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This master’s thesis studied how earthquake loadings are modelled and how response in 
structures is estimated. Objective of this thesis was to use different complexity levels of 
seismic analysis methods and compare the structural response. Analysis methodology was 
taken from ASCE/SEI 7-10 design standard and seismic design textbooks. Three different 
analysis methods: transient, response spectrum and static method, were identified and chosen 
to be studied using finite element analysis software ANSYS 2024 R2. Acceleration time-
history of an earthquake, provided by Pacific Earthquake Engineering Research Center 
(PEER), was used to define the loading across the different analyses. 

Dynamic response was evaluated using a SDOF spring-mass model to verify the transient 
analysis settings and response spectrum curve definition. After this, the three different 
analysis methods were applied to a Metso Select™ grinding mill, focusing on the bearing 
structure. The results indicated similar global deformation behaviour across the three 
methods. The response spectrum stress distribution showed variance to the other two 
methods, as the distribution in the bearing structure is defined by the nonlinear contact 
definition. Static and transient analysis results showed that in the material elastic region, the 
static method provides equivalent results with fractional computational cost. Plastic design 
of non-standardised structures requires the use of nonlinear transient analysis method or new 
research of nonlinear static method to confidently assess the structural integrity. 
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Tässä diplomityössä tutkittiin, miten maanjäristyskuormia mallinnetaan ja miten rakenteiden 
vastetta arvioidaan. Työn tavoitteena oli käyttää eri tason analyysimenetelmiä ja vertailla 
laskennallisia tuloksia. Analyysimenetelmiä selvitettiin ASCE/SEI 7-10 standardista ja 
maanjäristysmitoitus oppikirjoista. Kolme erilaista analyysimenetelmää, dynaaminen, 
vastespektri ja staattinen menetelmä valittiin tutkittavaksi analysoitavaksi käyttäen 
elementtimenetelmä ANSYS 2024 R2 ohjelmistoa. Työssä käytettiin Pacific Earthquake 
Engineering Research Center (PEER) mitattua maanjäristyksen kiihtyvyysdataa 
kuormituksen määritykseen eri analyyseihin. 

Dynaamista vastetta arvioitiin ensin yhden vapausasteen jousimassamallilla, jossa 
varmistettiin analyysin asetukset ja vastespektrikäyrän määrittely. Tämän jälkeen kolmea eri 
analyysimenetelmää vertailtiin käyttäen Metso Select™ jauhinmyllyä, keskittyen laakerin 
rakenteeseen. Tulokset osoittavat samankaltaista globaalia muodonmuutoskäyttäytymistä 
analyysien välillä. Vastespektrimenetelmän jännitysjakauma poikkeaa kahden muun välillä, 
koska laakerirakenteen jännitys määräytyy epälineaarisen kontaktin määritelmän mukaan. 
Staattinen ja dynaaminen analyysien tuloksien vertailu osoitti, että materiaalin elastisella 
alueella staattisella menetelmällä saadaan päteviä tuloksia käyttäen vain murto-osan 
laskennallista aikaa. Standardoimattomien rakenteiden plastinen suunnittelu edellyttää 
epälineaarista dynaamista analyysin käyttöä tai epälineaarisen staattisen menetelmän uutta 
tutkimusta, jotta kompleksisten rakenteiden hajoamismuotoja voidaan analysoida 
luotettavasti.   
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SYMBOLS AND ABBREVIATIONS  

Roman symbols 

𝑢̈௚(𝑡) Seismic time history acceleration [𝑚/𝑠ଶ] 

ℎ௡ Structural height [m] 

𝐶௧ Period coefficient 

𝐹௔ short-period site coefficient 

𝐹௣ Design seismic force [𝑁] 

𝐹௩ long-period site coefficient 

𝐼௘ Seismic importance factor 

𝐼௣ Component importance factor 

𝑅௣ Component response modification factor 

𝑆ଵ mapped 1 s period spectral response acceleration parameter [𝑚/𝑠ଶ] 

𝑆஽ଵ 1 s period design spectral response acceleration parameter [𝑚/𝑠ଶ] 

𝑆஽ௌ short period design spectral response acceleration parameter [𝑚/𝑠ଶ] 

