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ABSTRACT – The purpose of this article is to evaluate the deformations of a compacted 33 

embankment dam, partially supported on tailings, through the use of two-dimensional and three-34 

dimensional finite element models using PLAXIS® and TOCHNOG® software, respectively. The 35 

modeling was developed to simulate the construction of a complete dam stage, with a compacted 36 

embankment, a launched embankment platform, and the filling of the dam reservoir with the 37 

tailings. The material deformation parameters were calibrated so that the numerical modeling results 38 

are consistent with the data obtained from the instrumentation installed on the dam. The results 39 

made it possible to represent and understand the deformation mechanisms that occur during the 40 

construction of a raised stage and the filling of the reservoir. 41 

Keywords – Deformation, Displacements, Tailings Dam, Bidimensional numerical model, 42 

Tridimensional numerical modeling. 43 
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List of symbols 52 𝜏 =  53 𝜎 = Normal stress; 54 𝑐 = Cohesion intercept; 55 𝜙 = Internal frictional angle; 56 𝜎1 = Major main stress 57 𝜎3 = Minor main stress 58 𝐼1, 𝐽1, 𝜃 = stress invariants; 59 𝜀,𝜌, 𝜃 = deviation stresses; 60 𝑝′, 𝑞 = Stress paths parameters; 61 𝑀 = Parameter related to the angle of friction of the soil in triaxial compression; 62 𝛾 = Specific weight; 63 𝐸 = elastic modulus. 64 
  65 



1 – INTRODUCTION  66 

Tailings dams are artificial embankment structures built from the accumulation of tailings from 67 

the ore beneficiation process. (Albuquerque, 2004; Azam e Li, 2010; Duarte,2008; Souza Junior, et 68 

al. 2018). Tailings dams are a particular type of dam built to store mill and waste tailings from 69 

mining activities. Currently, thousands of tailings dams worldwide contain billions of tonnes of 70 

waste material from mineral processing activity at mine sites. A number of particular characteristics 71 

make tailings dams more vulnerable to failure than water storage dams, such as: presence of 72 

embankments formed by locally derived fills (soil, coarse waste, overburden from mining 73 

operations and tailings); multi-stage raising of the dam to cope with the increase in solid material 74 

stored and effluent (plus runoff from precipitation) released; the lack of regulations on specific 75 

design criteria; dam stability requiring a continuous monitoring and control (Rico et al., 2008) 76 

Nowadays, with the wide and intensive mineral extractive, more and more of this kind of dam 77 

are reaching the cubic million mark of storage and dozens of meters high, therefore, there has been 78 

some concerns about their behavior (Praça, 2019). The increase of compacted tailings confinement 79 

stress can generate the reduction of the friction angle due to the decrease of the post-peak shear 80 

resistance (Cavalcanti et al., 2003). With the Fundão/MG dam and Brumadinho/MG dam failures it 81 

has been created polices to the mischaracterization and decommissioning of the upstream tailing 82 

dams (Brazil, 2009). Until 2019, the registered mining dams with a reservoir superior to 50 hm³ 83 

were 1,82% of the total of this kind of structure in Brazil, being most (61,02%) with a volume lower 84 

than 0,5 hm³ (ANM, 2019). As for the height, from the registered dam's total, 20% don’t have any 85 

information, 30% have height superior to 15 m and 50% are lower than 15 m (ANA, 2019). 86 

With the embankment construction, the dam undergoes total and partial settlements. The stress 87 

versus soil deformation characteristics are extremally complex and the soil behavior is non-linear, 88 

inelastic, and highly dependent on the soil stress magnitude (Duncan, et al., 1980). 89 

 Azam and Li (2010) studied the failure events through time on mining tailings dams. 90 

Historically, the events occurred about 8 to 9 times in the 40s and 50s but reached a peak of 50 91 

events during the 60s, 70s, and 80s. The elevation of the failure rate is due to the increase of the 92 

amount of these structures, due to the need for mineral extraction post World War II, because of the 93 

global demand for raw materials, minerals, and metals. In a survey accounting for 18401 local 94 

mines, the failure rate over the past 100 years is estimated to be at 1,2%. This is twice more the 95 

order of magnitude of accumulation dams’ failures, which is about 0,01% according to ICOLD 96 

(2001) studies. 97 

According to ANA (2019) data, from the registered dams in Brazil, about 21,00% have a high-98 

risk category (CRI) and a high associated potential damage (DPA). The Risk Category (CRI) 99 

concerns aspects of the dam itself that may influence the likelihood of an accident: aspects of design, 100 

structure integrity, state of conservation, operation and maintenance and compliance with the Safety 101 

Plan. The Potential Associated Damage (DPA) is the damage that can occur due to rupture, leakage, 102 

soil infiltration or malfunction of a dam, regardless of its probability of occurrence. It is graded 103 

according to the loss of human life and social, economic impacts and environmental. 104 

