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Abstract. The retaining walls of the agricultural terraces at Machu Picchu Pisac and 
Moray were constructed by the Incas of dry stacked granite blocks. The walls at 
Machu Picchu have remained stable for more than 500 years. The walls at Pisac and 
Moray have failed.  This study involves field, fractal and numerical analyses 
designed to understand why the walls at Machu Picchu are stable and why the walls 
at Pisac and Moray have failed. Walls at Machu Picchu, Pisac and Moray  were 
photographed and digitized. The number and area of each individual stones were 
measured for an analyses of the  stone size distribution in the walls. An analysis of 
the stones’ boundaries indicated that they were relatively rough. The stone size 
distribution of the walls at Machu Picchu was determined to be fractal in nature. The 
walls at this location were made of a mixture of large, medium and small rock pieces.  
However, the stone size distribution of the walls at Pisac and Moray were found to 
be non-fractal. The walls at Pisac and Moray were made of the same size rock pieces. 
The source of stability of the walls at Machu Picchu rested on the gravity- induced 
frictional resistance developed  between the many contacts between the large and 
medium sized rock pieces and the small ones. The large frictional resistance 
developed by the walls at Machu Picchu prevented their removal by the soil 
pressures behind these walls. The Pisac and Moray walls made of uniform rock 
pieces had average number of contacts equal to 5. With these few number of contacts, 
the gravity-induced frictional resistance was found to be small and the pressure of 
the soil behind these walls easily removed the rock pieces causing their failure. 
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1. Introduction 

Pre-Columbian civilizations are sometimes thought to be primitive, inferior societies in 

comparison to modern ones.  Some of the great achievements of pre-Columbian societies 

have even been credited to extra-terrestrial beings because they appear to be too 

advanced for such “primitive” cultures to construct [1]. The ancient structures built by 

pre-Columbian civilizations have outlasted many of our modern structures without the 

benefit of our rigorous mathematical design methods and modern building codes.  The 

Incas of Peru managed to build retaining walls for their agricultural terraces located at 
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Machu Picchu, Pisac and Moray. Examples of these agricultural terraces  are shown in 

Figures 1 to 3. 

 

Figure 1. General view of the retaining walls forming part of the agricultural terrace at Machu Picchu. 

 
(A) (B)

Figure 2. (A) Failed retaining wall forming part of the agricultural terraces at Pisac. (B) Uniform in size rock 
particles forming part of the failed retaining wall at Pisac. 

 

Figure 3. Failed retaining walls made of uniform rock particles forming part of the agricultural terraces at 
Moray. 

2. The stones size distribution forming part of the retaining walls at Machu 

Picchu, Pisac and Moray 

A field investigation conducted at Machu Picchu, Pisac and Moray indicated that the 

retaining walls at Machu Picchu were stable and were made with stones with a size 
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distribution that was fractal in nature. The retaining walls at Machu Picchu were made 

of a mixture of a few large stones, many intermediate in size stones, and many small in 

size stones (no cement was placed between the stones). This represent a stone size 

distribution that is fractal in nature. Figure 4 indicates the fractal stone distribution 

forming part of a retaining wall (Wall 1) in Machu Picchu. The retaining walls forming 

part of the agricultural terraces at Pisac and Moray have failed and were made of stones 

of the same size (non-fractal stone size distribution). Figures 2 and 5 shows pictures of 

the face of retaining wall at Pisac. The Incas also built their houses and dividing walls 

with stones of the same size (uniform size distribution or non-fractal). Figure 6 shows a 

picture of a dividing wall (Wall 2) located in Cusco. The objective of this study was to 

find out the reasons for which the walls at Machu Picchu are stable, and the reasons for 

which the walls at Pisac and Moray are unstable. 

2.1. Profiles of the stones forming part of the walls at Machu Picchu, Pisac and Moray 

Figure 7 shows the profiles of the stones forming part of Figure 4. The stone profiles 

were produced using AutoCAD [2]. Figure 8 shows the fractal analysis of the wall of 

Figure 4. The fractal analysis uses the areas of the individual stones that were obtained 

from the AutoCAD analysis. 

 

Figure 4. Fractal stone size distribution in a retaining wall at Machu Picchu (Wall 1). 

 

 

Figure 5. Uniform stone size distribution in retaining 
walls at Pisac and Moray 

 Figure 6. Uniform stone size distribution in a 
dividing wall in Cusco (Wall 2). 
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Figure 7. AutoCAD plot of Wall 1 (Figure 4). 

 

Figure 8. Plot of the number of stones versus the stone’s areas to obtain the fractal dimension of Wall 1 
(Figure 4). 

 

According to Tyler and Wheatcraft [3], and Hyslip and Vallejo [4] a distribution of 

particles by size can be considered fractal in nature if the following relationship is 

followed: 

��� � �� � ��
��#�� (1) 

where N(A>a) is the total number of particles with an area A greater than a given area a, 

and DF is the fractal dimension of the stone size distribution.  If one plots in a log-log 

paper N(A>a) versus the values of a obtained from Figure 7, one can obtain the fractal 

dimension (DF) of the size distribution of the stones. 

The plot shown in Figure 8 indicates that the size distribution in Figure 4 is fractal 

in nature (R2 = 0.821). The value of the power (0.47) in the equation shown in Figure 8 

is equal to DF/2. Where DF is the fractal dimension of the particle size distribution (PSD) 

in the wall shown in Figure 4. Therefore, the value of DF is equal to 0.94.  According to 

Tyler and Wheatcraft (1992), a particle size distribution (PSD) with DF between 0 and 3 

represents a PSD that is controlled by large particles. This is in fact the case if one 

examines Figures 4 and 7. 
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3. Benefits for a fractal design of the retaining walls 

Figures 9 and 10 show the gravity induced force chains between the stones forming part 

of the fractal Wall 1 (Figure 4) and non-fractal Wall 2 (Figure 6). Also shown in Figure 

11 is the frequency distribution curves for the stones forming part of the fractal and non- 

fractal walls. The frequency distribution curves relates the percentage of stones versus 

the coordination number. The coordination number represent the number of contacts of 

each stone with their neighbours. 

