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Abstract

Huaca de la Luna is a monumental earthen complex located near Trujillo in the North coast of
Peru built from 200 AD to 850 AD by the Moche civilization on the slopes of the Cerro Blanco
mountain. The principal structure is a massive stepped pyramid built with millions of adobe
bricks. The pyramid presents severe structural damage near the NW corner. The static and
dynamic response of the pyramid is analyzed using 2D plane strain nonlinear FE models rep-
resenting the east-west middle section together with the underlying soil profiles. We perform a
sensitivity analysis of the static and dynamic response to (a) the pyramid stepped west side
profile, (b) the underlying soil and bedrock configuration, and (c) the adobe material tensile
strength. Under static conditions the models develop internal fractures but in none of the cases
considered these grow to cause the structural collapse of the west side. The west side suffers
complete collapse under horizontal accelerations as low as 0.135g.
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1 INTRODUCTION AND OBJECTIVES

1.1 Historical introduction

The archaeological site of Huaca de la Luna, or Temple of the Moon, is a monumental
earthen complex built by the Moche civilization approximately from 200 AD to 850 AD and
located near the modern city of Trujillo in the North coast of Peru. Huaca de la Luna was erected
on the lower slopes of the Cerro Blanco as part of a sprawling urban center considered to be the
capital of the Moche state. The Moche is one of the most important pre-Inca culture, recognized
for its distinctive ceramics and architectural decorations [1]. Huaca de la Luna is considered
one of the best examples of the Moche cultural achievements because of its well-preserved
mural bas-reliefs particularly on the north fagade of its main pyramid [2]. After extinction of
the Moche culture, circa 850 A.D., the complex was naturally buried under eolian sand deposits,
which reduced exposure to seismic loading demands during possible historical earthquakes in
that region of Peru. The sand deposits also protected the extensive bas-relief on the north fagade
from the erosion caused by El Nifio torrential rains. The archaeological works that started in
the beginning of the 90s has systematically unearthed and exposed the entire Huaca de la Luna
complex [2]. Archeologists working at the site interpret Huaca de la Luna as consisting of three
pyramids composed by large platforms at various levels, connected by open spaces as recon-
structed in Fig. 1(a). Typical of Moche monumental architecture, the complex was entirely built
using millions of adobe bricks connected with mud mortar.

The principal structure is a massive stepped pyramid — shown in its present state in Fig. 1(b)
—which served for leading political and religious ceremonial events including human sacrifices
and elite burials. This pyramid is the result of a succession of construction stages, each consist-
ing in a taller and larger building erected on top of the previous one, so that the new structure
encapsulates in its interior all preceding constructions. Each stage was built by erecting adja-
cent vertical piers of well textured adobe masonry. The pyramid shows signs of extensive an-
thropogenic and natural damage, primarily in the north and west fagade and in the built-up area
unearthed by the archaeological excavations on top of the pyramid [2]. A large excavation,
attributed to treasure hunting digging during colonial time, cuts deeply in the north facade —
Fig. 1(b), while several tunnels dug by treasure hunters pierce the west facade at different levels
— Fig. 2(b). Structural damage is mainly present in the NW sector of the pyramid including the
substantial collapse of the NW corner — Fig. 2(a) - and large cracks in the upper areas which
penetrate deeply in the structural system.

