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Abstract 

 

This study investigates the creep behavior of a 

typical concentric conical hopper concrete silo 

used in Guerrero, Mexico, at high temperatures, 

comparing its response under static and seismic 

loading conditions. Primary creep deformation 

over 210 days was analyzed using the Time-

Hardening Law, followed by a 20-year secondary 

creep analysis using Norton’s Power Law. Seismic 

loads were simulated through time-history 

analysis using a synthetic acceleration signal. The 

results, along with the comparison between 

seismic and non-seismic scenarios, highlight the 

significant influence of seismic events on long-

term creep deformation and stress redistribution in 

concrete silos, with implications for the design and 

maintenance of these structures in seismically 

active regions. 

 

Keywords: Concrete creep, dynamic response, 

finite elements, silos, time-dependent analysis. 

  Resumen 

 

Este estudio analiza el comportamiento por fluencia 

de un silo de concreto con tolva cónica concéntrica, 

típico en Guerrero, México, sometido a altas 

temperaturas, comparando su respuesta ante 

condiciones de carga estática y sísmica. La 

deformación por fluencia primaria durante 210 días 

fue evaluada utilizando la Ley de Endurecimiento 

por Tiempo, seguida de un análisis de fluencia 

secundaria a 20 años mediante la Ley de Norton. 

Las cargas sísmicas se simularon mediante un 

análisis en el dominio del tiempo utilizando una 

señal de aceleración sintética. Los resultados, junto 

con la comparación entre los escenarios sísmico y 

no sísmico, destacan la influencia significativa de 

los eventos sísmicos en la deformación por fluencia 

a largo plazo y en la redistribución de esfuerzos en 

silos de concreto, con implicaciones para el diseño 

y mantenimiento de estas estructuras en regiones 

sísmicamente activas. 

 

Palabras clave: Fluencia del concreto, respuesta 

dinámica, elementos finitos, silos, análisis 

dependiente del tiempo. 
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Introduction   

 

Reinforced concrete silos are essential structures commonly used for storing bulk materials, particularly in 

the cement industry. Cement is typically stored at elevated temperatures, around 90 °C, after undergoing 

industrial processes such as crushing, homogenization, and kiln firing (Kok & Hui, 2011). Throughout their 

service life, these silos are subjected to both static and dynamic loading conditions, which can significantly 

affect their structural performance. 

 

From a structural perspective, reinforced concrete silos are considered non-conventional systems due to 

their geometry and their tendency to exhibit nonlinear behavior under high stress concentrations                     

(Nateghi & Yakhchalian, 2011). Structural failures in such systems are frequently attributed to the 

underestimation of seismic forces, wind-induced vortex effects, inadequate reinforcement detailing, 

insufficient stiffness, and the development of cracks, particularly in the upper third of the structure 

(Maraveas, 2020). 

 

The elevated storage temperatures characteristic of cement silos significantly accelerates time-dependent 

phenomena such as creep, thereby compromising long-term structural integrity (Banerji & Kodur, 2022). 

Creep is defined as the progressive deformation of a material under sustained load and is closely associated 

with stress redistribution and the initiation and propagation of cracks (Su et al., 2017). 

 

Creep is a nonlinear, time-dependent phenomenon typically categorized into three stages (Zhang et al., 

2024): the primary stage, where the strain rate decreases over time; the secondary stage, characterized by a 

constant strain rate and the most substantial long-term deformations; and the tertiary stage, where the strain 

rate accelerates rapidly, potentially leading to structural failure (Bu et al., 2023). This study adopts the basic 

creep theory, which neglects moisture exchange between the concrete and its surrounding environment                

(Le Roy et al., 2017). 

 

In many parts of the world, the design of silos remains largely empirical due to the absence of unified and 

comprehensive regulatory frameworks. While certain standards do exist, they often differ substantially in 

scope and commonly overlook critical aspects. Beyond these codes, numerous countries, particularly in 

Latin America, lack specific regulations for silos and instead rely on general provisions for reinforced 

concrete structures. This fragmented regulatory landscape leads to inconsistent design practices, which can 

compromise both the safety and durability of these structures. 

