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ARTICLE INFO ABSTRACT
Keywords: This study contributes to the seismic structural failure analysis of the main pyramid of the
Civil engineering archaeological complex Huaca de la Luna, Peru. Built with millions of adobe bricks by the Moche

Historic masonry building
Adobe masonry
Finite element method

civilization (200-850C.E.), the monument is one of the largest adobe structures in the world. The
monument shows signs of severe natural and anthropogenic damage due to its position along the
Nonlinear static analyses Pacific Ring of Fire and extensive looting since Spanish colonial times. The pyramid was built as a
Nonlinear dynamic analyses succession of taller and larger platforms, each formed by erecting adjacent but disconnected
Overload brittle fracture vertical piers made of adobe masonry. A multiscale 2D nonlinear finite element (FE) model is
Seismic vulnerability introduced for assessing the contribution of this pier architecture to the structural response of the
pyramid. The time-evolution of elastic strain and plastic dissipation energies is used to quanti-
tatively track structural failure. The instant of structural collapse and attendant lateral capacity
can be extracted from the point at which these energies match. Critical regions of a representative
cross-section are modelled with individual piers represented by macroblocks and separated by
frictional interfaces. A continuous description is adopted for the remaining part of the model. A
nonlinear, two-dimensional (2D) plane strain analysis is conducted in Abaqus/CAE Explicit using
concrete damaged plasticity and Mohr-Coulomb formulations for adobe construction and soft soil,
respectively. A two-stage assessment procedure begins with a quasi-static analysis to predict the
stress state due to gravitational load. A dynamic analysis follows to identify lateral capacity and
failure mechanisms triggered by monotonically increasing ground acceleration. The development
of local damage conditions up to structural collapse is visualized by the nucleation and propa-
gation of maximum principal plastic strains throughout the model. A sensitivity analysis was
conducted to evaluate the effect on lateral capacity of the contact friction coefficient between
macroblocks and the number of macroblocks used to discretize the critical area. Introducing
macroblocks to the model produces lateral capacities that are lower than analogous, purely-
continuum models. These results are shown to be critically affected by the frictional coefficient
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that governs contact between the macroblocks. The results of this study offer critical insights on
the consolidation strategy for the northwest corner of the pyramid and may find application to
similarly-built historical earthen structures in northern Peru.

1. Introduction

Heritage buildings’ historic and cultural value contributes to societal identity and continuity [1]. Aiming at the safeguard of the
heritage buildings’ significance, the International Council on Monuments and Sites (ICOMOS) [2] call for conservation principles and
recommendations that are based on centuries of ideological evolution [3,4]. The present study contributes to the structural assessment
of the main pyramid of Huaca de la Luna, one of the most representative archaeological sites of the pre-Columbian Moche society in
Peru [5]. This impressive archaeologic complex dates to the period 200C.E. to 850C.E and provides a testament to massive earthen
architecture and structural techniques of the past. It is recognized as world heritage by the World Monuments Fund [6]. Built with
adobe bricks in a seismically active area and exposed to extensive looting during colonial times, the monument shows signs of severe
natural and anthropogenic damage. A comprehensive structural assessment is an essential requirement for the selection of appropriate
preservation and intervention strategies [7-10]. Moreover, unreinforced masonry (URM) and adobe buildings present a high seismic
vulnerability [11,12] due to: (i) a low tensile strength and thus limited out-of-plane capacity; (ii) reduced capacity to dissipate energy;
(iii) lack of proper connections between structural elements [13,14] and (iv) deterioration of materials over time [15].

The structural assessment of heritage buildings is often a challenge. Sound knowledge of the structural and material features lack in
most cases [16] and the mechanical response of masonry is rather complex [17,18], with a generally relevant uncertainty associated
with the monuments’ loading paths. This uncertainty can be reasonably addressed through sensitivity analysis [19]. Scientifically
based intervention is required for correct evaluation, thus the methodology should be incremental and include studies such as an
historical literature review, inspections, monitoring actions, and structural analysis [20,21], as noted from ICOMOS principles [22]. In
the evaluation of structural safety, numerical modelling is a valuable contribution to assess the structural response of historical
buildings. To this end, the literature has been enriched with the development of analysis methods for masonry structures [23,24]. For
instance, the use of rational (or analytical) approaches is practical and provides fast solutions, whereas graphical methods are difficult
to apply in structures with complex geometries. Limit analysis is useful to estimate the structural load capacity, yet still requires an
expert-based decision to ascertain the potential collapse mechanisms [17,25,26].

More advanced models, such as the Finite Element Method (FEM) [27-30] and the Discrete Element Method (DEM) [31-37] are
largely used. DEM is suited for masonries with both dry and mortared joints, but it requires a full representation of the masonry units’
arrangement [34]. FEM models generally rely either on a micro- or macro-modelling approach. Both can be successfully performed in
the software Abaqus/CAE [38], which has been used successfully for masonry analysis [12,25,39] and is applied presently. In the
former, the masonry components (units, mortar, and unit/mortar interface) are discretizeds individually, leading to a large number of
degrees of freedom and consequently to higher processing times [40,41]. In the latter, masonry is modelled as a continuum and as-
sumes a homogeneous material that can be isotropic or anisotropic [42]. This modelling approach is generally preferred in the analysis
of large structures, as shown in [43-46]. Nonetheless, the mechanical deformation and failure of masonry is inherently a multi-scale
phenomenon, for which the observed macroscopic behaviour of the material is governed by processes that occurs at finer scales [47].
The connection between different length scales is well demonstrated but representing masonry at finer levels (micro- or mesoscale)
may be computationally prohibitive and lack practical sense. In such a context, the so-called multi-scale or coupled methods have
recently been employed to masonry structures. Although first works date back to 1970 [48,49], their present use may increase the
effectiveness of FE models by guaranteeing an accurate description in regions were fracture occurs [50-53].

