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1. Introduction

Agriculture is one of Brazil’s main economic drivers, and 
thus it is subject to constant infrastructure investments in the 
production, storage and distribution of grains throughout the 
country. In recent decades, the storage of grains has received 
special attention, with the increase in the construction of 
silos along the Central-West region of the country, which is 
responsible of around 50% of Brazil’s total grain production 
(CONAB, 2022).

However, the combination of inadequate foundation 
design and difficult soil conditions is one of the main causes of 
pathologies in grain silos (Dogangun et al., 2009). Cylindrical 
metallic silos are common in Brazil. In this type of silo, 
the metallic superstructure is supported by a perimeter ring 
beam and a raft foundation placed directly on the ground 
(disconnected from the beam). Commonly, end-bearing piles 
are added to the ring beam and the central tunnel (used for 
the silo emptying), which leaves the soil beneath the raft 
without any type of reinforcement.

Large areas of the Brazilian Central-West region are 
covered by a detritus-laterite soil mantle from the Tertiary-
Quaternary age called “porous clay”. This superficial clay 

layer presents a porous and highly unstable structure, with 
high void ratio and low shear strength. Therefore, the most 
common pathologies observed in these conditions are related 
to the Serviceability Limit State (SLS), i.e., the development 
of total and differential settlements of the raft foundation and 
the opening of the structural joint between the raft and the 
perimeter beam. These displacements cause cracks in the 
structural elements, the contamination and wetting of the 
stored grain, and malfunction of the conveyor belts installed 
in the central tunnel, which are used for emptying the silo 
(Conciani, 2016), as shown by Bernardes et al. (2021) and 
in Figure 1.

Therefore, techniques to improve the foundation system 
are needed to ensure the proper functioning of the silos 
(Souza Filho, 2018). In this paper, the use of rigid inclusions 
technique is proposed and evaluated as a solution to control 
the total and differential settlements in silo foundations.

In addition to its common use as a foundation solution for 
road and railway embankments, due to its good performance 
(Briançon et al., 2015) and low cost compared to other solutions 
(Rodríguez-Rebolledo & Auvinet, 2006), rigid inclusions have 
been used more frequently as a deep foundation system for 
different types of structures, such as buildings (Combarieu, 
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1990; Santoyo & Ovando, 2006; Rodríguez-Rebolledo & 
Auvinet, 2006; Briançon et al., 2015), bridges (Pecker, 2004), 
and storage tanks (Bernuy et al., 2018).

This article presents the evaluation of the performance of 
grain silos reinforced by rigid inclusions in soils characteristic 
of the Central-West region of Brazil, during its construction 
and operational stages, using three-dimensional numerical 
modeling. A silo of 32.4 m in diameter, 30 m in height, and 
12,000 t of storage capacity was analyzed. The stratigraphy 
of the Experimental Field of the University of Brasilia, Brazil 
(CEGUnB) was considered.

Two alternatives of foundations to the silo base slab, 
which receives the grain load, were analyzed and compared: 
an isolated raft, and a raft over a soil reinforced by a system 
of rigid inclusions. In both alternatives, the foundation of 
the perimeter ring beam and the central tunnel were kept the 
same, composed by conventional pile groups.

Two models were developed: in the first one, an 
independent silo was considered, its behavior was analyzed 
during its filling and emptying, by varying the length of 
the inclusions. In the second model, a group of eight silos 
was considered and their behavior was studied for different 
combinations of filling and emptying.

2. Model geometry and dimensions

The case selected for this investigation comprises 
a group of eight grain silos built in 2014, in São Félix 
do Araguaia, in the state of Mato Grosso, Brazil (Site 
1 in Figure  2). According to Bernardes  et  al. (2021), 
after the first cycle of loading and unloading of the silos 
(only two silos were used in this period), several cracks 
and excessive settlement were observed at the silo’s raft 
foundation.

Figure 1. (a) Crack in the raft foundation; (b) structural joint opening between the raft and the beam ring; (c) sealing of the joint after 
opening.
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The wall and roof of each silo are made of a steel 
structure directly connected to a perimeter beam. Most 
of the grain weight is supported directly by a central raft, 
structurally disconnected from the perimeter beam and resting 
on an embankment of approximately 1.2 m thick (Figure 3). 
The raft is connected to a central tunnel and to eight aeration 
ducts, which provide a significant increase in the raft flexural 
stiffness. The foundation consists of continuous flight auger 
piles with 0.35 m in diameter and 20 m in length, disposed 
under the perimeter beam and the central tunnel, as shown 
previously in Bernardes et al. (2021).