 

Despite advances in structural modeling and materials science, the design of reinforced concrete silos in 

Mexico continues to follow quasi-empirical approaches and lacks the support of dedicated regulatory codes. 

This practice has led to recurring structural issues, increased maintenance demands, and growing safety 

concerns in numerous cement silo installations (Alcocer & Castaño, 2008). 

 

In seismic regions, understanding the combined effects of long-term creep and earthquake-induced loads is 

of paramount importance. Seismic events typically occur after a silo has been in service for an extended 

period, during which creep deformations are already present and influence the dynamic response by altering 

the initial conditions of motion (Ma & Wang, 2015). 

 

This interaction affects stress redistribution, displacement patterns, and strain development, potentially 

exceeding the limits anticipated in design provisions (Torres et al., 2021). Furthermore, the elastic modulus 

of concrete decreases over time, further modifying the structure’s dynamic properties (Ma et al., 2016). 

Additionally, various damage mechanisms may reduce the effective cross-sectional area of the silo walls, 

exacerbating their structural vulnerability (Xiong et al., 2022). 

 

Amid these complexities, the present study aims to perform a comprehensive numerical analysis of the 

interaction between creep and seismic loading in large reinforced concrete silos operating at elevated 

temperatures. The objective is to enhance understanding of their long-term structural behavior and to 

provide insight that supports the development of safer and more resilient design strategies. 
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Theoretical Framework or Literature Review 

 

Literature Review 

 

Silos in Mexico 

 

The design and construction of large-scale reinforced concrete silos has long been a necessity in Mexico 

due to their versatility in supporting complex industrial processes. However, their design was historically 

constrained by the absence of specific national guidelines. It was not until 1969 that the Comisión Federal 

de Electricidad introduced the first Manual de Diseño de Obras Civiles, which incorporated procedures for 

analyzing and designing non-conventional structures across different regions of the country                       

(Hernández, 2021). Although this manual has undergone continuous revisions and modifications, the 

procedures it outlines remain limited to basic structural analyses, lacking the tools necessary to capture 

nonlinear behavior or time-dependent effects (Ordaz & Meli, 2004). 

 

This limitation reflects a broader issue, the predominantly empirical nature of silo design in Mexico. While 

adequate for basic performance requirements, these methods may overlook critical behaviors such as creep 

interacting with dynamic loads, especially in high-temperature environments or seismic zones. The gap 

between design practice and advanced structural modeling highlights the need for updated methodologies 

that can more accurately assess the long-term performance of these structures. 

 

Creep in reinforced concrete silos 

 

One of the most critical effects of creep in silos is the progressive increase in deformations, which alters 

the original distribution of stresses within the structure (Kawecki et al., 2022). This redistribution can lead 

to stress concentrations in vulnerable areas, particularly in the silo walls, where the combined influence of 

mechanical and thermal loads promotes the development of cracking, (Breslavsky & Chuprynin, 2021). 

These cracks not only reduce the structural capacity of the material but also serve as initiation points for 

localized failures that can propagate rapidly and compromise the global integrity of the structure                        

(Modi et al., 2024). When combined with dynamic loads, such as seismic events, the degradation process 

is accelerated, raising serious concerns regarding structural safety and service life. 

 

Despite the recognized importance of creep, existing studies often treat it as a secondary effect or analyze 

it in isolation from dynamic actions. For example, while Liu, Zhou, Zhang and Jiang (2021) directly link 

creep-induced deterioration to several structural failures, their work does not account for interactions with 

other unfavourable factors. Similarly, although current codes provide basic creep considerations, they fail 

to address its interaction with cyclic loads or the role of environmental factors such as temperature 

variations and humidity (Yu et al., 2022). 

 

The current state of literature reveals the lack of comprehensive models that accurately capture the long-

term behavior of creep under complex loading scenarios and specific environmental conditions                        

(Reddy et al., 2023). Addressing this shortcoming is essential to ensuring structural resilience. Therefore, 

this study aims to address this gap by examining the complex effects of creep in reinforced concrete silos, 

an area still underexplored, through advanced numerical models and robust analytical methodologies that 

enhance the durability and reliability of these nonconventional structures. 