In such a context, the main contribution of the present study is to provide a rational-based and practical strategy for the structural
assessment of Huaca de la Luna’s main pyramid. This monumental structure is the result of a succession of construction stages. Each
new stage encapsulates in its interior all preceding constructions, resulting in an increasingly large and tall structure. Each platform
was formed by erecting adjacent but disconnected vertical piers made of well-textured adobe masonry. In the present study, a mul-
tiscale 2D macro-FE model is introduced for assessing the contribution of this pier architecture to the static and dynamic response of
the entire pyramid. Critical regions previously determined in [54,55,57] are modelled using individual piers explicitly represented by
macroblocks and separated by frictional interfaces. A continuum is adopted for the remaining part of the cross-section. The same
material macro-modelling approach is used to represent adobe in the macroblocks and the continuum. Such a modelling assumption
may increase the accuracy of the representation of failure and allows us to better evaluate the sensitivity of the results with respect to
the uncertainty of geometrical and material properties. Additionally, an energy-based approach is used to determine collapse con-
ditions when performing a nonlinear static or dynamic analysis. Similar energy-based approaches have been explored to identify the
sequential failure of macro-elements of structures, such as [14,58], or to track the existence of fracture in masonry structures related to
localized cracking [59].

This study intends to provide an important basis for further structural-related studies on monumental and historic buildings,
especially in Peru where several alike adobe masonry constructions are found along the coast. The paper is organized into the following
sections: Section 2 describes the main structural features and present state of damage at Huaca de la Luna; Section 3 describes the FE
model’s geometry and macroblocks, mesh, and material characterization; Section 4 explains the two-stage analysis procedure and the
energy-based approach used to determine lateral capacity; Section 5 presents the results of the sensitivity analysis; and Section 6 offers
conclusions and identifies directions for future work.
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2. Huaca de la Luna

The monumental complex of Huaca de la Luna is part of the Huacas de Moche archaeological site located near the modern city of
Trujillo in north coastal Peru. Huaca de la Luna was erected on the lower slopes of the Cerro Blanco - Fig. 1(a) — as part of a sprawling
urban centre considered to be a ceremonial centre of the Moche culture. The complex has a surface area that covers approximately
30,000 square meters and reaches a height of approximately 28 m, making it one of the largest adobe structures in the world. After the
decline of the Moche culture, circa 850C.E., the complex was naturally buried under aeolian sand deposits, which reduced exposure to
seismic loading demands during possible historical earthquakes in that region of Peru. The archaeological works that started in the
beginning of the 90 s has systematically unearthed and exposed the majority of the Huaca de la Luna complex [6].

The complex is constructed using adobe masonry. It is estimated that more than 50 million bricks have been used for its con-
struction and are from various sources, i.e. some adobes are of granular yellow sediments from deserts and some contain organic
matter [61]. Piers constitute a unique construction feature of the Huaca. They are large brick columns of non-uniform height, width,
and depth, arranged side-by-side to form platforms and walls, Fig. 2. The discontinuities between adjacent piers are clearly visible in
the figure. It is noteworthy that a significant number of bricks have “maker’s marks” imprinted and similar symbols appear often
within the same pier, suggesting that coordinated but separate social units worked together to construct the monument [62].

The study focuses on the main stepped pyramid at the centre of the complex. Built on the slopes of the Cerro Blanco Mountain, the
pyramid is supported on the east side by sloping bedrock and is built directly on layers of soft soil on the west side. The complex belongs
to the peak of Moche development and archaeologists conclude it had a ceremonial role based on its internal organization, icono-
graphic murals depicting gods, sacred animals, and other motifs, and construction technique [6]. Six overlapping construction levels
(A, B, C, D, E, and F) have been identified within the main pyramid (Fig. 3). The layers A-E were added by filling negative architectural
space with the previously mentioned “piers” of adobe blocks, adjacent columns separated by construction joints [6,62]. The most
accepted justification for construction layers is rooted in the idea that it was part of a renewal of power, corresponding to the start of a
new era of influence, i.e. ruler or priest of some kind [6].

The most striking and famous feature of Huaca de la Luna is the main pyramid’s stunning North Facade which faces the largest and
most public plaza (Fig. 3a). The polychrome reliefs of the North Facade mark the public ceremonial importance of the temple.

Archaeological excavation started in the early 1990 s and was followed by surveys and studies that produced quantitative mea-
surements and revealing pictures of the earthen structure’s most dominating features. The state of preservation at the complex was
remarkable due to the protective layer of aeolian sand (Fig. 4) that covered it. However, its removal exposed the structure to the direct
consequence of seismic, climactic, and anthropogenic hazards.

The present state of damage has been extensively documented in archaeological reports and in existing structural investigations
[6,60,64,65]. The pyramid shows signs of extensive anthropogenic and natural damage, primarily in the northwest corner north and
west facade - Fig. 1(b). A large excavation, attributed to treasure hunting during colonial time, cuts deeply in the north facade (Fig. 5).
Structural damage is mainly present in the NW sector of the pyramid including the substantial collapse of the NW corner and large
cracks in the upper areas, which penetrate deeply in the structural system (Fig. 5).

The pyramid has been the ongoing objective of a multidisciplinary study focused on determining the structural behaviour of its
massive core and the built-up areas on the top of the pyramid under static and dynamic conditions. This includes laser-scan survey and
3D reconstruction of the pyramid [60,66], mechanical characterization of adobe brick and mud mortar [67,68] and geotechnical and
geophysical exploration of the foundation soils along the northern facade [67,69].