The soil profile of the CEGUnB (Site 2 in Figure 2) 
was utilized in the analysis due to the stratigraphic conditions 
similar to the cases of silos with pathologies found in the 
Brazilian Central-West region (Sites 1 and 3 in Figure 2). 
Also, the large number of field and laboratory tests for the 
physical and mechanical characterization of the different soils 
of the CEGUnB contributed to a proper calibration of the soil 
constitutive model used in the numerical analysis considered 
herein (Perez, 1997; Jardim, 1998; Sales, 2000; Guimarães, 
2002; Mota, 2003; Coelho, 2013; Sales et al., 2015).

Based on this information and the stratigraphic profiles 
proposed by Cruz (1987) and Cardoso (2002), Rodríguez-
Rebolledo  et  al. (2019a) defined the soil profile of the 
CEGUnB. Superficially, an 8.5 m thick layer of detritus-
lateritic soil composed mainly of red-yellow latosols. High 
degrees of weathering and leaching were responsible for 
the formation of this soil, which led to the development of 
a very porous, metastable aggregate structure with a large 
void ratio and, consequently, low density, called “porous 
clay” by local geotechnicians. Due to its high porosity and 
cementitious bond type, it has a highly unstable structure 
when subjected to increased moisture and/or changes in the 

stress state, which often lead to soil collapse. The end of the 
porous clay layer is identified in percussion drillings by the 
increase of NSPT values from 8.5 to 10 m depth (transition 
layer), followed by the underlying saprolite soil.

3. Serviceability limit states

The Brazilian standard for foundations (ABNT, 2019) 
establishes that the serviceability limit value for a given 

Figure 2. Standard penetration test results for different sites of silos projects within the Central-West region.

Figure 3. Original design of the silo’s foundation.



Performance evaluation of rigid inclusions for settlement control of grain silos in tropical soils

Rebolledo et al., Soil. Rocks, São Paulo, 2022 45(4):e2022004822 4

deformation is the one corresponding to any condition 
that compromises the proper performance of the structure, 
e.g., unacceptable cracks. The standard does not establish 
limit values, but it does establish the criteria that must be 
considered for its definition. There is not much experience in 
the technical and scientific literature related to the behavior 
of grain silos that would help us to define a value for the 
SLS, however, as is shown in the following, it is possible 
to find information on similar structures, such as the case of 
storage tanks, built on other difficult soils conditions, such 
as loose sands or soft clays.

The standard for steel tanks for oil storage (ABNT, 
1983), mentions that foundations must be designed to 
avoid differential settlements that can cause distortions in 
the tank structure. Also, the design must minimize the total 
settlement, so that the bottom of the tank remains above the 
ground after its loading, and the pipelines connected to the 
tank are not subjected to high additional forces caused by 
the tank settlement.

Becker & Lo (1979) present the results of a research 
program on the foundation behavior of five tower silos on 
clay deposits in Southwestern Ontario, Canada. After the 
first loading cycle, one of the instrumented silos developed 
a maximum settlement at the ring foundation of about 
78 mm, and at the center of the silo equal to 89 mm. From 
the performance survey of four other silos, the maximum 
settlement of the ring foundation varies from 30 to 109 mm. 
The authors conclude that the silos presented satisfactory 
performance concerning total and differential settlement, 
and tilting.

Based upon 31 case histories of tanks settlement 
and damage, D’Orazio & Duncan (1987) concluded that 
the allowable angular distortion (the slope between two 
adjacent points or columns) of steel tanks on compressible 
soils depends mainly on the shape of the settlement profile, 
which is critical in cases were the maximum settlement 
occur off-center.

Bernuy et al. (2018) consider a maximum allowable 
angular distortion of 1/300 for the foundation design of large 
diameter (96 m) liquefied natural gas tanks, which foundation 
was reinforced by rigid inclusions. The authors assessed the 
tank settlements under various load cases, which were equal 
to 50 mm for the empty case, 150 mm for the full tank, and 
110 mm after the tank unloading.

The Indian standard (IS, 1986) for the design and 
construction of foundations, indicates allowable values of 
maximum and differential settlements for silos with shallow 
foundations, on sand, hard clay, or plastic clay. For raft 
foundations on sand or hard clay layer, 100 mm maximum 
settlement and 1/400 angular distortion are allowed, and on 
plastic clay layer, the limit values are 125 mm of maximum 
settlement and 1/400 of angular distortion.

Bahar et al. (2013) present the settlement observations 
of a cylindrical steel tank and ten steel silos founded on 
a reconstituted and compacted granular fill, in Algeria. 

The authors concluded that the problems related to cracks 
and tilting in the monitored structures started from an angular 
distortion equal to 1/400.