 

Relationship between creep and dynamic loads 

 

Creep, traditionally understood as the slow, time-dependent deformation of materials under constant load, 

plays a more complex and critical role in dynamic systems, particularly under seismic loading.                         

Hetland & Simons (2010) observed that post-seismic creep rates are influenced not only by time but also 

by the discrepancy between the total slip expected during a seismic cycle and the sum of coseismic slip and 

transient post-seismic creep. This finding suggests that conventional models may fail to fully capture the 

nuances of fault behavior under seismic stress. Moreover, while typical post-seismic creep exhibits an initial 

peak followed by decay, certain frictional faults present delayed post-seismic creep, where rates initially 

remain low, then increase, and eventually fall below the plate convergence rate, highlighting the need for 

more adaptable modeling approaches. 
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Ma et al. (2016) examined the effects of sustained versus instantaneous loads and demonstrated that creep 

alters the mechanical properties of concrete over time, thereby affecting both static and dynamic responses. 

Their numerical analysis of an arch bridge showed that natural frequencies increase progressively over time 

due to creep effects. However, although their study underscores the importance of considering creep in 

dynamic analyses, it is limited to bridge structures. Similarly, Ma & Wang (2015) emphasized that 

neglecting long-term effects in seismic design can lead to a significant underestimation of structural 

responses. Yet, their findings are primarily based on analyses of CFST bridges, raising questions about 

their generalizability to other structural systems. 

 

Despite the growing interest in the dynamic implications of creep, a notable gap remains in the literature 

concerning reinforced concrete silos. These structures differ substantially from bridges in geometry, loading 

distribution, and functional demands, and their long-term behavior under the combined influence of creep 

and seismic loading has not been thoroughly investigated.  

 

Methodology 

 

The study case is a silo with a concentric conical hopper is presented since, in addition to being one of the 

most popular geometries in recent years, it has been identified as one of the most efficient for storing large 

quantities of granular materials due to its mass flow that eliminates obstructions possibilities minimizing 

the material segregation (Picone, 2024). For this case study, the primary creep behaviour is evaluated over 

a period of 210 days, according to the parameters identified by ASTM International (2018) for the type of 

concrete used in the silo. Subsequently, a seismic load representative of a high-intensity earthquake is 

applied, followed by a comparison of the secondary creep development over 20 years with a scenario where 

dynamic loads are absent. This approach estimates the durability of the structure in both cases, thereby 

allowing the identification of how dynamic loads influence the development of creep. 

 

 
Figure 1. Silo longitudinal section. 

Source: By the authors 

 

Table 1. 

Silo geometry. 

 
Element Thickness 

Shaft (m) 0.7 

Wall (m) 0.35 

Hopper (m) 0.35 

Superior slab (m) 0.2 

Source: By the authors 
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This study case has 40 m height and 18 m diameter, presenting a height/diameter ratio of 2.22. The 

concentric conical hopper is 5 m height, presenting a discharge opening in its lower part with a 2.25 m 

diameter. 

 

Table 2. 

Reinforced steel arrangement in the wall. 

 
Depth (m) Group Longitudinal arrangement Transverse arrangement 

1-8 1 2 No. 5 links 15 cm 2 No. 4 links 20 cm 

9-11 2 2 No. 6 links 15 cm 3 No. 4 links 20 cm 

12-22 3 2 No. 8 links 15 cm 4 No. 4 links 20 cm 

23-30 4 2 No. 8 + 2 No. 3 links 15 cm 5 No. 4 links 20 cm 

Source: By the authors 

 

Materials 

 

Study cases proposed were carried out considering concrete at 28 days age with the mechanical properties 

shown in table 3. 

 

Table 3. 

Concrete mechanical properties. 

  
Concrete properties 

Density (kg/m3) 2400 

Elastic modulus (Mpa) 22974 

Poisson´s ratio 0.3 

Coefficient of thermal expansion (c-1) 9.90E-06 

Bulk modulus (Pa) 1.91E+10 

Shear modulus (Pa) 8.84E+09 

Source: By the authors 

 

Table 4. 

Concrete mix used. 