Initial structural research investigated the relationship between the observed damage and the soft soil support under static con-
ditions using a simplified plane strain nonlinear FE model derived from the geometry and the ground level of the north facade [64].
Subsequent research focused on the west side of the pyramid to capture the effect of the original ground level (located 5.5 m below the
north side) on the dynamic response. Most recently, a sensitivity analysis of the static and dynamic response to (a) variations in the
pyramid’s stepped west side profile, (b) underlying soft soil and bedrock configuration, and (c) tensile strength of adobe material was
performed on 2- and 3D nonlinear FE models [54,55,57]. In each case analysed, the dynamic response was evaluated by applying

Fig. 1. Huaca de la Luna: (a) 3D CAD reconstruction, and (b) laser scanning of the main pyramid’s north facade [60].
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Fig. 2. Main pyramid: divisions between “piers” of adobe bricks.

Ceremonial Plaza

(a) (b)

Fig. 3. Main pyramid of Huaca de la Luna: (a) rendering of the North Facade and (b) North-South section with distinct construction stages [6].

Platform IlI Platform I

Main Pyramid

Fig. 4. Aerial photograph that captures the aeolian sand drifts that covered the monument before excavation of the site started in 1991 [63].

lateral ground accelerations that led to the structural collapse of the stepped (west) side of 2D models and of the NW corner of 3D
models. Based on a continuous description of the adobe masonry using a material macro-model, these studies demonstrated the seismic
fragility of the northwest corner. Lateral capacity for 2D models was found to range between 0.135 g and 0.340 g. The combination of
the steepest bedrock angle and lowest adobe tensile strength yielded critical conditions. Results from [54] suggested the need for a
refined model, which would account for the discontinuities between piers of the adobe structure and the frictional interaction between
them.
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Fig. 5. Extant damage: (a) colonial “looter’s cut” on the North Facade and (b) collapse of the northwest corner.

3. Characterization of 2D finite element models

A two-dimensional (2D) finite element (FE) model of a representative internal cross-section of Huaca de la Luna’s main pyramid is
presented. Given the complexity of the construction system, the first step toward a successful model in 3D is preliminary analysis in 2D.
The plane strain model allows an extensive preliminary sensitivity analysis of contact friction parameters and macroblock configu-
rations. As block stereotomy can be expected to influence structural response [70], subsequent 3D analysis will be used to address the
effect introduced by horizontal and vertical staggering of the construction piers. Additionally, choosing to perform preliminary
research in 2D offers the additional benefit of allowing comparison with previous research [55,57]. The required tasks addressed next
include the modelling of the geometry, the mechanical behaviour of materials, the FE mesh discretization and the assumed boundary
and loading conditions.

3.1. Geometry and macroblocks

The EW cross section of the main pyramid is based on previous studies [54,55] and is adapted for 2D plane strain nonlinear FE
analysis in Abaqus/CAE Explicit [38]. The chosen cross-section has a total length of 122.80 m, where 82.80 m corresponds to the width
of the pyramid itself and 40 m corresponds to the width of the adjacent Plaza 2b (Fig. 6a). At its greatest height, the monument reaches
28.6 m from west ground level. The section model was selected from a sensitivity analysis of potential foundation conditions and west
facade configurations as an intermediate version appropriate for preliminary investigation of macroblocks.

In order to overcome the limitations identified in existing numerical studies that are based on a continuum-like approach
[54,55,57], an explicit modelling of adobe piers is produced using macroblocks. The systematic 2D static and dynamic modelling in
those studies have identified critical damage development in the western portion of the cross section, culminating with partial or total
collapse of the stepped fagade. This so-called active region corresponds — within the approximation intrinsic to a 2D plane strain model
- to the west facade including the damaged NW corner of the actual pyramid. Thus, to effectively model how piers affect damage
development and collapse mechanisms, macroblocks are distributed from the west fagade to the interior of the cross section. Five cross
sectional configurations of increasingly deeper macroblock distribution are considered, with the total number of macroblocks ranging
from 37 to 103 (Fig. 6b-f). The remaining part of the cross section, shown in grey, is modelled as a single continuum. This optimizes the
computation processing time of the analysis, especially relevant in the analysis of large-scale structures [71].

Furthermore, to avoid unnecessary complexities in this preliminary attempt at modelling piers, the geometry of the pier structure is
simplified. Each of the nine steps of the reconstructed west facade [54,55,57] is assumed to correspond to one single layer of identical
rectangular macroblocks. The height of the macroblocks ranges between 2.75 m at the bottom layer and 3.16 m at the top. Based on an
estimate of observable piers, the width of the macroblocks varies according to the layer with 4.3 m at the bottom layer and 3.5 m at the
top.

The foundation soil is also modelled with the goal of reproducing the soil-structure interaction. A single and homogenous layer of
soil (medium sand) has been modelled, which starts from the hypothetical position of the bedrock. It has a total extension of 150 m
from the bedrock (Fig. 6a). This length was considered necessary to avoid a possible dependence between the provided boundary
condition and the actual movement of the soil when subjected to vertical and lateral loading.

3.2. Finite element mesh

The FE model was discretized in Abaqus/CAE Explicit following a mapped type of mesh using linear interpolation FEs. Quadri-
lateral elements (CPE4R) are predominant; a limited of triangular FEs (CPE3) are found mostly in corner regions. Mesh refinement was
increased in the vicinity of the active region in which the macro-elements are positioned. The FE mesh characteristic length varies as
given in Fig. 7(a) for Model 3. In particular, the FEs that describe the macroblocks have an approximate size of 0.75 m, and the
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Fig. 6. Geometry: (a) dimensions and location of cross-section and (b-f) macroblock configurations for the sensitivity analysis (in (b) through (f) the

soil is omitted for clarity).

remaining part of the pyramid wall is defined by a coarse mesh with 1.5 m of size. For the soil that supports the active region and is
extended to the west (right), the element size increases progressively from 0.75 m at the base of the monument to 1.5 m at the
westernmost edge. The final FE Model 3 has a total of 5416 CPE4R and 118 CPE3 FEs that lead to 12,898 degrees of freedom. The
boundary conditions applied to the numerical model are presented in Fig. 9. Pinned supports are assumed at the base to simulate the
full supporting effect provided by the bedrock below the sand layer. At the westernmost (right) side of the foundation soil, rollers
restrain motion in the horizontal x-direction and simulate soil beyond the scope of the model. This support is maintained under
gravitational loading only. When the lateral load is applied, rollers are removed and replaced with horizontal acceleration, Fig. 9 (b).
The bedrock level support is also modified to include horizontal acceleration. Details are provided again in Section 4, which is devoted
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Fig. 7. FE mesh for the reference configuration (model 3 in Fig. 6d).
to the results of the numerical structural analyses.