𝑆ௌ  mapped short period spectral response acceleration parameter [𝑚/𝑠ଶ] 

𝑆௔ Design spectral response acceleration [𝑚/𝑠ଶ] 

𝑇଴ 𝑆஽ௌ starting period [𝑠] 

𝑇௅ Long-period transition period [𝑠] 

𝑇ௌ 𝑆஽ௌ ending period [𝑠] 

𝑇௔ Approximate fundamental period [s] 

𝑊௣ Component mass [𝑘𝑔] 

𝑎଴ Damping mass coefficient 

𝑎ଵ Damping stiffness coefficient 



 

 

𝑎௣ Component amplification factor 

𝑟̈(𝑡) Modal acceleration 

𝑟̇(𝑡) Modal velocity 

𝑟௜௝ Mode combination factor 

𝑠௝(𝜔) Natural frequency dependant response spectrum acceleration 

𝑢̇(𝑡) Velocity [𝑚/𝑠] 

𝑪௜௝ Combination matrix 

𝑰௖ Influence coefficient vector 

𝒖௠௔௫ Modal combination displacement vector 

ℎ Average height of structure from base [𝑚] 

𝑅 Response modification factor 

𝑇 Fundamental time period of structure [𝑠] 

𝑉 Base shear [𝑁] 

𝑊 Effective seismic mass [𝑘𝑔] 

𝑐 Damping coefficient [𝑁 · 𝑠/𝑚] 

𝑓(𝑡) External force [𝑁] 

𝑘 Stiffness [𝑁/𝑚] 

𝑚 Mass [kg] 

𝑥 Period coefficient 

𝑧 Component attachment height from base [𝑚] 

𝑪 Damping coefficient matrix [𝑁 · 𝑠/𝑚] 

𝑲 Stiffness matrix [𝑁/𝑚] 

𝑴 Mass matrix [𝑘𝑔] 



 

 

𝒓(𝑡) Modal displacement 

𝒖(𝑡) Displacements [𝑚] 

 

Greek symbols 

𝜉 Critical damping ratio 

𝜐௝ Modal participation factor 

𝜑 eigenvector 

𝜓 Maximum acceptable deformation [𝑚] 

𝜓௠௔௫ Maximum measured deformation at failure [𝑚] 

𝜔 Natural frequency [𝐻𝑧] 

 

Constants 

g gravitational acceleration 9,81 m/sଶ 

 

Abbreviations 

ASCE American Society of Civil Engineers 

CQC Complete quadratic combination 

ELF Equivalent lateral force 

FEA Finite element analysis 

FEM Finite element method  

LRH Linear response history 

MCER Risk-targeted maximum considered earthquake acceleration 

MPC Multi-point constraint 

MRS Modal response spectrum 



 

 

NRH Nonlinear response history 

PEER  The Pacific Earthquake Engineering Research Center 

SDOF Single degree of freedom 

SRSS Square root of the sum of the squares 

XFEM Extended finite element method 
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1  Introduction 

Earthquakes are a powerful phenomenon that can cause major damage to structures unless 

the forces generated by these complicated ground motions are considered in design phase. 

Globally there are many different standards that give requirements and guidelines on how 

the forces in structures are to be calculated and what methods are viable to be used to verify 

the structural integrity during seismic events. As with many other engineering calculations, 

these typically start with conservative assumptions to simplify the loading and provide 

computationally inexpensive results and tend to move toward more detailed and complex 

analysis methods to provide more accuracy. This thesis will study the background theory of 

seismic analysis methods from dynamics perspective, as well as standard based methods 

using ASCE/SEI 7-10 as a reference. First, these methods will be applied to a single degree 

of freedom (SDOF) spring-mass system and then move to a more complicated mining 

grinding mill equipment. As a case example, Metso Select™ grinding mill was used. 

Example of a grinding mill is presented in Figure 1 with the main parts indicated. 

 

 

Figure 1. Metso Select™ grinding mill (Metso, 2025) 
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1.1  Research problem and questions 

In building seismic design, the consequences of collapse due to failure in structural elements 

include the loss of potentially multiple lives. From this perspective, strict criteria for 

acceptable stress levels are straightforward to derive. Collapse of load holding structure is 

not allowed. Buildings typically have standardized structural elements with uniform cross 

sections which have tested and documented bending, tensile, compressive and buckling 

elastic and plastic capacities. Connections between these structural elements also are 

similarly defined which allows the use of straightforward analytical calculation methods. 

