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ABSTRACT  6 

The objective of the present work is to study the response of dry stone walls subjected to 7 

out-of-plane forces and the influence of block`s rugosity, joint arrangement, and border 8 

conditions. For this purpose, a series of scaled-down experimental tests on a tilting table and 9 

3D numerical modelling using discrete elements, DEM, are proposed. In the numerical 10 

model, the applicability of some types of discrete elements is first studied. The preliminary 11 

analysis gives us useful information about the effects of the joint disposition and the border 12 

conditions in the response. Finally, the sensitivity of the response of the blocks to the 13 

parameter’s variations is analyzed. The experimental and numerical results show that the 14 

DEM method is adequate to simulate the failure mode, the displacement, and the lateral load 15 

of stone walls due to out-of-plane lateral loads considering the effect of the irregularity of 16 

the blocks, joint arrangement, and border conditions. 17 
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1. Introduction  20 

Dry Stone Walls, DSW, are handmade walls without mortar in their joints. Nowadays, DSW 21 

is found in heritage constructions in Europa, Africa, Asia [1], and South America [2]. Some 22 

of these constructions are located in high seismicity regions, and they are prone to in-plane 23 

and out-of-plane failure. The lack of restrictions in this direction due to excessive distances 24 

between supports or inadequate connection, or the lack of rigid floor, increases the out-of-25 

plane failure risk in masonry buildings. Mechanisms and load factor equations for 26 

overturning failures can be found in [3]. Examples of the poor seismic performance of this 27 

type of buildings in past events in Italy, Greece, Turkey, Montenegro, Algeria and India are 28 

described in detail in [4].  29 

Guidelines for the seismic analysis and evaluation of DSW assume that the walls act as 30 

gravity walls or macro-blocks [5], [6]. The advantage of these models is their simplicity; 31 

however, they cannot be used to model some types of failures reported in past events, such 32 

as delamination [4] or collapse due to high-frequency vibrations [7]. Thus, we need to study 33 

these kinds of failures with more refined models. Characterization of DSW and their capacity 34 

estimation are very challenging tasks because of the large variability in the properties of the 35 

material and the construction process. 36 

Several authors have focused on the study of the out-of-plane capacity of DSW with 37 

analytical methods. The stability of masonry walls subjected to out-of-plane loads is 38 

investigated using the upper-bound kinematic approach [8] and a simplified kinematic limit 39 

analysis [9] to assess the ultimate failure of masonry in a yield design framework. With these 40 

theoretical methods, it is possible to estimate the ultimate horizontal load-bearing capacity 41 

of masonry structures and the failure surface. The analysis of imperfections and different 42 

arrangements have been addressed by rounding the brick’s vertices in the contact area. The 43 
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suitability of analytical methods was demonstrated by experimental tests using a tilting table, 44 

as described in [8], [9], [10] and [11].  45 

The numerical analyses of masonry walls constituted by regular, quasi-regular or irregular 46 

stone patterns are time-consuming when analyzing detailed finite element models. However, 47 

some accuracy simplifications can be found in the literature. A more updated work regarding 48 

limit analysis can be seen in [12]. Here, the authors applied a stochastic homogenization 49 

technique on several representative volume elements (RVE) to compute the in-plane and 50 

out-of-plane failure surfaces of masonry walls. This technique allows simulating the non-51 

linear structural behavior of one stone wall combining a homogenization procedure and 52 

finite element limit analyses. According to [13], homogenization is a rational procedure with 53 

good compromising between micro and macro modeling, ending with acceptable stress-54 

strength constitutive laws for masonry. Also, it reduces the computational cost by reducing 55 

the number of elements within a finite element model. If a stochastic procedure is added for 56 

simulating different RVE patterns within masonry walls, then more accurate values of the 57 

ultimate behavior of masonry walls can be computed. This approach seems to be very 58 

advantageous for the reduction of computational costs but it has only been applied to static 59 

loads.  60 

Regarding the numerical methods, the Discrete Element Method (DEM) [14] is suitable for 61 

reproducing the mode of failure, the crack propagation pattern [15] and the failure angle [16] 62 

of brick masonry specimens, previously tested in tilting tables. It has also been numerically 63 

demonstrated that the slenderness and the block arrangement in the masonry are fundamental 64 

for the stability of the DWS [17]. All of these studies have analyzed models with regular 65 

blocks and ideal border conditions, which could produce unreal strong interlocking between 66 

blocks in 3D models [18]; then, micro-gaps between the vertical joints of the models should 67 
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be introduced to avoid this effect. To represent rugosity or roughness between blocks in full-68 

scale specimens, DEM`s blocks may be modelled as hollow clumps of particles [19]. 69 