1.2 Research objectives

The main pyramid is the long term objective of a multidisciplinary study focused on deter-
mining the structural behavior of its massive core as well as the built up areas on the top of the
pyramid under static and dynamic conditions. Previous work has included a detailed laser-scan
survey and 3D reconstruction of the pyramid [3], the mechanical characterization of adobe brick
and mud mortar construction through lab testing [4, 5] and the geotechnical and geophysical
exploration of the foundation soils along the northern fagade [6]. These results have been in-
corporated into a series of preliminary nonlinear FE models of increasing complexity in order
to understand how the soil-structure interaction affects the static and dynamic stability of the
pyramid. Taking into account the location of the Huaca on the slope of the Cerro Blanco and
the results of the geotechnical and geophysical exploration, the FE models assume that the east
side of the pyramid is supported on solid bedrock while the west side is built directly on layers
of soft sand, with large adobe blocks serving as the foundation layer. Previous research has
investigated the relationship between the observed damage and the soft soil support under static
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conditions using a simplified 2D plane strain model derived from the geometry and the ground
level of the north facade [7]. In the present research we turn our attention to west side of the
pyramid to capture the effect of the original ground level, located 5.5 m below the north side.
To this end, we develop a refined 2D geometry which includes all superimposed construction
layers down to the original ground level as revealed by the archaeological excavations along
the west side of the pyramid. Adopting a plane strain formulation, this geometry is used to
model the structural behavior of an EW cross section positioned in the middle of the pyramid.
We then perform a sensitivity analysis of the static and dynamic response to variations in (a)
the pyramid stepped west side profile, (b) the underlying soil and bedrock configuration, and
(c) the adobe material tensile strength. In each case, the dynamic response is evaluated by ap-
plying lateral and vertical ground accelerations leading to the structural collapse of the stepped
(west) side of the 2D model. Following a macro-modeling strategy [8, 9], the analysis is per-
formed in Abaqus CAE/Explicit using the concrete damaged plasticity formulation to represent
a continuum with the mechanical properties of adobe [10]. The soil layers are modelled using
the Mohr-Coulomb formulation [11]. The specific material parameters are given below in the
modeling section.

a) b)

Figure 2: (a) Damaged NW corner of the main pyramid, and (b) West facade of the main pyramid (remaining of
the buttress system is highlighted) [7].

2 METHODOLOGY

In order to determine the formation of local damage and its evolution into structural failure
in the cross-sectional model under static and dynamic conditions, we apply the energy based
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approach previously developed for the failure analysis of other concrete damaged plasticity
models [12, 13]. In brief, the time-evolution of strain (SE), kinetic (KE), and dissipative energy
(PD — due to plastic deformations simulating internal fractures) is used to identify the develop-
ment of local damage conditions up to structural collapse. Consider a simple vertical wall under
lateral acceleration normal to the wall — Fig. 3. After gravitational loading, a uniform monoton-
ically increasing horizontal acceleration is applied to the model using the explicit FE formula-
tion available in Abaqus. The desired quasi-static condition is enforced by adopting long time
intervals for the application of both gravitation and lateral accelerations: in the example shown,
five seconds for gravitation to increase linearly from 0 to 1 g followed by ten seconds for lateral
acceleration to go from 0 to 0.8 g. As long as structural integrity is maintained under increasing
lateral acceleration, KE remains negligible during the evolution of quasi—static structural re-
sponse. Structural failure is associated with the sudden transition from quasi-static to a fully
dynamic state and is detected by the accompanying asymptotic growth of KE. PD follows an
identical growth pattern, becoming asymptotic at collapse. Notice also that the viscous dissipa-
tive energy (VD) produced by the fictitious viscosity parameter used in Abaqus/CAE Explicit
to dampen possible oscillatory behavior remains negligible during static conditions and then
goes asymptotic at failure.

The examination of the energy plots in Figure 4 suggests complementary ways to associate
a specific time interval to failure. KE begins to develop at 7.3 s and becomes asymptotic at 7.9
s, reaching the 10% value of the total internal energy (i.e. SE + PD + KE) at 7.7 s. PD, which
can be taken to represent the work necessary to propagate the fractures at the base of the wall,
begins to appear at 6.6 s and crosses the SE at 7.85 s. Thus, purely on energy considerations,
total failure can be reasonably defined to happen between t = 7.7 s (when the loading process
cannot anymore be regarded as static) and t = 7.85 s (when the PD equals the SE).
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Figure 3: Wall under normal acceleration: energy curves versus analysis time [13].