Machines and their components on the other hand have more complex geometries and load 

paths due to possible space limitations and geometrical functional requirements, which 

makes load capacity estimation by classical methods difficult. Acceptance criteria in 

machine seismic analysis is similar to building design from safety aspect, hazardous failures 

are removed, but failure modes and the resulting repair costs can be adjusted with structural 

analysis and engineering judgement. 

Any type of structure’s response to seismic event is an interesting topic that combines its 

dynamical characteristics with structural integrity. Ground motions during earthquake 

produce different accelerations depending on direction of motion to corresponding structural 

natural frequency. While nonbuilding structures, such as grinding mills studied in this thesis, 

are not essential structures or dangerous as building failure, it is necessary to take seismic 

activity into account in design phase to ensure safety and reliable operation. Standard based 

design does not give unequivocal instructions for non-building structures on what level of 

damage is acceptable during earthquake. Seismic graded products lack an international 

standard grading system, which is for example used in electrical components with IP grade. 

Need for this study and thesis rises from safety and ecological perspectives. Using the 

simplest standard defined calculation methods provide conservative results, which yields 

more overdesigned products and by that uses more material than what might really be 

needed. In this thesis the following research questions are attempted to be resolved: 

- Why are there many different methods for analysing seismic loading on structures 

and how do they compare? 

- Why is it necessary for industry to adapt performance-based acceptance criteria? 
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1.2  Objectives 

Seismic design combines structural design with the dynamic properties of structures. As the 

earthquake waves align with the natural frequency of the system a resonance can potentially 

build up. Objective for this thesis is to do a literature review of structural dynamics and 

seismic design standards. Based on the findings from the literature review, finite element 

method (FEM) will be used to do a finite element analysis (FEA) using the presented Metso 

Select™ grinding mill as a main case example. From the numerical results, the different 

complexity levels of seismic analysis methods will be studied and the results compared. 

Software used for FEA will be ANSYS 2024 R2 and literature review from standard seismic 

design will be based on ASCE/SEI 7-10, published by American Society of Civil Engineers. 

1.3  Scope and limitations 

In seismic engineering analysis, the site-specific location and its variables have a large effect 

on the expected seismic loading. These variables are derived from the soil properties and 

represent how the seismic waves propagate in the soil and by that they affect the response of 

the structure under analysis. This thesis will not consider the effect of the soil properties and 

instead assumes infinitely rigid fixed support at the base of the structure. Metso grinding 

mill will be used as one of the case examples in this thesis, but the focus of the thesis is not 

to verify its structural integrity under the defined seismic loading as the model will be heavily 

simplified and the material definitions will not reflect reality. Focus of the thesis is to do a 

comparative study of the seismic analysis methods and discuss, based on available research 

and literature, how the acceptance criteria can be derived considering analysis method 

limitations.  
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2  Seismicity 

Before any engineering analysis on structures can be conducted, it is essential to understand 

how this random, by magnitude and direction, ground motion is generated and how can 

engineers estimate the effect it has on structures. This chapter will introduce the basic theory 

behind what causes earthquakes, how the motions are measured and present the measured 

earthquake acceleration time history used as a forcing input in the analyses. 

2.1  Fundamentals behind seismic activity / earthquakes 

Earth’s most outer layer, the lithosphere, is formed of solid rocks that floats on top of molten 

rock, asthenosphere. Lithosphere consists of different sections which are called tectonic 

plates. These plates, shown in Figure 2, are in constant motion with different relative 

directions and speeds. This motion produces strain energy buildup in the plates due to 

frictional shear stress at the intersection of plates and compressive stresses inside the plates. 