Although this strategy gave a good fit between experimental and numerical results (collapse 70 

loads), the study is limited to a two-dimensional field (2D model). DEM has also been used 71 

to modeling the seismic behavior of masonry structures [20],[21],[22], showing the influence 72 

of the predominant frequency on the collapse mechanism. 73 

This work is the first stage of a research project which aims to evaluate the earthquake 74 

performance of DSWs. In this first stage, we used a pseudo-static analysis as a preliminary 75 

approach to a dynamic problem. The study presented here relies on a set of 9 down-scale 76 

pseudo-static experimental tests and numerical analysis to verify the DEM adequacy to 77 

simulate the mode of failure and the response in terms of displacement and capacity of DSW 78 

subjected to out-of-plane loads. We analyze the influence of the irregularity of the blocks, 79 

the arrangement of the blocks, and the effect of restraining conditions. The tests are pseudo-80 

static and monotonic, and gravity loads are induced in the out-of-plane direction of the 81 

specimens by the rotation of a tilting table until the collapse of the wall specimen.  82 

The incidence of the type of arrangement of blocks: continuous, discontinuous, and 83 

irregular-random are analyzed through a full-scale, tridimensional, numerical model (3D 84 

model) made of prismatic blocks. We also estimated the response for different height-85 

longitude ratio. The software 3DEC V4.2 [23] was used for these analyses. 86 

To model the down-scale experimental specimens, different types of DEM elements were 87 

considered to identify the one that can represent the geometry and the relative movement of 88 

the blocks with a reasonable computational time-cost. Then, contact forces parameters of the 89 

numerical models are calibrated so that theoretical collapse angles match the experimental 90 
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ones. Finally, the effect of lateral restrictions on the drifts and collapse angle is studied. To 91 

do so, we used the software YADE v1.20.0 [24].  92 

2. Experimental tests 93 

2.1 Specimen 94 

The study focuses on a DSW that has 1.5 m height, 6 m length, a trapezoidal cross-section, 95 

and a slender ratio (height/width) of 3.3 on average, which are the dimensions of typical 96 

constructions in real suburbs construction in Latin America [25]. In total, 9 down-scale 97 

specimens (1:4) were built with cobblestone and stone blocks. The first ones have regular 98 

prismatic blocks while the others have a slightly irregular shape. The properties of the 99 

specimens are shown in Table 1 and the dimensions of the cross-section in Figure 1. 100 

 101 

Figure 1: Cross-section and general view of 1:4 specimens built with (a) cobblestone and (b) stone blocks 102 

The base of the specimens was restrained with two wooden pieces, to avoid sliding failure. 103 

Joints in cobblestone walls are discontinuous (Figure 2a); and in stone walls, irregular 104 

(Figure 2b). Irregular joints depend on the block's shape and the construction process. 105 

Wedge-shaped stones were placed between some blocks to avoid block relative rotation in 106 

stone walls. 107 

Table 1: Characteristics of the tested specimens 108 

(a) (b) 
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Specimens CBL1, CBL2, CBL3 SBL1, SBL2, SBL3 SBR1, SBR2, SBR3 
Block Cobblestone Stone shaped with grinder and chisel 
Material Concrete Shale and limestone  
Block shape Regular(prismatic) Slightly irregular 
Block 
Dimensions 

200 x 40 x 100 mm 100 mm x 50 mm x 150 mm aprox. 

Weight 1333 N 1371 N 
Porosity 4% 21% 
Joints Discontinuous Irregular 
Border 
conditions 

No restriction No restriction Partially restrained 

To simulate the border restrictions, we use a rope manually tensioned at the specimen ends 109 

(Figure 3). The length of the wall between the 2 ropes is 1.4 meters, (L/H = 3.7). In section 110 

4 it is shown that the L/H should be less than 4 to see the effect of the restrictions in the 111 

response.  112 

  113 

(a)                                                      (b) 114 

Figure 2: Specimens with no restrictions at the ends (a) Cobblestone blocks CBL and (b) Stone blocks 115 

SBL  116 

  117 

Figure 3: SBR specimen with restriction at the ends 118 
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 2.2 Tests 119 

Equipment consisting of a tilting platform was built. The platform is made of wood with 120 

dimensions 1600mm x 600mm x 40mm supported by a semicircle wooden piece that rolls 121 

manually, controlled by a lever and pulley mechanism sustained by a wooden frame (Figure 122 

4). By rolling the semicircle, the platform tilts an angle, , which can be measured with a 123 

protractor and spirit level. The maximum rotation angle is 45º. Similar equipment has been 124 

used in [26]. 125 

 126 

Figure 4: Scheme of the tilting table 127 

The tests consisted of building the specimen on the tilting table to generate out-of-plane 128 

gravity loads directly proportional to the tilting angle and the weight of the wall. The test 129 

starts with  = 0. Then, we gradually increase  in increments of 5º and stop to record the 130 

coordinates of three-point on top of the wall (left, center and right). We used a survey 131 

equipment Pentax, model R-423 VN to measure the out-of-plane displacements. The error 132 

of the equipment is 5mm. The test continued until the collapse of the wall and the collapse 133 

angle is registered.  134 
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The walls weight can be decomposed in two directions relative to the tilted platform: the 135 

normal direction, Fv , and the out of the plane direction, FH, as in Eq 2 136 

௏ܨ ுܨ,(ߙ)݊݅ݏܹ=  (1) (ߙ)ݏ݋ܹܿ=

where W is the weight of the wall and, α is the platform angle. 137 

The three CBL walls presented toppling of the 60% upper section. Two of them presented a 138 

