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Abstract. Regarding initial plastic deformations, the behavior of undrained-fine 
soils is commonly overseen in engineering practice since settlement analysis tends 
to focus on initial elastic deformations, as well as the ones occurring due to time 
dependency. The use of a proper foundation type heavily influences the induced geo 
mechanical response in the soil, from which undesirable outcomes could arise. The 
presented forensic geotechnical engineering evaluation exhibits a relatively thick 
layer of a saturated and fine-highly plastic material which is located at a shallow 
location. Significant settlements were measured on field regarding a set of 4-tank 
reservoirs, which exerted large overburden pressures due to their imposed design 
loads, as well as their dimensions. A numerical analysis (Finite Element Method or 
FEM) was carried on for analyzing the mechanical behavior of the given 
geotechnical site conditions under imposed structural loads. The numerical inputs 
(parameters) were enhanced by means of calibrations obtained from measured in 
situ measurements. A particular emphasis is taken for the effects of the constructed 
shallow foundation type (concrete ring+fill material), such as mitigating the induced 
settlements within the analyzed site. The existence of significant stresses is taken 
into account at locations in which the tanks are close to each other (overlapping bulb 
stresses) 

Keywords. Initial plastic deformations, undrained-fine soils, Finite Element 
Method, Hardening Soil model, Soft soil model, tank reservoirs, shallow 
foundations. 

1. Introduction 

Steel or reinforced concrete structures known as silos or tank reservoirs, commonly used 
for agricultural or industrial applications, tend to rest on top of a shallow foundation. 
Conventional foundation systems for silos depend on both a concrete mat/slab, as well 
as a ring structure which contains a compacted fill material. The main feature of a 
concrete ring+fill structure is to transmit one part of the total overburden stresses 
generated by the tank reservoir through the ring’s walls and down to the mat or slab 
overlying the existing subgrade, as well as any remainder of overburden load which is 
carried directly by the compacted filler material within the ring structure. 

Severe problems may arise to tank reservoirs if certain engineering aspects were not 
considered appropriately when dealing with disadvantageous geotechnical conditions. 
Common mistakes involved in silo structures include an insufficient understanding of 
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the extent of influence that overburden stresses exert to the underlying soil. Transmitted 
overburden loads may extend to greater depths as the foundations size increases, 
potentially affecting highly compressible and deep soil layers which would otherwise 
remain unaffected under different loading conditions. Loading rates play a crucial aspect 
when soft soils are involved, as excessive settlements and bearing capacity failure 
mechanism may be triggered. Sudden (fast) and large loads may generate a significant 
increase excess pore pressure generation, as well as undesired settlements [1].  An 
excessive and prolonged exposition to a certain amount of loading stresses which was 
unaccounted for serviceability conditions, may lead to deformations that could surpass 
maximum allowable values for the involved structure. Non-uniform load distributions 
are prone to affect the existing bulb stress distribution, which would yield potential tilting 
mechanisms for either isolated or between nearby structures [1]. A substantial 
geotechnical problem may arise when nearby tank reservoirs are built close enough to 
overlap the individual bulb stresses generated by each silo, thus generating local 
overstressing of the affected soil. An overlapping of bulb stresses may translate into a 
greater depth of influence by the overburden stresses, as well as tilting between the 
nearby structures. 

When accounting for fine soils settlements in conventional analysis, elastic 
instantaneous (short term response) deformations, as well as time dependent 
deformations (primary and secondary consolidation) are considered as the sole source of 
settlement. Plastic undrained deformations which occur instantly (short term), tend to be 
overseen in geotechnical studies, although, when regarding soft soils this settlement 
component may be of a significant magnitude.  

