abaqus/CAE Explicit, while the third is formu-
lated in Abaqus/CAE Standard for purposes of comparison with original published results.
All masonry examples and case studies are represented by CDP material, a necessary
prerequisite to using the presented methodology.

2.1. Validation with a 3D Static Pushover Test

Pushover analysis is a well-established approach for assessing the lateral capacity
of a structure subjected to a monotonically increasing lateral load pattern [30,31]. Loads
can be implemented as a lateral displacement or force distribution acting on one side
of the structure or by directly applying horizontal acceleration to the entire mass. We
illustrate the applicability of our methodology to the pushover analysis by considering
an unreinforced adobe wall with dimensions 10 m x 2 m x 0.5 m, subjected to a uniform
horizontal acceleration field normal to the plane of the wall. Figure 1a shows the half
model, where a vertical symmetry plane is used to reduce the cost of the analysis. The mesh
is illustrated in Figure 1a and described in Table 1. The extremely brittle adobe material
of the structure is modeled with CDP material, which has the input parameters given in
Table 2 and Figure 2. The wall is free standing and fully constrained at the bottom to a
rigid surface.

Table 1. Mesh characteristics for the 3D wall model.

Element Type Element Size [m] Number of Elements
Quadratic tetrahedral (C3D10M) 0.1 31,351

Table 2. CDP Material behavior parameters used for adobe material.

Density and Elastic Behavior

Mass Density [kg/m®] Young’s Modulus [MPa] Poisson’s Ratio
1735 123 0.2
Plasticity Parameters
Dilation Angle Eccentricity Fb0/fc0 K Viscosity
Parameter

18 0.1 1.16 0.67 5% 10~%
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Figure 1. Pushover analysis of (a) a 3D wall shown with its finite element mesh, fractures shown
in black, and speckled foundation with (b) accompanying energy outputs, (c) reaction forces, and
(d) pushover curve.

The analysis is performed in Abaqus/CAE Explicit in the following two steps: full
gravitational loading is applied first, followed by a uniform monotonically increasing
lateral acceleration acting over the entire mass of the wall in the +Z direction. Quasi-
static conditions are enforced by adopting long time intervals for the application of both
gravitation and lateral accelerations as follows: 5 s for gravitation to increase linearly from
0to1 g, followed by 10 s of lateral acceleration increasing linearly from 0 to 0.8 g.

As shown in Figure 1b, the structural response of the wall is accurately represented by
the time evolution of elastic strain energy (SE), kinetic energy (KE), and plastic dissipation
energy (PD). During gravitational loading, the response remains purely static. No signifi-
cant KE is developed during gravitation loading, such that SE is the only energy present at
total gravitational load. Thereafter, the response continues to be static under increasing
lateral acceleration until the structural integrity is compromised and the wall collapses.
The development of fracture damage at the base of the wall corresponds to the growth of
PD after 7 s. The subsequent appearance of KE marks the beginning of the separation of
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the wall from its base. This is closely followed by structural collapse, characterized by the
sudden transition from a quasi-static to a fully dynamic state as indicated by the asymptotic
growth of KE. The energy released, PD, follows an identical asymptotic growth pattern,
while SE immediately decreases, having reached a peak at collapse. Viscous dissipation
energy (VD) produced by the artificial viscosity parameter used in Abaqus/CAE Explicit
to dampen possible oscillatory behavior remains negligible until failure.
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Figure 2. Compressive behavior (a) and tensile behavior (b) for adobe are derived from ma-
terial tests first published in [32]; the tensile behavior is taken as one-tenth of the maximum
compressive strength.

Figure 1c shows the concomitant time evolution of the horizontal and vertical reactions
normalized by the weight of the wall and expressed as fractions of g. In the first five
seconds, only the gravitational load is applied and, thus, only a vertical reaction develops.
Thereafter, as a result of the lateral acceleration applied to the mass, an equilibrating
horizontal reaction (base shear) develops at the constrained boundary. While the vertical
reactions hold constant, the base shear increases monotonically versus time. At structural
failure, both reactions show a sudden decrease, indicating that the structure has lost the
capability of resisting the lateral load and, in this case, the mass of the wall has nearly
separated from its base. As expected, failure occurs by outward rotation about the base
of the wall. The fracture pattern at failure—represented in the CDP formulation as plastic
strains—is denoted by black zones that appear at the base of the wall in Figure 1a.

Examination of the energy and reaction plots in Figure 1b,c suggests complementary
ways to associate a specific time interval to failure. KE begins to develop at 7.5 s, reaches
10% of SE at 8 s, and finally becomes asymptotic at 8.2 s. The PD curve, which can be
taken to represent the work necessary to propagate the fractures at the base of the wall,
begins to appear at 7.5 s and crosses the SE curve at 8.2 s. Thus, based purely on energy
considerations, total failure (structural collapse) can be reasonably defined to happen
between t = 7.5 s (when the structural response cannot anymore be regarded as static) and
t = 8.2 s (when PD intersects SE).