In the present work, after gravitational loading, lateral accelerations are applied directly to
the boundary conditions at bedrock level. In this case, since the entire model is accelerating
under inertial forces, KE develops rapidly well before collapse conditions and cannot be used
to detect collapse. Under these circumstances, we can still depend on PD to trace the evolution
of damage to full collapse, with the latter taken to be the time at which PD equals SE.

The explicit (dynamic) nonlinear FE formulation is preferred over the implicit one because
of its capability to sustain large deformations and attendant local material failures, and to cap-
ture unequivocally the collapse condition due to lateral accelerations. In fact, in most of the
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cases of the present study, it may be not possible to detect the actual failure condition using an
implicit nonlinear FE formulation because the analysis terminates due to numerical error (e.g.,
the stiffness matrix becomes singular) before the actual structural failure occurs. On the nega-
tive side, dynamic explicit models are computationally costly. In order to ensure algorithmic
convergences, Abaqus Explicit requires the time increments of the order of 10 second for both
gravitation and lateral acceleration.

3 DESIGN OF MODELS

The sensitivity analysis of the static and dynamic response of the EW cross section is based
on twenty seven models derived from the combination of three variations of the west side
stepped profile, three underlying soil and bedrock configuration, and three adobe material ten-
sile strength.

3.1 West side stepped profile

Based on the archaeological reconstruction, the original platform level on the west side of
the pyramid can be located at approximately 25.2 m from the ground [14]. Of relevance for
interpreting the geotechnical data, we notice that the ground level on the west side is approxi-
mately 5.5 m lower than level of the plaza in front of the north facade. The architecture of the
upper west side is well defined in terms of step dimensions. However, due to higher level of
damage, less is known with certainty about the original configuration of the lower steps [15,
16]. Thus, working from the archeological cross sections, the upper five steps — extending ap-
proximately the 17.1 m in elevation - can be reasonably reconstructed and matched with the
identical steps on the north fagade. However, the architectural configuration for the remaining
8.1 m is ambiguous and can be interpreted as consisting of either three equally spaced steps, or
the combination of two irregular steps (a single higher step replacing the two lowest ones from
the previous configuration), or even including a triangular buttress at ground level. The result-
ing three geometrical configurations — hereafter labelled C1, C2, and C3 — are shown in Fig. 4.
Notice that the footprint of the stepped west side changes according to the configuration, with
C2 resulting in a substantially smaller footprint than C1 or C3.

3.2 Soil and bedrock configurations

The reconstruction of the foundation soil configuration below the EW cross section is based
on the geotechnical data produced during the exploration conducted in front and to the west of
the north fagade [6, 7]. Figure 5 shows the location were cone penetration tests (CPT) were
performed and the resulting EW soil stratigraphy configuration with the ground level set at the
base of the north fagade, i.e., 5.5 m above the ground level on the west side. Based on additional
geological considerations, the stratigraphy illustrated in Fig. 6 is assumed for a NS section taken
to the west of the pyramid in correspondence of the CPTO02 location (Fig. 5). Starting from these
data we construct three alternative bedrock configurations for the EW cross section taken in the
middle of the pyramid and referred to the west ground level, see Fig. 6. Configuration B1 as-
sumes the same bedrock position as determined in front of the north fagade. For configuration
B2, the bedrock layer is shifted uniformly 5 m down. Configuration B3 is derived from B1 by
positioning the bedrock 5 m lower only in correspondence of second CPT location. As a result,
the amount of soft soil below the pyramid in B2 and B3 is larger than B1, while the contact
surface between the pyramid and the soft soil is essentially unchanged between B1 and B3 but
increases markedly in B2.
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Figure 4: 3D solid model with north and west ground elevation difference on the left, (a) C1 configuration - reg-
ular steps, (b) C2 configuration - higher lower step, and (c) C3 configuration - buttress system.
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Figure 5: Geotechnical test location (left), bedrock layout and EW soil stratification based on north ground
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Figure 6: NS bedrock layout and soil stratification (left) [6, 7], and (a) B1 bedrock configuration, (b) B2 bed-
rock configuration, (c) B3 bedrock configuration.