Santrač et al. (2015) show the results of the measured 
and calculated settlements for a 17.7 m high silo, founded 
on a reinforced concrete slab, and subjected to a contact 
pressure of 190 kPa. The silo was constructed in Serbia, in a 
highly porous unsaturated layer of loess, which may exhibit 
collapse due to saturation. The total predicted settlement 
(initial compression, consolidation, and partial collapse) 
was equal to 183 mm, which is greater than the limit value 
established by the Serbia Technical Code (equal to 100 mm for 
the specified case). However, the settlements were uniform, 
not presenting potential damage to the silo’s structure.

The literature review presented suggests that the 
maximum vertical settlement in silos and tanks remains 
between 89 and 183 mm, and the maximum angular distortion 
between 1/400 and 1/300. Therefore, this paper adopted the 
serviceability limit values of 150 mm and 1/400, for vertical 
settlement and angular distortion, respectively.

4. Numerical modeling description

Numerical modeling was developed using the Plaxis 
3D software. The analysis was divided in two main parts: the 
individual behavior of a silo when changing the inclusions 
length, and the behavior of a group of eight silos considering 
different load combinations.

The rigid inclusions performance was evaluated by 
comparing the behavior of the silo’s original foundation (piles 
only in the perimeter beam and in the tunnel, as described 
in Section 2) with one alternative solution, in which rigid 
inclusions were added under the silo’s raft. As the objective 
of this research is to evaluate only the serviceability limit 
states, and the ultimate bearing capacity of the system 
was guaranteed by elements of the original foundation 
(Bernardes et al., 2021), this paper will not discuss the effect 
of the rigid inclusions on the foundation overall safety factor.

4.1 Stratigraphy and soil properties

Rodríguez-Rebolledo  et  al. (2019a) developed a 
methodology to obtain, adjust and validate the mechanical 
parameters of a typical soil profile (see the stratigraphy 
exposed in Figure 3) of the city of Brasília for the HS model 
(Hardening Soil Model), using laboratory and field test results 
obtained in previous studies conducted in the CEGUnB. 
The methodology presented began with the evaluation of 
the strength and compressibility parameters of triaxial CU 
tests (with isotropic and anisotropic consolidation) and one-
dimensional consolidation tests, respectively (Guimarães, 
2002). Then, the parameters obtained for the HS model were 
calibrated using the finite element method (FEM) and the 
SoilTest module of the Plaxis software. Based on the evaluation 
and calibration of these parameters, and the proposed soil 
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profile, a geotechnical model for natural moisture conditions 
(Nat.) was proposed, as shown in Table 1.

This geotechnical model was validated through numerical 
modeling of the load testing of footings and piles conducted 
in the CEGUnB (Sales, 2000; Guimarães, 2002). Using the 
same methodology and with the triaxial and consolidation 
tests performed by Guimarães (2002), Pérez-León (2017) 
determined the HS model parameters for the first 3.5 m of 
the porous clay layer in saturated state (Sat.), as shown in 
Table 1.

4.2 Properties for the distribution layer

For the distribution layer (improved soil), the Mohr-
Coulomb model was adopted. Research performed by 
Otálvaro (2013) provided the estimates of the parameters 
for tropical soil improved by compaction that was used in 
this study (Table  2). The compacted tropical soil, of the 
laterite type and highly weathered, was collected from the 
city of Brasília. The material was classified as ML (low 
plasticity silt) according to the Unified Soil Classification 
System (USCS). The γ value was obtained from the results 
of Proctor Standard testing. Parameters E, ϕ›, and c’ were 
obtained from CD (consolidated-drained) triaxial tests 
performed on the same compacted soil. Echevarría (2006) 
obtained similar parameters for numerical simulations of 
tropical porous compacted soil.

4.3 Properties for the structural elements

For the modeling of the structural elements, all 
in concrete, the linear elastic constitutive model was 
assumed. Raft, perimeter beam, tunnel, and inclusions caps 
were modeled by plate elements; aeration ducts by beam 
elements; and piles and inclusions by embedded beams. 
Table 3 presents the parameters of the constitutive model 
adopted for each concrete element. The concrete Young’s 
modulus was calculated according to the equation proposed in 
the Brazilian standard NBR 6118 (ABNT, 2014) as a function 
of the strength characteristics of the concrete subjected to 
simple compression. Therefore, a compressive stiffness of 
25 GPa was assumed for the raft, perimeter beam, tunnel, 
piles, and inclusions caps, and 17.7 GPa for the inclusions. 
The Poisson’s ratio of the concrete was equal to 0.2 for all 
elements (ABNT, 2014; ASIRI National Project, 2011).