Finally, the capacity curve of the wall under lateral acceleration (Figure 1d) can be used
to illustrate the close relationship in structural capacity identified from the energy-based
approach and from taking the maximum of the capacity curve, commonly used as a point
of comparison [18,33-39]. In the present case, the curve is constructed by plotting the
normalized base shear against the horizontal displacement of point P in Figure la. By
convention, the lateral capacity is determined by the maximum base shear, in this case
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0.233 g, whereas the KE 10% criterion and the PD/SE intersection give a lateral capacity of
0.230 g and 0.227 g, respectively. Of relevance, the energy-based approaches predict more
conservative values, which remain within 3% of the value-defined maximum shear.

2.2. Validation with a Dynamic Ground Acceleration Test

Using a simple 5 m x 5 m plane stress adobe wall (Figure 3), we now illustrate the
application of the methodology to a model undergoing applied ground acceleration. In
Figure 3a, the basic model and its regular mesh are presented. Table 3 lists relevant mesh
properties, and Table 2 and Figure 2 list the CDP parameters used to define the material.
After being subjected to gravitational loading for 4 s, linearly increasing acceleration is
applied to the base of the model from 0 to 0.8 g over 6 s of simulation time. Figure 3b shows
the development of fractures via plastic strain visualizations at the time steps just before,
during, and just after the identified failure, defined by the energy results in Figure 3c and
reaction forces in Figure 3d. Note that Figure 3c,d independently identify 0.69 g as the
lateral capacity.
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Figure 3. Analysis loaded with ground acceleration: (a) a wall with the shown mesh and applied accel-
eration at the base, (b) the resulting damage pattern, shown with fractures in black, (c) energy outputs
as applied acceleration increases, and (d) equilibrating reactions as applied acceleration increases.

Table 3. Mesh characteristics for the plane stress example.

Element Type Element Size [m] Number of Elements

Quadratic triangles

(CPS6M) 0.42 288

In Figure 3¢, energy curves from the model slowly increase before intersecting at
0.69 g applied base acceleration. During the course of loading, SE increases. For much of
this time, PD remains low, and the structure can accommodate the load with little to no
fracture. However, the increasing base acceleration and the opposing inertial force of the
wall produce a tensile stress concentration at the lower right side, where a crack begins
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to propagate (Figure 3b). As it propagates, the contact surface at the base of the model
is reduced and compressive loads at the lower left corner exceed their elastic range. The
initiation of a diagonal shear plane weakens the model’s integrity further.

The initiation and development of the separation, crushing, and shearing zones within
the monument dissipate energy from loading via fracture, which manifests as PD in the
CDP material model. As fracture zones develop, the level of PD visibly increases, as seen
in Figure 3c. In larger models, the changing rate of increase of PD is particularly valuable
and it can be correlated with plastic strain visualizations to identify partial failures (see
Section 3.1). We note that fractures in weakened zones of the model propagate rapidly as
increasing acceleration is applied, together producing asymptotic growth of PD and the
failure identified at 0.69 g.

This failure is verified in Figure 3d, where linearly increasing base acceleration pro-
duces linearly increasing shear force until 0.69 g, at which point the reaction suddenly
drops off. The vertical reaction remains constant until then, at which point it too drops.
As discussed above, the separation of the model along the shear plane visible in Figure 3b
produces an unstable condition in which the reactions at the base can no longer equili-
brate all portions of the model. This marks the transition from stable equilibrium to a
failure condition.

For this model, KE cannot be used to evaluate failure due to the load application at the
base. Unlike the pushover analysis, the applied base acceleration load induces failure that is
the result of the structure’s inertial and thus dynamic response, which is non-uniform. The
relative kinetic energy immediately starts to rise with the application of acceleration, and
continues to do so, since the magnitude linearly increases over the course of the simulation.
KE reaches a point of asymptotic growth that is related to the increasing applied load before
failure is reached, and so is not useful for this load case.

2.3. Validation with an Axial Loading and Shear Displacement Test

The methodology presented here identifies critical applied loads that correlate with
measures of critical load presented elsewhere. For this example of a shear displacement test,
we recreate three simple panels that are originally described in detail for the purposes of a
material calibration study [33]. Our use of these models is entirely based on the detailed
description of geometry and material that gives us the ability to recreate the simple models
and related capacity curves. By following the given example, we verify that our numerical
results for applied displacement versus shear reaction match the published results. Then,
we correlate the maximum capacity defined by applied displacement versus shear reaction
curves, in blue, with that defined by the energy method, in black (Figure 4).