3.3 Adobe tensile strength

In quasi-brittle materials such as adobe masonry, performing tensile tests are extremely dif-
ficult. In this case, tensile properties are derived from the compressive strength g[8, 9]. For
the present case we consider three adobe materials characterized by the same compressive be-
havior but with tensile strength set as 1/10 a. (M1), 1/20 o (M2), and 1/30 o (M3). The post-
critical tensile stress versus displacement input for the three cases are shown in Fig.7.
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4 MATERIAL CHARACTERIZATION

We use the material parameters for the adobe masonry and the soft soil stratification exper-
imentally given in [4, 5] and [6, 7], respectively.

4.1 Concrete damaged plasticity parameters (adobe)

The concrete damaged plasticity in Abaqus/CAE Explicit requires separate characterization
for the elastic, plastic, and inelastic behavior. For the elastic part, the density is p = 1735 kg/m?,
the Young’s modulus E = 123 MPa, and the Poisson ratio v = 0.2. The plastic properties are
given in Table 1.

Dilation Angle (°) Eccentricity f,0/f.0 K Viscosity Parameter
1 0.1 1.16 0.67 1E-8

Table 1: Plastic properties for the adobe material

The inelastic behavior is defined separately for tension and compression. While in [7] the com-
pressive curve is expressed as stress versus total strain, Abaqus requires that the uniaxial com-
pressive response be given in terms of stress versus inelastic strain [ 10]. The following equation
is used to convert the strain data:

gi =&t - o/E (1)

where ¢; denotes the inelastic strain, gt the total strain, E the elastic modulus, and ¢ the com-
pressive stress. As in [7] the postcritical tensile response is expressed in terms of stress versus
crack-opening displacement. The resulting material curves for inelastic compression and ten-
sion are given in Fig. 7. The tensile curves for M2 and M3 are derived by scaling the M1 curve
by 1/2 and 1/3, respectively.
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Figure 7: Compressive behavior stress versus inelastic strain (left), material variation on tensile strength as M1,
M2 and M3 (right).

4.2 Mohr-Coulomb parameters (soft soils)

For the B1, B2 and B3 soil and bedrock configurations defined above, the soil stratification
and related properties follow the CPT data given in [6, 7]. The foundation soils are comprised
of layers of eolian sands that range from medium dense near the surface to very dense at deeper
depths approaching the bedrock. Each of the four layer shown in Figures 5 and 6 is assumed to
behave like a Mohr-Coulomb material with properties given in Table 2. To take into account
the marginal cohesion of eolian sand, the cohesion strength of each layer is set to 10 Pa.
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Parameter Layer 1 Layer2 Layer3 Layer4
Mass density (kg/m?) 1900 2000 2000 2250
Elastic modulus (MPa) 17 43 57 58
Poisson ratio 0.43 0.43 0.42 0.41
Friction angle 40° 42° 43° 43°

Table 2: Material properties of soil layers under Huaca de la Luna [6, 7].

S RESULTS

Although none of the twenty seven M-B-C pyramid configurations reaches structural failing
conditions under static loading, all of them exhibit some level of adobe plasticity at the soil-
structure interface in proximity to the west edge. The size and intensity of this damage, the
additional development of vertically penetrating fractures originating from the top of the pyra-
mid and of damage along the west steps are all affected by the variation in adobe tensile strength
and bedrock configuration, and, in a lesser measure, by the step architecture.

We begin by considering how the variation of underlaying bedrock configurations and adobe
tensile strength affect material damage under static conditions. Shown in Fig. 8 is the plastic
dissipation energy (PD) measured in the adobe mass at the end of gravitational loading. PD
increases with bedrock configurations from B1 to B3 and also, as expected, with the adobe
tensile strength decreasing from M1 to M3. It is clear that the bedrock configuration has the
highest effect on the plastic dissipation energy. Thus, the combined effect of steeper bedrock
angle and deeper soft soil foundation - configuration B3 - produces the highest plastic dissipa-
tion on the main pyramid. Considering that, as explained earlier, plastic dissipation is directly
proportional to the formation of fracture damage in the adobe material, it can be concluded that
the bedrock layout makes the most important contribution to material damage under static con-
ditions. This consideration will be further explored by analyzing the results of the various mod-
els built with combination of bedrock layout, step architecture, and material tensile strength.
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Figure 8: Plastic dissipation energy for material and bedrock variations.