This energy buildup can produce fracture inside the tectonic plate or a slip between two 

plates. This phenomenon releases large amount of energy in a form of seismic wave that 

propagates to surroundings. Slip between the plates is more common cause of the earthquake 

and for this reason when examining earthquake maps, areas where the tectonic plates collide 

typically have the most frequent and highest magnitude earthquakes. (Datta 2010, 2-5.) 
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Figure 2. Tectonic Plates of the Earth (Earthquake Science Center n.d) 

 

By examining the tectonic plates presented in Figure 2, it can be noticed that the North 

American plate and Pacific plate collide in the North American west coast, highest 

earthquakes in USA are around this area. Similarly, the South American Plate collides with 

Nazca plate around the west coast where Columbia, Peru and Chile are located. Europe and 

Africa are separated in Eurasian and African plate which leaves the Southern European 

countries and northmost African countries for highest seismic activity. 

2.2  Seismic measurement and input data to thesis 

Measuring of the earthquake ground motion can be done using a machine called seismograph 

or seismometer, presented in Figure 3. In its basic principle, there is mass connected to a 

spring which oscillates during seismic activity. To this mass attached is a marking object, 

like a pen, which draws the movement on a rotating drums surface. Even though both 

components are supported on the same moving ground, due to the inertia of the pendulum 

mass, the relative motion in respect to the drum is different. Since the drum is rotated at a 
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constant speed, the ground motion during earthquake can be given as a function of time. 

(Datta 2010, 18.) 

 

 

Figure 3 Simplified seismometer (Earthscope, n.d) 

 

The Pacific Earthquake Engineering Research Center (PEER), a research and educational 

center located in University of California, has a large database of measured ground motions 

and accelerations all around the world. They also provide calculated pseudo-spectral 

accelerations for 5% critical damped elastic SDOF oscillators.  In Figure 4 is presented the 

first 20 seconds of a measured acceleration time history of a 6,5 Magnitude earthquake 

named San Fernando. Measurement site was in Castaic, Old Ridge Route. Figure 5 presents 

the corresponding pseudo-spectral acceleration for the same earthquake. (Pacific Earthquake 

Engineering Research Center, 2026.) 
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Figure 4. San Fernando earthquake acceleration time history data according to [Pacific 

Earthquake Engineering Research Center] 

 

 

Figure 5.  San Fernando earthquake 5% critical damped SDOF pseudo-spectral 

acceleration according to [Pacific Earthquake Engineering Research Center] 

 

Examining the earthquake time history data, it can be noticed that the maximum peak 

acceleration is approximately 0.32g. By calculating the equation of motion for a range of 

SDOF systems with different natural frequencies, the peak acceleration response to natural 

frequency can be plotted as a response spectrum. By examining the pseudo-spectral 

acceleration, presented in Figure 5, it can be noticed that the peak acceleration greatly varies 

with the system’s natural frequency. Peak response of 1 g can be seen approximately at 3 Hz 

and lowest response of approximately 0.35 g at 15 Hz.  
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3  Standard based seismic design 

ASCE/SEI 7-10 is a design standard for buildings and other structures published by 

American Society of Civil Engineers. This standard defines the minimum design flood, 

snow, rain, ice and, most importantly for this thesis, seismic loads. Based on the structure 

type and use, ASCE presents structure categories with different factors and coefficients to 

apply into the calculation process to verify code compliant design process. These categories 

are a) buildings b) nonbuilding structures c) nonstructural components, d) seismically 

isolated structures and e) structures with damping systems. Nonbuilding structures include 

all structures, for example storage racks, which are not defined as buildings. Architectural, 

mechanical and electrical components are defined as nonstructural components. (American 

Society of Civil Engineers 2013, 49.) 

Seismic design according to ASCE/SEI 7-10 begins with site classification procedure. This 

is done either by taking soil samples up to 30 m depth of the site location or by an estimation 

done by registered design professionals based on known geological area. Site classes are 

determined based on the properties of the soil and the and the height of the soil between 

rock. Site classes vary from A: Hard rock, B: Rock, C: Very dense soil and soft rock, D: 

Stiff soil, E: Soft clay soil and F. Special class. In F class the site requires response analysis. 