uniform 2D behavior, as shown in Figure 5b. A shear deformation could be appreciated 139 

before the collapse, as seen in Figure 5a.  140 

   141 

Figure 5: CBL tests (a) Relative displacement in blocks (b) Toppling failure 142 

Unlike CBL, SBL irregular block shape enables the rotation of the units. Failure in SBL 143 

walls started in a random section and then it extends all along the wall (Figure 6). Failure in 144 

the three SBR walls started in the central section due to the rotation of the blocks as shown 145 

in Figure 7. This “bending” behavior, known as catenary action [27] is caused by the contact 146 

forces and the lateral restrictions.  147 

 148 
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Figure 6: Failure of SBL wall 149 

 150 

Figurae7: Failure of SBR wall 151 

 2.3. Results 152 

Table 2 reports the collapse angles, αmax measured in the tests. The CBL values are slightly 153 

lower than the critical angle as a rigid block, αv =atan (B/H)=21.8º. On average, αmax of SBL 154 

specimens is 24% lower than CBL’s. The lateral restrictions increase this value by 36%. 155 

Out-of-plane collapse forces, FVR were estimated with Eq. 2 replacing α= αmax. Results show 156 

that SBR capacity is 35% greater than SBL`s. Table 2 shows the mean values, the standard 157 

deviation, , and the variation coefficient, COV. 158 

Table 2. Collapse angle and out-of-plane acting forces 159 

Specimen αmax FVR/W Specimen αmax FVR/W Specimen αmax FVR/W 
CBL1 19 0.33 SBL1 13.5 0.23 SBR1 18 0.31 
CBL2 19 0.33 SBL2 14.5 0.25 SBR2 19 0.33 
CBL3 18.5 0.32 SBL3 15.0 0.26 SBR3 21.5 0.37 
Mean 18.8 0.33  14.3 0.25  19.5 0.34 

0.29 0.01  0.76 0.02  1.80 0.03 
COV (%) 1.53 1.77  5.33 6.19  9.25 9.07 

In Table 3, the out-of-plane displacements for different tilting angles for the SBL and SBR 160 

specimens are presented. In the case of SBL, the average of the out-of-plane displacements 161 

along the wall (left, center and right) is reported. For SBR, the difference of the out-of-plane 162 

displacement in the center in respect to the average displacement of the ends was calculated. 163 

It is verified that the restriction of the borders limits the displacement of the upper central 164 
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point of the wall. When the platform tilt is 5o, the displacements of SBR specimens are only 165 

13% of the SBL`s ones. This percentage increases by up to 73% for 10o. The maximum 166 

displacement of the SBR specimen (before the collapse for 15º) is then 40% greater than the 167 

maximum displacement of the SBL wall (which failed at 10º). The displacements of the CBL 168 

specimens are not reported as they are smaller than the precision range values of the 169 

measuring instrument. 170 

Table 3. Out-of-plane displacements for SBL (average displacement) and SBR (relative maximum at the 171 

centre) for each  172 

Specimen 
5o 10 o 15o 

Specimen 
5o 10 o 15o 

SBL1 1.9 2.9  
 

Collapse 
 

SBR1 0.1 0.9 3.4 
SBL2 1.2 2.0 SBR2 0.3 0.9 2.0 
SBL3 0.9 1.7 SBR3 0.2 3.1 4.0 
Mean 1.3 2.2 Mean 0.2 1.6 3.1 

 0.51 0.62  0.1 1.3 1.03 
COV (%) 38.5 28.4 COV 50 77.7 32.8 

3. THE DEM METHOD 173 

The DEM [8] allows to simulate the mechanical response of systems composed of blocks or 174 

discrete particles (generally rigid) by solving the equilibrium between the acting forces and 175 

the contact forces between particles. The method is iterative and starts from an initial state 176 

of the blocks assembly (position, velocity and acceleration). First, the sum of the external 177 

forces and the sub-contact forces is calculated (each contact is discretized into sub-contacts). 178 

Then, the body motion equation (2nd law of Newton) is updated by a time-numerical 179 

integration of the acceleration; for example, central difference. Damping can be introduced 180 

automatically to dissipate energy and reach the static equilibrium while computing the static 181 

state of the system with a dynamic equation. This damping is a tricky way to reach the 182 

equilibrium at the less computational cost but without real physical meaning. In a dynamic 183 

problem (such as seismic loads) the damping used is more physically defined on the Rayleigh 184 
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damping methodology over both or separately, the mass, or the stiffness [23]. After forces 185 

evaluation, the acceleration of each block is calculated from the set of forces. The block’s 186 

velocity and displacement are obtained after two integrations in time. Finally, the contact 187 

forces are updated according to a chosen constitutive contact law.  188 

This classical DEM method is an explicit scheme of integration in time and in order to assure 189 

stability and convergence, the time step should be carefully chosen. Critical time step is 190 

