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ABSTRACT 
 The population that lives informally on the slopes of some cities in the Andes is at high seismic risk due to the lack of technical 

advice to build their homes, which are settled on non-compacted fill supported by pircas (traditional dry stone retaining walls). 

The objective of this work was to evaluate the seismic performance of these walls through pseudo-static tests and numerical 

models applying the discrete element method (DEM), simulating forces in the out-of-plane direction. Three walls of 1 m and 

three of 1.5 m in height were built. These are the most common dimensions found in the study area (Lima). It was observed 

that the most frequent failure is due to delamination and overturning of the pircas. It is estimated that the average ultimate 

resistance to displacement, obtained experimentally, of the walls with heights 1 m and 1.5 m was 31% and 24% of the weight, 

respectively. For the numerical models, the parameters of the contact forces (stiffness and friction angle) were calibrated using 

the experimental results. It is concluded that the walls can improve their capacity with a better construction practice. 

 

Introduction 

Studies on dry stone retaining walls (DSRW) in Europe are numerous [1,2,3,4]. However, these results cannot 

be applied directly to the case of Peruvian stone walls because there is no certainty that the construction 

characteristics (geometry, material, shape, and arrangement of the stones and percentage of voids) are similar. 

Furthermore, no study documents the local construction practice of the stone walls from a scientific point of 

view.  

 

This work is part of a research project that aims to evaluate the seismic behavior of DSRWs. In an earlier stage, 

the first of the project, it was concluded that the discrete element method ( DEM) is suitable for studying the 

behavior of stone walls subjected to static out-of-plane loads. Based on these results, the study of pircas 

(traditional dry stone retaining walls) built on the slopes of the Andes has continued. This article carried out 

the experimental and numerical pseudo-static analysis of pircas built in an artisanal way in the central Andes 

area. The backfill was not considered in either the experimental tests or the numerical models. Understanding 

how the construction technique of the pircas affects their out-of-plane performance is a preliminary step in a 

complete study that includes the backfill. The objective was to represent and explain the out-of-plane collapse 

mechanisms. Six full-scale walls were tested on a tilting table in the experimental stage. For the numerical 

simulation, DEM was used in regular and prismatic models to study the mechanical behavior of the walls 

observed in the experimental part (the failure mechanisms and the influence of the constructive elements in its 

performance). 

 

Experimental test 
Three types of failures were observed in the 1m specimens : (1) Partial or total delamination of the cross-
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section and overturning of the delaminated section (Fig. 2a), (2) shearing or displacement of a section by partial 

or total delamination (Fig. 2b), and (3) overturning the entire section of the wall (Fig. 2c). Delamination is 

similar to a tear or cut run on a surface perpendicular to the cross-section. The 1.5-meter walls failed mainly 

due to block overturning. 

 

Fig.1 shows the capacity curve of the tests carried out, maximum drift versus the out-of-plane acting force as 

a function of weight. Fig. 1a shows the curve of the 1-meter walls. These results are due to two mechanisms 

of collapse, delamination (green curves, specimens 1 and 2) and block overturning (blue curve, specimen 3). 

The greatest resistance is presented by specimen 3 (33% of the weight) due to the presence of through-stones 

observed at the ends of the walls. On the other hand, due to the delamination effect, there are losses in initial 

stiffness and resistance of 30% and 15%, respectively, for specimen 1 and losses of  60% and 20% for specimen 

2, with respect to specimen 3. Among the specimens that are delaminated, specimen 1 presents better resistance 

and initial stiffness because it presents four free rows (without the presence of through-stones) between 

through-stones of the cross-section (Fig. 2a) in comparison to the five free rows that specimen 2 presents (Fig. 

2b). The importance of the influence of the horizontal and vertical separation of these elements is observed. 

 

In Fig. 1b, the capacity curve of the 1.5-meter walls is shown. These specimens fail by overturning and, in 

some cases, by overturning followed by sliding in the weakest areas. The capacity obtained in the three walls 

was similar (24% of the weight). In general, the highest strengths are found in 1-meter walls because they 

present less slenderness and less load. In addition, both walls present a non-ductile behavior. 