The distribution of maximum principal plastic strains on bedrock configurations B1, B2, and
B3 with the highest tensile strength of adobe (M1) are shown in Fig. 9 (a)-(c). These are com-
pared with the results for the same configurations but with the lowest tensile strength (M3), Fig.
9 (d-f). The black zones indicate areas where the strains are above the 1073 threshold, and thus
where fracture damage can be predicted. For all the M1 cases, compressive stresses — although
remaining below compressive strength — produce a nucleus of low level tensile plastic strains
at the base of the pyramid in proximity of the west edge — see B3, Fig. 9(c). For B1 and B2 their
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magnitude is below 2.5¢* and thus not visible in Fig. 9(a) and (b). While there is no fracture
development on the top level of the pyramid for B1, a downward vertical fracture forms at the
angle between the top platforms for B2 and B3.

Figure 9: Plastic strain results of bedrock variation for M1 (a-c) and M3 (d-f).

As shown in Fig. 9(d)-(f), the M3 models under static conditions exhibit similar damage
patterns at the base of the pyramid. In all three bedrock configurations, however, the downward
fractures on the top level increase noticeably in number and in depth and damage appears along
the steps on the west side of the pyramid. For M3-B3, a substantial fracture propagates upward
from the base near the west corner — Fig. 9(f).

M1-83-C2

M3-83-C1 M1-83-C1

Figure 10: Plastic strain results of step architecture variation for M1-B3 (a-c) and M3-B3 (d-f).

Figure 10 shows the effect of the step architecture on the B3 configurations with material
M1 and M3 under static conditions. The regular step architecture (C1) produces the least dam-
aged conditions. For the M3 cases, C1 appears to stabilize the west fagade by containing the
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expansion of the fracture zone at the base, while for the M1 cases, it produces the least plastic
dissipation energy. The downward fractures at the top platforms are consistent with those shown
in Fig. 9 for M1 and M3. For the M1 cases, there is a single fracture at top of the pyramid,
which is not affected by the step architecture. All M3 cases show several downward penetrating
fractures at the same location. In addition, the M3-B3-C2 and M3-B3-C3 cases show more
extensive damage along and in the proximity of the west steps.
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Figure 11: Plastic strain results of M3-B3-C2 configuration under gravity and eastward acceleration (a-c) on the
left, energy results of both eastward and westward acceleration cases on the right.

We now examine the effect of horizontal acceleration on the M3-B3-C2 configuration,
which exhibits the highest level of structural damage under gravitational loading. The horizon-
tal acceleration is applied at the bedrock level after gravitational loading as a linear function of
time, gradually increasing from 0.0 g to 0.2 g over 5 seconds. In order to account for the asym-
metry of the model, two separate tests are performed with the acceleration applied eastward in
one case and then westward in the other. As expected, the results indicate that the pyramid is
critically vulnerable under the eastward acceleration as clearly shown by the difference in PD
energy curves for the two cases — Fig. 11. The effect of the eastward acceleration is shown in
Fig. 11 in terms of damage progression starting at 5 s (at the end of gravitational loading, Fig
11(a)), at the beginning of collapse at 7.5 s (horizontal acceleration 0.1 g, Fig. 11(b)), and at
full collapse at 8.4 s (horizontal acceleration 0.135 g, Fig. 11(c)). The structural collapse in-
volves the separation of the entire west side of the pyramid. In contrast, the energy curves for
the westward case reveal that the structural situation remains essentially unchanged from the
static condition through the following 5 s of increasing horizontal acceleration.