(American Society of Civil Engineers 2013, 151.) After the area where structures are built 

and the site-specific coefficients are known, the calculation process starts with two design 

spectral acceleration parameters, which are calculated as (American Society of Civil 

Engineers 2013, 55): 

𝑆஽ௌ =
2

3
· 𝐹௔ · 𝑆ௌ (1) 

𝑆஽ଵ =
2

3
· 𝐹௩ · 𝑆ଵ (2) 

where 𝐹௔ is the short-period site coefficient, 𝐹௩ is the long-period site coefficient, 𝑆ௌ is the 

mapped 0,2s-period 𝑀𝐶𝐸ோ and 𝑆ଵ is the mapped 1s-period 𝑀𝐶𝐸ோ. For variables 𝑆ௌ and 𝑆ଵ 

ASCE/SEI 7-10 provides mapped Risk-targeted maximum considered earthquake 

acceleration (𝑀𝐶𝐸ோ) values, which represents the maximum acceleration in predetermined 

time-period structure with 5% critical damping. These values have a 2% probability to be 
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exceeded within 50 years. Site coefficients 𝐹௔ and 𝐹௩ depend on the site class and can vary 

between 0.8 and 3.5, where lowest is in site class A and highest in class E. (American Society 

of Civil Engineers 2013, 55, 153.) 

3.1  Calculation methods 

ASCE/SEI 7-10 analysis procedure for nonbuilding structures and nonstructural components 

is selected similarly as what is defined for building structures. Four different methods are 

introduced for modelling and analysis of response to seismic loading. Linear methods 

include Equivalent lateral force (ELF), Modal response spectrum analysis (MRS) and Linear 

response history procedure (LRH). Final and the most computationally expensive method is 

Nonlinear response history analysis (NRH). (American Society of Civil Engineers 2013, 70-

71.) Principles of the different methods are presented in Figure 6 and the theory behind the 

methods will be presented in chapter 4. 

 

 

Figure 6. Calculation method principles 
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3.1.1  Equivalent lateral force procedure 

When using ASCE/SEI 7-10 defined ELF-method in building design, the horizontal forces 

are calculated per story of the building and applied directly so. Base shear is defined as the 

total horizontal force acting at the level where the ground motions are transferred to the 

structure. Most conservative seismic base shear In ELF method is calculated using the short 

period design spectral acceleration: (American Society of Civil Engineers 2013, 71.) 

𝑉 =
𝑆஽ௌ

ቀ
𝑅
𝐼௘

ቁ
· 𝑊 (3) 

where 𝑆஽ௌ is the design spectral acceleration in short period range, 𝑅 is the response 

modification factor, 𝐼௘ is the seismic importance factor and 𝑊 is the effective seismic mass. 

Response modification factor is used to reduce the elastic design criteria based on the 

expected ductility, overstrength and deformability. For building structures, ASCE provides 

clear definitions on which value should be used based on the material used and the 

connection type. For building frame system with steel eccentrically braced frames this would 

yield a value of 8 and for bearing wall systems with detailed plain concrete shear walls this 

yields a value of 2. The seismic importance factor 𝐼௘ is selected based on the risk category 

set by ASCE and the value is between 1 and 1.5. (American Society of Civil Engineers 2013, 

4, 60, 439.) 

Nonstructural components are defined as components which are permanently attached to 

structures. Examples of these are HVAC systems, generators, lighting fixtures or piping 

systems. If the weight of these components is equal to or greater than 25% of the systems 

total mass, the design needs to be done as nonbuilding structure. (American Society of Civil 

Engineers 2013, 87.) For non-structural components the design seismic force is calculated 

as (American Society of Civil Engineers 2013, 88): 

𝐹௉ =
0.4𝑎௣𝑆஽ௌ𝑊௣

൬
𝑅௣

𝐼௣
൰

· ቀ1 + 2
𝑧

ℎ
ቁ (4)

 

where 𝑎௣ is the component amplification factor, 𝑊௉ is the components mass 𝑅௣ is the 

component response modification factor, 𝐼௣ is the component importance factor, 𝑧 is the 

component attachment height from base and ℎ is the average height of structure from base. 
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The value of the response modification factor 𝑅௣ depends on the component. For engines 

and turbines this would be 2.5 and for piping systems 12. Amplification factor 𝑎௣ describes 

how the component amplifies itself throughout the seismic motion. When this value is 

selected as 1, it assumes that the component moves rigidly along with the supporting 

structure. Importance factor 𝐼௣ is selected between values 1 or 1.5 depending on whether 

component is required to function safely after earthquake. Examples of components like 

these are fire protection system or components that hold or support toxic or explosive 

chemicals. (American Society of Civil Engineers 2013, 87, 93.) 