 
Concrete dosage 

Cement (kg/m3) 315 

Finne aggregate (kg/m3) 46 

Quartz aggregate (kg/m3) 1003 

Water (kg/m3) 180 

Source: Bouziadi, Boulekbache, Haddi, Hamrat, & Djelal, 2020 

 

Grade 42 steel is used to reinforce the elements that make up the structural components of reinforced 

concrete silos. It meets the following parameters: 

 

Table 5. 

Reinforcing steel mechanical properties. 

 
Steel properties 

Density (kg/m3) 7850 

Elastic modulus (Mpa) 200000 

Bulk modulus (Pa) 1.67E+11 

Shear modulus (Pa) 7.69E+10 

Coefficient of thermal expansion (c-1) 1.17E-05 

Tensile strength (Pa) 4.20E+08 

Compressive strength (Pa) 6.20E+08 

Source: By the authors 
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Creep behaviour laws 

 

Numerical analysis of concrete creep is performed based on the two main implicit behaviour laws. The time 

hardening law has been shown to have great results in estimating primary creep at small periods of time. 

For the concrete used in these study models, it is known that primary creep phase ends after a period of 210 

days (Bouziadi et al., 2020). 

 

ε̇cr=C1σC2tC3e-C4 T⁄              (1) 

 

Where: C1, C2, C3, C4 – material constants, t – time, T – temperature, σ – stress 

 

For a longer study time, Norton's law is capable to study the creep effects for long periods of time, 

evaluating the secondary phase. 

 

ε̇cr=C5σC6e-C7 T⁄                (2) 

 

Where: C5, C6, C7 – material constants, T – temperature, σ – stress 

 

Stored Material Properties 

 

Stored material properties, such as the density, the angle of friction and the coefficient of friction, are 

considered according to the established parameters in the North American regulations, presenting the 

following magnitude (American Concrete Institute, 2016). 

 

Table 6. 

Stored materials properties. 

 
Property Value 

Density, γ (kg/m3) 1410 

Angle of internal friction, φ 33 

Effective angle of internal friction, õ 44 to 52 

Coefficient of friction against concrete, μ´ 0.6 

Source: American Concrete Institute, 2016 

 

Static loads 

 

One of the most accurate and used ways to estimate static load conditions that the material will exert of the 

silo is through the Janssen method, which is based on the study of horizontal equilibrium layer of stored 

material this method is recommended by American Concrete Institute (2016). In this way the vertical loads 

at a depth Y are given by equation 3. 

 

q=
γRH

μ'(1-senΦ)
[1-e-μ'(1-senΦ) Y RH⁄ ]                    (3) 

 

Where: Rh – hydraulic radius, Y – depth, γ – density, φ – angle of internal friction, μ´ – coefficient of 

friction against concrete. 

 

The horizontal pressures known as ring stress for the case of silos of circular rein-forced concrete are 

calculated as: 

 

p=1.36 D q(1-senΦ)                     (4) 

 

Where: D – silo diameter 

 

Vertical friction per unit length is obtained from equation 5. 

 

V=RH(γY-q)                                  (5) 
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Based on the three mathematical expressions raised above, expressions are determined to obtain the existing 

loads in the silo hopper. Vertical pressure in this element is given by: 

 

q
y
=q

0
+γhy                              (6) 

 

Where: q0 – silo diameter, hy – hopper depth 

 

Normal pressure to the surface will be considered as the most unfavourable of equations 7 and 8. 

 

pn =
qy tan θ

tan θ+tan φ´
                        (7) 

 

p
n
=q

y
[ sin

2
θ +(1-senΦ) cos2 θ]                           (8) 

 

According to the expression used to calculate the normal pressure, it will be defined the calculation of the 

friction forces and will be chosen in a manner consistent with previous expressions. 

