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ABSTRACT: The Inkas built walls for their temples that were made of their finest stone-
work. They also built walls of lesser quality for their agricultural terraces. The temple walls
were made of polygonal granite stones of many faces and corners. The most famous of these
walls is the Hatunrumiyoc wall which is located at Cusco and is made of rocks of many faces
and corners that fit tightly together without the use of mortar. Below the rigid wall there is a
layer of small rounded stones. These smaller stones form the foundation for the wall and act
as ball bearings. This wall has been stable through all the seismic events that have hit Cuzco.
The foundation of the Hatunrumiyoc wall is one of the earliest examples of seismic base isola-
tion. This study analyzes the seismic stability of the Hatunrumiyoc wall and a wall with no
base isolation located at Machu Picchu.

1 INTRODUCTION

Before 1538, the Inka Empire consisted of some 10 million inhabitants spread across thousands
of kilometers from Colombia to Chile in South America. The capital of the Inka Empire was
Cuzco. In Cuzco, the Inkas built walls for their temples that were made of their finest stone-
work. They also constructed walls made of rough stones for buildings of lesser importance. The
walls for their temples were made of polygonal stones of many faces and corners. The most
famous of these polygonal stone walls is the Hatunrumiyoc wall forming part of the palace of
the Inka Roca in Cusco (Fig. 1). The polygonal stones are pieced together without the use of
mortar. The polygonal stones were made of granite. The assembly of the rocks resembles a
jigsaw puzzle and causes the wall to behave as one solid, rigid unit. Below the rigid wall there is
a layer of small rounded stones (Fig. 1).
These round, smaller stones form the foundation for the wall and act as ball bearings. This

wall has been stable for more that 500 years and through all the seismic events that have hit
Cuzco. The earthquake of 1950 devastated the colonial structures built by the Spaniards.
However, the Haturumiyoc wall stood without damage (Ericksen et al., 1954). The foundation
of the Hatunrumiyoc wall is one of the earliest examples of seismic base isolation. In this
study, the seismic stability of a the Hatunrumiyoc wall is analyzed. Also, for comparison pur-
poses, the seismic stability analysis of a wall without base isolation forming part of the agricul-
tural terraces at Machu Picchu is presented (Fig. 2).

Figure 1. The Hatunrumiyoc wall with base isolation
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2 SEISMIC STABILITY ANALYSIS OF A WALL WITH BASE ISOLATION

Base isolation is a technique developed to prevent or minimize damage during an earthquake.
When a structure is built directly into the ground, it will move with an earthquake’s motion
and it can sustain extensive damage as a result of plastic deformations of the structure [Fig. 3
(a)]. When a structure is isolated from the ground, resting on ball bearings or any other type
of base isolators, the structure will move elastically during an earthquake and will not experi-
ence damage [Fig. 3(b)]. This elastic movement of the structure can be eliminated by increas-
ing the stiffness or rigidity of the structure. The Inkas increased the stiffness of the
Hatunrumiyoc wall by constructing it of many large stones with many faces and corners that
fit tightly together like a jigsaw puzzle (Fig. 1). Fig. 4 shows one of these stones forming part
of the Hatunrumiyoc wall. It has twelve corners and faces.
According to Lingis (1994), the small stones forming the ball bearing isolation foundation

for the Hatunrumiyoc wall reaches a depth of 6 meters.

Figure 2. A retaining wall without base isolation at Machu Picchu

Figure 3. (a) Structure without base isolation, (b) with base isolation

Figure 4. The twelve corner stone that forms part of the Hatunrumiyoc wall
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2.1 How the Inkas developed the idea for a base isolation

If one travels to the location of the Sun Temple in Ollantaytambo in the Sacred Valley near
Cusco, one finds examples of large stones made of red granite and weighing several tons on
top small roller bearing stones. The use of small rounded stones as ball bearings in order to
transport heavy stones was a technique used by the Inkas in order to move the heavy stones
from their quarries to the site of their temples. Fig. 5 shows a large stone weighing about 20
tons that was moved on ball bearings (small stones). Thus, the Inkas understood that large,
rigid stones can be moved without damage for large distances if placed on smaller stones that
act as ball bearings. Hence it seems reasonable to suggest that the Inka used the same principle
for the base isolation acting at the base of the Hatunrumiyoc wall.