 

 

Figure 9. Gravity induced force chains in Wall 1

(Figure 4). 
 Figure 10. Gravity induced force chains in Wall 2 

(Figure 6) 

 

Figure 11.  Frequency and coordination number for Wall 1 (Figure 4) and Wall 2 (Figure 6). 

 

An analysis Figures 9 and 10 shows the force chains induced by gravity between the 

rock particles of the walls shown in Figures 4 and 6. The intensity of the force chains is 

directly related to the thickness of the force chains. The intensity and distribution of the 
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force chains was obtained using the Discrete Element Method [5]. Figures 9, 10 and 11 

indicates the number of contacts between the particles and the number of particles 

affected by these inter-particle contacts. 

Figures 4, 7, 9 and 11 shows that the big and intermediate rock particles forming 

part of the fractal Wall 1 are surrounded by smaller rock particles. The number of contact 

points between the big and intermediate rock particles and the surrounding smaller 

particles is also very big (some large particles have 19 contact points) (Figure 11). A 

bigger number of contact points between the rock pieces will represent a larger frictional 

resistance against the soil pressure acting on the retaining walls. A larger frictional 

resistance between rock pieces will be translated in an enhanced stability of the wall 

since the rock pieces will remain in place and will not be removed by soil pressures. This 

type of design by the Incas only applies to the wall forming part of the terraces at Machu 

Picchu (Figs 1 and 4). It does not apply to the non-fractal wall at Pisac and Moray 

(Figure 5) and the urban dividing wall in Cusco (Figures 6 and 10). The urban wall does 

not support earth pressures, so it does not need that the rock particles have many points 

of contact. The average number of points of contact for the Pisac, Moray and urban walls 

was about 4 [Figures 5, 6, 10 and 11 ].  Thus, the Inca engineers knew this aspect of 

retaining wall design (the individual stones resisting soil pressures) when they built the 

important terraces at Machu Picchu (vacation home of the Inca emperor) and the 

retaining walls forming part of non-important agricultural terraces at Pisac and Moray as 

well as urban walls at Cusco.  Previous stability analysis conducted by Vallejo and 

Fontanese [6] on the retaining walls at Machu Picchu indicated that they were stable with 

respect of sliding and overturning. 

4. Soil types behind the walls and their drainage system 

The retaining walls forming part of the Inca terraces at Machu Picchu, Pisac and Moray 

vary in height between 1.5 to 7 meters [7].  For the foundation of the retaining walls, an 

excavation between 0.5 to 1 meter in depth was made in the steep slope of the mountain.  

Prismatic stones measuring each between 70 cm to 1 meter in length, 30 cm to 1 meter 

in height and 1 meter in depth were used to built the walls (Figure 12) [7]. The stones 

were obtained from quarries close the location of the retaining walls [7]. The lower one 

third of the material behind the walls was made of a gravel  resulting from crushed stones 

not used in the construction of the walls, the middle one third was made of a mixture of 

sand and gravel. The top one third of the walls was made of organic soil imported to the 

site (Figure 12). No cement was used in the construction of the walls. So the stones 

forming the wall were free draining. The stability of the stones forming the walls against 

soil pressures exerted on them was the result of the frictional resistance between the 

stones.  Also, any water that collects in the granular material behind the walls drains very 

rapidly through the pore system of the granular fill and through the rough interfaces 

between the stones forming the walls (Figure 11).  Thus, this draining system prevents 

water pressures to develop behind the walls.  This lack of water pressures behind the 

walls seems to be one of the sources of stability of the walls designed by the Incas. 
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Figure 12.  Components of the retaining walls at Machu Picchu, Pisac and Moray [7]. 

5. Conclusions 

From this study the following conclusions can be reached: 

 

1. The walls built by the Inca engineers at Machu Picchu, Pisac and Moray are 

gravity dry stone walls built by stacking individual stones one against another 

in the vertical direction and without cement in between. The walls at Machu 

Picchu are stable against soil pressures forming part of the backfill. The walls 

at Pisac and Moray are  unstable against soil pressures. The stability or 

instability  of the walls against soil pressures was a response to the stone size 

distribution forming the walls. 

2. The walls at Machu Picchu were found to be stable against soil pressures 

because the size of the stones used by the Incas is large enough to develop a 

high friction between them. The walls were formed by stacking  stones one 

against another in the vertical direction . Since no cement was used in holding 

the stones together, the walls drain any water that accumulates in the material 

(mostly gravel and sand) behind the walls. 

3. The size distribution of the stones forming the walls was found to have a large 

influence in the design of stable walls. Walls made of a mixture of large, 

intermediate and small rock pieces were more stable than walls made of uniform 

rock pieces. It was determined that the frictional resistance against soil pressures 

was enhanced by the presence of the large and intermediate rock pieces in the 

walls. This enhanced frictional resistance was the result of the large number of 

contacts between the large and intermediate rock particles and the smaller 

particles that surrounded them. If a wall was designed using uniform in size 

stones, the number of contacts with their neighbors were few (average 4) so 

there was very little friction and the soil pressures removed the uniform stones 

from the walls. This was the case of retaining walls forming part of agricultural 

terraces at Pisac and Moray and a dividing  wall in Cusco. 
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