The ultimate load capacity of the piles and rigid inclusions 
was evaluated using 2D axisymmetric FEM simulations 
(Plaxis 2D). The stratigraphic profile of CEGUnB and the 
geotechnical model for the HS were considered (Table 1). 
Concrete elements of 5, 10, 15, and 20 m in length and 0.35 m 
in diameter were modeled. Concrete-soil interface elements 
were inserted in the shaft and the tip of the pile, applying load 
increments on the pile head until the soil failure. For each 
simulation, a graph of applied load versus settlement was 
generated, where the load at failure for the point of maximum 

Table 1. Geotechnical model proposed by the CEGUnB for the HS model (modified from Rodríguez-Rebolledo et al., 2019a).

Parameters
Layer number

1 2 3 4 5 6
Porous sandy clay Lateritic residual soil Saprolitic soil

Depth (m) 0 - 1.5 1.5 - 3.5 3.5 - 5.0 5.0 - 7.0 7.0 - 8.5 8.5 - 20.0
State Nat. Sat. Nat. Sat. Nat. Nat. Nat. Nat.
γ (kN/m3) 13.1 16.5 12.8 16.4 13.9 14.3 16.0 18.2
c’ (kPa) 5 0 5 0 5 20 75 20
ϕ’ (°) 25 26 25 26 26 32 20 22
ψ (°) 0 0 0 0 0 0 0 0

50
refE  (MPa) 3.2 2.2 2.5 2.1 4.0 12.0 13.2 12.2
ref
oedE  (MPa) 4.9 1.0 1.5 0.8 2.2 6.9 7.0 5.7
ref
urE  (MPa) 14.0 13.0 14.0 13.0 36.9 37.5 54.0 54.0

m 0.50 0.65 0.50 0.80 0.50 0.50 0.50 0.70
urν 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
refp  (kPa) 100 50 100 50 100 100 100 100

fR 0.80 0.75 0.80 0.75 0.90 0.90 0.90 0.80
POP (kPa) 65.7 16.1 31.8 6.6 0.0 31.4 0.0 0.0

nc
oK 0.58 0.56 0.58 0.56 0.56 0.47 0.66 0.63

oK 1.37 0.75 0.77 0.75 0.56 0.56 0.66 0.63

γ: unit weight of moist soil, c’ and ϕ›: the effective shear strength parameters, ψ: dilatancy angle, 50
refE : the reference secant stiffness modulus for the drained triaxial test, 

ref
oedE : the reference tangent stiffness modulus for oedometric loading, ref

urE : the reference stiffness modulus for unloading and reloading conditions, m: the exponent that 

defines the strain dependence of the stress state, νur: unloading/reloading Poisson’s ratio, pREF: the reference isotropic stress, Rf: the failure ratio, POP: the pre-overburden 
pressure, nc

oK : the coefficient of the earth pressure at rest for normal consolidation, and K0: coefficient of earth pressure at rest.
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curvature was calculated. Then, an axial load versus depth 
graph (for load at pile failure) was obtained, which allowed 
to define the tip and shaft resistances (Table 3).

Equations 1 and 2 (García-Buriticá et al., 2021) were 
used to determine the spacing between inclusions (S) and 
the diameter of the inclusion cap (a), considering the shear 
strength values indicated in Table 2 (c’ = 80 kPa, ϕ› = 38°), 
a distribution layer thickness (H) of 1.2 m and a uniformly 
distributed load applied on the raft (qs) of 135.3 kPa. 
The ultimate load-bearing capacity of the inclusion cap (qult) 
was calculated using Equation 3 (García-Buriticá, 2021).

1
1, for min ultS a q

S D
a q
−

= − = 	 (1)

where Smin is the minimum value of S (obtained for S = D), 
D is the diameter of the top surface of the load transfer cone 
(LTC), and q1 is the total pressure transmitted to the inclusion 
cap in terms of qs and the shape of the LTC.

( ) tan
2max minH S a β

= − 	 (2)

where Hmax is the maximum value of H, and β is the external 
angle of the LTC defined by Colomb’s theory as 45° + ϕ’ / 2.

’ult c c cq c N s g= 	 (3)

where sc is the shape factor = 1 + Nq/Nc, gc is the inclination 
factor of the LTC ≈ 0.13 for ϕ’ = 38° (according to García-
Buriticá, 2021), and Nq and Nc are the bearing capacity factors.
According to the above, were obtained values of S = 2 m 
and a = 0.7 m, which avoid the penetration of the inclusion 
cap in the distribution layer by punching and the transfer of 
point loads in the raft.