3.1.2  Modal response spectrum method 

MRS method utilizes a design response spectrum, which has acceleration expressed as a 

function of the structures time period or frequency. Previously in equation (1) and (2) defined 

design spectral acceleration parameters are considered depending on the time-period. For 

time periods less than 𝑇଴, the design spectral response acceleration 𝑆௔ is expressed as 

(American Society of Civil Engineers 2013, 55-56): 

𝑆௔ = 𝑆஽ௌ · ൬0.4 + 0.6 ·
𝑇

𝑇଴
൰ (5) 

For time periods greater or equal to 𝑇଴ and less than or equal to 𝑇ௌ: 

𝑆௔ = 𝑆஽ௌ (6) 

For periods greater than 𝑇ௌ and less than or equal to 𝑇௅: 

𝑆௔ =
𝑆஽ଵ

𝑇
 (7) 

where 𝑇 is the fundamental time period of the structure, 𝑇଴ is equal to 0.2 · 𝑆஽ଵ/𝑆஽ௌ, 𝑇ௌ is 

equal to 𝑆஽ଵ/𝑆஽ௌ and 𝑇௅ is the mapped long-period transition period. The mapped long-

period transition period is dependent on the location of the site. Based on the ASCE/SEI 7-

10 provided maps, this value can vary between 4 to 12 s (American Society of Civil 

Engineers 2013, 56, 170-171).  By solving the equations 5, 6 and 7, a design response 

spectrum up to the long-period transition can be created. When defining 𝑆ௌ = 1.5g and 𝑆ଵ = 

1g and using site class B properties, the Figure 7 presented design response spectrum curve 

was created. 
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Figure 7. Design response spectrum curve 

 

Examining the response spectrum curve gives valuable information to engineers working in 

seismic analysis. From the curve it is straightforward to estimate what kind of maximum 

acceleration loading is to be expected on the structure based on its fundamental time 

period/natural frequency. High stiffness structures, which move rigidly with the earthquake 

and do not amplify the motion, experience lower peak responses than 𝑆஽ௌ defined in 

Equation (1). Medium stiffness structures between 𝑇଴ and 𝑇ௌ experience the maximum value 

of 𝑆஽ௌ. After period 𝑇ௌ, the peak response gradually lowers in line with the stiffness as we 

start to see slow accelerations with larger displacements. The theory behind the response 

spectrum method will be presented in chapter 4.3. 

ASCE/SEI 7-10 requirements for the modal analysis is that the number of modes needs to 

be at a level where the combined mass participation is at least 90% of the total mass in the 

direction which is under seismic analysis. Combination of the mode shapes shall be done 

using the square root of the sum of the squares (SRSS) or complete quadratic combination 

(CQC) methods based on how closely spaced the modes are. The design response spectrum 

curve presented in Figure 7 shall be reduced similarly as was done with the ELF method by 
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using response modification and importance factors. (American Society of Civil Engineers 

2013, 75.) This can be expressed as: 

𝑆௔(𝑇) ·
𝐼௘

𝑅 
(8) 

where 𝑆௔(𝑇) is the design spectral acceleration as function of time period. 

3.1.3  Seismic response history procedure 

In response history method, the earthquake excitation and the response of the structure is 

estimated by solving the equation of motion. ASCE/SEI 7-10 provides two different methods 

for this: linear- and nonlinear seismic response history procedure, which have different 

requirements. Linear response history procedure is restricted to elastic design, and nonlinear 

response history includes geometric and material nonlinearities. For both of these methods, 

ASCE/SEI 7-10 calls out to use equal to or more than three ground motions. (American 

Society of Civil Engineers 2013, 121.) 