As for tailings dams (ANM, 2019), there are 436 registered in Brazil, of which 60,09% present 105 

high DPA, and 11,24% have a high CRI. The nature of the involved risks and the possible impacts 106 

due to a dam breach suggests that the control and monitoring of these structures should be done 107 

carefully so preventive or corrective measures are implemented promptly. 108 

According to Chrzannowski e Massiéra (2004), the study of stress versus deformation behavior 109 

on dams are very important, once this knowledge allows to predict possible problems, such as the 110 

appearing of transversal cracks, longitudinal fissures, arching effects and stress concentration, 111 

hydraulic fracturing, development of yield zones and instrumentation damage, besides allowing to 112 

minimize the effects of these problems. 113 

This article has the purpose of presenting the assessment of the stress versus deformation 114 

behavior of a mining tailings dam with the use of two-dimensional and three-dimensional finite 115 



element models. For this, the complete construction of one of the dam’s stages – stage 13 – was 116 

evaluated so that it was possible to understand the factors that occasioned the rotation and 117 

displacement movements. 118 

 119 

2 – STUDY DATA 120 

The studied dam forms a reservoir to store mining tailings. The structure acts as the last 121 

environmental control point for the effluents that flow to a small stream basin. The dam foundation 122 

is predominantly constituted by metamorphically rock outcrops with a low degree of weathering, 123 

called phyllite, fine rock grains, basically composed of quartz and sericite, and characterized by the 124 

presence of a penetrative parallel plane foliation. The phyllite was semi-weathered, with multiple 125 

colors, predominating purplish and grayish tones. 126 

The foliation is affected by folding, which conditions the spatial disposition of foliation. It was 127 

detected two folding systems, the first and main one has NE-SW direction axes and an SW low 128 

angle dip that is for upstream of the dam. This system is predominant on the right embankment and 129 

central portion of the dam. The second system has an NW-SE direction and an NNW low angle dip 130 

and is predominant in the left embankment. 131 

The valley, where the dam is implemented, is an open kind with smooth abutments, set up by a 132 

floodplain of a stream in its central part. The dam crest is at El. 648,00 m after the construction of 133 

stage 13. 134 

The dam landfill is homogeneous in a compacted embankment, done with a reddish colluvium 135 

clay and clayey-silt soil. The dam had until then, 13 heightening stages, and had 77 meters height 136 

and a length of 4890 meters. The downstream slope has an inclination of 1V:2H, 3 meters wide 137 

berms every 6 meters, and the upstream slope is continuous with a 1V:1,8H inclination. 138 

The dam's first eight heightening stages were built with the downstream method, in which the 139 

heightening is built with the increase of the dam landfill towards downstream from the previous 140 

stage. After the 8th stage, based on observations of the good behavior of a landfill dam posted over 141 

the tailing’s reservoir, has also been used the upstream method. For this method, a compacted 142 

embankment was built over a landfill platform posted on the tailings, alternately with the 143 

downstream method, in such a way that the dam axis remained, approximately, in the same position, 144 

resulting in what was called a modified centerline method. 145 

The advantages of this method consist of the maintenance of the flux produce from the mineral 146 

processing. In addition to safeguarding the technical criteria for the stability of the structure, as the 147 

tailings are discharged on the upstream method compacted landfill region, concomitant, it was built 148 

the downstream method compacted embankment. This reduced the construction time for the dike 149 

and allows the industrial processes to remain continuous or suffer minimal interferences on the 150 

mineral tailings discharge. 151 

In each stage is heightened not only the compacted embankment but also the upstream landfill 152 

platform, in addition to raising (filling) the tailings reservoir. The landfill is a material platform 153 

created between the tailings and the compacted landfill and has the function of stiffening the base 154 

where will be done the dike construction activities, that is, it facilitates the earthwork. Besides this, 155 

it consists of a stable support transition layer, once it is supported by the tailings deposited in the 156 

reservoir and acts as a partial foundation of the compacted embankment, consequently minimizes 157 

the settlement in the heightening region. 158 

In this study, it was assessed the deformations on the dam that are caused by its heightening. On 159 

the two-dimensional analyses, it was evaluated the stage 13 heightening, while the three-160 

dimensional analyses assessed the stage 12A and 13, concomitantly. Figure 1 presents the display 161 

of theses heightening: 162 



 163 
Figure 1. Dam typical section – stages 12A and 13 164 

 165 

2.1 – Instrumentation evaluated 166 

The model calibration was done using the data provided by the dam's instrumentation system. 167 

to assess the vertical displacement, it was considered the readings of settlement plates MR-1A, MR-168 

1C, MR-2A, MR-2C, MR3A, and MR 3C. For the horizontal displacements, it was evaluated 169 

inclinometers I-1, I-2, and I-3 readings. 170 

 171 

2.2 – Mohr-Coulomb Yield Criteria 172 

The Mohr-Coulomb model was chosen because of the frictional material and its simplicity (Chen 173 

and Han, 1988; Wood, 2004). The Mohr-Coulomb yield criterion represents a generalization of the 174 

Tresca criteria and describes materials with frictional nature (Schager, 1998). According to Lambe 175 

and Whitman (1969), in the Mohr-Coulomb criteria, Mohr circles represent the material stress state, 176 

and the maximum stress points are tangent by stress curves, which the rupture only occurs when the 177 

soil shear stress surpasses the shear stress resistance. In other words, the Mohr circles relate the 178 

normal stress (σ) and the shear stress (𝜏) 179 

Coulomb (1776) cites that the soil shear resistance would be controlled by the cohesion intercept 180 

and friction angle portion, in which the normal stress variation enables the increment or reduction 181 

of the resistive capacity, following the equation (1) and figure 2a. 182 

 183 𝜏 = 𝑐 + 𝜎 tan 𝜙 (1) 

 184 

Where: 185 

σ: Normal stress; 186 

c: Cohesion intercept; 187 

φ: Internal frictional angle. 188 

 189 

The resistance function expression in terms of principal stresses is presented in equation (2): 190 