Table 2. Parameters for the distribution layer.
Parameter Value

Unit weight, γ (kN/m3) 18.6
Young’s modulus, E (MPa) 60

Cohesion, c’ (kPa) 80
Friction angle, ϕ› (°) 38

Poisson’s ratio, ν 0.33

Table 3. Parameters for the structural elements.
a) Parameters for plate elements

Parameter Inclusion cap Perimeter beam Raft Tunnel
Thickness, d (m) 0.1 0.4 0.2 0.2
Unit weight, γ (kN/m3) 24 24 24 24
Young’s modulus, E (GPa) 25 25 25 25
Poisson’s ratio, ν 0.2 0.2 0.2 0.2

b) Parameters for aeration ducts (beam elements)
Parameter Value Cross section

Young’s modulus, E (GPa) 25
Unit weight, γ (kN/m3) 24
Cross section, A (m2) 0.56
Inertia around 2nd axis (m4) 0.0875
Inertia around 3rd axis (m4) 0.0454

c) Parameters for embedded beams
Parameter Piles Inclusions

Length, Lpile (m) 20 5 10 15 20
Young’s modulus, E (GPa) 25.0 17.7 17.7 17.7 17.7
Unit weight, γ (kN/m3) 24 23 23 23 23
Diameter, D (m) 0.35 0.35 0.35 0.35 0.35
Side friction resistance, Tsf (kN/m) 53.6 18.7 42.6 53.6 66.3
Base resistance, Fmax (kN) 37.2 46.9 30.6 37.2 46.3
Total resistance, Npile (kN)* 841.2 140.4 456.6 841.2 1372.3
*

pile max pile sfN F L T= +
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4.4 Cases analyzed and stages

The finite element mesh developed for the silo’s foundation 
is presented in Figure 4. For the simulation of the perimeter 
joint, a space of 200 mm was left between the raft and the 
perimeter beam, and an interface element was placed between 
the embankment (load transfer platform) and the perimeter beam.

For the case of the individual silo, after a sensitivity 
analysis, the lateral boundaries of the finite element mesh 
were placed at a distance of approximately three times the 
diameter of the silo (100 m from the silo axis in the x and y 
directions). The lower boundary was established at a depth 
of 25 m, beyond which the NSPT was larger than 40 blows, 
and the soil was classified as very compact, according to the 
Brazilian standard NBR 6484 (ABNT, 2001).

Only a quarter of the silo’s plan geometry could have been 
simulated, as adopted by Móczár et al. (2016) in a sugar silo 
analysis, but it was decided to model the complete silo because 
it served as a calibration for its use in the group modeling, i.e., 
for the generation of the model that considers a group of silos.

The medium was discretized by a finite element mesh 
with 71,409 10-node tetrahedral elements, which proved to be 
enough according to sensitivity analyses. The lateral boundary 
conditions were fixed in the horizontal direction, and the 
bottom boundary conditions were fixed in both directions.

As shown in Figure 5, for modeling of the interaction 
between the group of eight silos during the filling and emptying 

processes, the symmetry conditions of the problem were 
considered and three possible combinations were defined. 
The lateral boundaries of the finite element mesh were placed 
at a distance approximately three times the diameter of the silo 
(100 m from Silo 01 axis in the x direction and 100 m from 
Silos 01 and 02 in the y direction). The boundary conditions 
were set as the same used for the isolated silo model.

Table 4 shows the stages of analysis used for all the 
studied cases. The loads on the raft and the perimeter beam 
were obtained from the original project and correspond to the 
service loads for the silo working at its maximum capacity.

5. Analysis of the results

5.1 Case 1: individual behavior

The maximum vertical displacements (ρMAX) obtained 
at the silo raft, for the cases with the original foundation 

Figure 4. General configuration of the finite element mesh developed 
for the silo’s foundations: (a) 3D; (b) plan view.

Figure 5. Possible combinations for the analysis of the interaction 
between the eight silos.
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solution and reinforced with rigid inclusions, for stages 3 and 
4 (total filling and discharge of the silo, respectively), and 
for stratigraphic conditions of natural and saturated moisture 
states, are shown in Figure 6.

It is possible to observe that for the original foundation 
solution, considering the natural condition (Figure  6a), 
ρMAX = 34 cm when the silo is completely filled, and when 
it is completely emptied a ρMAX = 24 cm remains. This 
means that after the loading of the silo a permanent (plastic) 
displacement is developed, equivalent to 70% of the total, 
and an elastic value remains of approximately 10 cm that 
may develop during the loading-unloading cycles of the silo.

In a saturated condition (Figure  6b) the settlement 
increases to ρMAX = 46 cm when the silo is loaded, and ρMAX 
= 37 cm after unloading, which corresponds to an increase 
of 35% in the total settlements and 54% in the permanent 
ones. It is possible to say that all these displacement values 
considerably exceed the adopted limit-state for total vertical 
displacements (15 cm).