 

vn= p
n 

tanΦ'                                               (9) 

 

vn= q
y
 senΦ sen θ cosθ                           (10) 

 

Dynamic loads 

 

Every civil structure is subjected to various earthquake effects during its working life. Creep influence on 

dynamic behaviour due to seismic loadings is mainly originated by structural displacements, internal 

stresses and material properties which vary with time (Hetland & Simons, 2010). For this case, structural 

configuration silo presents an initial condition in which 210 days concrete primary creep is considered as 

initial condition for the successive time-history transient analysis. This numerical analysis is followed by a 

secondary creep study for 20 years and the results are compared between this case and the other one that 

no presents seismic loadings to verify how the earthquake presence affects the creep development. In this 

numerical model, cement mass vibrates convectively during seismic excitation and is connected to the 

impulsive mass to the silo wall, (Compagnoni et al., 2012). So, the general motion equation which solves 

the transient structural equilibrium is: 

 

[M]{ẍ} + [C]{ẋ} + [K(t)]{x} = −[M]{r}{ug}̇                                  (11) 

 

Where: [M] – mass matrix, [C] – damping matrix, {x} – displacement vector, {r}– unit influence vector, 

{üg}–ground acceleration, [K(t)]–stiffness matrix. 

 

This silo case is placed in La Venta, in Mexico (16.4511 N, 98.7764 W), as is shown in figure 2. The soil 

is of granitic gneiss type, (Lázares, 2003). This corresponds to hard soil conditions Therefore, soil-structure 

interaction effects are neglected (Comisión Federal de Electricidad, 2015). An embedded support condition 

is assumed to represent the transfer of stresses to the foundation. The seismic design acceleration signal is 

obtained with the PRODISIS program, a program that was created and given by the Comisión Federal de 

Electricidad, 2015, in Mexico. The signal is obtained with a history time series in which the response 

spectrum matches the design spectrum. Figure 4 shows the synthetic used signal and is analysed in its 

frequency content through Short Fourier Transform (SFT).  
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Figure 2. Seismic zone. La venta, Guerrero, México.  

Source: Prodisis, Comisión Federal de Electricidad, 2015 

 

The synthetic seismic signal generation process implemented in PRODISIS                                                                

(Comisión Federal de Electricidad, 2015) employs stochastic signal techniques based on spectral and modal 

models (Clough & Penzien, 1993). The procedure begins with spectral modeling using a target design 

response spectrum obtained from the Federal Electricity Commission (CFE) seismic design guidelines. A 

signal is then constructed to match the specified frequency content of this target spectrum. Signal generation 

is performed through envelope modulation combined with random phase variables. The synthetic 

acceleration time history, a (t), is expressed as: 

 

𝑎(𝑡) = 𝐻(𝑡) ∑ cos (𝜔𝑖𝑡𝑁
𝑖=1 + 𝜙𝑖)√2𝑆(𝜔𝑖)Δ𝜔               (12) 

 

Where: H(t) is a trapezoidal-type function with exponential decay, simulating the energy buildup and 

decay of real earthquakes,  𝜙𝑖 is a random phase variable uniformly distributed, and 𝑆(𝜔𝑖) is the target 

power spectral density (based on the desired response spectrum). 

 

The generated signal is iteratively refined until its response spectrum closely matches the target design 

spectrum within a predefined tolerance. 

 

The software internally, utilizes the following parameters: a seed signal recorded at the site, the target 

design spectrum corresponding to a specified return period, the total duration of the signal, the time step 

(Δt), frequency values and frequency range, both of which are defined based on the total duration and time 

step, and randomness in phase. 

 

 
Figure 3. Applied synthetic signal. 

Source: By the authors 
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The validation process consists of two stages. First, spectral match validation is performed by generating a 

family of synthetic earthquake records and comparing the average of their response spectra with that of the 

seed record. This comparison is typically required to achieve agreement within 10%                                          

(Comisión Federal de Electricidad, 2015; Vargas Colorado et al., 2022). Second, structural response 

validation is conducted by comparing the time-history responses of structural models subjected to both real 

and synthetic earthquakes. This step aims to verify statistical equivalence in key response parameters, such 

as peak displacement, peak acceleration, and energy demand (Guzmán Ventura et al., 2020;                                

Vargas Colorado et al., 2022). 

 

 
Figure 4. Short Fourier Transform of the seismic signal. 

Source: By the authors 

 

A Hamming window was used to obtain the SFT, the obtained surface was normalized to have the same 

energy that the signal has. When the silo is full, the fundamental period is T= 0.45 s, and its corresponding 

frequency is depicted with the frequency content of the signal given by its Fourier transform norm in figure 

5. It is evident, that the seismic signal is going to demand the silo structure in an important matter. 

 

 
Figure 5. Silo frequency on the frequency content of the signal. 