2. Case history details: Subsidence of tank reservoirs at Portoviejo-Ecuador 

Near to the city of Portoviejo, Ecuador, a construction was realized, four closely spaced 
and massive tank reservoirs (Figure 1) for storing grains within their facilities and 
considered in constructing four additional silos in direct to proximity to the formerly 
built tanks. The mentioned silos have a diameter of 22 meters, a maximum overburden 
load capacity of approximately 5000 tons, built of a light weight steel structure overlying 
a concrete ring+ compacted filler structure and a concrete slab which rests on top of the 
existing subgrade. A limited site investigation was developed in order to assess 
geotechnical conditions for the structure’s designs. Shallow rigid and dense soils were 
identified, as well as relatively low phreatic level (approximately 4 meters below ground 
level). Soil layers identified at greater depths consisted of significantly soft clays 
intercalated with medium-dense silty sands. A larger portion of granular soils was 
observed in comparison to the fine soils, thus probably assessing a relatively low degree 
of compressibility from the entire soil strata underneath the planned-to-build tanks. 

Approximately 300 days after the 4 tank reservoirs (Figure 1) were fully built, the 
first loading procedures advanced by adding initially 2500-3200 tons to each silo over a 
relatively short time span. No detailed plan was elaborated for the initial loading 
procedures, as the loads were non-symmetrically placed. Prior to the initially placed 
workloads, no knowledge from settlement measurements was obtained. Followed 
procedures of settlement recordings in mm (Figure 2) were carried during the first three 
months after the initial loadings (up to 4000 tons per tank) started until no more 
deformations were observed. A progressive increase of loadings was kept for the 4 tanks 
until significant differential settlements were found, structural tilting and cracks were 
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evidenced at the 4 silos. Immediately after structural damage was observed, unloading 
procedures were done until a minimum working load was left at the tanks (approximately 
3500 tons per tank). Figure 2 depicts polar plots for Tank #1 and #3 following through 
settlement recordings from the dates 02/11/2017 up to 14/01/2018, as well as a future 
prediction of settlements from 14/01/2018 to 14/10/2018 assuming a hypothetical 
maximum workload of 5000 tons was placed per tank during the additional specified 
time lapse (based on the calibrated FEM model). The predictions shown in Figure 2 were 
obtained from a comprehensive numerical analysis post structural damage as a part of a 
forensic geotechnical study. Figure 1 shows a cross section A-B which is used for 
presenting a generalized soil profile (Figure 3) for the given case study. 

 
Figure 1. Aerial view from the studied site. 

 
Figure 2. Settlement measurements (mm) and future predictions for involved tank reservoirs #1 and #3. 
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Tank #1 yielded similar measured and predicted settlement results (Figure 2) compared 
to tank #2, as well as Tank #3 showing similar settlement recordings and predictions 
(Figure 2) to Tank #4. 

The evidenced structural damage included cracks in the mat foundation, inner 
concrete ring walls fissures and the most prominent feature which were severe 
differential settlements towards a center region (tilting) between the four silos. Measured 
differential settlements and angular distortions at the tank’s structures were as large as 
8.00 cm and 0.004 respectively. After the observed damages, a forensic geotechnical 
study was realized for identifying the cause of the seemingly unexpected foundation 
responses, as well as proposing practical solutions. 

3. Forensic geotechnical study 

As means to yield reliable results both for fully comprehending the causes, as well as 
obtaining settlement predictions, an extensive site investigation followed by analytical 
and numerical analyses were realized. 

3.1. Geotechnical characterization 

Based on a performed site investigation (SPT, CPTu, and geophysical surveys), a 
generalized soil profile (Figure 3) was identified, which showed relatively thick strata of 
clayey soils in direct proximity to Tanks #1 and #2, whereas Tanks #3 and #4 rested 
below clayey layers of lower thickness. Relevant parameters are shown in Figure 3, such 
as: shear wave velocity (Vs), Over Consolidation Ratio (OCR), Corrected Blow Count 
number (N60) Undrained shear strength (Su), peak friction angle (J), secant young 
modulus (Es), Unloading-reloading elastic modulus (Eur), corrected cone tip resistance 
(qt), Compression Ratio (CR) and Re-Compression Ratio (RR). Cross section A-B from 
Figure 1 is illustrated as a soil profile by means of Figure 3, depicting the location of the 
tanks with respect to the soil strata. 