We closely follow the descriptions of geometry, material, mesh, and loading given
in [33], repeating the most fundamental information here for clarity. The analyses consider
three configurations defined with the following geometries (B x H x t):

A square panel, 2.5 m x 2.5 m x 0.5 m;

A slender panel, 1.25m x 2.5m x 0.5 m;

A thick panel, 5m x 2.5m x 0.5 m.

The geometries are discretized into 4-node linear tetrahedral elements of approxi-
mately 0.25 m size, and their material is an isotropic plastic-damaging 3D continuum with
numerical inputs for the definition of masonry given in ([33], Table 5). We summarize the
mesh and material properties for clarity in Table 4 and Table 5, respectively.

Table 4. Mesh characteristics for the shear displacement example.

Element Type Element Size Number of Elements

Linear tetrahedron 0.25m 13,107
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Table 5. Material behavior parameters used for the shear displacement example.
Density and Elastic Behavior
Mass Density [kg/m®]  Young’s Modulus [MPa] Poisson’s Ratio
2100 1392 0.2
Compressive Behavior
Stress [MPa] Inelastic Strain Damage Parameter
2.67 0
2.67 0.003 0
0.8 0.01 0.9
Tensile Behavior
Stress [MPa] Cracking Strain Damage Parameter
0.054 0
0.007 0.0015 0.9
Plasticity Parameters
Dilation Angle Eccentricity Fb0/fc0 K Viscosity
Parameter
10 0.1 1.16 0.667 0
(a) Step1l (b) Step 2 (e) Squared panel (configuration 1)
Axialloading, 75% Shearloading, 25 mm
400 8
Y v b4
ESBaXXOT] s 350 — 7
i Bt £ 300 )|
K § 250 A | 532
PR BIRXOOED 8 200 / 4%
ESAVAVAVAVAVAVATAUS | L CU ’ @
Fully fixed Fully fixed = 150 / 3 E
£ 100 s 2
() [ — : 2 L
Capacity curve 50 L 1
— Strain energy 0 e? 0
----- Plastic dissipation energy 0 25 5 75
Applied Displacement (mm)
(d) Slender panel (configuration 2) (f) Thick panel (configuration 6)

45 = 4.5 1600 20
40 \,\ 4 __ 1400 — 175
g35 ! 3.5 £ 1200 Y
= 30 i 3 = z ’ =
§ o ! 5 2 § 1000 S| 1252
® & 8 800 J/ 10 &
2 20 ! 2 5 @ J/ o
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5 ,/ 05 200 —* 25
0 2? 0 0 21 0
0 2.5 5 0 2.5 5 7.5

Applied Displacement (mm)

Applied Displacement (mm)

Figure 4. Three simple panel models are recreated following [33] to compare maximum capacity
defined by capacity curves and defined by the proposed methodology. An example of (a) loading
step 1, with blue arrows showing the direction of axial load, and (b) loading step 2, with red arrows
showing the direction of shear load is provided; (c) offers a legend that applies for the energy and
capacity curve results of the three models evaluated, with results for each geometry given in (d-f).
Red dots note the failure point as determined by the maximum of the capacity curve and by the

energy curve intersection; the dotted vertical line shows the relationship of the energy curves with

the capacity curve.
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This model is analyzed with a fully constrained boundary condition at the base and
loading is performed in two steps. We illustrate the given loading conditions in Figure 4a,b.
The first step, axial loading, is a pressure defined as 75% of the given compressive strength
of the material; the second step maintains axial pressure and applies a linearly increasing
displacement of 25 mm along the top of the panel.

The capacity curves presented in Figure 4d—f are obtained from our static analysis,
performed in Abaqus/CAE 2022. These capacity curve results match the published data for
models undergoing a 75% axial load ratio (see [33], Figures 11, 12 and 18, and the maximum
shear of each capacity curve is shown to fall on the flexural and shear failure curves defined
in [33], Figure 11).

Furthermore, the critical shear loads obtained from the capacity curves correspond
within 5% to the critical shear load obtained from the intersection of SE and PD curves
(Figure 4d—f). A thin black dotted line links the energy intersection point with the shear
reaction at that instant, noted with a red dot. The absolute maximum of the blue capacity
curve is also noted with a red dot. Notably, the critical shear load defined by the energy
outputs is slightly more conservative than the capacity curve maximum, for all three
configurations.

3. Application Cases
3.1. Huaca de la Luna, Trujillo, Perii

The interpretation of energy outputs is adaptable to unique structural and foundational
conditions and offers a tracking mechanism to understand failure from crack-onset to
collapse. The main pyramid of Huaca de la Luna, a major Moche cultural monument built
and expanded from 100-650 C.E., illustrates these aspects of the method’s utility [24,40-42].
The pyramid started as a platform and was significantly expanded over generations. In its
extant condition, it reaches approximately 28 m in height—approximately the limit of its
adobe material’s compressive strength—and has an area of approximately 44,000 square
meters. Sloping bedrock from nearby Cerro Blanco (Figure 5a, background) and soft soil
(foreground) make up an irregular foundation. Damage has resulted from anthropogenic
activity on the north and west facades and natural erosion throughout, and the northwest
corner and potentially northern facade show signs of structural problems (Figure 5b,c).