 191 𝜎1 − 𝜎32 =  𝜎1 + 𝜎32  sin 𝜙 + 𝑐 cos 𝜙 (2) 

 192 

Chen and Han (1987) demonstrated the construction of the tridimensional yield surface in terms 193 

of stress invariants (𝐼1, 𝐽1, 𝜃) and deviation stresses (𝜀,𝜌, 𝜃) of the Mohr-Coulomb criteria. Equation 194 

(3) and (4) present theses formulations based on Figure 2b illustration: 195 

 196 



∫(𝐼1, 𝐽2, 𝜃) =  13 𝐼1 sin 𝜙 +  √𝐽2 sin (𝜃 + 𝜋3) + √𝐽2√3 cos (𝜃 + 𝜋3) sin 𝜙 − 𝑐 cos 𝜙 = 0 (3) 

 197 ∫(𝜀 𝜌, 𝜃) =  √2 sin 𝜙 + √3𝜌 sin (𝜃 + 𝜋3)  +  𝜌 cos (𝜃 + 𝜋3) sin 𝜙 − √6𝑐 cos 𝜙 = 0 (4) 

 198 

 199 

In which 0 ≤ 𝜃 ≤ 60°, so that if 𝜃 = 0° (traction meridian) and 𝜃 = 60° (compression meridian). 200 

In the Mohr-Coulomb criteria, the failure stress under compression is greater than under traction. 201 

The yield surface is represented by a hexagonal base pyramid (offset between vertices of 60°) 202 

irregular in the main stress space (Nadai π plane), the cross-section being an octagonal polygon, 203 

illustrated in figure 2b. In the Mohr-Coulomb model, exposed by Potts and Zdravkovi (1999), sharp 204 

corners are observed when tracing the function in the octahedral space of the main tensions (see 205 

figure 2b) 206 

 207 

 

 

(a) (b) 

Figure 2. Mohr-Coulomb Criteria: a) Rupture envelope; b) Failure surface. (Source: Labuz and Zang, 2012) 208 
 209 

Huallanca (2004) cites that the Mohr-Coulomb yield criteria applied to a perfect elastoplastic 210 

model have a null yield function. The perfect elastoplastic model has a fixed yield surface and 211 

defined by resistive parameters and axial (σ1) and confining (σ3) stresses, according to figure 3, 212 

based on equations (2), (3) and (4) 213 

For the dam stress versus deformation analyses, it was used the Mohr-Coulomb yield criteria 214 

with a linear elastic perfectly plastic model (see figure 3a), which behavior is characterized elastic 215 

until yield stress or yield limit (σo) subsequently undergoing purely plastic deformations from the 216 

constant maintenance of the same σo, as described in Fernandes (2011). According to Chen and Han 217 

(1988), in this model the stiffening effect is negligible, being the plastic deformation triggered by 218 

the constant stress flow. The authors affirmed that the yield surface of the perfectly plastic material 219 

is maintained unaltered, being observed the generalized formulation in equation (5). Figure 3b 220 

illustrates the limit (yield surface) between the elastic and plastic zones. 221 

 222 𝑓(𝜎𝑖𝑗) =  𝐹(𝜎𝑖𝑗) − 𝐾 (5) 

 223 



  

(a) (b) 

Figure 3. Elastic perfectly plastic model: a) Stress vs deformation behavior; b) Loading and unloading yield 224 
surface (Cheb e Han, 1988). 225 

 226 

Equation (6) describes in terms of flow surface (Wood, 2004) 227 

 228 𝑓(𝜎) =  𝑓(𝑝, 𝑞) = 𝑞 − 𝑀𝑝′ (6) 

 229 

Which the M value – Equation (7): 230 

 231 𝑀 = 6 sin 𝜙3 −  sin 𝜙 (7) 

 232 

Where: 233 

p’,q: Stress paths parameters; 234 

M: Parameter related to the angle of friction of the soil in triaxial compression. 235 

 236 

2.3 – Numerical modelling calibration and validation 237 

The deformability parameters used in the bidimensional and tridimensional analyses are present 238 

um table 1. The values are the result of an iterative calibration process of the numerical model, 239 

through bidimensional analysis, using the software PLAXIS®. 240 

 241 
Table 1 – Adopted geotechnical parameters due to the calibration 242 

Soil 
 

(kN/m³) 

c’ 
(kPa) 

’ 
(°) 

E 

(kPa) 
 

Foundation 10 (sub) 200 24 160.000 0,35 

Compacted landfill 19 (nat) 10 30 25.000 0,30 

Saturated compacted landfill 10 (sub) 33 26 20.000 0,33 

Dumped landfill 19 (nat) 10 31 15.000 0,35 

Saturated dumped landfill 9 (sub) 10 31 10.000 0,37 

Filter 18 (nat) 0 33 50.000 0,35 

Saturated filter 8 (sub) 0 33 50.000 0,35 

Tailings 7 (sub) 0 12 2.000 0,40 

 243 



The adopted parameters are from the drained conditions, once all the deformations on the dam 244 

occur slowly for this study analyses. It was used the natural specific weight for the soils above the 245 

phreatic surface and the submerged weight for the soils below it. Besides, it was adopted a cohesion 246 

intercept equal to 10 kPa for the compacted landfill to minimally represent the soil apparent 247 

cohesion. 248 

In the calibration process, initially, the values for the elasticity modulus and the Poisson 249 

coefficient were adopted from the ranges of values suggested by Bardet (1997) database. After this, 250 

the calibration and validation of the deformability parameters of the elastic model (Young’s 251 

modulus and Poisson coefficient) were done by the comparison of the vertical and horizontal 252 

displacements calculated by the model and the data from the settlement plates and inclinometers. 253 