 
Figure 3. Geotechnical profile and relevant parameters. 
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The identified groundwater level was at 4.00 meters below the ground surface level 
(Figure 3). Liquefaction potential was deemed as a non-relevant issue after properly 
addressing a liquefaction susceptibility analysis with all the gathered geotechnical data. 
The identification of a significant spatial soil heterogeneity (strata thickness) (Figure 3) 
served as a preliminary assessment to understand the damage observed in the four tanks 
(significant total and differential settlement, as well as structural tilting). 

3.2. Proposed forensic study framework 

Based on the processed geotechnical data from the developed comprehensive site survey, 
appropriate soil parameters and properties were properly established to be used in 
analytical and numerical analyses. The main basis for this forensic study was to back 
calculate and calibrate geotechnical parameters based on the available settlement 
measurements, thus yielding comparable results between estimations and calculations. 
Future predictions of soil response were possible after proper calibration of the available 
soil models.  A commercial analytical software (Settle3D) based on the one-dimensional 
consolidation theory of Terzaghi was used for estimating primary consolidation 
settlements and elastic settlements from closed-form equations based on existing 
conditions as well as developing predictions. As a complementary analytical study, 
plastic initial deformations were estimated based on an empirical formulation proposed 
by D’Appolonia [2] to account for initial plastic deformations of soft fine soils. After 
obtaining the analytical results of soil deformation, a numerical study was realized by 
means of a finite element framework through the commercial code of PLAXIS 3D.  

The numerical models considered two constitutive frameworks, for granular soils 
the hardening soil (HS) model was considered, whereas for soft soils the Soft Soil (SS) 
model was used. The HS model relies on stress dependency for soil strength and stiffness 
development, possessing shear hardening for modelling irreversible plastic strains during 
deviatoric loading, as well as compression hardening to model plastic irreversible strains 
due to primary compression and isotropic loading [5]. The SS model offers a reasonable 
framework for analyzing the behavior of near-to or normally consolidated soils, 
exhibiting a stress dependent stiffness though a logarithmic compression behavior. SS 
model describes irreversible volumetric strains in primary compression by means of its 
yield function [4]. Both HS and SS models have as main features to: elaborate distinction 
between primary loading and unloading-reloading, memory of pre-consolidation, and 
stress failure behavior according to the Mohr Coulomb criterion. 

3.3. Results and discussions 

A relevant aspect of the developed study is that the geotechnical problems exhibited for 
this case study were governed by the service limit state, while not the ultimate limit state, 
meaning that soil failure (bearing capacity) was not an issue, so no further discussions 
are done for the ultimate limit state. 

Figure 4 depicts the Tank #1 settlements observed by the analytical (Settle3D) and 
the numerical (PLAXIS 3D) results, in which initially the loading/unloading stages are 
replicated to the ones that previously occurred during the settlement recordings and 
afterwards a settlement prediction via a hypothetical maximum overburden load of 5000 
tons is prescribed to the analyses. Tank #1 was the structural element that exhibited the 
largest of all measured deformations, as well the greatest potential of more settlements 
(predictions). Although Figure 4 shows only Tank #1 results over time, Tanks #2, #3 and 
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#4 exhibited a similar response, albeit with smaller deformations. It must be noted that 
the results presented by Settle3D are not considering the development of initial plastic 
deformations by the soft soils, which were estimated at approximately 4.00 cm by means 
of the proposed approach of D’Appolonia [2]. A decent approximation of maximum 
deformations was obtained between the numerical results and field measurements, 
whereas the analytical results yielded less reasonable calibrations accounting for the 
substantially large deformations during a short term after the first 300 days post-
construction stage. It was during this relatively short span of time, in which severe 
deformations were observed, mainly due to the plastic initial deformations after a sudden 
and significant increase of the overburden loads (grain loads) being applied. 

Results from Figure 4 depict a hypothetical increased load (up to 5000 tons) case in 
which a substantial increase in maximum soil settlements as large as an additional 15cm 
were generated. Such conditions were not allowable for the already damaged structural 
conditions. Given the significant depth of the given compressible (soft clays) strata, 
conventional techniques of ground improvement via cemented soil mixes were not cost-
effective, so a more practical solution was adopted. A proposed loading-unloading 
scheme was necessary to control deformations, such that a maximum allowable time 
window was permitted per each tank reservoir to hold a particular amount of load, after 
which it would be rapidly unloaded until its next time window of loading. A key aspect 
of the solution proposed was to keep a group loading conditions, i.e. to have a total load 
per tank as similar as possible between the 4 tank reservoirs, as means to not further alter 
the stress distributions of the overlapping bulb stresses and thus generating greater 
deformations. 