3.3. Material and interface contact properties

The material properties assumed for both the adobe masonry and the soil of the foundation are provided, together with the contact
properties for the interfaces between macro-elements. The assumptions made are supported by existing mechanical characterization
tests [64,67,68]. Adobe masonry has been modelled as a continuum and defined as a homogeneous and isotropic material. These
assumptions are compatible with both CDP and total strain crack (TSC) formulations [72,73]. For the purposes of comparison with
previous research [55,57], the material behaviour of adobe is reproduced according to the CDP model available in Abaqus/CAE
Explicit [38]. Abaqus/CAE is preferred due to its immediate output of energy results and the possibility of modelling extreme de-
formations with the explicit formulation, which could otherwise cause numerical failure due to stiffness matrix singularity in the
implicit FE formulation. This plasticity model is suitable for quasi-brittle materials in general [28,74-77] and assumes an elastic
isotropic behaviour. The inability of reproducing material orthotropy does not constitute a contentious issue for adobe masonries.
Adobe can be well approximated as an elastic isotropic material [78], given that the orthotropy could be induced by the geometrical
arrangement of the units. This demonstrates the importance of an explicit discretization of the blocks and the relevance of considering
the five different models.

The CDP formulation can be used with different strength values and post-peak behaviours for both tension and compression re-
gimes, and it can include a cohesive frictional behaviour for the shear regime. It is extensively used in large masonry structures
[12,14,19,28,44,54-57,74] and results indicate that it offers a good compromise between computational time and accuracy. Material
response is described in terms of effective stress and strain (or displacement) relationships. The quasi-brittle nature of adobe masonry
was represented by an exponential type of softening in tension. In compression, a parabolic type hardening exists being followed by a
softening regime. The post-peak responses that serve as input for the CDP model are depicted in Fig. 8 and are based on the data
available from previous experimentation [64].

The CDP model assumes a non-associated flow rule given as a Drucker-Prager hyperbolic function and requires the definition of

0.5 T T T y T 0.05 ,
—O— compression —O—tension
0.4 0.04
© ©
o [
= 0.3 = 0.03
[)] ()]
(%] n
002 © 0.02¢
® ®
C
0.1 0.01
0 O 0
0 0.002 0.004 0.006 0.008 0.01 0 0.005 0.01 0.015
inelastic strain (-) displacement (mm)
(a) compression (b) tension

Fig. 8. Postcritical constitutive laws adopted for adobe masonry [64].
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Fig. 9. Loading stages for the sequential analysis of the FE model.

several physically-based parameters. The Drucker-Prager strength domain criterion was modified through a parameter K. = 2/3 to
approximate it with a Mohr-Coulomb criterion. The eccentricity parameter was assumed as 0.1 [77] and expresses the rate at which the
plastic flow potential approaches the Drucker-Prager function for high confining pressure levels. A dilation angle of 18 degrees and a
ratio between the bidirectional and unidirectional compressive strengths of masonry of 1.16 [77] were assumed. A low viscosity
parameter of 0.0005 - required for numerical stabilization and convergence during the explicit analysis [38] — was adopted and the
analyses indicated it is an adequate choice. These parameters are described in Table 1. The reader is referred to [38,76,77] for further
details on the implementation of the CDP model.

The behaviour of the soil foundation was simulated through a Mohr-Coulomb law. Soil properties are averaged from data produced
via cone penetration tests performed around the perimeter of the monument [64,67,69]. The stratification of soil in the vicinity of
structure was approximated as a single layer. The material properties are assumed to be averaged values from the material properties
identified for each stratum; they are summarized in Table 2.

Table 1
Material properties adopted in the simulations for the adobe masonry through the CDP model.
Density  Elastic modulus Poisson’s Tensile strength Compressive Dilation Eccentricity  fyo/ K. Viscosity
(kg/ (MPa) ratio (MPa) strength angle feo
m3) (MPa) (degrees)
1735 123 0.2 0.0409 0.41 18 0.1 1.16 2/ 0.0005
3
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Finally, the interactions between macroblocks were idealized through Abaqus/CAE Explicit’s general contact formulation. Both
shear and normal behaviour is defined through a penalty approach [38]. For the shear (tangential) response, the contact is defined by a
Coulomb friction model with a friction coefficient u, whose value is assumed to range from 0.1 to 0.5. For the normal response, a hard
contact has been adopted and the inter-penetration between blocks under compression is precluded. Macroblocks are permitted to
detach in pure tension.

4. Structural analysis procedure

Numerical simulations are performed to estimate the structural lateral capacity of the Huaca’s main pyramid as affected by the
macroblock architecture. The study systematically investigates the effect of different macroblocks discretization and of variations of
the frictional coefficient between macroblocks on the structure’s response.

A two-stage analysis is undertaken. First, a quasi-static analysis is conducted, in which the self-weight is applied with the objective
of predicting the existing stress distribution and resulting damage state of the structure. Second, a dynamic analysis follows, in which a
monotonically increasing horizontal ground acceleration is applied, with the goal of identifying failure mechanisms and estimating the
lateral capacity. The second stage resembles a classical pushover analysis in that it determines the response to a peak lateral ground
acceleration, but it does so without applying an arbitrary acceleration distribution directly to the adobe mass. Rather, closely simu-
lating earthquake-induced ground acceleration, it employs the underlying bedrock motion to induce a distribution of lateral inertial
forces in the soil and the adobe mass that are coherent with the acceleration transmitted from the boundary to the rest of the
deformable domain.