The parameters values were, through the many simulations done, being altered until the behavior of 254 

the model was similar to the one observed on the dam through the instrumentation results. The 255 

calibration process is iterative and needs the modeler’s sensibility to adjust the parameters until the 256 

behavior is similar to the real one observed on the dam. The procedure is summarized below. 257 

Regarding calibration of the vertical displacement data, the readings of six settlement plates 258 

were considered: MR-1A; MR-1C; MR-2A; MR-2C; MR-3A and MR 3C. These plates were 259 

installed on the launched landfill platform since the previous stages (8 and 8a) construction. The 260 

plates with the “A” denomination are located according to the “A” alignment, at a distance of 19.5 261 

m upstream of the dam reference line of stage 13, and the plates ending in "C" are installed according 262 

to the “C” alignment, at 39.5 m upstream of this same line. For the calibration, simulations were 263 

done considering the construction of the dam starting from stage 8 to stage 13, allowing the 264 

comparison between the results of the numerical model and the settlement plate readings. Table 2 265 

presents the real settlement values registered by the field plates from the installation to the end of 266 

the construction of stage 13. 267 

 268 
Table 2. Accumulated settlements of Stage 8 until the end of stage 13 construction 269 

Plate Settlement (m) Plate Settlement (m) 

MR-1A 2,16 MR-1C 2,11 

MR-2A 1,96 MR-2C 2,02 

MR-3A 1,97 MR-3C 3,16 

Average 2,03 Average 2,43 

 270 

The numerical simulation results indicated that, in the position of the plates installed along the 271 

alignment "A", the accumulated settlements were about 2.0 m, the plates installed along the 272 

alignment “C”, the settlement were about 2.5 m. So, it is noticed that the values measured by the 273 

plates and the numerical model have a very good fit. The discrepancies between the real and 274 

simulated values are less than 10 cm, which is considered a very good fit, considering the height of 275 

the dam and the thickness of the embankment and tailings masses.  276 

Additionally, it was compared the accumulated settlements during the construction of stages 277 

12A and 13. The model results indicated that, for the plates along the “A” alignment, the 278 

accumulated settlements were 0.43 m, and for the plates along the “C” alignment, the settlements 279 

were 0.40 m. Table 3 presents the settlement values registered by the plates during the construction 280 

period of stages 12A and stage 13. Again, the calculated and observed values are very close, with 281 

differences below 10 cm. 282 

 283 
Table 3. Accumulated settlements during the constructive periods of stages 12A and 13 284 

Plate Settlement (m) Plate Settlement (m) 

MR-1A 0,33 MR-1C 0,52 

MR-2A 0,30 MR-2C 0,41 

MR-3A 0,52 MR-3C 0,60 



Plate Settlement (m) Plate Settlement (m) 

Average 0,38 Average 0,51 

 285 

Regarding the calibration of the horizontal displacements, it was based on the readings of three 286 

inclinometers I-1, I-2, and I-3, installed at the highest section of the dam, and they served as a 287 

comparison base to the values obtained through the numerical simulations. Due to the short period 288 

recorded (January to August of 2005), the direct comparison of the calculated and measured values 289 

is restricted, however, it is possible to use the readings to compare the magnitude order of these 290 

values. This way, in this evaluation, it is considered only stage 13 construction. Figure 4 illustrates 291 

the horizontal displacements profiles along the depths, obtained by the numerical model, for the 292 

stage 13 construction simulation, in the positions where the inclinometers are installed. It is noticed 293 

that the maximum displacements for all the inclinometers are of the order of 55 mm downstream. 294 

According to the instrumentation reading, done during the seven months of construction of stage 295 

13, the maximum observed horizontal displacements were 28 mm and 33.1 mm for inclinometers I-296 

1 and I-2, respectively, towards downstream. For inclinometer I-3, it was observed a downstream 297 

maximum displacement of 54 mm, but this inclinometer presented different results from the other 298 

because it is installed in a depth of about 30 meters below the bedrock top. The I-3 inclinometer 299 

data indicated that the foundation of the dam is moving significantly downstream, a fact that is not 300 

noticed by the other instruments of the dam. Considering the restricted period of readings, it is 301 

possible to affirm that exists compatibility between the magnitude order of the recorded and 302 

simulated values. However, a more adequate comparison between the inclinometer data and the 303 

simulation results will only be possible when there is a minimum period of reading of the 304 

inclinometers of two consecutive years. This is because the constructive planning of the dam always 305 

considers the simultaneous construction of two stages, one for upstream and one for downstream. 306 

The downstream construction stage takes two years to be completed. 307 

 308 

   309 
Figure 4. Numerical model horizontal displacements results for the inclinometers (x Direction) 310 

 311 

Finally, it appears that calibration methods such as the present one, based on the comparison of 312 

numerical model data with instrumentation records, appear in geotechnical studies such as those by 313 



Shahba and Soltani (2016). These authors carried out an assessment of stress versus strain in the 314 