 
Figure 4. Numerical and analytical results comparison with measured field data. 
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Figure 5. Numerical results of total vertical deformation contours at final date of available measured data. 

 
Figure 5 depicts the numerical results of PLAXIS 3D in terms of total deformations 

(settlements) exhibited at the underlying soil affected by the 4 loaded silos until the last 
settlement measurement recording at approximately 380 days post-construction 
procedures. It may be noted that the continuum approach of the numerical model was 
able to take into account the increased deformational behavior at zones in which the bulb 
stresses would overlap (at silos corners that were close to each other), thus evidencing 
the tilting mechanism that was triggered by the given differential settlements at the tank’s 
foundations. The spatial difference in magnitude of settlements between the four silos is 
further justified due to the high soil heterogeneity, in which Tank #1 and Tank #2 were 
located on top of soft clayey layer of larger thickness than the one exhibited in Tank #3 
and Tank #4 

An important aspect regarding the presented case history involves the improper 
decision of foundation system, considering the existence of highly compressible soil 
strata at relatively not so shallow depths. Employing a significant weight of compacted 
fill material inside the concrete ring structure, added a total relevant overburden stress of 
approximately 75 kPa, which is comparable to the maximum overburden stress of 210 
kPa generated when adding a maximum workload 5000 ton to a tank reservoir. The initial 
overburden due to self-weight of the foundation likely took the slightly over-
consolidated soils to a primary compression path, which could have been mitigated if a 
more light-weight structure as a foundation slab was employed. Additional to the realized 
forensic study, an alternative of ground improvement via soil-cement mixes below the 
foundations was considered in numerical simulations, although no improvement of 
ground deformations was observed. The lack of ground response improvement via 
enhancing the rigidity (soil-cement mix) of the soils further proved the governing effect 
of the deep highly compressible clay layers been affected by the influence of the applied 
overburden loads. 

The owner of the 4 previously damaged tanks desired to build four additional tanks 
which will be in direct proximity to the formerly built ones, as it may be seen from Figure 
1. Given the existing geotechnical conditions and same design approach (ring concrete 
wall foundation), the new silos are likely to exhibit the same issues as the previous ones. 
A larger spacing between silos would be a desirable condition, which could prove to be 
a distance of at least one-diameter of ring foundation separation length to avoid 
prominent effects of bulb stresses overlapping [3]. 
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4. Conclusions 

Properly calibrated constitutive models in a tridimensional finite element framework 
were able to account for the phenomenon known as bulb stress overlapping between 
more than one foundation located relatively close to each other as well as plastic initial 
deformations. Conventional analytical frameworks based on 1D-consolidation theory 
cannot account for bulb stress overlapping, and neither substantial deformations of soft 
soils at undrained (short term) conditions, unless complementary analyses are realized to 
consider such behaviors. 

The chosen foundation system for the existing silos represented a significant portion 
of the total overburden stresses exerted on the highly compressible clays overlying such 
structures, further promoting a larger negative impact upon the overlapped stress bulbs 
of each foundation. The intended purpose of a compacted fill material within the ring 
foundation system was to mitigate potential settlements, although it provided no positive 
effects for the mentioned purpose. Even if soil-cement mixes were to be applied at 
shallow soils underneath the foundation level, no improvement in the soil’s deformation 
response was observed through numerical modelling, thus further validating the 
governing effect of the deep soft clay layers being affected by the imposed overburden 
loads. 

A key aspect for a successful service limit state of tank reservoir structures is to have 
a complete understating of the extent of influence both in depth and magnitude that 
imposed overburden stresses will generate over highly susceptible soils to large 
deformations such as soft soils, regardless of how shallow or deep these strata may be. 
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