 

 
 

Figure 1. Experimental capacity curve of the specimens a) height=1 m. b) height=1.5 m  

 

 

 
a)                                                                b)                                                         c) 

 

Figure 2 Types of failures. a) delamination and overturning of the section (specimen 1). b) delamination and 

sliding (specimen 2)  c) overturning section (specimen 3)   



 

Numerical models 

The objective of the numerical models was to understand the mechanical behavior of the stone walls, only the 

numerical modeling of the most common height walls (1.5 m) was carried out. The software used is YADE 

(Yet another dynamic engine) [5], which is open source and focused on DEM. The type of element chosen was 

a clump of spheres due to its low computational cost [6]. A schematic representation of regular and 

parallelepiped stones was made to achieve a general trend of behavior with extended parametric studies rather 

than the faithful reproduction of each wall. 
 

In the numerical modeling, 3 wall arrangements were considered to explain the behavior obtained in the 

experimental stage. In case 1, it was considered that the entire wall was composed of through-stones. This case 

served as a reference (Fig. 3a). Case 2 did not consider the use of through-stone to show the effect of the 

overlap between the blocks. All the black blocks overlap (⅔-⅓  in the width direction) along with the entire 

height of the wall (Fig. 3b). In case 3, an arrangement with a horizontal (750mm) and vertical (600mm) 

separation of the through-stones was considered, as there is no overlap between its black and red blocks; each 

group of blocks (red and black) works independently (Fig. 3c). This case allowed us to study the effect of using 

through-stones without considering the effect of overlap. 

 

 

 
 

a)                    b)                                         c) 

 

Figure 3.    Study cases. a) case 1. b) case  2. c) case 3 

 

Varying the numerical angle of friction ф in the simulations, a value of 20⁰ managed to represent the 

experimental behavior in terms of collapse angle. If lower friction angles are considered, larger drifts occur 

before collapse due to the occurrence of sliding (Fig. 4a). In Fig. 4b, it is observed that a wall with only through-

stones (case 1) presents similar results to a wall with overlapping in the cross-section (case 2). The initial 

stiffness and resistance of case 2 are only 10% lower compared to case 1. In a future work, the effect of 

considering the through-stones at different locations (horizontal and vertical separations) will be studied.  

 

The cross-section of case 3, as it does not have an overlap that allows the entire width of the wall to be joined, 

causes each column of blocks to work independently. Therefore, its initial stiffness and resistance are lower 

by approximately 40% and 25%, respectively, compared to section case 1 (Fig. 4b). In this section, the effect 

of delamination occurs. More cases should be carried out considering the overlap in the blocks of the cross-

section to study this effect. 

 



     
 

Figure 4. Numerical capacity curve (case 1, case 2 and case 3). a) ф=15°.b) ф=20° 

 

Conclusions 

The experimental results have shown that the main collapse mechanisms of the pircas built in the central Andes 

are delamination and block overturning of the walls. The behavior in both cases is non-ductile. Delamination 

occurred due to the lack of anchoring elements (through-stones), which can cause initial stiffness losses of up 

to 60% compared to a wall with these anchoring elements. The failure by overturning can occur along the 

entire wall or start at a weak cross-section and pull the rest of the wall. The weak zone was characterized by 

having small elements that make the wall slide after starting to overturn or by voids in the adjacent elements 

that cause the fault to start in that zone due to the lack of overlap or interlock.  

 

The numerical models in YADE allowed representation of the collapse mechanisms observed in the 

experimental stage. In addition, based on three wall arrangements, the use of through-stone and the overlap 

between elements could be studied separately. A wall with only through-stones is not needed to obtain adequate 

displacement capacity. An overlapped section gives similar results in initial stiffness and strength. However, 

in the experimental part, the combined effect has been seen.  

 
Future studies 

The study carried out has some limitations that should be considered in future work. It is necessary to study 

more arrangements that consider the use of through-stones at different separations, considering the effect of 

superposition and interlocking between the blocks. The fill must been considered in the model. In addition, it 

is necessary to study the dynamic behavior of the wall subjected to earthquake ground motions.  
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