automatically computed by DEM algorithms (such as [23], [24]) as the compressive waves’ 191 

smallest period, deduced from rigidity and mass ratio of the particles set minored by a safety 192 

factor from 20 to 100. Time step is directly related to the contact forces linearization by the 193 

concept of rigidity of contact (smooth contact type). 194 

Non-smooth Dynamic contact type [28], implemented in the LMGC code at Montpellier 195 

university, is more suitable to consider the unilaterality of the contact physical properties 196 

than the smooth contact type. LMGC uses an implicit time integration scheme associated 197 

with convergence problems. To accelerate the convergence of the calculation, it introduces 198 

other numerical scheme types (such as small perturbations) [29], [30]. This LMGC code has 199 

been used to simulate some large historical buildings in France [31], [32]. 200 

The most widely used constitutive contact laws in the literature to represent the contact 201 

mechanism between blocks or particles come from the Coulomb model, in which the forces 202 

are proportional to the overlapping displacements of particles in contact and where the 203 

resistance is defined by the friction and the normal forces of the sub-contact.  204 

The displacement increments are used to calculate the elastic force increments ܨ߂ as 205 

indicated by Eq. (2).  206 
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௡ܨ߂ = ௖ܣ௡ܷ߂௡ܭ− ௜௦ܨ߂, = ߂௦ܭ− ௜ܷ௦ܣ௖ (2)

where ܭ௡ is the proportionality factor in the normal direction, ܭ௦ is the tangential or shear 207

direction of the joint, ܷ߂ is the displacement increment and ܣ௖ is the sub-contact area. The 208

superscripts n and s refer to the normal and shear directions, respectively. 209

The maximum shear force is defined by Eq. 3, where c and ϕ are the cohesion and the friction 210

angle, respectively. The maximum shear force is given by Eq. 3 and refers to the historical 211

conception of 3DEC for Soils and Rocks problems.212

௠௔௫௦ܨ = ௖ܣܿ + ߶݊ܽݐ௡ܨ (3)

Figure 8 shows the interaction and the constitutive diagram for (a) normal force and (b) shear213

force of the sub-contacts or joints according to the Coulomb model. The relationship 214

between the normal force and the normal displacement is perfectly elastic, while the 215

relationship between shear force and shear displacement is elasto-plastic. The complexity of 216

finding the sub-contact plane depends on the geometry of the iterating bodies.217

(a) (b)

Figure 8: Interaction and a constitutive diagram for (a) normal force and (b) shear force according to 218

the Coulomb model219
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The DEM method has been used first for mining engineering problems by Cundall [12]. 220 

Some pioneer’s works have simulated large problems for historical building by modeling 221 

these structures as a collection of separate and regular shaped blocks with cohesive or dry 222 

joints, using 3DEC code ([33], [34], [35][36], [37] and, [38]). [39] and [40], have studied 223 

both full-scale and scaled-down experimental tests on traditional masonry walls and arches. 224 

Some of the studies consider the cement joint (when existing) as an interface with more 225 

complex properties by considering tension resistance, cohesion, dilatation angle and specific 226 

rigidity. A limitation encountered is that any numerical model cannot represent uncertainties 227 

and variations of mechanical properties that are found in this type of structures. Predictive 228 

methods are largely dependent on the evaluation of these properties. In order to get over this 229 

limitation, stochastic methods can be used [41].  230 

4. A PRELIMINARY ANALYSIS 231 

4.1. Influence of the joints types on the displacements  232 

In this section, the variation of the out-of-plane displacement response due to the 233 

arrangement of the joints is studied in a full-scale model. The types of arrangement are: 234 

continuous (Figure 9a), discontinuous (Figure 9b), or irregular (Figure 9c).  The joints planes 235 

in the continuous and discontinuous arrangements are perfectly horizontal, while in the 236 

irregular one, the slope of the joint planes (dip angle) is randomly distributed in an interval 237 

specified by the user. DSWs are modelled with prismatic units with restricted edges with H= 238 

1.0 m, L= 4.0 m, B= 0.45 m, and b= 0.25 m, in the 3DEC software [23]. The walls are 239 

subjected to a static trapezoidal lateral load due to service conditions to estimate the 240 

maximum out-of-plane displacement at the wall top. The values of the model parameters, 241 

shown in Table 5, correspond to the most frequent values found in the literature. The dip 242 

angle is randomly distributed in the interval [-20º, 20º]. 243 
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(a) 
(b) (c) 

Figure 9: Numerical models with different types of joints: a) continuous, b) discontinuous and c) 244 

irregular 245 

Table 5: Mechanical properties of the blocks and joints 246 

 Parameter Value Units 
 
Block 

Density 2.40E+03 Kg/m3 
Young module  3.07E+10 Pa 
Poisson 0.18 - 

 
Joints 

Kn 7.5, 8.5, 9.5, 10.5, 11.5 y 12.5  x 107 Pa/m 
Kn/Ks 2 Pa/m ߶ 30 ° 
c 1.00E+05 Pa 
damping 0.8  