Taham earth dam and compared the two-dimensional analyzes (Geostudio® and FLAC®) with 315 

three-dimensional (PLAXIS®), obtaining data regarding horizontal strains, vertical strains, and 316 

stresses similar to the values obtained dam instrumentation 317 

 318 

3 – BIDIMENSIONAL STRESS VERSUS DEFORMATIONS ANALYSES 319 

The bidimensional analyses were done using the PLAXIS® software, having two objectives: 320 

calibrate the deformation geotechnical parameters to be used on the tridimensional analyses (as 321 

described before); perform a qualitative and quantitative assessment of the dam's behavior during 322 

heightening stage construction. 323 

 324 

3.1 – Method 325 

The numerical model development was done through the staged construction of the dam. This 326 

procedure is important and should be applied to geotechnical structures with a compacted 327 

embankment, once the construction of such structures is not done instantly and the soil’s stress 328 

history has effects on the results and behavior of the model. This way, it was developed preliminary 329 

stages simulating the construction until stage 12. 330 

Next, was developed stage 13, the main objective of this study, in which it was pretended to 331 

analyze the structural behavior during its construction. This stage was modeled in the phases, 332 

provided for in the executive sequencing in the field: 333 

a) Construction of the compacted embankment; 334 

b) Construction of the upstream casted landfill platform; 335 

c) Reservoir filling. 336 

 337 

The results had the objective to evaluate the construction effect of a heightening stage over the 338 

existing dam embankment, through the horizontal and vertical displacements and volumetric 339 

deformations. It was assessed separately the effects caused by each of the three phases and it was 340 

also evaluated the global effect generated by the overlay of the three phases, that is, by the end of 341 

the heightening of the dam (compacted landfill and launched landfill platforms) and the reservoir 342 

filling. The appraised section is located in the center of the valley, in which the tailings layer 343 

deposited in the reservoir have a greater thickness, and, consequently, the dam has the biggest 344 

height. 345 

 346 

3.2 – Results 347 

3.2.1 – Phase 1: Compacted embankment construction 348 

In this stage, it was assessed the deformation behavior of the existing dam when the heightening 349 

embankment is built. The dam was heightened by the modified centerline method, as described 350 

before. The stage 13 compacted landfill is partially supported by the already built compacted 351 

embankment (downstream) and partially by the launched landfill platform (upstream). The vertical 352 

displacements (see figure 5a) have a greater magnitude on the crest due to the proximity of the more 353 

deformable materials, such as the tailings and cast landfill, that are upstream, being the maximum 354 

value around 21 cm. These displacements reduce along with the depth. On the downstream slope 355 

surface, the place most far of the deformable materials, the maximum vertical displacements were 356 

about 14 cm. 357 

As the horizontal displacements (see figure 5b) they were directed downstream along the 358 

downstream dam slope, in a place close to the top of the filter, with values around 5.5 cm. However, 359 

on the tailings and launched fill, the displacements were upstream, with a maximum value of about 360 



8.5 cm. In a general manner, upstream of the filter, the displacements were directed to upstream, 361 

while downstream of the filter, there is a movement towards downstream, this indicates that there 362 

is a horizontal dislocation of these two parts, with expansion horizontal deformations. 363 

This way, it is possible to observe that when the compacted landfill part is being heightened, 364 

there is an indication of the occurrence of a rotational movement of the dam crest (with upstream 365 

sinking), due to the proximity of deformable materials, like tailings and launched fill. 366 

 367 

  
(a) (b) 

Figure 5. Dam displacements caused by the stage 13 compacted embankment construction: a) vertical (m); b) 368 
horizontal (x 10³ m).  369 

 370 

Assessing the volumetric deformations (figure 6), it is noticed that on the major part of the dam 371 

embankment there are compression deformations with low magnitudes, around 0,3%. Only a small 372 

region located over the filter the volume variation was positive, indicating that on the spot occurred 373 

the soil expansion. The maximum deformation value was 4,7%. The soil expansion is believed to 374 

be related to the rotational movement of the dam crest which incurs in the horizontal expansion 375 

deformations in this region, and, consequently, positive volumetric deformations (expansion). 376 

 377 

 378 
Figure 6. Volumetric deformations on the dam caused by the construction of the compacted embankment of 379 
stage 13. 380 



 381 

3.2.2 – Phase 2: Construction of the upstream launched landfill platform 382 

In phase 2, it was evaluated the deformations behavior on the existing dam when built the 383 

upstream launched landfill platform, and after the construction of the previous phase (compacted 384 

embankment). Stage 13 launched fill platform is partially supported by the tailings and partially 385 

supported by the compacted embankment, built previously. The vertical displacements (figura 7a) 386 

were more pronounced, especially under the launched fill, have greater magnitude on the surfaces, 387 

and present maximum values around 22 cm. The casted landfill construction promoted a small lift 388 

of the tailings surface located upstream, with maximum values at 5 cm. As the impact on the already 389 

built compacted embankment, it was observed that the vertical displacements are greater upstream 390 

of the dam crest (approximately 12 cm) compared to the downstream (around 8 cm). 391 

The horizontal displacements (see figure 7b) on the launched landfill and tailing occurred 392 

towards upstream and reached maximum values around 13 cm on the tailings. The displacements 393 

provoked by the compacted embankment were, in general, to downstream, with maximum values 394 

around 2 cm inside the dam mass. However, near the crest, the displacements were towards 395 

upstream, with values around 9 cm 396 

 397 

  

(a) (b) 

Figure 7. Vertical displacements on the dam, caused by the construction of the stage 13 launched fill: a) Vertical; 398 
b) Horizontal. 399 