Figure 5. Huaca de la Luna complex as (a) 3D reconstruction, (b) laser scan of damage, and (c) photo-
graph of damage [32].

The main pyramid’s massive scale, uncommon foundation, and brittle material (de-
fined in detail in [40]) is accommodated by nonlinear FE simulations using Abaqus/CAE
Explicit. An initial sensitivity analysis of various geometrical and material behavior param-
eters was undertaken, given the complexity of the monument, and the parameters used for
the examples provided here are described in Table 6, Figures 6 and 7.
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Table 6. CDP material behavior parameters used for Huaca de la Luna’s main pyramid.
Density and Elastic Behavior
Mass De’é‘s“y Young’s Modulus [MPa] Poisson’s Ratio
[kkg/m®]
1735 123 0.2
Plasticity Parameters
Dilation Angle Eccentricity Fb0/fc0 Viscosity
Parameter
1 0.1 116 0.67 1x10°8
EAST ARCHITECTURE PYRAMID
3997 8283
47.83 35.00 1348

18.16

—_
[\
~

0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
0.05

Compressive Stress (MPa)

BEDROCK

100.00

SOFT SOIL

Figure 6. The baseline cross-sectional geometry of the main pyramid of the Huaca de la Luna complex,

along with its hypothetical location, was used for a sensitivity study that also investigated variations
of this geometry [43].
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Figure 7. Compressive behavior (a) and tensile behavior (b) are derived from material tests first
published in [32]; a conservative estimate of tensile behavior is taken as one-third of the maximum

compressive strength.

From the energy results of one of these 2D simulations (Figure 8), we can evaluate

how linearly increasing ground acceleration produces fractures that lead to failure. The
definition of the mesh for this model is given in Table 7. By the end of gravitational loading
at 5 s of analytical time (Figure 8a), parts of the model have exceeded the elastic range,

producing limited zones of plastic strains. As ground acceleration is increased, plastic
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strains increase at an increasing rate (points b and c) until their asymptotic growth signals
a collapse (point ¢ to d, and beyond). The plastic strain maps for the labeled points of the
energy plot show that the significant rapid growth of fractures corresponds to damage at
the west facade. This is consistent with the extant condition.

(a) Static gravity load (b) Lateral load: 0.05g

"\

.1|1“"

IS ‘ )1

(d) Lateral load: 0.147g

200 Sl
& (c) Lateral load:0.115g
o |y A R e NN
0 2.ommam” [ o2 ot e | ____ Jprereer—— i
0 0.05 0.1 0.15 0.2 P R— P R—
Base Accel. (g) :
Figure 8. Evolution of elastic and plastic dissipation energies under gravitation (a) and lateral
acceleration loads up to collapse (b—d). Arrows denote an eastward acceleration applied to the base.
Table 7. Mesh characteristics for the 2D Huaca de la Luna example.
Element Type Element Size Number of Elements
Quadratic plane strain
triangle (CPE6M) 0.75m 8175
By extruding the 2D model, we obtain a simplified 3D model (mesh described in
Table 8). First, we test eastward acceleration, utilizing a symmetry plane to reduce the cost
of the analysis (Figure 9). The energy plot considers total damage to the monument under
lateral acceleration, showing a lateral capacity of approximately 0.07 g (Figure 9b). From
the capacity curves in Figure 9c, we identify the maximum elastic deformation along the
west facade occurring at approximately 0.05 g; deformations beyond the plastic regime
increase by as much as factor of 10 at the point of failure defined by the energy curves.
Together with the overall development of energy and the plastic strain visualization, we
identify an evolution of failure that involves a sliding collapse of the entire west facade,
with displacements at both noted points largely matching as base acceleration increases.
(a) o A NW corner (b) 0078 (C) 24mm 10x 240 mm
< N
\.\. A S}Immetry 30 . 0.1 .
ane — / o0
~ ,\p S 25 / 2008
" = / .
= 20 / <
= e f—— 0 0.06
& / < 0.04
g 10 =
S s 3 0.02
PE, Max. Principal 0 E==== [as] 0
(Avg: 75%)
+3.416e-01 0 0.05 0.1 0 100 200 300
+4.150e-03 Base Accel. (g) Displacement (mm)
+2.451e-02
17558603 \ SE =mmmmm- PD —U1-NWcomer
29.762e-04 0.07g —— U1 - symmetry plane
Failure Instant

Figure 9. Simplified 3D model under W-E ground acceleration (N-S symmetry applied at the
boundary) produces (a) fracture patterns shown with plastic strains, (b) energy outputs, and

(c) capacity curves.
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(a)

Table 8. Mesh characteristics for the 3D Huaca de la Luna example (refers to whole model, not the
model simplified with a symmetry plane).