When rigid inclusions of 15 m length are added, the 
ρMAX values are reduced by 78%, i.e., to 10 cm and 8 cm 
(Figure  6c), for total and permanent, respectively, and 
therefore the remaining elastic displacement is only 2 cm.

Figure 7 shows the vertical displacements obtained at 
the silo raft, at the perimeter beam, and the tunnel, for the 
cases with the original foundation solution and reinforced 
with rigid inclusions, for stage 3 (total filling), and for the 
natural condition.

For the original foundation (Figures  7a) occurs the 
development of displacements with considerably different 
magnitudes within each structural element and between 
them. For the raft, as mentioned before, when the silo is 
loaded, the maximum displacement is equal to 340 mm 
(located in the center of the black zone); and the minimum 
displacement (ρMIN) is about 120 mm, located at the ends of 
the tunnel (in the greyish zone), at a distance (L) of about 
7.5 m. These results generate an angular distortion in the silo 
raft ( ( ) /max min

max Lδ ρ ρ= − ) equal to 1/34, well above the 
adopted limit-state (1/400). For the tunnel structure, despite 
being reinforced with piles, total displacements of ρMAX = 
17 cm and δMAX = 1/326 were obtained, both values above 
the limit state. For the case of the perimeter beam, due to the 
reinforcement with piles and the low magnitude of transmitted 
load (compared to the tunnel) a total displacement of 10 cm 
and angular distortion of 1/796 were obtained.

When the rigid inclusions are added (Figure 7b) there 
is a significant reduction in differential displacements on 
the raft, i.e., ρMAX reduces to 10 cm, ρMIN to 8 cm, and L 
increases to 10.2 m, leading to an angular distortion of only 
1/510, and for the tunnel, ρMAX reduces to 9.5 cm and δMAX 
to 1/1000 (i.e., both structures below the established limits).

Another important differential displacement that is 
observed in the silo (Figure 8), is the one that develops between 
the perimeter beam and the raft. Since the perimeter beam 
is strongly reinforced by piles, the vertical displacement is 
considerably lower than that developed in the perimeter of 
the raft, generating a gap between both elements when the 
silo is filled. This gap may cause grain contamination and 
structure service failure (Figure 1b).

Table 4. Stages of analysis.
Stage Characteristics

1 Initial stress conditions
2 Silo construction.

Applied load on the perimeter beam = 183.1 kN/m
3 Total filling of the silo.

Applied load on the silo raft = 135.3 kPa
4 Total discharge of the silo raft.

Figure 6. Maximum vertical displacement obtained at the silo raft, 
for the original foundation solution considering: (a) natural; (b) 
saturated conditions; (c) reinforced with rigid inclusions considering 
both moistures states.

Figure 7. Vertical displacements computed for stage 3 at the silo 
raft, perimeter beam, and tunnel, considering a natural moisture 
state: (a) for the original foundation solution; (b) when reinforced 
with rigid inclusions.
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According to the obtained results, the maximum 
gap value obtained (GMAX) is about 15.2 cm (stage 3, total 
displacement), and 11.5 cm when empty (stage 4, permanent 
displacement). For the foundation reinforced by rigid 
inclusions, GMAX = 2.4 cm for stage 3 and GMAX = 1.4 cm 
for stage 4, hence, a remaining elastic displacement of only 
1 cm. It means that the inclusions allow the raft and beam 
to settle more uniformly, allowing the value of the gap to 
be reduced by approximately 85%.

For a better understanding of the foundation’s 
performance when the rigid inclusions are added, a 
parametric analysis was performed by varying the length 
of these elements. Then, the results of the maximum 
displacement predictions were compared with those 
obtained when using the original foundation solution. 
According to Rodríguez-Rebolledo et al. (2019b), three 
relationships can be proposed that allowed evaluating 
the performance of the foundation with rigid inclusions, 
these are: settlement reduction factor (SRF, Equation 4), 
angular distortion reduction factor (DRF, Equation 5) 
and raft-perimeter beam gap opening reduction factor 
(GRF, Equation 6).

/

/
1

max
w i
max
w o

SRF
ρ
ρ

= − 	 (4)

where /
max
w iρ  is the maximum vertical displacement obtained 

when rigid inclusions are included and /
max
w oρ  is the maximum 

vertical displacement obtained for the original foundation 
solution. When SRF = 1, the settlement is fully reduced, and 
the performance of the inclusion system is at the maximum; 
when SRF = 0, the settlement reduction is null, and the 
performance of the system is at the minimum.

/

/
1

max
w i
max
w o

DRF
δ
δ

= − 	 (5)

where /
max
w iδ  is the maximum angular distortion obtained when 

rigid inclusions are added and /
max
w oδ  is the maximum angular 

distortion obtained for the original foundation solution.