The explicit dynamic FE formulation available in Abaqus/CAE Explicit is preferred over the standard implicit formulation since it
allows for large deformations to develop in the nonlinear model without premature failure due to the numerical singularity of the
stiffness matrix. CDP models of masonry structures have shown that structural failure conditions can be unambiguously detected
before the analysis fails due to numerical problems if the explicit formulation is used [56]. Although generally used to model impact
dynamics, the explicit formulation is successfully applied in the present context to produce quasi-static analytical conditions during
dead-weight loading. This is achieved by selecting suitably long analytical time intervals for the gradual application of gravitational
acceleration. The development of kinetic energy remains negligible as long as static stability is maintained, i.e. less than 5% of the total
internal energy, as recommended [38]. Sub-section 4.2 reviews the energy-based approach for structural failure analysis adopted in
conjunction with explicit FE modelling.

4.1. Quasi-static and dynamic analysis stages

The two sequential stages are given in Fig. 9. The first concerns the application of self-weight to the entire numerical model as a
body force. To this end, gravitational acceleration is applied as a linear ramp growing from 0g to 1g over an interval of 5 s, allowing a
slow deformation rate and producing quasi-static conditions within the explicit analytical formulation. During this step, the sloping
base of the monument is fully constrained. At the right side, the supporting soil is free to move only vertically; this condition represents
the mechanical effect of soil beyond the rightmost boundary.

During the second stage, a lateral acceleration is applied to the model at the boundaries, simulating the effect of ground accel-
eration. As shown in Fig. 9(b), the previous full constraint of the sloping base is relaxed. Along the bedrock, boundary conditions
previously fixed in both horizontal (x) and vertical (y) directions are modified to allow acceleration in the horizontal direction only.
Along the vertical boundary at the west side, the nodes that were previously constrained in the horizontal (x) direction only are now
accelerated in the -x direction. An equal acceleration is applied to the base and soil boundary. The acceleration increases linearly from
0 g to 0.306 g (3 m/s?) over a 5 s interval. The upper limit of the acceleration is based on the lateral capacity of the analogous 2D
continuum model given in [54,55,57].

The rigid translation of the boundary produces internal inertial forces resulting from the intrinsic deformability of the structure, in
contrast to conventional pushover analysis where a displacement or force distribution derived from eigen-frequencies analysis of the
linear elastic model is applied to the structure. By applying acceleration to the base of the model, we produce a condition that more
realistically represents how seismic load is transmitted to a structure from the ground. In fact, due to the material characteristics, the
model reaches nonlinear conditions due to plastic strain distributions at the end of gravitational loading. Thus, the eigen-frequencies
analysis and the attendant displacements of force distributions may not lead to a correct application of internal inertial forces acting on
the model during the dynamic stage. This problem is completely bypassed but letting the nonlinear model develop the appropriate
inertial response under boundary applied accelerations.

The two-stage nonlinear structural analysis is set to finish in 10 s of analytical time, with 5 s of quasi-static loading followed by 5 s of
dynamic loading. However, the analysis proper is considered completed at the time of structural failure which takes place before the
10 s limit, for all cases considered in this study. The nonlinear model becomes numerically unstable shortly thereafter, and the analysis

Table 2
Material parameters adopted for the foundation soil assuming a Mohr-Coulomb formulation.
Young’s Modulus (MPa) Poisson’s ratio Density Friction Angle ¢(deg) Dilation Angle y (deg) Cohesion
(kg/m?) (kPa)
57 0.42 2000 43 13 0.010
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aborts due to exceedingly large deformations. The definition of what constitutes structural failure in this nonlinear dynamic context is
discussed next.

4.2. Energy-based determination of lateral capacity

To determine the enucleation of local damage and its evolution into structural failure under static or dynamic conditions, we apply
the energy-based approach previously developed for the static and dynamic assessment of CDP models representing historical
structures [54-57,79]. This approach provides a rational strategy to numerically determine the lateral capacity of the pyramid model.
The basic postulate is that structural failure of a masonry construction - either due to static or dynamic loading — can be defined as the
transition from a stable to an unstable equilibrium condition for either the entire structure or portion(s) of it. In a numerical model, this
transition can be identified by a sudden variation of support reactions. Failure also produces the asymptotic growth of kinetic energy,
since, in order to fail, the structure must ultimately separate into disconnected elements which move with increasing velocity under the
applied forces. In nonlinear FE analyses using CDP material formulations, fracture propagation is represented as a zone of plastic strain
growth, which in turn produces plastic dissipation energy. In the limit, for separated elements to move independently, plastic strains —
and with them plastic dissipation energy — must grow asymptotically. Thus, in CDP models, the failure growth in kinetic energy is
accompanied by the asymptotic growth of plastic dissipation energy.

Under dynamic conditions produced by ground acceleration as applied in the present study, the entire FE model translates with
increasing velocity, which, given the large mass involved, produces a fast growth of kinetic energy. In this case, the variation of kinetic
energy due to structural failure may not be easily distinguished from the high level of kinetic energy already present in the structure. In
these circumstances, failure conditions can still be effectively determined based on a change in support reactions, the asymptotic
growth of plastic dissipative energy, or both.