Element Type Element Size Number of Elements

Linear brick element

(C3DSR) 1m 233,604

The entire symmetrical model is then tested under southward acceleration (Figure 10).
Under this condition, the majority of damage appears at the northwest corner (Figure 10a),
where damage is presently best observed at the site (Figure 5¢). The collapse culminates at
approximately 0.11 g (Figure 10b). Under increasing base acceleration, damage extends
eastward along the north facade. This concentration of damage to the northwest corner
is illustrated by the plots showing deformation measured at the northwest corner and at
the center of the west facade (Figure 10c). At the midpoint of the west fagade, measured
displacements are still well within the elastic range at the maximum load defined for the
structure from energy outputs. In contrast, the northwest corner exceeds the elastic regime
with deformations more than 10 times greater than the maximum elastic deformation. The
greatest vulnerability defined by this analysis is associated with the sliding failure of a
portion of the north facade and northwest corner, with the sliding plane visible in the inset
of Figure 10a.

(b) 0.11g
50 ,
40
30 7

20 SE il
10 | Lo PD

0

P od
..................

Energy (MJ)

0 002 004 0.06 008 0.1 0.12 0.14
Base Accel. (g)

PE, Max. Principal
(Avg: 75%)

+7.871e-01
+5.000e-02
+4.167e-02
+3.333e-02
+2.500e-02
+1.667e-02
+8.333e-03
+0.000e+00

()  65mm 10x 650 mm
< >
. 0.2 : +
V)
= 0.5
3
% 0.1
Failure Instant
O-llg g 0.05 — U3 - NW corner
- A
NW corner @ & U3 - middle
Midpoint 0O 100 200 300 400 500 600 700

Displacement (mm)

Figure 10. Simplified 3D model under N-S ground acceleration produces (a) fracture patterns shown
with plastic strains, (b) energy outputs, and (c) capacity curves.

Notably, the 3D models introduce out-of-plane behavior that is impossible to capture
with the 2D plane strain models and that increases the vulnerability of the structure.
Damage patterns produced by the simulations correspond in form and location to damage
observed at the monument. The comparatively lower lateral capacity in 3D is correctly
identified—0.07 g and 0.11 g versus the 0.15 g identified from 2D models. This example
demonstrates a successful application of the method to 3D space, where the measure of
load capacity of the entire structure is defined based on accumulated damage throughout
the structure.
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3.2. Frigidarium of the Baths of Diocletian, Rome, Italy

The Frigidarium of the Baths of Diocletian in Rome (298-306 C.E.) is one of the largest
vaulted structures of Roman Imperial architecture and is built almost entirely with opus
caementicium (unreinforced Roman pozzolanic concrete). Located at the center of the bath
complex, the Frigidarium proper is a gigantic rectangular hall (about 63 m long, 24 m wide,
and 30 m high). The hall is partitioned into three bays, each covered by concrete cross
vaults carried by monolithic granite columns and laterally stabilized by contrasting arches
positioned on massive flanking shear walls. This hall is surrounded by smaller side halls,
formed by the shear walls and covered by concrete barrel vaults (Figure 11a). The lateral
capacity of the Frigidarium has been investigated before [25,44—47]. We present the results
of a pushover analysis based on the modified kinematic limit analysis (KLA) of a modular
3D section of the bay architecture (Figure 11b) developed most clearly in [25] and consistent
with related studies. By assuming it had fractured into a series of discrete rigid elements,
the structure was transformed into a mechanism. The elements were connected together by
non-dissipative hinges and then subjected to weights and horizontal forces due to lateral
acceleration acting at the element centroids. Pushover analysis was then reduced to finding
the critical value of acceleration that would cause the mechanism to transition from static

to dynamic conditions.

Figure 11. Frigidarium section shown in yellow (a) and geometry used for nonlinear FEA under
lateral acceleration (b).

The failure analysis of the Frigidarium based on nonlinear FE energy outputs resulting
from monotonically increasing ground acceleration shows the method’s applicability to
a complex historical structure built with unreinforced concrete. Using symmetry planes
as shown in Figure 11a, an equivalent modular section of the Frigidarium was analyzed
as a 3D nonlinear model in Abaqus/CAE Explicit. Following [48], the CDP formulation
was implemented for opus caementicium, while the granite columns were considered to
be linearly elastic. The FE mesh for CDP material elements consisted of 33,312 linear
hexahedral and 288 linear plate elements, and 80 beam elements representing the columns
(Table 9). The CDP material definition is given in Figure 12 and Table 10. The model was
subjected to gravitational loads over the first 5 s, followed by ground acceleration, linearly
increasing from 0 to 0.3 g over 8 s.



Buildings 2025, 15, 318 15 of 24

Table 9. Mesh characteristics for the Frigidarium.