To obtain the maximum displacement value of the model with irregular joints, 30 models 247 

were simulated with random variations in the shape and size of the blocks for different values 248 

of Kn (see Table 5). The average of the displacements of the DSW with irregular joints, , 249 

are shown in the dotted line in Figure 10. The coefficient of variation of the displacements 250 

varies between approximately 21 and 25%. Figure 10 also shows the maximum 251 

displacements due to the service loads vs Kn curves for the DSW with continuous and 252 

discontinuous joints. The highest displacement values are obtained with the discontinuous 253 

joint model for all Kn values. The displacements decrease by approximately 40% in the 254 

continuous joint model. The average displacements of the walls with irregular joints have 255 

values  between the two values of the previous cases for each Kn value. The dashed line 256 

curves represent the mean values plus or minus one standard deviation of the displacements 257 

in the models with irregular joints. 258 
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 259 

Figure 10: Parametric analysis of the normal joint stiffness in DSW  260 

From these results, it can be stated that the model with discontinuous joints would 261 

overestimate -in most cases- the response of the walls with irregular joints subjected to 262 

trapezoidal loads. For the used Kn, the average value of the out-of-plane displacement of 263 

walls with irregular joints would be 25% lower than those of the model with discontinuous 264 

joints. 265 

4.2. Effect of lateral constraint on the out-of-plane displacement 266 

The DSW Length (L) / Height (H) ratio was analyzed for values from 1 to 6 and with 267 

intervals of 1 m. The models used were those from section 4.1 and using the software 3DEC. 268 

Figure 11 shows the relation between the structural response (drift) with the L/H ratio. It is 269 

observed that for L/H greater than 4, the restriction no longer influences the out-of-plane 270 

behavior. 271 
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 272 

Figure 11: Variation of the out-of-plane drift to L/H ratio (Zanelli et al., 2019)  273 

5. NUMERICAL MODELLING OF THE SCALED-DOWN MODELS 274 

5.1. Selection of the type of discrete element for modelling the blocks 275 

Since there are different types of discrete elements, the selection of the suitable element type 276 

should be based on the capability of the element for reproducing the equilibrium and the 277 

relative movement between the blocks, and on the computational time cost. In this section, 278 

the ability of three types of DEM elements to represent the units of the DSW and their 279 

respective computational cost is studied: spheres, clumps, and polyhedral. The numerical 280 

analyses will be done with the YADE program [24]. The three types of elements were 281 

modelled within a cube with a 0.40 m side. The loads are the gravity and, in some cases, a 282 

horizontal acceleration of 0.2g. In the constitutive model of Eq. 3 and 4, a null value of 283 

cohesion C was assumed. 284 

The spheres are the element types with the simplest geometry to analyze in DEM algorithms, 285 

because the contact is a point and the normal direction to the contact plane is a known vector. 286 

However, the model with perfectly aligned spheres (Figure 12a) is unstable under any lateral 287 

load (Figure 12b). While the model with spheres assembled automatically (with the 288 

makeCloud command, Figure 12c) is unstable when applying the gravitational load (Figure 289 

H=1.0 m 
H=1.5 m 
H=2.0 m 
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12d). In both cases, the frictional forces in contact zones are not enough to keep the 290 

arrangement stable. 291 

 
 (a) 

 
 (b) 

 
(c) 

 
(d) 

Figure 12: Numerical model with aligned spheres (a) before and after the application of gravity (b) after 292 

the application of a horizontal acceleration, (c) model of random spheres before the application of 293 

gravity, and (d) after the application of gravity 294 

Clump elements are a group of rigid joined spheres that have the advantage to represent more 295 

complex element shapes and with more numerically stabilization than the spheres one. The 296 

types of clumps can be overlapped (Figures 13a and 13b) and without overlapping (Figures 297 

13c and 13d). The shape of the overlapping clumps allows obtaining irregular elements that 298 

resemble the rounded blocks of some stone walls. Clump elements without overlapping 299 

could be used to represent walls with elements in a prismatic shape. In both cases, the 300 

overlapping and non-overlapping clumps, the stability of the models is due to the forces of 301 

the constitutive model and to the geometric interlocking of the elements, which depends on 302 

the diameter of the spheres. 303 

 
 (a)  

 (b) ( c) 
 

 (d) 

Figure 13: Numerical model: clumps with overlap (a) before and (b) after the application of gravity; and 304 

clumps without overlap (c) before and (d) after the application of a horizontal acceleration. 305 

The polyhedron element can be regular or irregular. The regular polyhedron consists of a 306 

block of eight vertices. To create convex polyhedra, the command polyhedra_utils.polyhedra 307 
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was used, which allows defining the position of the centroid (Figure 14a). Before a lateral 308 

load, the blocks slide without rotating (Figure 14b). If the load increases, the slip is greater 309 

and the element may lose its stability and collapse. The numerical model with irregular 310 

polyhedra is generated with the polyhedra_utils.fillBox command, which fills a box with 311 

polyhedra without overlapping, of random geometry and various sizes (Figure 14c, 14d). 312 