/

/
1

max
w i
max
w o

G
GRF

G
= − 	 (6)

where /
max
w iG  is the maximum gap opening obtained with the 

use of rigid inclusions and /
max
w oG  is the maximum gap opening 

obtained for the original foundation.
The graphs in Figure 9 show the total and permanent 

values obtained for SRF and DRF, for the raft, the tunnel, 
and the perimeter beam, for inclusions lengths from 5 to 
20 m. For the case of the raft, it is possible to observe that, 
from 10 m in length, a good performance of the proposed 
foundation system is obtained. The value of SRF ranges 
from 0.50 to 0.81 and from 0.38 to 0.79 for total and 
permanent displacements, respectively. This means that 
the inclusions were able to reduce the maximum vertical 
displacement by up to 80%, and to meet the serviceability 
limits for total displacements value (T-SLS) from a length 
of approximately 12 m, and from 10 m for the permanent 
ones (P-SLS).

For the case of DRF, the performance of the solution 
increases significantly, since, for the same lengths, total 
values of 0.63 to 0.97 and permanent values of 0.55 and 
0.97 are obtained, showing that the inclusions are able to 
reduce almost completely the differential displacements. 
Even inclusions of only 5 m in length allow reducing the 
maximum differential displacement by 30%.

For the tunnel, inclusions of 5 m in length would be 
enough to meet the limit states, both for total settlements 
and angular distortion. For the perimeter beam, the piles are 
sufficient for the limit states not to be exceeded.

The performance of the inclusions for settlement 
control of the tunnel and the perimeter beam, compared to 
that of the raft, is lower, since these elements are already 
reinforced with piles, i.e., the inclusions work together 
with the piles to reduce the settlements. Figure 10 shows 
the axial load developed in a central pile of the perimeter 
beam and tunnel, and in a central rigid inclusion, for the 
analyzed cases. It is possible to observe that when the 
inclusions are added, the load on the piles substantially 
decreases, mainly in the tunnel zone (Figure 10b), where 
the maximum load goes from 1162 kN to 833 kN, i.e., a 
reduction of approximately 30%. This reduction is due to the 
stiffness increase caused by the presence of rigid inclusions, 
which absorbs a significant portion of the external load 
when the silo is filled (Figure 10c).

The good performance observed in reducing the raft 
settlements is also reflected in the behavior of the raft-perimeter 
beam structural joint (gap opening), as shown in Figure 11. 
For the case of the original foundation, a gap opening of up 

Figure 8. Deformed mesh obtained when the silo is filled (scaled 
up 20 times).
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Figure 9. SRF and DRF factors obtained for different inclusion lengths, at the raft, tunnel, and perimeter beam for total and permanent 
displacements.

Figure 10. Axial load developed at: (a) perimeter beam piles; (b) tunnel piles; (c) inclusions.
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to 15.2 cm was calculated. When the inclusions are placed, 
this value drops considerably to 5.7 cm (GRF = 0.62) and 
1.3 cm (GRF = 0.91), for 10 and 20 m lengths, respectively.

5.2 Case 2: group behavior

According to the combinations defined in Figure 5, 
the vertical displacements obtained for the three load 
combinations, considering the natural moisture state and 
the original foundation are shown in Figure 12. In general, 
for the filled silos, vertical displacements increase mainly in 
the direction of the axes of symmetry X, and for the empty 
ones in the direction of the filled silo.

When compared to the values obtained for the individual 
silo, the maximum vertical displacement (ρMAX) for combination 
1 (Figure 12a) increases by 5% (from 34 to 35.6 cm) for the 

external silos (filled), and for the internal ones (empty) ρMAX = 
4.1 cm. For combination 2 (Figure 12b) ρMAX increases by 8% 
(up to 36.6 cm) for the internal ones, and again ρMAX = 4.1 cm 
for the empty ones. Finally, for combination 3 (Figure 12c, 
all silos filled), ρMAX increases by 11% (up to 37.8 cm) for 
the internal ones, and by 8% for the external.

When rigid inclusions are considered, the vertical 
displacement increase follows the same tendency verified for 
the original foundation. In the alternative solution compared 
to the individual silo analysis, ρMAX values increase more 
significantly for the filled silos, for combinations 1, 2, and 3, 
ρMAX increases by 15%, 23%, and 29% (from 10 to 11.5 cm, 
12.3 cm, and 12.9 cm), respectively, but all of them below 
the established limit-state. For the empty silos ρMAX = 3.3 cm, 
for both cases (combinations 1 and 2).