Source: By the authors 

 

Results and Discussion  

 

Numerical analysis is carried out with the finite element method, using Solid 186 element for concrete, a 

three-dimensional, higher-order solid element that excels at capturing complex stress and deformation 

patterns in continuum structures, supports geometric nonlinearity, and accommodates a wide range of 

advanced material models, including creep and temperature-dependent behaviors. Reinforcing steel is 

represented by Link 180 element types, a three-dimensional spar element transmits only axial forces 
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between its nodes and supports geometric nonlinearity to accurately capture large strains. It also 

accommodates advanced material models, including creep and temperature-dependent behavior. 

 

These materials interact in a contact surface between them, making the mesh nodes coincide. Mesh is 

crafted for an optimized element size resulting in 7614 nodes and 1033 elements. For the application of the 

existing loads on the structures, each one was discretized in sections of 1 m height, to apply the loads 

calculated according to the expressions presented in section 2. A perfect embedment in the lower face of 

the shaft is considered to simulate the behaviour that the superstructure would have when it is linked to its 

respective foundation. Likewise, the study period is defined considering that the primary creep stage will 

take place within the first 210 days of analysis and its behaviour will be studied with Time Hardening law. 

For numerical study purposes, the primary stage is subdivided into 211 parts where the first of them will 

have one second duration and the linear-elastic case will be presented. The remaining 210 steps are 

equidistantly distributed in the time analysis and with the obtained results of these steps, various curves are 

plotted to understand how the creep phenomenon has behaved in these cases. Secondary creep will appear 

after seismic excitation and its development continues for the next 20 years. 

 

 
Figure 6. Total displacement at primary stage (left) and maximum principal strain at secondary stage 

(right). 

Source: By the authors 

 

 
Figure 7. Middle principal strain and Equivalent creep strain at secondary stage. 

Source: By the authors 

 

Numerical analysis 

 

Through the information treatment from the output files, it has been possible to identify the areas with the 

greatest unfavourable creep effects. These elements are located mainly in the wall, the hopper, and the 

shaft. 
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Table 7. 

Most unfavourable elements ubication. 

 
Element Ubication Coordinates (m) 

x y z 

717 Shaft 1.5508 6.5274 8.7065 

161 Hooper 1.5603 10.881 8.6618 

197 Wall 1.5621 11.55 8.6553 

593 Wall 1.6427 33.604 8.4438 

44 Slab 1.1637 38.337 5.5706 

853 Hooper 0.90238 7.769 4.9799 

Source: By the authors 

 

Primary Creep Results 

 

The best way to know the primary creep effects is studying the equivalent creep strain in the main elements 

of the silo. It is possible to identify how the elements present rapidly deformations that decreases with time. 

Primary creep strain results after 210 days are presented below. 

 

 
Figure 8. Equivalent primary creep strain in the hopper. 

Source: By the authors 

 

 
Figure 9. Equivalent primary creep strain in the shaft and the slab. 

Source: By the authors 
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Figure 10. Equivalent primary creep strain in the wall. 

Source: By the authors 

 

Time-history analysis results 

 

Seismic signal is applied in z direction after 210 days since the creep started. The numerical results show 

how the silo presents permanent deformation after the application of the accidental loads. The solution for 

the transient analysis is presented for the critical nodes. 

 

Table 8. 

Time-history analysis for critical nodes. 

 
Element #node x(m) y(m) z(m) 

Superior slab 366 4.76 38.5 -27.5 

Wall 1200 5.78 12 6.89 

Shaft 5315 5.78 1.5 6.89 

Hopper 6090 5.51 8 0.97 

Source: By the authors 

 

 
Figure 11. Permanent displacement after seismic load. 

Source: By the authors 
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Figure 12. Dynamic response in the shaft. 

Source: By the authors 

 

 
Figure 13. Dynamic response in the hopper. 

Source: By the authors 

 

 
Figure 14. Dynamic response in the wall. 