This last model could represent the relative movement and rotation among the blocks of 313 

walls formed by irregular stone shapes. 314 

 
 (a) 

 
 (b) 

 
(c) (d) 

Figure 14: Numerical model with regular polyhedra (a) before and (b) of the application of gravity. 315 

Numerical model with irregular polyhedra (c) before and (d) after applying gravity 316 

For the analysis of the blocks, a computer with an Ubuntu 16.04 LTS operating system was 317 

used with 62.8 GB RAM and a 2.20 GHz processor. Table 6 shows the characteristics of the 318 

analyses for each type of element subjected to gravity and horizontal acceleration of 1 m/s2. 319 

The simulation ends automatically when the unbalanced force reaches 8%. 320 

Table 6: Comparison of the analyses made with the four types of elements in Yade. 321 

Element type Sphere Clumps with 
overlapping 

Clumps 
without 

overlapping 

Regular 
polyhedra 

* 

Irregular 
polyhedra * 

Number of 
elements 28 115 64 16 32 

Time interval (s) 1.61E-06 1.10E-06 1.60E-06 1.00E-05 5.50E-06 
Analysis speed 

(Hz) 60,000 19600 15,000 60 36 

# cycles 23201001 10351204 131032001 5442249 2650924 
Computational 

time 7’05’’ 9’01’’ 1h59’00’’ 24h 05´0´´ + 21h 
12´55´´ 

(*) just under gravity loading  322 
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In summary, although the sphere model is the one with less computational time cost, it can 323 

be discarded as a model capable of representing the DSW under gravitational load due to its 324 

incapability to represent the contact forces in the walls. Overlapping clumps have a more 325 

stable balance than spheres due to the irregular shape of the blocks. This type of element has 326 

the advantage of being versatile in its geometry and of being of low computational cost. 327 

Non-overlapping clumps have a higher computational cost than overlapping clumps; 328 

however, they remain within reasonable ranges for academic purposes. Regular and irregular 329 

polyhedra have high computational costs since they needed more than 20 hours to reach 330 

equilibrium with the application of gravity. This is because the contact plane detection 331 

algorithms in the case of polyhedra are more complex than in the case of spheres and clumps. 332 

Therefore, the use of clump elements can be feasible to represent the behavior of the units 333 

of the CBL, SBR, and SBL walls. 334 

5.2. Influence of Kn and ϕ parameters in the out-of-plane displacement 335 

In this section, the out-of-plane displacement is analyzed as a function of Kn and ϕ from Eq.  336 

2, and 3. For this, the CBL, SBL, and SBR walls described in section 2.1 were modelled in 337 

DEM, all with the same geometry, with typical values of Kn and ϕ found in the literature 338 

(see Table 6), c = 0 and Ks = Kn / 2. The models were implemented in YADE. The walls 339 

were modelled with clumps elements without overlapping, with dimensions approximated 340 

to the average of the blocks used in specimens and with discontinuous joints. Figure 15a 341 

shows a detail of the compact type assembly of the clumps in a lateral view, and Figure 15b 342 

shows the front view of a regular mesh type assembly. The compact type assembly allows 343 

spheres to have two contact points with the other two spheres that belong to a different 344 

clump, thus generating a geometric interlock.  345 
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The load application was pseudo-static, for which a damping of 0.8 was used. The elements 346

were of the “FrictMat” type. The specific weight of the spheres was estimated at 3708 N/m3, 347

the weight of the model matches the weight of the tested wall (1371 N).348

349

Figure 15: Scheme of the numerical model (dimensions in cm): (a) "Compact" type assembly and (b) 350

"Regular mesh" type assembly.351

SBL, CBL, and SBR wall models were subjected to loads corresponding to a 5° inclination 352

of the tilting table (see section 2.2). Loads in the normal, FV, and out-of-plane, FH directions 353

were simulated with Eq. 1; also, the out-of-plane displacement was estimated. Kn was varied 354

from the minimum value that allows equilibrium to the value of 7.5e7 Pa/m. The value of ϕ355

ranged from 20 ° to 60 °. The results for ϕ = 20º are shown in Figure 16. It is observed that 356

the SBL walls had a greater displacement than the SBR walls, for the same combination of 357

joint parameters. Furthermore, the out-of-plane displacements decrease as the value of Kn358

increases. This is because, the greater the value of Kn = 2Ks, the tangential displacement of 359

the joints will be less for the same force. Likewise, it was verified that the difference in 360

results between an SBR wall and an SBL is less as Kn increases because when the stiffness 361

is infinite, both curves tend to zero. The curves for the other values of ϕ follow the same 362

trend.363

15

7.5

150

40
15

5

Radius = 0.5

(a) Cross section

(b) Front view
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364

Figure 16: Influence of the Kn in the out-of-plane response for the wall models 365

5.3. Influence of Kn and ϕ parameters in the collapse angle366

Using the same numerical model of section 3.4, the collapse angle (αmax) of each model was 367

studied. This was obtained varying α from 0° until the model collapse. The tilting movement 368

was done in intervals of 0.5°.369

Table 7 presents the collapse angle values for the CBL, SBL, and SBR numerical models. It 370

is verified that the collapse angle increases with the value of Kn, independently of the type 371

of edges: free or restricted ones. The results of the SBL model show that for any value of 372