 400 

The compression volumetric deformation (figure 8) was of low magnitude and occurred mainly 401 

on the tailings, under the launched landfill, and, on a lower scale, on the own casted landfill, with 402 

maximum values around 0,7%. On the other hand, on the dam crest, it was possible to see expansion 403 

volumetric deformations, with values up to 1,6%, which, again, are the result of the dam crest 404 

rotation with sinking to upstream, behavior also noticed during the launched fill platform 405 

construction. 406 

 407 



 408 
Figure 8. Volumetric deformations on the dam caused by the stage 13 launched landfill construction. 409 

 410 

3.2.3 – Phase 3: Filing 411 

In phase 3, it was assessed the dam deformations due to the filling of a new layer of tailings in 412 

the reservoir, after the heightening of the compacted soil and launched landfill. The vertical 413 

displacements (see figure 9a) occurred almost exclusively on the tailings, with maximum values 414 

around 28 cm near the surface. The upstream end of the launched landfill platform was also affected 415 

by the filling of the reservoir suffering vertical displacements with values around 12 cm. As the 416 

crest of the dam approaches, the vertical displacements approach zero, which is indicative of the 417 

rotation of the launched landfill. 418 

The horizontal displacements on the landfills (see figure 9b) launched and compacted, due to 419 

the reservoir filling, resulted directed exclusively towards downstream. The major displacements 420 

were on the tailings under the launched landfill, with maximum values around 5 cm. 421 

 422 

  

(a) (b) 

Figure 9. Vertical displacements on the dam originated by the stage 13 reservoir filling: a) Vertical; b) Horizontal 423 
 424 

The volumetric deformations (figure 10) occurred mainly on the tailings and were compression 425 

ones, with average values of low magnitude, about 0,3%. However, on the launched landfill surface 426 

there were expansion volumetric deformation, with values around, 0,2%, and these seem to be 427 



related to the flexion suffered by the launched landfill massif since one end is over the tailings (more 428 

deformable material) and the other end is near the stiffer material (compacted embankment). 429 

 430 

 431 
Figure 10. Volumetric deformations on the dam caused by the stage 13 tailings reservoir filling 432 

 433 

3.2.4 – Global effect 434 

Finally, deformations that occurred on the existing dam after the heightening on the dam and 435 

filling of the reservoir were evaluated, considering the overlay of effects referred to the end of the 436 

dam heightening and reservoir filling. 437 

The resulting vertical displacements (see figure 11a) were more pronounced at the crest of the 438 

dam and on the surface of the launched landfill platform, with maximum values around 30 cm. The 439 

Vertical displacements decrease with depth and as it dislocates downstream. Therefore, there is a 440 

sinking of the upstream section of the dam in relation to the downstream section. 441 

The horizontal displacements of the compacted embankment (see figure 11b) were towards 442 

downstream and more pronounced closer to the slope surface, with maximum values around 5 cm. 443 

The horizontal displacements on the launched landfill and tailings presented under the launched 444 

landfill were upstream, with maximum values of about 13 cm. In general lines, it can be said that 445 

upstream of the filter, the horizontal displacements occurred towards upstream, and downstream of 446 

the filter, the displacements were towards downstream. 447 

The volumetric deformations of the tailings (see figure 12a), under the casted landfill, occurred 448 

with low magnitude, around 1,2% on the maximum and they were compression ones. The 449 

deformations over the filter, near the crest of the dam, were expansion ones with significative 450 

magnitude, reaching about 5%. On the most part of the massif, the volumetric deformations were 451 

small. The sinking of the tailings, launched landfill and the dam’s crest compared to the rest of the 452 

compacted embankment, promotes something similar to flexion on the dam, generating expansion 453 

deformations on the crest. For this reason, the volumetric deformations in this region are expansion 454 

ones. 455 

 456 



  

(a) (b) 

Figure 11. Displacements on the dam due to the stage 13 construction and filling of the reservoir: a) Vertical; b) 457 
Horizontal 458 

 459 

At this stage, it was also evaluated the yield occurrence (see figure 12b), through the Mohr-460 

Coulomb yield criteria, as cited previously. The main sites for soil yield were on the vertical filter, 461 

close to the crest of the dam, and on the slope of the launched landfill. The yield occurred by tension 462 

at some points and by compression at other points, usually located below the points where the yield 463 

took place by traction. On the upstream slope of the launched landfill, the yield is related to the 464 

pronounced displacements that occurred due to the proximity of the most deformable material. The 465 

yield of the soil close to the crest happens by tension. This behavior pattern is in line with the thesis 466 

that a phenomenon similar to bending is occurring on the highest elevations of the dam due to the 467 

rotation of the upstream material (more deformable) in relation to the downstream portion of the 468 

compacted embankment (stiffer). 469 

 470 

  

(a) (b) 

Figure 12. Yield on the dam caused by stage 13 construction and reservoir filling: a) volumetric deformations; 471 
b) Evaluation of yield concentration points of the dam 472 

 473 

4 – 3D STRESS-DEFORMATION ANALYSES 474 

The tridimensional analyses were done using TOCHNOG, V. 2004 software. This tool uses the 475 

finite element method and has constitutive models and applications designed for the modeling of 476 

the geotechnical structure. 477 

 478 



4.1 – Method 479 

For the tridimensional numerical modeling, it was used tetrahedral finite elements with 4 nodes. 480 