The application of the energy-based approach in the present context is illustrated with the example in Fig. 10. A 5 by 5 m adobe
macroblock subjected to gravitational loading and ground acceleration is represented by the 2D plane stress model shown in Fig. 10(a).
It has a 1 m thickness and the material is characterized by the same CDP parameters given earlier. The model consists of a uniform
mesh of CPS6M triangular elements and two-stage analysis is performed in Abaqus/CAE Explicit. The gravitational load is applied
during the first 4 s followed by a rightward ground acceleration linearly increasing from 0g to 0.8g in the following 6 s. The evolution
of elastic strain energy (SE), plastic dissipation energy (PD), and vertical and horizontal reactions versus analytical time is shown in
Fig. 10(b). As indicated by the sharp decrease of both reactions and the simultaneous asymptotic growth of PD, failure conditions are
reached at 9.23 s, which corresponds to a lateral acceleration of 0.7g.

The evolution of the damage pattern from pre- to post-failure time is shown in terms of maximum principal plastic strains in Fig. 10
(). Grey bands denote areas where strains are in excess of 10” and are interpreted to represent actual fractures in the adobe con-
tinuum. Thus, the inertial body forces cause a shearing fracture at the base immediately followed by a secondary diagonal fracture. In
kinematic terms, failure begins with the block separating from the support and sliding to the right, and it finishes with the moving
block splitting diagonally and the upper triangle sliding downward.

Returning to the energy plots in Fig. 10(b), it can be noticed that SE peaks around 9.23 s, suggesting that failure time may be
associated with the intersection of the PD and SE curves. Since elastic strains will actually decrease during fracture growth, it is to be
expected that, at approaching failure conditions, SE will sharply decrease in the presence of total failure — as in Fig. 10(b) — or continue
to grow at a lower rate for a failure involving only a portion of the structure. Thus, since in no case SE will exhibit the same asymptotic
behaviour of PD, the two curves can be expected to intersect in close proximity to failure, and this condition can be effectively used to
determine failure time. Furthermore, the sharp vertical asymptotic behaviour of PD at failure suggests that even considering failure
conditions to correspond to PD reaching a value greater than SE would not alter the results in a meaningful way since this would only
marginally increase the calculated time of failure and thus the lateral capacity. In conclusion, the geometrical condition PD = SE
provides a practical and reliable way to identify the time of failure even in those cases when reactions may not be easily computed from
the numerical model.

The failure determination process described above can be generalized as follows. Two stages are involved: (1) gravitational loads
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Fig. 10. Single macroblock benchmark for energy-based evaluation of failure condition and lateral capacity.
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are applied with the model held in static conditions followed by (2) a pre-set lateral acceleration is applied to the boundary with the
model now responding under dynamic conditions.

Stage 1: The time evolution of internal energy is monitored during gravitational loading, as some level of PD could develop
depending on material properties, model geometry, and boundary conditions. If PD becomes asymptotic indicating structural collapse
before static equilibrium is achieved, the analysis is halted. If PD remains lower than SE until the end of stage 1, static equilibrium is
reached and the analysis can now proceed to stage 2.

Stage 2: The boundary conditions - fixed during stage 1 — are selectively released to allow a horizontal acceleration to be applied to
the boundary nodes as a linear ramp increasing from zero to a pre-set value. As in the previous stage, the evolution of internal energy is
monitored and the analysis is halted when PD matches SE. In case this doesn’t happen within the range of applied acceleration the pre-
set ramp value for Stage 2 is increased, and the entire analysis is repeated. The horizontal acceleration which produces failure con-
ditions (i.e., PD = SE) represents the lateral capacity of the structure.

5. Sensitivity analysis

The sensitivity analysis consists of 25 models that are used to investigate the influence of the friction coefficient and the number of
macroblocks on the lateral capacity and damage map obtained from each simulation. Friction coefficients range from u = 0.1 to p =
0.5, and the numbers of macroblocks discretizing the active region are 37, 56, 70, 90, and 103, as shown in configurations 1-5, Fig. 6b-
f. Hereafter, each individual model is denoted by its N-u combination. Each model was analysed using the two-stage procedure
described earlier.

5.1. Illustrative example of lateral capacity estimation

The application of the energy-based methodology to the 2D macroblock model is illustrated with configuration 3 from Fig. 10 (N =
70 macroblocks) and frictional contact is defined with the coefficient 4 = 0.3. Based on its N-u values, this model is labelled 70-0.3.
Following the two-stage analysis procedure defined earlier, the model is subjected to gravitational loading over the first 5 s followed by
eastward ground acceleration reaching 0.306g over the next 5 s. Fig. 11(a) shows the time evolution of the SE and PD curves produced
by the eastward ground acceleration, while Fig. 11(b) gives the lateral capacity in terms of the applied ground acceleration versus
horizontal displacement of representative point P. Plastic dissipation begins to grow at 6 s reaching 10% of SE at 7 s, turns sharply
upward thereafter, and intersects strain energy at 8.11 s. This corresponds to an eastward lateral acceleration of 0.19g. The comparison
with the energy plot for the benchmark problem in Fig. 10(b) gives insights into the failure process associated with the present 2D
model. In the benchmark case SE peaks at the point of intersection with PD and decreases sharply thereafter, a clear indication that
failure involves the totality of the structure, as confirmed by the failure pattern illustrated in Fig. 10(c). In contrast, as shown in Fig. 11
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Fig. 11. Model 70-03: (a) Time-evolution of plastic dissipation and elastic strain energies - vertical line highlights failure instant; and (b) corre-
sponding capacity curve in terms of applied ground acceleration versus horizontal displacement for representative point P.
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(a) for model 70-0.3, while PD becomes vertically asymptotic immediately past 8.11 s, strain energy does not peak at the same time
indicating that the detected structural failure involves only a small section of the model. This is confirmed by the displacement and
plastic strains patters illustrated in Fig. 12 (c-d).

The correlation between the lateral capacity curve for point P — Fig. 11(b) — and the corresponding energy plot — Fig. 11(a) — further
illustrates the structural response to linearly increasing ground acceleration. The softening effect due to progressing plastic damage is
clearly visible. The response is linear up to 0.08 g and increasingly softens thereafter becoming sharply plastic at 0.15 g, which
corresponds to plastic dissipation reaching 25% of strain energy. As expected, since both applied acceleration and horizontal
displacement at P increase monotonically throughout the analysis, the curve flattens but its slope remains positive up to failure.