2.2 Pseudo-static stability analysis with respect to sliding and overturning of the wall with base
isolation

According to the NCHRP (2008), the forces acting on a dividing wall with no backfill
(Fig. 1) are shown in Fig. 6. The active forces effective on the wall are the earthquake force
acting on the wall, khW, the frictional force at the base of the wall (W tan δ), and the weight
of the wall, W. Where kh is the horizontal acceleration coefficient (equal to about 0.15,
according to
NCHRP, 2008), ho is the location of the force khW measured from the base of the wall, and

tan δ is the frictional coefficient between the wall and the smaller round stones serving as
roller bearings at the base of the wall (Fig. 1). According to West (2010), the angle of friction,
δ, at the interface between the wall and the smaller stones is equal to 30°. This will make the
frictional coefficient (tan δ) equal to 0.5774.
The factor of safety, Fs, with respect to sliding can be obtained from the following

relationship,

Fs ¼ FR=Fc ð1Þ

where FR is the resisting force, and Fc is the force causing sliding. The value of FR can be
obtained from (Fig. 6),

FR ¼ W tan δ ð2Þ

The value of Fc can be obtained from the following relationship,

Fc ¼ khW ð3Þ

Figure 5. A large stone on top of smaller stones at Ollantaytambo.

5444



Placing the values for the respective parameters (Fig. 6) into Eqs. (1 to 3), the FS with
respect to sliding is Fs = 3.8 . Therefore the wall is stable with respect to sliding under seismic
conditions.
The factor of safety with respect to overturning of the whole wall with respect to point A
(Fig. 6) can be obtained from,

Fo ¼ MR=Mc ð4Þ

Where the moment resisting, MR, with respect to point A (Fig. 6) is equal to the weight of
the whole wall, W, times the half of the depth of the wall, t, (t/2= 0.5meter). MR can be
obtained from,

MR ¼ W t=2ð Þ ð5Þ

The moments causing the toppling can be obtained from,

MC ¼ khWð Þ H=2ð Þ ð6Þ

Replacing the values of the parameters (Fig. 6) into Eqs. (5 and 6)) and the results into Eq.
(4), we obtain the factor of safety against overturning, Fo = 2.8. Thus, the wall is stable against
overturning. In order to obtain the factors of safety, it was assumed that the length of the wall
was equal to one meter (measured in a perpendicular direction to the plane of Fig. 6).

2.3 Newmark’s stability analysis with respect to sliding and overturning of the wall with base
isolation

Next, the Newmark’s sliding block model will be used to analyze the stability under seismic condi-
tions of the wall shown in Figs. 1 and 6 (Newmark, 1965; Whitman and Liao, 1985). For the New-
mark’s analysis, the khW force in Fig. 6 is replaced by an inertia force I ¼ W=gð ÞðaÞ½ �. The ratio
(a/g) is according to the National Building Code of Peru (2003) equal to 0.3 for the Cusco region.
The resisting force to sliding is calculated using Eq. (2) which is the same as in the pseudo-static
calculations. If one replaces these known values into Eq. (1), one obtains that the Fs against sliding
to be equal to 1.92. Thus, the wall is stable against sliding under seismic conditions.
With respect to overturning with respect to point A in Fig. 6, one can use Eq. (4) to obtain the

factor of safety against overturning, F0. Replacing the value of khW force in Fig. 6 for an inertia
force I ¼ W=gð Þ að Þ ¼ 0:3W½ �into Eq. (6), times the value of H=2 ¼ho¼ 1:20m, one obtains
the value of Mc. The value of MR is the same as the one given by Eq. (5). Replacing the known
values for Mc and MR into Eq. (4) one obtains the factor of safety against overturning as F0
=1.39. Thus, the wall in Figs. 1 and 6 is stable against overturning under seismic conditions

Figure 6. Forces and their location acting on the Hatunrumiyoc wall with base isolation (Fig. 1)
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3 SEISMIC STABILITY ANALYSIS OF WALL WITHOUT BASE ISOLATION