The geotechnical parameters values were calibrated using the bidimensional analyses, done 481 

previously, and present in table 1. 482 

The modeling of irregular tridimensional structures, such as the case study dam, has additional 483 

complicated factors when compared to bidimensional analyses, especially regarding the definition 484 

of finite elements in space and changes in their properties over time during simulations. In this way, 485 

some simplifying hypotheses were adopted to enable the modeling of the structure, minimizing the 486 

number of finite elements and processing time. The main simplifying hypotheses were: 487 

a) Simplification of the dam geometry; 488 

b) Disregarding the presence of filters; 489 

c) Use of submerged specific weight for the soils below the phreatic level. 490 

 491 

The tridimensional model (figure 13) was built with the purpose to assess the construction effect 492 

of two heightening stages over the existing embankment. These stages are 12A and 13. In a 493 

preliminary stage, it was built the whole existing massif, before the heightening. Nest I was built in 494 

a single stage the heightening corresponding to stages 12A and 13, with the simultaneous 495 

construction of the compacted embankment, launched fill platform, and reservoir filling. In this 496 

way, it was evaluated the global effects of the heightening and reservoir filling over the existing 497 

embankment, referring to stages 12A and 13. 498 

 499 

 500 
Figure 13. Finite elements of the surface of the model 501 

 502 

The evaluated parameters were the vertical and horizontal displacements, the volumetric 503 

deformations, and the areas where plasticization occurs the yield. 504 

 505 

4.2 – Results 506 

The horizontal displacements of the transversal direction to the dam axis (see the bidimensional 507 

section, figure 14a) were evaluated both on the surface of the soil and inside the massif. On the soil 508 

surface, the horizontal displacements were toward downstream, on the region downstream of the 509 

axis, and on the region upstream of the axis, the horizontal displacements were toward upstream. 510 

The maximum values were 4.2 cm towards upstream and 15.5 cm towards downstream. The 511 

behavior indicates a tendency for the two parts to move away from each other, as already observed 512 

in two-dimensional analyzes 513 

 514 



 
 

(a) (b) 

Figure 14. Horizontal displacement on the x direction: a) soil surface; b) massif interior (values in meters) 515 
 516 

Horizontal displacements were also evaluated in the longitudinal direction to the dam axis in 517 

two regions: soil surface and embankment interior. On the soil surface (figure 15a), it was noticed 518 

that the tailings, launched fill, and compacted embankment displacements were always from the 519 

abutment to the center of the valley. On the center of the valley, it is found the highest tailings 520 

thickness and where the dam is the highest. The opposite occurs on the abutments. The maximum 521 

displacements were around 2.5 cm. On the central part of the dam (figure 15b), almost the isn’t 522 

longitudinal displacements. In the massif interior, it is also observed that the horizontal 523 

displacements were towards the center of the valley and larger as they approach the surface, reaching 524 

values around 2.5 cm. 525 

 526 

  

(a) (b) 

Figure 15. Horizontal displacements on the z direction: a) on the soil surface; b) on the massif interior (values in 527 
meters) 528 

 529 

The vertical displacements were more pronounced on the tailing and the launched fill, in the 530 

sections located on the center of the valley, reaching values up to 50 cm on the soil surface. 531 

However, these displacements occur on the whole extension of the dam. On the surface (figure 16a), 532 

the highest values were observed on the launched fill slope and get smaller as approaches the dam’s 533 

crest. This indicates a rotation of the launched fill, as observed on the bidimensional analyses. In 534 

the interior of the embankment (figure 16b), on the base of the launched fill, it turns out that vertical 535 

displacements are more pronounced as they move away from the dam's centerline, with values 536 

between 15 cm and 40 cm on the highest sections, again confirming the rotation of the launched fill. 537 

The vertical displacements decrease as they approach the abutments, also indicating the rotation 538 

around the transversal direction, showing greater vertical displacements on the center of the valley 539 

and smaller displacements of further places. Along the centerline, inside the massif, it was also 540 

found that the displacements were more pronounced in the center of the valley. 541 



 542 

 
 

(a) (b) 

Figure 16. Vertical displacements on the embankment: a) soil surface; b) in the interior of the massif (values in 543 
meters) 544 

 545 

In the terms of volumetric deformations, on the transversal direction (figure 17a), it is observed 546 

that there is expansion deformation along the dam axis, with values around 0.4%, on the surfaces of 547 

the soil, and compression along the slope toe of the launched fill, with values around 0.3%. On the 548 

longitudinal direction along the axis (figure 17b), the deformations were very small and more 549 

intense closer to the abutments. It should be warned that in these regions the axis of the dam is no 550 

longer aligned with the longitudinal direction as in the straight section, making the analysis more 551 

complex. On the central straight section, it can be noticed that the deformations wavered between 552 

null and the compression ones, and on the side of the central section, between null and expansion. 553 

The behavior is similar to a fixed ended beam (on the end of the straight section, close to the 554 

abutments), where the deformations in the upper fibers were characteristic of expansion variation, 555 

close to the fixed end, and compression, in the central region. 556 

 557 

 
 

(a) (b) 

Figure 17. Total deformations of: a) soil surface on the x direction; b) soil surface on the z direction (values in 558 
m/m) 559 

 560 

Areas of occurrence of soil plasticization were also evaluated. On the transversal direction (see 561 

figure 18b), on the surface, the soil suffered yield along the dam axis due to the occurrence of 562 

expansive deformations, as said before. Evaluating the same parameter on the longitudinal direction 563 

(Figure 18b), it was noticed the presence of considerable small expansion yield deformations, at the 564 

end of the dam axis, when it is closer to the abutments. 565 

 566 



  