Element Type Element Size [m] Number of Elements
Linear hexahedral ~0.45 33,312
Linear quadrilateral plate ~0.45 288
Linear line (beam) ~0.35 80
(a) Compressive Behavior (b) Tensile Behavior

6 600

: A

2° T AT g%

w4 |2 AN = 400

6 7 =

A 3¢ AW 5 300

v N a

?} 2 é 200 A

51 @ 100 %\Afﬁ\a

£

S0 0 A

o 1 2 3 4 5 6 7 8 9 0 100 200 300 400 500
Inelastic Strain (me) CMOD (pm)

Figure 12. Compressive behavior (a) and tensile behavior (b) are derived from material tests of
Roman concrete; for a comprehensive discussion see [48].

Table 10. CDP material behavior parameters used for the Frigidarium.

Density and Elastic Behavior

Mass Density

[kg/m>] Young's Modulus [GPal] Poisson’s Ratio
1500 3.37 0.2
Plasticity Parameters
Dilation Angle Eccentricity Fb0/fc0 K I}; irs:;s:ttzr
31 0.1 1.16 0.67 1x1074

The energy plots in Figure 13a show the evolution of SE and PD from the beginning of
ground acceleration until structural collapse due to dynamic inertial load. At point 1, PD
corresponds to the fracture along the crown of the vault intrados and the damage on the
left side shear wall (Figure 13b). From point 1 to failure at point 2, PD rapidly increases to
produce the fracture pattern visualized in Figure 13c, with extensive additional damage
at the left shear wall and on the vault extrados. The intersection between PD and SE
determines structural collapse—and thus lateral capacity—at 0.225 g.

The fracture pattern at collapse corresponds to the structure’s separation into rigid
elements, which was explored using KLA (Figure 14). Whereas the nonlinear FE-based
energy procedure yields a unique capacity, the KLA results are markedly affected by (i) the
location of the separating planes and the position of the hinges, and (ii) the assumed infinite
material compressive strength inherent to the elements’ rigidity. This is clearly illustrated
in [25]. The initial five-block model shown in Figure 14, which follows as closely as possible
the FE collapse fracture pattern for the same geometry, produces a capacity of 0.440 g.
Repositioning the separation plane between block 1 and 3 lowers the capacity to 0.328 g.
The successive inclusion of material crushing strength through iterative adjustments of the
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(a)
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contact conditions between blocks reduces the capacity to 0.273 g. Finally, by exploring the
sensitivity of the kinematic chain to the orientation of the contact surfaces, the capacity is
further reduced to 0.266 g.

----- Plastic Dissipation

Strain Energy

0

0.05

Applied Base Acceleration (g)

0.1 0.15 0.2 0.25

Figure 13. Base acceleration applied to the FE model: (a) energy results, (b) initial fracture pattern,

and (c) fracture pattern at collapse.

(b)

= A

Figure 14. Kinematic limit analysis: (a) assumed rigid element configuration with connecting hinges
(noted with dots, separated elements are numbered) and (b) attendant collapse mechanism [25].

Taken together, these results show that the kinematic analysis technique—although
computationally much simpler than nonlinear finite element modeling—inevitably pro-
duces an arbitrary capacity, depending on how failure mechanisms are introduced to the
kinematic model. The more conservative estimate of failure extracted from energy results
considers quasi-brittle material behavior both in tension and in compression that can only
be approximated with KLA. This establishes a rational methodology for determining a
quantifiable failure point, even for complex architectural configurations.

3.3. Church of San Pedro de Andahuaylillas, Perii

Energy output analysis may also be performed on a structure with conventional quasi-
static pushover analysis, as in the study of the mixed-material triumphal arch of the Church
of San Pedro de Andahuaylillas [8]. Built by the Jesuits over a pre-Columbian temple and
located along the so-called Andean baroque route, the church is one of the most important



Buildings 2025, 15, 318

17 of 24

16.54

10.64

6.59

monuments of early colonial religious architecture in the Andes and dates from the late
16th or early 17th century. Typical of early Andean colonial architecture, the church is
characterized by a triumphal arch that separates the main nave from the presbytery. The
geometry and material composition of the triumphal arch are shown in Figure 15. The
structural arch is made of fired clay bricks surrounded by adobe masonry and surmounted
by a high tympanum also of adobe masonry. The arch is stabilized by lateral walls of mixed
stone/adobe masonry construction.

| (b)

Figure 15. Triumphal arch: (a) plan and elevation and (b) material distribution (green represents
adobe masonry, gray represents fired bricks, and red represents stone masonry).

It is not possible to completely assess the deeper damage of the church accumu-
lated over the years because the building has undergone conservation works in the last
50 years [49]. To complicate matters, the majority of the previous work was executed taking
into account only the esthetic—and thus non-structural—aspects. Deep fractures in the
walls of the presbytery and the chapels and in the triumphal arch have been identified. For
example, diagonal deep fissures are present in the tympanum above the triumphal arch, as
shown in Figure 16.