The Inkas built one million hectares of agricultural terraces that still work today (Kendall,
2005) These terraces produce food just like they did five centuries ago. Most of the retaining
walls that support the soils forming the terraces are still stable and functional. The vast major-
ity of the agricultural terraces were built on the sides of the mountains and hills. The building
of the terraces on the mountain sides ensures more intensive sunlight for longer periods of
time during the day. The use of terraces increases the area available for agriculture, and helps
control the water used for irrigation purposes. Another benefit of the terraces is that they
serve as a defense against erosion and landslides. The Inkas excelled on the construction of
the very sustainable terraces that work today as they did when they were originally built 500
years ago. In order to understand the reasons why the terraces are stable, a seismic stability
analysis of a typical retaining wall associated with the terraces is carried out (Figs. 2 and 6).
The seismic stability analysis will be made with respect to sliding and overturning for the
Machu Picchu wall shown in Figs. 2 and 7). This wall has been subjected to earthquake forces
due to the mobilization of two normal faults near Machu Picchu (Wright and Valencia-
Zegarra, 2000)

3.1 Properties of the granular fill and rock used for the seismic stability analysis

A drawing of the retaining wall shown in Fig. 2 with the respective dimensions measured in
the field is shown in Fig. 7. The retaining wall depicted in Fig. 6 is used for a seismic stability
analysis. According to Wright and Valencia-Zegarra (2000) the fill behind the wall is made of
granular material (sand and gravel) and the rock forming the wall is a granite. Since it is very
difficult to obtain permission from the Peruvian government to conduct soil sampling of the
granular fill behind the wall forming part of the agricultural terraces at Machu Picchu
(Fig. 2), the granular fill and the rock parameters were estimated in order to conduct the sta-
bility analysis. Table 1 shows the values assumed for the granular fill and rock forming the
retaining wall (West, 2010).

3.2 Pseudo-static seismic stability analysis with respect to sliding and overturning of the wall
without isolation

According to the NCHRP (2008), the forces acting on the fill and the wall without base isola-
tion are shown in Fig. 7(b). These active forces effective on the fill and the wall are the seismic
active force due to the backfill, PAE, the earthquake force acting on the wall, khW. Where the
khis the horizontal acceleration coefficient (equal to about 0.15) (NCHRP, 2008), W is the
weight of the whole wall, and ho is the location of the force khW measured from the base of
the wall, and h1 is the location of the force PAE.

Figure 7. (a) Geometry of the Machu Picchu wall used for seismic stability

Analysis, (b) forces acting on the wall and granular fill

5446



According to Whitman (1990), the force PAE can be obtained from the following
relationship,

PAE ¼ 1=2ð Þγ H2KAE ð7Þ

Where H is the height of the wall, γ is the unit weight of the backfill (Table 1), and

KAE ¼ KA þ ð3=4Þkh ð8Þ

The parameter KA is equal to the static coefficient of active earth pressure that is equal to,

KA ¼ tan2ð45 � �=2Þ ð9Þ

The value of ho is half the height of the wall, H, shown in Fig. 7. The value of h1 is according
to Whitman (1990) equal to 0.6H. H being equal to 1.68 meters (Fig. 7).

Assuming that there is a rock block below the five rock blocks forming the wall in Fig. 7,
the factor of safety, Fs, with respect to sliding can be obtained from the following relationship,

Fs ¼ FR=Fc ð10Þ

Where FR is the resisting force, and Fc is the force causing sliding. The value of FR can be
obtained from,

FR ¼ W tan δ ð11Þ

And the force causing sliding from (Fig. 7),

Fc ¼ PAE þ khWð Þ ð12Þ

Placing the values for the respective parameters (Fig. 7 and Table 1) into Eqs. (11, 12, and
10), the FS with respect to sliding is Fs = 1.47 . Therefore the wall is stable with respect to
sliding under seismic conditions.
The factor of safety with respect to overturning of the wall with respect to point A
[Fig. 7 (a)] can be obtained from,

Fo ¼ MR=Mc ð13Þ

where the moment resisting, MR, with respect to point A [Fig. 7(a)] is equal to the weight of
the whole wall, W, times the half of the depth of the wall, t, (t/2= 0.762/2 = 0.381 meters)
measured in a direction normal to the face of the wall [(Fig. 7(a)]. In an equation form, MR

can be obtained from,

MR ¼ W t=2ð Þ ð14Þ

Table 1. Properties of the granular backfill and rock

Material
Unit Wight,γ
(kN/m3)

Friction Angle, ϕ
(degrees)

Friction Angle Between Rocks, δ
(degrees)