Kn, the collapse angle remains constant for ϕ> 30 °. Since ϕ influences only the value of the 373

maximum constitutive force (ܨ௠௔௫௦ , Eq. 3), the results indicate that for ϕ> 30 the contact 374

forces (Fs, Eq. 2) generated in the SBL model are less than ܨ௠௔௫௦ . Therefore, the joint with 375

ϕ> 30° keeps in elastic behavior state from the beginning of the inclination until the collapse 376

of the wall. On the contrary, for the SBR model, the collapse angle increases as ϕ and Kn377

increase, which shows that the contact forces enter the nonlinear range. The friction force,378 ௠௔௫௦ܨ , is reached and the blocks are sliding for all the combinations of ϕ and Kn analyzed.379
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Table 7: Collapse angle αmax, for numerical models CBL or SBL and SBR 380 
SBL 
or 

CBL 

Kn (Pa/m) SBR Kn (Pa/m) 

ࣘ 2.5x107 5.0x107 7.5x107 ߶ 2.5 x107 5.0 x107 7.5 x107 
20° 10.0 13.5 14.5 20° 12.0 15.5 17.5 
30° 11.5 14.5 16.0 30° 15.0 19.0 21.0 
40° 11.5 14.5 16.0 40° 16.5 21.0 24.5 
60° 11.5 14.5 16.0 60° 17.5 23.5 28.0 

Figure 17a shows the overturning collapse mechanism of the CBL or SBL numerical model, 381 

while Figure 17b shows the bending failure of the SBR wall. The model in Figure 16a is 382 

capable of representing the CBL failure mechanism of Figure 5. However, the failure in the 383 

SBL specimen (Figure 6) has more erratic behavior due to the nature of the units. Figure 17b 384 

represents the failure mechanism of the SBR specimen shown in Figure 7. 385 

 

 (a) 

 

 (b) 

Figure 17: Collapse of the models (a) CBL, SBL, and (b) SBR  386 

The collapse mechanism of the CLB model (Figure 17a) is influenced by the geometric 387 

interlocking generated by the arrangement of the clump spheres (as seen in Figure 14a). 388 

According to Table 7, the collapse angle for CBL is independent of for values greater than 389 

30 °. In this case, the collapse angle is determined by the dimensions of the blocks and the 390 

relative position of their centroid, which moves away from the axis as the angle  increases. 391 
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This behavior could be avoided with less slender sections and increasing the value of Ks. In 392 

the latter case, the displacements in the horizontal joints are smaller and the wall is more 393 

stable, then the collapse angle is greater. Table 7 shows how the collapse angle increases 394 

with Kn. When the values of Kn (or Ks=0.5Kn) and  tend to infinity, the wall with no lateral 395 

restrictions will behave as a rigid block and the angle of collapse will tend to the value, αv,= 396 

arctan (B/H)  = 21.8º which corresponds to the collapse angle of a rigid block.   397 

In the case of the SBR model, the lateral restrictions allow the generation of contact forces 398 

in the vertical joints caused by the catenary effect, which allows the elastic bending behavior 399 

of the wall. The collapse occurs when the maximum elastic displacement associated with 400 ܨ௠௔௫௦   is reached, which depends on the value of the ϕ chosen. 401 

From the point of view of the constitutive model, that SBR enters the inelastic range for  402 

greater than 30º, while SBL remains in the elastic range for the same inter particle friction 403 

angle. This is consistent with the fact that the maximum relative displacements before the 404 

collapse (Un and Us of Eq. 2) are greater in the SBR wall than in the SBL wall, as 405 

demonstrated in the tests and the numerical model. 406 

5.4. Effect of the lateral restraint on the collapse angle 407 

To analyze the effect of lateral restraint, the maximum shear forces were estimated in the 408 

models with free edges and restricted edges replacing αmax in Eq 1. The results, shown in 409 

Table 8, indicate that the lateral force value increases 38% on average due to the effect of 410 

lateral restraint. The effect of lateral constraints is greater as Kn and  increase. This 411 

increment is similar to the one obtained in the experimental tests (35% on average) which 412 

shows the suitability of the numerical model to represent the lateral restrictions effect. 413 

Table 8: Ratio of resistant lateral forces of models with restricted edges and with free edges 414 
FVRSBR/FVRSBL Kn (Pa/m)   
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ࣘ 2.50E+07 5.00E+07 7.50E+07 Average = 1.38 
20 1.20 1.14 1.20 Min = 1.14 
30 1.30 1.30 1.30 Max = 1.70 
40 1.42 1.43 1.50 S.D. = 0.17 
60 1.51 1.59 1.70 V.C. = 12% 