Figure 16. Damage to the triumphal arch of the Church of Andahuaylillas (reproduced from [50]).

As part of the seismic assessment of the building, this work focused on the pushover
analysis of the triumphal arch subjected to in-plane accelerations. Two-dimensional plane
stress FE models were constructed from measurements taken on site and observed material
distributions of adobe, fired bricks, and stone. After gravitational loading, a uniform
monotonically increasing lateral acceleration was applied to the entire model using the
Abaqus/CAE Explicit nonlinear FE formulation. The desired quasi-static condition was
enforced by adopting long time intervals: 3 s for gravitational load followed by 7 s of
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monotonically increasing lateral acceleration from 0 to 0.6 g. The materials in each model
are denoted with colors: green represents portions that are adobe masonry, gray those that
are fired bricks, and red those that are stone masonry (see for example, Figure 15b). All
materials are modeled using the CDP formulation, with the properties of each defined in
Table 11 [51]. The quadratic triangular mesh is defined in Table 12 and Figure 17, and it
was originally described in [26].

Table 11. CDP material behavior parameters used for the triumphal arch of the Church of An-
dahuaylillas.

Density and Elastic Behavior

. Mass Density , Poisson’s
Material [kg/m>] Young’s Modulus [MPa] Ratio
Adobe 1539 350 0.25
Brick 1800 1200 0.25
Stone masonry 2200 2350 0.25
Postcritical behavior
Material o [MPa] o¢ [MPa] Gic [N/m] Gir [N/m]
Adobe 0.875 0.0875 1400 4
Brick 2.4 0.12 3840 2.16
Stone masonry 5.3 0.176 8480 5.104
Plasticity parameters (common to all materials)
Dilation angle  Eccentricity Fb0/fc0 K Viscosity
parameter
1 0.1 1.16 0.67 1x10°8
Table 12. Mesh characteristics for triumphal arch of the Church of Andahuaylillas.
Element Type Element Size Number of Elements
Quadratic triangular plane stress ~0.3m 4680
10 — ' 0.4
g | [ Kinetic Energy 035
] = = =Plastic Dissipation Energy ’
=7 Elastic Strain Energy 03 =
2 6 Base Shear 025 =
> o
8o 5 02 2
g 4 : 015 @
w 3 : &
5 I 0.1
1 _ e =7 0.05
0 == : 0

Time (s)
Figure 17. Model 4: mesh (left) and combined energy and reaction plot up to structural failure (right).

Four models—labeled 14 in Figure 18—are used to evaluate the effect of the archi-
tectural elements and structural materials on the lateral stability of the triumphal arch.
Model 1, consisting of only adobe material, represents the arch proper surmounted by the
tympanum and with abutting lateral shear walls without windows. Lateral wall windows
are introduced in Model 2, while still maintaining adobe material only. Models 3 and 4 are
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geometrically identical to 2, but the arch intrados is assigned brick properties in Model 3.
Stone masonry properties are added to the lateral walls in Model 4. The bases of all models

are fully constrained.
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Figure 18. Capacity curves (a) and fracture patterns at failure (b) for the four models of the triumphal
arch. The red triangle denotes the reference point where the lateral displacements are measured.

For each test case, results are shown in terms of the capacity curve (base shear versus
lateral displacement of the same reference point) together with the corresponding image of
structural damage distribution at failure conditions (Figure 18b). The damaged status is
shown in terms of maximum principal plastic strain distributions superimposed on the
actual deformed configuration, with black bands representing areas where these strains
exceed a 1072 threshold. In all models, the lateral acceleration is directed from left to right
in order to account for the structural weakness due to the right lateral wall being smaller
than the left one.

Under gravitational loading, a vertical fracture develops at the center of the arch
intrados and then deviates horizontally to the left under the effect of lateral acceleration.
Under increasing lateral forces, this fracture propagates vertically downward, resulting
in the separation of the left upper portion of the arch intrados. This failure propagation
pattern is common to Models 1-4, although it does not produce total failure conditions in
all cases. The capacity curves for Models 1-4 are shown in Figure 18a to better highlight
the effect of geometrical and material changes, with the corresponding failure mechanisms
shown in Figure 18b.