Table 5 summarizes the values of the SRF, DRF, and 
GRF obtained for the performance evaluation of the group 
of silos for all the analyzed combinations. Although the 
values of ρMAX increased by up to 29% in relation to the 
analysis of an individual silo, the SRF values decreased 
by only 6% (from 0.70 to 0.66), while DRF and GRF 
remained practically the same. Small performance values 
were obtained for the empty silos, because the calculated 
total and differential vertical displacements, both with and 
without inclusions, were low, i.e., both cases were well 
below the established limit-state.

The results show that, for the analyzed case, the 
performance of the foundation reinforced with rigid inclusions 
is little affected by the operation of a group of silos.Figure 11. GRF factor obtained for total and permanent displacements.

Figure 12. Vertical displacements computed for the silos group with the original foundation, when a) external silos are filled (combination 
1), b) when internal silos are filled (combination 2) and c) when all silos are filled (combination 3).
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6. Conclusions

This article presents the evaluation of the performance of 
grain silos reinforced by rigid inclusions in soils characteristic 
of the Central-West region of Brazil, during its construction 
and operation, through three-dimensional numerical modeling. 
The main conclusions are summarized below:

a)	 SLS values of 150 mm and 1/400, for vertical 
settlement and angular distortion, respectively, are 
suggested for the foundation design of grain silos.

b)	 For the original foundation solution, the calculated 
displacement values considerably exceed the adopted 
limit state for total vertical displacements. When rigid 
inclusions were added, it was possible to observe 
that, from 10 m in length, a good performance of the 
foundation system was obtained. The inclusions were 
able to reduce the maximum total and differential 
displacements by around 80%. Even inclusions of 
only 5 m in length allow to reduce the maximum 
differential displacement by 30%.

c)	 It was shown that the maximum performance obtained 
with the inclusions was in the control of the differential 
displacements for all the structural elements of the 
foundation, thus, reducing the probability of structural 
failures.

d)	 The presence of rigid inclusions causes a reduction 
(of approximately 30%) in the load absorbed by the 
tunnel piles, due to the stiffness increase beneath the 
raft. Hence, the quantity of piles could be optimized, 
or even totally replaced by rigid inclusions.

e)	 The good performance observed in reducing the raft 
settlements was also reflected on the behavior of the 
structural joint (gap opening), obtaining a reduction 
of the gap opening up to 91%. It is possible to say 
that one way to further reduce this value would be 
to reduce the length or number of the piles beneath 
the perimeter beam, which will lead to an optimized 
design.

f)	 For the analyzed case, the performance of the 
foundation reinforced with inclusions is little affected 
when considering the silos working as a group. 
Thus, the execution of the parametric analysis for 
the foundation design, i.e., to determine the length, 
diameter, and the number of inclusions and/or piles, 
can be done using an isolated silo. However, for the 
final review of the SLS, the foundations should be 
analyzed considering the silos working as a group.

The rigid inclusion system proved to be an efficient 
foundation solution that allows controlling total and differential 
settlements during the serviceability stage of the silo, helping 
to prevent the formation of cracks in the structural elements 
and grain contamination by the excessive opening of the 
raft-perimeter beam joint.
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List of symbols

A	 Cross section area
a	 Diameter of the inclusion cap
c’	 Effective soil cohesion
D	 Diameter
d	 Plate thickness
DRF	 Angular distortion reduction factor
E	 Young’s modulus

50
refE 	 Reference secant stiffness modulus for the drained 	

	 triaxial test
ref
oedE 	 Reference tangent stiffness modulus for oedometric 	

	 loading
ref
urE 	 Reference stiffness modulus for unloading and 	

	 reloading conditions
Fmax	 Pile base resistance
gc	 Inclination factor of the load transfer cone
GMAX	 Maximum gap between the perimeter beam and the  
	 raft
GRF	 Gap opening reduction factor
H	 Distribution layer thickness

nc
oK 	 Coefficient of the earth pressure at rest for normal  

	 consolidation
K0	 Coefficient of earth pressure at rest
L	 Distance / length
m	 Exponent that defines the stress-strain dependence
Nc, Nq	 Bearing capacity factors
POP	 Pre-overburden pressure
q1	 Total pressure transmitted to the inclusion cap
qs	 Uniformly distributed load over the raft
qult	 Ultimate load-bearing capacity of the inclusion cap
pREF	 Reference isotropic stress
Rf	 Failure ratio
S	 Spacing between inclusions
sc	 Shape factor
SRF	 Settlement reduction factor
Tsf	 Pile side friction resistance
β	 External angle of the load transfer cone
γ	 Soil unit weight
Δ	 Variation / difference of a variable with respect to  
	 two points
δ	 Angular distortion
ν	 Poisson’s ratio
νur	 Unloading/reloading Poisson’s ratio
ρ	 Vertical displacement / settlement

ϕ›	 Effective shear angle
ψ	 Dilatancy angle
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