The deformation and maximum principal plastic strain configurations at t = 5 s (end of gravitational loading) and t = 8.11 s
(structural failure) are given in Fig. 12. The static results of macroblock model 70-0.3 (Fig. 12a-b) are consistent with those of the
corresponding continuum pyramid models (which use the same bedrock geometry and adobe tensile strength) [54,55,57]. In both
cases, the soft soil support causes a substantial increase of vertical displacements in proximity to the west facade. However, the model
registers only marginal damage limited to the facade and concentrated along the steps.

The deformation and damage picture changes dramatically under dynamic conditions. At failure, the macroblocks in the upper part
of the west fagade begin to slide downward - Fig. 12(c). Extensive damage registers along the entire facade and large, deep fissures
extend downward from the top of the model, almost splitting the structure at the point where it projects from the bedrock onto the soft
soil — Fig. 12(d). The deformation and fracture patterns from this dynamic stage are also consistent with those observed from the
continuum models [54,55,57]. The lateral capacity of model 70-03 under eastward ground acceleration is 0.19g. This finding fits
within the range of 0.135g-0.34g capacity determined by the systematic analysis of 2D plane strain continuum models. The analysis of
these continuum models consistently shows that westward ground acceleration produces failure conditions at higher acceleration
values. Thus, the present study is limited to examining the eastward case only.

5.2. Influence of the friction coefficient on the failure mechanism

The effect of the friction coefficient adopted for the contact interfaces between macroblocks is illustrated with a series of five
models (model 70-0.1 to 70-0.5) in which the number of macroblocks is held constant at N = 70 blocks, and the coefficient is varied
from 0.1 to 0.5. The calculated lateral capacity is linearly dependent on the frictional coefficient. Values range from 0.11g to 0.24g (A
= 118%) with 70-0.1 yielding the lowest value. Fig. 13 depicts the maximum principal plastic strain maps for each model, at the same
lateral acceleration of a = 0.11 g (the maximum lateral acceleration for 70-0.1) to guarantee consistency. A significant reduction of
the plastic strains and thus lower levels of expected damage in the active region are observed in 70-0.2 through 70-0.5. Damage along
the facade is sharply reduced for models with higher frictional coefficients, however a deep vertical fracture originating at the re-
entrant corner at the top of the pyramid is present in all the models.
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5.3. Influence of the number of macroblocks on the failure mechanism
The effect of the number N of macroblocks is illustrated next. In this case, the friction coefficient is kept fixed at y = 0.3 while the

numbers of macroblocks vary from N = 37 to N = 103 (models 37-0.3, 56-0.3, 70-0.3, 90-0.3, and 103-0.3). The calculated lateral
capacity ranges from 0.18g to 0.20g (A = 11%) with 90-0.3 yielding the lowest value. For objective comparison between models, the
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principal plastic strain maps are evaluated for each model under the same applied lateral acceleration of a = 0.18g (the lowest lateral
capacity from model 90-0.3). Results shown in Fig. 14 indicate similar patterns of extensive damage which affect the entire facade. All
models are close to failure by sliding collapse of a large triangular sector of the facade and several large vertical fractures are shown
penetrating vertically from the top. Models 37-0.3, 56-0.3, 70-0.3, and 90-0.3 are also characterized by a deep vertical fracture
originating at the re-entrant corner and propagating in the continuum, nearly splitting the model. The same fracture appears to be
deviated diagonally and substantially mitigated in model 103-0.3, likely due to the presence of the blocks in this critical area. In
contrast to the effect of varying the friction coefficient, increasing the number of macroblocks is found to have only a marginal effect on
lateral capacity.

This point is further illustrated by comparing the energy plots for models 37-0.3 and 103-0.3 (Fig. 15, in blue and green). The
plastic dissipation curves are in this case nearly identical, proving that the two models not only fail at the same time but also follow
similar damage growth patterns up to failure. Comparing the energy plots for 70-0.1 and 70-0.5 (Fig. 15, in red and black) clearly
demonstrates the difference in lateral response for the same macroblock geometry when the friction coefficient is changed from
minimum to maximum. In this case, the plastic dissipation curves not only intersect the strain energy curve at two sharply separated
points but also show different damage growth patterns.

5.4. Results of sensitivity analysis

The results for the complete sensitivity analysis of the lateral capacity as a function of the number of macroblocks and the coef-
ficient of friction are reported in Table 3 and Fig. 16. Results clearly show the dominant effect of the coefficient of friction on lateral
capacity, and, at the same time, the marginal effect of the number of macroblocks on each y set. As expected, the capacity increases
with the coefficient of friction. The Ay and Ap parameters indicate the maximum percent variation in lateral capacity for a given value
of p or N, respectively. While Ay ranges between 5% and 13%, A, varies between 118% and 115%. The order of magnitude difference
between A, and Ay proves the dominant effect of p versus N. The median value grows from 0.1g for p = 0.1 to 0.24g for p = 0.5, while
the standard deviation does not exceed 0.01g. Taken together, these results show that for the five distributions of macroblocks
considered, the coefficient of friction affects the global response (structural failure) while — as illustrated in Fig. 14 — the number of
blocks alters the distribution of local damage (the evolution of internal fractures) but only marginally affects the structural failure
mechanism.