For Model 1, other than the common damage pattern at the arch intrados, the crack
causing structural failure forms at the corner between the right-side wall and the arch pier
and grows diagonally upward, bringing about failure at 0.383 g. The weakening effect
of the window opening in each shear wall under lateral acceleration is clearly visible in
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Models 2—4 as a diagonal fracture originating from the corner of the right window. In
Model 2, this fracture causes the separation of the shear wall from the right pier, leading to
structural failure at 0.27 g. In contrast, the capacity curve of Model 3 shows the stiffening
and strengthening effect of the fired brick arch. Although the failure mechanism is essen-
tially the same as in Model 2, failure of Model 3 happens at 0.316 g. Finally, Model 4 shows
the additional strengthening effect of the stone masonry material introduced in the form
of a buttress within each shear wall; this is shown in red in Figure 15. In this case, partial
failure occurs at the intrados of the arch followed by the separation of the side walls from
the piers. The lateral capacity ultimately increases to 0.355 g. Taken together, the curves
show that the presence of windows on the shear walls produces a significant reduction
of capacity (30%, from 0.383 g for Model 1 to 0.270 g for Model 2). With the introduction
of brick and stone masonry, the capacity is almost fully recuperated, rising to 0.316 g for
Model 3 (with the introduction of brick) and 0.355 g for Model 4 (with the introduction of
stone buttressing in the shear walls).

Additional results of Model 4 are illustrated in Figure 17. The time evolution of SE,
PD, and KE and the base shear all indicate failure at 7.3 s of lateral acceleration, which
corresponds to 0.365 g. This closely matches the maximum lateral capacity defined by
the capacity curve for the same model in Figure 18 (0.355 g). Because this simulation
uses quasi-static pushover loading, kinetic energy remains negligible until a portion of
the structure enters an unstable condition and grows asymptotically. The spike in kinetic
energy verifies the failure acceleration as determined from the asymptotic growth of PD
(Figure 17). The drop in equilibrating shear force at the base, within the same plot, offers
another verification of the energy-defined failure point.

Beyond the lateral capacity, the PD curve in Figure 17 shows the successive stages
of fracture propagation—the discrete jumps that are evident just after 5 and 6 s, or at
approximately 0.18 g and 0.26 g. These are related to the development of the fracture at the
arch intrados followed by the diagonal fracture on the right shear wall discussed earlier.
Such relevant information about the evolution of fracture damage through the structure
is not easily detectable from the capacity curves or reaction data, and thus is a valuable
feature of the presented energy-based methodology.

4. Conclusions

The major contribution of the present work is to the analysis of masonry structures
under lateral accelerations whose fracture-related failure, due to complexity or uniqueness,
proves difficult to capture with failure analysis standards. This paper provides a rationale
for the method, using straightforward wall examples. With these examples, we show
that the failure point obtained by analyzing the plastic dissipation (PD) and elastic strain
energy (SE) outputs of structures modeled with concrete damaged plasticity (CDP) material
corresponds to other measures of failure. We then show complex applications for which
standard measures of failure are difficult to implement, e.g., the massive earthen pyramid
of Huaca de la Luna, the complex Frigidarium of the Baths of Diocletian, and the mixed-
material triumphal arch of the Church of Andahuaylillas, which all present challenges to
typical analysis.

In applying our methodology to these unique structures, we illustrate its main advan-
tages as follows:

1.  The response from initial damage up to complete structural failure can be traced by
using nonlinear dynamic analysis solved with an explicit algorithm. The inherent
stability of the explicit analysis coupled with the concrete damaged plasticity (CDP)
material formulation allows the correct modeling of large fracture propagations, which
yields an accurate assessment of complex built heritage structures.
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2. Quantitatively predicting the displacement that a structure can reach in its ultimate
limit state conditions becomes possible, even in the absence of softening of the
global pushover curve. This feature makes the proposed procedure particularly
suitable and appealing in the context of the so-called “displacement-based design”.

3.  Most importantly, for the dynamic assessment of masonry structures, it is not
necessary to impose static load distributions a priori, based on modal superposition.
In fact, the relative distributions of inertial forces acting on the superstructure are a
direct consequence of the application of accelerations (or, alternatively, of velocities)
directly at the base. In the context of a nonlinear dynamic analysis, such inertial
forces are automatically computed and considered in the step-by-step solution of the
nonlinear equations of motion. In this way, the use of slow dynamic analyses solves
to some extent the issues related to calculating modal participation factors and to
adapting them to reflect progressive damage.

At the present stage, these advantages are limited to models that are created using
CDP material, since the methodology has only been evaluated this way and it relies
specifically on energy outputs related to this formulation. It is possible that evaluating
energy release, related to fracture propagation, could be generalized to other modeling
strategies based on different material formulations. Although the analyses presented here
are limited to deformable continuum models, the methodology may be applicable to rigid
block kinematics. The prediction of structural failure based on the evolution of kinetic
energy in response to ground acceleration in such models should be explored.

This work sets the stage for the application of the present methodology to seismic
assessment based on time history analysis, which necessarily must apply dynamic loads
in the form of time-varying ground acceleration or velocity. A preliminary demonstration
of this application has already been completed as part of a 2D time history analysis of
Huaca de la Luna [52]. The next steps toward developing a complete strategy for seismic
assessment of built heritage structures will require extending the present approach to
multi-dimensional seismic loading.
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