Source: By the authors 

 

Secondary Creep results and comparison 

 

For this stage analysis a comparison is presented where the first case is secondary creep after the seismic 

excitation, the second one is a stationary stage after primary creep, no seismic load is considered in this 

case. For both sceneries the analysis is done for 20 years, and the most relevant differences are presented 

below. 
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Figure 15. Secondary stage comparison in the shaft. 

Source: By the authors 

 

 
Figure 16.  Secondary stage comparison in the slab. 

Source: By the authors 

 

 
Figure 17. Secondary stage comparison in the hopper. 

Source: By the authors 

 

Influence of creep on natural frequencies 

 

The calculation of the natural frequencies in the case study is carried out by considering the degradation of 

the modulus of elasticity over time, as well as the structural configuration for each of the proposed 

scenarios. It is demonstrated that the frequencies of the vibration modes increase, with a greater difference 

observed in the higher modes. It has been established that reinforced concrete silos exhibit vibration modes 
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within a narrow frequency range; therefore, the error induced by disregarding the effects of creep could 

exceed the difference between two closely spaced frequencies. 

 

Table 9. 

Natural Frequencies for presented creep scenarios. 

 
  Natural Frequencies (Hz) 

Mode Primary Creep Secondary Creep Secondary Creep after Earthquake 

1 2.21 2.4296 2.4196 

2 2.21 2.4296 2.423 

3 3.5185 3.3387 3.3301 

4 3.5185 3.3387 3.3308 

5 3.9035 3.721 3.7074 

6 3.9036 3.721 3.7164 

Source: By the authors 

 

After 20 years of creep the frequencies rise 9.94%, 5.11%, 4.68% at modes 1,3 and 5 respectively. 

Secondary creep and secondary creep after earthquake rise 0.41% and 0.12%. 

 

Conclusions  

 

This study demonstrates that creep deformations significantly alter the stress distribution in reinforced 

concrete silos, with pronounced effects in the hopper, shaft, and wall. During the primary creep stage, 

numerical results show a slight increase in principal strains, accompanied by a degradation of the elastic 

modulus, which modifies the initial conditions for subsequent analyses. Although the level of deformation 

at this stage may appear similar to that predicted by linear-elastic analysis, its long-term implications 

become increasingly relevant, highlighting the importance of incorporating time-dependent material 

behavior in the design of durable structures. 

 

The time-history analysis reveals that seismic loading induces permanent deformations and changes the 

state of stress from compression to tension in critical regions near the top of the shaft, increasing the 

likelihood of cracking, particularly in the shaft and hopper. Significant damage is expected in primary 

structural members, with possible failures in secondary elements. The wall undergoes the largest 

displacements in its lower third, while stress redistributions are concentrated in the hopper and shaft. These 

results reflect a critical scenario, as conventional seismic design manuals typically do not account for 

nonlinear behavior of large silos at this stage of service life. 

 

Secondary creep further amplifies deformations, especially in the upper shaft and hopper, where 

displacements in the -y direction become significant. The progressive increase in ring stresses and mid-

height principal strains evidences the continued deterioration of structural integrity. Compared to the non-

seismic case, seismic excitation results in significantly greater long-term deformations due to the 

contribution of instantaneous loading. These findings suggest that seismic actions accelerate the 

progression of creep, potentially leading to earlier onset of critical damage and stability issues. 

 

The combined effects of creep and seismic loading contribute to a progressive loss of stiffness, altering the 

dynamic response of the structure. Natural frequency analysis confirms that permanent seismic 

deformations disrupt the silo's axisymmetry, resulting in irregular vibration modes. This change in dynamic 

behavior may also imply the emergence of soil-structure interaction effects that are not captured by 

traditional linear-elastic analyses. Secondary creep is expected to continue altering the natural frequencies, 

exacerbating these issues over time. 

 

Overall, this study underscores the necessity of explicitly considering both creep and seismic effects in the 

analysis and design of reinforced concrete silos. Neglecting these phenomena may lead to underestimated 

demands, reduced structural reliability, and increased risk of failure. Given the geometric and mechanical 

complexity of large silos in seismic zones and the current lack of design standards that adequately address 

these challenges there is a clear need for further research into the interaction between time-dependent 

concrete behavior and dynamic loads. Additionally, future work should include probabilistic reliability 

analyses to support the development of optimal design strategies for these critical structures. 
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