5.5 Calibration of Kn and parameters for the CBL, SBL, and SBR models 415 

The Kn values of the CBL, SBL, and SBR models were obtained fitting the collapse angles 416 

of the DEM models (Table 7) with the experimental ones (Table 2). The value  was obtained 417 

from a test on the tilting table using two stones with flat faces. The results of the calibration 418 

are shown in Table 9. 419 

Table 9: Calibrated values for Kn Ks and  420 
Kn  (Pa/m) Ks (Pa/m) Material 
5.0 x 107 2.5 x 107 35 Shale 
1.75 x 108 0.86 x 108 32 Cobblestone 

Table 10 shows some values found in the literature. We can see that the shale values are 421 

similar to those obtained by [19] for the limestone walls. Cobblestones values are similar to 422 

the granite reported by [37]. 423 

Table 10: Kn and  parameters found in the literature  424 

Kn (Pa/m) Ks (Pa/m) Material Reference 
1.0 x 109 1.0 x 109 32 Clay brick [18] 
5.00E+07 5.00E+07 25- 28 Schist [19] 
5.00E+07 5.00E+07 35-36 Limestone [19] 
1.00E+09 5.00E+08 41 - 45 Limestone [42] 
1.00E+08 2.50E+09 45 Granite [42] 
1.00E+09 5.00E+08 41 – 45 Granite [43] 

The numerical out-of-plane displacements, corresponding to the inclination of 5º, were 425 

calculated for the SBL and SBR walls and using the calibrated values of Table 9. Table 11 426 

shows the comparison with the average values obtained experimentally. It is shown that there 427 

are differences of more than 50%. This indicates that the used DEM models do not reproduce 428 
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the out-of-plane displacement of SBL or SBR correctly but it seems a correct first approach 429 

with so simple academic particles to represent the real blocks of the test. 430 

Table 11: Comparison of out-of-plane displacements  431 

Out-of-plane 
displacement 

Experimental DEM Difference 

SBL 1.3 cm 0.4 cm 69% 
SBR 0.2 cm 0.3 cm 50% 

In this section, the numerical modeling of the scaled-down models has been reported. Results 432 

showed the influence of Kn and ϕ parameters (see sections 5.2 and 5.3). For all cases, the 433 

higher the Kn, the lower the out-of-plane displacement is. As expected, SBR’s displacement 434 

values are less than SBL’s ones for the same tilting angle and parameters. However, the 435 

average ultimate displacement of the SBR specimen is greater than the SBLs one, since SBR 436 

strength is greater than the corresponding to SBL. In case of SBR, results showed that the 437 

higher the ϕ, the higher the collapse angle is. In case of SBL, the collapse angle is 438 

independent of ϕ (for ϕ values greater than 30º) which indicates that the contact forces remain 439 

in the elastic domain (independent of ϕ according to Eq. 2) and the collapse mechanism 440 

would depend on the geometry (slenderness) of the block. 441 

6. CONCLUSIONS 442 

The analyzes carried out in this experimental and numerical work show that DEM methods 443 

are adequate to study and predict the failure mechanism and the collapse angle of stone walls 444 

subjected to out-of-plane loads.  The models take into account the effect of the block's 445 

irregularity, the joint arrangement, and the boundary conditions. The results contribute to the 446 

state-of-the-art in DEM models to represent the behavior of DSW under out-of-plane loads. 447 

The DEM models with a length/height ratio of 4 and restricted edges developed a bending 448 

collapse mechanism similar to that obtained experimentally in small-scale tests. This implies 449 
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that for these ratios, the effects of the edges are relevant. The collapse angle and the 450 

maximum out-of-plane displacements of the walls with constrained edges are greater than 451 

the displacements of the equivalent models with free edges, this is due to the effect of the 452 

catenary. The use of YADE clumps type elements allows simulations with low 453 

computational cost to regular or irregular DEM elements with reasonable results for a first 454 

approach. Further calculations varying the clump geometries need to be further explored.  455 

Slender DEM models, with free edges and whose joints are governed by the Coulomb model, 456 

present overlapping collapse mechanisms due to the geometric instability of the wall. In this 457 

case, the failure angle will only depend on Kn (which defines the movement of the blocks) 458 

and not on  (which defines the maximum resistant shear forces). For this reason, if this last 459 

value needs to be calibrated, then more robust models should be used to avoid geometric 460 

instability and to allow the increase of the shear forces in the joint. 461 

From the DEM analysis, it is concluded that the use of discontinuous joints causes out-of-462 

plane displacements around 25% greater than the displacements of the models with random 463 

irregular joints (as is the case of the majority of stone walls built without technical 464 

supervision). It is recommended to take this overestimation into account in case that it is 465 

desired to study walls with irregular blocks using numerical models with discontinuous 466 

joints. 467 

The Kn and  values of the Coulomb model- that fit the experimental results coincide with 468 

the values found in the literature. The Kn of the cobblestones is lower than the value of the 469 

wall made of stone. It is necessary to carry out more studies to establish typical values for 470 

different materials and shapes, and also validating the possibility to represent the blocks with 471 

other types of DEM elements. Further development will include full-scale specimens testing 472 
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to validate the numerical approach and to study different types of arrangements of the walls’ 473 

blocks that correspond to actual practice in this type of constructions. 474 
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