Fill 15.7 40 N/A

Rock 23.6 N/A 30
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The moments causing the toppling can be obtained from (Whitman, 1990),

MC ¼ PAEð Þ h1ð Þ þ khWð Þ hoð Þ ¼ PAEð Þ 0:6Hð Þ þ khWð ÞðH=2Þ ð15Þ

Replacing the values of the parameters (Table 1, Fig. 7) into Eqs. (14) and (15) and the
results into Eq. (13), we obtain the factor of safety against overturning, Fo = 1.96. Thus, the
wall is stable against overturning. In order to obtain the factors of safety, it was assumed that
the length of the wall was equal to one meter (measured in a perpendicular direction to the
plane of Fig. 7).

3.3 Newmark’s stability analysis with respect to sliding and overturning of the wall without
base isolation

Next, the Newmark’s sliding block model will be used to analyze the stability under seismic
conditions of the wall shown in Figs. 2 and 7 (Newmark, 1965; Whitman and Liao, 1985). For
the Newmark’s analysis, the khW force in Fig. 7 is replaced by an inertia force [I = (W/g)(a)]
(Eq. 11). The ratio (a/g) is according to the National Building Code of Peru (2003) equal to
0.3 for the Cusco region.
The force causing sliding can be obtained from the following relationship,

Fc ¼ PAE þ W a=gð Þ½ � ð16Þ

The resisting force to sliding is calculated using Eq. (11) which is the same as in the pseudo-
static calculations. Thus, using Eqs. (11, 16, and 10) and the respective values of the param-
eters one obtains the factor of safety against sliding, Fs = 1.07. Thus, the wall is stable against
sliding under seismic conditions.
With respect to overturning, the factor of safety is calculated using Eq. (13). The MR is the

same as the one given by Eq. (14). The value of Mc is calculated using Eq. (15) replacing the
force khW by the inertia force I ¼ Wð Þ a=gð Þ. The ratio of a/g being equal to 0.3. Making
these changes and using the value of the respective parameters (Table 1 and Fig. 7), one
obtains the factor of safety against overturning, Fo = 1.26. Thus, the wall is stable against over-
turning under seismic conditions,

3.4 Analysis of the results of seismic stability for the wall without base isolation

The wall forming part of the agricultural terraces at Machu Picchu was found to be stable
under seismic conditions with respect to sliding and overturning (Figs. 2 and 7) . There are
two reasons for this. The first one has to do with the drainage of water from the walls. Since
is known that the water force behind a non-drained wall is about 4 times that produced by
soil, it is of fundamental importance to drain the water from behind the walls (Das, 1984).
The Inca engineers knew this. The walls are freely draining because the fill behind the walls
is mostly made of sand and gravel and the rock pieces forming the wall do not have any
binder (Fig. 2 and 7). Thus, rain water percolates very easily through the retaining wall
system.
The second reason why the walls are stable has to do with the size of the blocks the Inka

used to build their walls. The blocks were very deep, (between 0.762 m and 1 m) (Fig. 7). This
large stone depth (measured in a direction normal to the wall face as shown in Fig. 7), pro-
vided the high inter-block frictional resistance necessary to overcome the pressure of the soil.
Also, this large depth provided the large resisting moment to overcome the overturning
moment of the soil behind the wall and the wall itself (Fig. 7).
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4 CONCLUSIONS

From this study the following conclusions can be reached:

1. The Inka engineers built base isolators in the form of a layer of small round stones located
under a rigid walls. A successful design of a base isolation can be seen in the Hatunrumiyoc
wall in Cusco. The small round stones formed the foundation of the wall and behaved like
ball bearings that kept the wall safe against sliding and overturning under seismic conditions.

2. The walls built by the Inka engineers at Machu Picchu are gravity dry stone walls that are
seismically stable with respect to sliding and overturning.

3. The walls at Machu Picchu are stable because the size of the stones used by the Incas are
deep enough to develop a high friction between them and a large restraining moment
against overturning as well.

4. The walls at Machu Picchu were formed by stacking stones one against another in the ver-
tical direction . Since no cement was used in holding the stones together, the walls drain
any water that accumulates in the backfill material (mostly gravel and sand). The absence
of water behind the retaining walls increases tremendously their seismic stability against
sliding and overturning. The Machu Picchu wall was safe with respect to sliding and over-
turning under seismic conditions
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