5.5. Influence of the soil deformability on the lateral capacity

The relative effect of the soil foundation stiffness on the lateral capacity is also investigated. The geotechnical tests from which the
average soil stiffness of E = 57 MPa was derived were conducted in front of the pyramid’s north facade [64,67,69]. The actual soil
stratification under the midsection of the pyramid has not been explored. To examine the effect of a stiffer support condition, the same
2D plane strain sensitivity analysis was repeated with a soil stiffness of E = 123 MPa (the adobe stiffness). The results are presented in
Table 4 and show a similar pattern to those in Table 3. The coefficient of friction has a dominant effect on lateral capacity, while the
effect of the number of macroblocks on each y set remains secondary. The median values of lateral capacity increase with respect to the
previous analyses (by 30% in the case of p = 0.1).

6. Conclusions and future work

A 2D nonlinear FE model was developed to explore how the Moche pier construction process used in Huaca de la Luna’s main
pyramid might affect the static and dynamic response to gravitational and lateral ground acceleration loading. To this end, a multi-
scale approach is introduced in combination with a macro-modelling representation of adobe material. Piers of adobe bricks are
modelled as macroblocks separated by frictional interfaces. The model’s “active” region, identified from previous structural studies, is
discretized into macroblocks and the remaining portion of the model is treated as a continuum. The analysis is conducted in Abaqus/
CAE Explicit using concrete damaged plasticity and Mohr-Coulomb formulations for adobe construction and soft soil, respectively. A
two-stage assessment procedure begins with a quasi-static analysis to predict the stress state due to gravitational loading. A dynamic
analysis follows to identify lateral capacity and failure mechanisms triggered by monotonically increasing ground acceleration. The
development of local damage conditions up to structural collapse is visualized by the nucleation and propagation of maximum
principal plastic strains throughout the model.

The model geometry is based on the EW mid-section of the main pyramid introduced in earlier studies. Systematic nonlinear FE
static and dynamic analysis of 2D continuum models have identified critical damage development in the western portion of the cross
section, culminating with partial or total collapse of the west facade [54,55,57]. This so-called active region corresponds — within the
approximation intrinsic to a 2D plane strain model - to the west facade, including the damaged NW corner of the actual pyramid. Thus,
to effectively model how piers affect damage development and collapse mechanisms, macroblocks are distributed from the west facade
to the interior of the cross section. Five cross sectional configurations of increasingly deep macroblock distributions are considered,
with the total number of macroblocks gradually increasing from 37 to 103. Five frictional coefficients are also considered for each
configuration of macroblocks, ranging from 0.1 to 0.5. Thus, a set of 25 unique nonlinear FE models are produced.

Results clearly show the dominant effect of the coefficient of friction on lateral capacity; the effect of the number of macroblocks on
lateral capacity is marginal. The capacity increases with the coefficient of friction. Median values of calculated lateral capacities vary
from 0.1g to 0.24g for the range of frictional factors considered. Lateral capacities given by the macroblock models are on the lower
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Fig. 15. Time-evolution of plastic dissipation (PD) and elastic strain energy (SE) for selected models.

Table 3
Model lateral capacity (Egoii = 57 MPa).
Friction coefficient (i) Number of macroblocks (N)
37 56 70 90 103 An (%) median std dev
0.1 0.10g 0.10g 011g 0.10g 0.10g 10 0.10¢g 0.00 g
0.2 017 g 0.15¢g 0.16 g 0.15g 0.16 g 13 0.16 g 0.0lg
0.3 0.20 g 0.20 g 0.19g 0.18 g 0.20 g 11 0.20g 0.01g
0.4 021g 021g 021g 0.22¢g 021g 5 0.21¢g 0.00 g
0.5 0.23¢g 0.23¢g 0.24 g 0.24 g 0.25¢ 9 0.24 g 0.01g
A, (%) 130 130 118 140 150
0.25 -
: 0.2 4
g
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Fig. 16. Visualization of sensitivity analysis results given in Table 3 (lateral acceleration in terms of g).

Table 4

Model lateral capacity (Ego;y = 123 MPa).
Friction coefficient () Number of macroblocks (N)

37 56 70 90 103 A N (%) median std dev

0.1 0.13 g 0.13g 0.13g 0.13g 0.13g 0 0.13 g 0.00 g
0.2 017 g 0.18g 0.l4g 0.16g 017 g 29 017g 0.02g
0.3 0.22g 0.21g 0.23g 0.19g 0.22g 21 0.22¢g 0.02g
0.4 0.22g 0.23g 0.23g 0.23g 0.23g 5 0.23g 0.00 g
0.5 0.26 g 0.26 g 0.26 g 0.25g 0.25g 4 0.26 g 0.0lg
A m (%) 100 100 100 92 92
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end of the 0.135g-0.34g range that is calculated from 2D continuum models [54,55,57]. This range is produced by a variety of
configurations that are explored via a sensitivity analysis of material, bedrock, and architectural configurations. The directly com-
parable continuum model from this range yields a lateral capacity of 0.34g. Assuming a coefficient of friction of 0.3 as a conservative
estimate for adobe-on-adobe contact based on data in [80], the present macroblock model predicts a median lateral capacity of 0.2g.
According to this estimate of the frictional coefficient, the pier architecture presently modelled with macroblocks lowers the lateral
capacity by 40%. All models fail by structural collapse of the west facade and with internal damage distribution partially affected by
the number of macroblocks. A qualitative survey of results shows localized plastic strains (fracture) at the west facade and on the top of
the pyramid that are consistent with 2D continuum models and with extant damage.

Future research will investigate the effect of macroblock discretization with variably sized macroblocks and irregular configura-
tions, which more closely reflects archaeological findings on the internal layered structure of the pyramid. Following the work in
[54,55,57], the modelling will be extended from 2D to 3D, to more accurately represent the complex structural behaviour the actual
pyramid. Finally, a time history analysis will be applied to macroblock models to evaluate the seismic vulnerability of the monument.
This work also confirms the utility of an energy-based failure criterion for the assessment of the lateral capacity of structures modelled
with the CDP formulation. Finally, the multi-scale approach introduced here may find application to a class of similarly built Moche
earthen structures in northern Peru.
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