(a) (b) 

Figure 18. Yield deformations: a) soil surface on the x direction; b) soil surface on the z direction (values in m/m) 567 
 568 

In summary, after the assessment of the obtained results, It was possible to notice that the stress 569 

versus deformation behavior by the numerical model shows a significant coherence with the field 570 

behavior, once the answer of the numerical model is suitable to the observed physical phenomena, 571 

they being the occurrence of yield zones in places where already shown cracks and consonance of 572 

the calculated displacements values through data instrumentation. 573 

 574 

5 – FINAL CONSIDERATIONS 575 

Based on the presented comments it is possible to establish, regarding the bidimensional 576 

analyses, that: 577 

a) The elastic parameters and methodology used on the stress versus deformations analyses led 578 

to results compatible with readings of the dam instrumentation; 579 

b) The soil of the dam massif is subject to plasticization. The region near the dam crest, where 580 

tensile stresses occur, would be subject to the eventual appearance of superficial longitudinal 581 

cracks; 582 

c) The difference between vertical displacements of the compacted embankment surface and 583 

launched fill, during the construction stages, would be the mechanism that would favor the 584 

superficial soil yield. The launched fill surface suffers bigger vertical displacements than the 585 

soil on the crest of the dam. That can generate something similar to a bend, with expansion 586 

deformations of the surface and compressive ones on the interior of the dam; 587 

d) During the construction of the compacted embankment, depending on the installation 588 

position of the inclinometers, upstream displacements can be registered; 589 

e) The construction of the launched fill and the reservoir filling cause only small magnitude 590 

downstream displacements on the soil downstream of the vertical filter; 591 

f) In the launched landfill, the displacements are upstream when the compacted embankment 592 

and the launched landfill are built, and, downstream, when the reservoir is filled with tailings. 593 

 594 

Based on the tridimensional analyses, it is possible to make the following comments: 595 

a) Although it was adopted some simplifying hypothesis on the tridimensional modeling of the 596 

dam, the obtained results are coherent, because the allowed to clarify some field observed 597 

phenomena; 598 

b) The yield deformations on the top of the downstream slope are expressive and are in line 599 

with what was observed in the field; 600 

c) The fact that there is a thick tailings layer under the launched landfill favors the occurrence 601 

of plasticization on the compacted embankment, near the crest, once the tailings elastic 602 

(Young’s) modulus is very inferior to the other materials modulus. The cohesion and friction 603 



developed along the contact between the compacted embankment and launched landfill 604 

transfer the referred rotation movement to the dam massif; 605 

d) The analysis results indicate that the tailings' vertical movement is more intense in the center 606 

of the valley, decreasing in the direction of the abutment. This movement is related to the 607 

thickness of the deposited tailings layer;  608 

e) It was verified a small magnitude movement in the longitudinal movement of the dam, from 609 

the abutments to the center. This movement is mainly attributed to the tailing height variation 610 

along the dam, as well as the variation of the tailings layer height under the launched landfill. 611 

On the central part of the dam, where the height of the tailings is practically constant, there 612 

aren’t displacements in the longitudinal direction; 613 

f) The normal deformations in the longitudinal direction have a small expression. The yield 614 

deformations in this direction are minimum and well distributed along the dam axis, 615 

however, they are almost gone on the central part of the dam. These deformations must be 616 

associated with the tailings’ height variation under the launched landfill on the longitudinal 617 

direction of the dam.  618 

 619 
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Figures

Figure 1

Dam typical section – stages 12A and 13

Figure 2

Mohr-Coulomb Criteria: a) Rupture envelope; b) Failure surface. (Source: Labuz and Zang, 2012)



Figure 3

Elastic perfectly plastic model: a) Stress vs deformation behavior; b) Loading and unloading yield surface
(Cheb e Han, 1988).



Figure 4

Numerical model horizontal displacements results for the inclinometers (x Direction)

Figure 5

Dam displacements caused by the stage 13 compacted embankment construction: a) vertical (m); b)
horizontal (x 10³ m).



Figure 6

Volumetric deformations on the dam caused by the construction of the compacted embankment of stage
13.

Figure 7

Vertical displacements on the dam, caused by the construction of the stage 13 launched �ll: a) Vertical;
b) Horizontal



Figure 8

Volumetric deformations on the dam caused by the stage 13 launched land�ll construction.

Figure 9

Vertical displacements on the dam originated by the stage 13 reservoir �lling: a) Vertical; b) Horizontal



Figure 10

Volumetric deformations on the dam caused by the stage 13 tailings reservoir �lling

Figure 11

Displacements on the dam due to the stage 13 construction and �lling of the reservoir: a) Vertical; b)
Horizontal



Figure 12

Yield on the dam caused by stage 13 construction and reservoir �lling: a) volumetric deformations; b)
Evaluation of yield concentration points of the dam

Figure 13

Finite elements of the surface of the model



Figure 14

Horizontal displacement on the x direction: a) soil surface; b) massif interior (values in meters)

Figure 15

Horizontal displacements on the z direction: a) on the soil surface; b) on the massif interior (values in
meters)



Figure 16

Vertical displacements on the embankment: a) soil surface; b) in the interior of the massif (values in
meters)

Figure 17

Total deformations of: a) soil surface on the x direction; b) soil surface on the z direction (values in m/m)



Figure 18

Yield deformations: a) soil surface on the x direction; b) soil surface on the z direction (values in m/m)