To explore the effect of horizontal and vertical accelerations applied simultaneously to the
M3-B3-C2 model after gravitational loading, a downward acceleration is also added as a ramp
increasing from 0.0 g to 0.1 g over the same 5 s. The vertical acceleration is selected as half of
the horizontal one in consideration that earthquake vertical peak ground accelerations in this
aera are generally significantly lower than the horizontal component. As shown in Figure 12,
the results demonstrate that the addition of downward acceleration changes the structural failure
condition only marginally, with the horizontal acceleration at failure shifting from 0.135 g to
0.139 g.
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Figure 12: Plastic strain results of M3-B3-C2 configuration under gravity and eastward and downward accelera-
tion (a-c) on the left, energy results on the right.

Figure 13 illustrates the effect of maximum adobe tensile strength as in the M1-B3-C1 case
under eastward horizontal accelerations. The lateral capacity of the structure is further increased
from 0.135 g to 0.24 g (78% more than M3-B3-C2). Finally, Fig. 14 illustrates the effect of the
step configuration on the M3-B3 model under horizontal accelerations. The comparison with
Fig. 11 is revealing. The presence at the ground level of a buttress (C3) or an addition step (C1)
increases the lateral capacity by 33% and 45%, respectively.
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Figure 13: Plastic strain results for M1-B3-C1 configuration under gravity and eastward acceleration (a-c) on the
left, energy results on the right.
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It is worth noting the similarity in the failure pattern along the west side between all the M3-
B3 model and the actual collapse present on the NW corner of the pyramid, Fig. 14.
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Figure 14: Lateral resistance of M3-B3 cases for step architecture variation (left), damage status of the NW cor-
ner of the main pyramid (right) [16].

6 DISCUSSION

Results indicate that under the assumptions made for material properties, bedrock and soil
stratification, and architectural configuration, the 2D plane strain model shows localized mate-
rial damage but does not collapse under gravitational loading. For each adobe tensile strength
considered the bedrock configuration produces a major effect on the extension of the damaged
areas, while the step architecture affects damage only marginally. Within the bedrock config-
urations, B2 is characterized by the largest structure-soil contact, thus inducing higher displace-
ments and strain energy for the pyramid, but less damage then the B3 configuration. Although
B3 yields less structure-soil contact, it assumes a steeper bedrock angle than B1 and B2, result-
ing in a deeper amount of soft soil under the west side of the pyramid.

The lateral acceleration tests indicate that the pyramid will reach failure conditions charac-
terized by the extensive collapse of the west side under eastward accelerations ranging from
0.135 gto 0.24 g. The lowest value is due to the combined effect of lowest adobe tensile strength
(M3) with steeper bedrock angle (B3) and shorter step footprint on the west side (C2). Although
for the M3—B3 set the step architecture appears to contribute marginally to structural stability
under gravitation, it affects significantly its lateral capacity. The C3 and C1 configurations in-
crease lateral capacity from 0.135 g under C2 to 0.18 g and 0.196 g for C3 and C1, respectively.
As expected in the case of a massive earthen structure, the material tensile strength plays a
major — if not dominant —role in determining the lateral capacity. Replacing the lowest tensile
strength (M3) adobe in the B3-C2 configuration with the highest tensile strength (M 1) increases
the lateral capacity from 0.135 g to 0.24 g (a 78% increment).

In conclusion, the results of the present preliminary study can be tentatively extrapolated to
the actual pyramid to suggest that the uneven structure/soft soil/ bedrock interaction due to the
pyramid location is not likely to cause the west side structural collapse under static conditions.
Under this perspective, the extensive structural damage present in the NW corner could be at-
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tributed to lateral accelerations produced by seismic actions rather than soft soil support condi-
tions as initially suspected. However, given the inherent limitations of the 2D plane strain for-
mulation, the characteristic features of Moche building techniques ignored in the present
continuum model, and, most importantly, the uncertainties of the actual NS soil stratifications,
these are still tentative considerations to be used as a point of departure for future in depth
studies.
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