In the case of linear analysis method, if the number of earthquake measurement data in the 

area in question does not fulfil the minimum requirement, simulated motions are permitted 

as long as they represent the areas 𝑀𝐶𝐸ோ values. When at least seven different earthquake 

motions are analysed, it is acceptable to average the response and derive acceptance criteria 

based on the average results. If the amount analysed is lower than seven, the criteria should 

be derived from the maximum response. In linear analysis the importance factor and 

response modification factor are used to scale the ground motion based on failure importance 

and estimated ductility of structure. (American Society of Civil Engineers 2013, 121.) This 

can be expressed as: 

𝑢̈௚(𝑡) ·
𝐼௘

𝑅 
 (9) 

where ü୥(t) is the seismic time history acceleration. 

For nonlinear response history procedure, ASCE/SEI 7-10 guidance is mainly regarding 

nonlinear geometric and material behaviour. Structural model needs to include realistic 

strain hysteresis that is verified by material properties data based on laboratory tests. 

Nonlinear procedure criteria for maximum or average response follows similar guideline as 
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it did for linear procedure. In nonlinear procedure, the ground motion is not scaled since the 

ductility is directly modelled in the used nonlinear material model. Structural member and 

their connections plastic capacity shall also be based on laboratory testing data. (American 

Society of Civil Engineers 2013, 122.) From acceptance criteria perspective, ASCE/SEI 7-

10 uses a criterion where the maximum acceptable value would be a fraction of the 

laboratory measured. If measuring deformation of a structural member and its connection 

this would be expressed as: 

𝜓 =
2

3
· 𝜓௠௔௫  (10) 

where 𝜓 is the maximum acceptable deformation by calculation and 𝜓௠௔௫ is the maximum 

deformation at measured failure. (American Society of Civil Engineers 2013, 122.) 
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4  Structural dynamics and seismic analysis methods 

Earthquake ground motion is a complex loading that is not easy to simplify into an equivalent 

static load. The response in structures due to this highly dynamic motion is dependent on 

multiple factors such as the mass, natural frequency, stiffness and the damping of the 

structure. As was presented in the design response spectrum curve, in Figure 7, the period 

the structure plays a massive role in the peak acceleration that the structure experiences 

during the full earthquake loading. This chapter introduces the required structural dynamics 

theory to be able to understand seismic design problems. 

4.1  Dynamics of SDOF system 

Starting with a single degree of freedom (SDOF) system presented in Figure 8. The typical 

representation is a point mass connected to rigid space by a spring element. With this type 

of system, it is possible to calculate the peak acceleration during the time history of an 

earthquake and create a pseudo-spectral acceleration spectrum. (Hjemstad 2022, 79-80.) 

Example of PEER generated spectrum was presented in Figure 5. 

 

 

Figure 8. SDOF system 
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For a SDOF system, where the only free moving direction is the longitudinal direction of the 

spring, the undamped natural frequency can be calculated with the spring stiffness and the 

mass of the element as: 

𝜔  =  ඨ
𝑘

𝑚
 (11) 

where m is the mass and k is the stiffness. 

If the SDOF system presented in Figure 9 is subjected to a time dependant force 𝑓(𝑡) along 

the springs longitudinal direction, the relative displacements from the center of mass to the 

reference frame can be notes as 𝑢(𝑡). Typically, when calculating the dynamical behaviour 

of SDOF systems, the other end of the spring is fixed rigidly in space and the relative motion 

between the fixed support and spatial reference frame is zero. (Hjelmstad 2022, 56.) 

 

 

Figure 9. Displacements of a forced SDOF system 

 

Equation of motion for the SDOF system presented in Figure 9 can be expressed as 

(Hjelmstad 2022, 57): 

𝑚𝑢̈(𝑡) + 𝑐𝑢̇(𝑡) + 𝑘𝑢(𝑡) = 𝑓(𝑡) (12) 



27 
 

 

where 𝑢̈(𝑡) is the acceleration given as second derivative of displacements, 𝑢̇(𝑡) is the 

velocity given as first derivative of displacements, 𝑢(𝑡) is the displacements, c is the 

damping coefficient and 𝑓(𝑡) is the external force.  

In the case of an earthquake loading, the forcing function is not an external force directed in 

the spring directly. Instead, the 𝑢௚(𝑡) is a nonzero value representing the displacement time 

history of the earthquake. In this case, the force 𝑓(𝑡) equals the total mass of the system 

multiplied by the earthquake acceleration time history and can be expressed as: (Hjelmstad 

2022, 75.) 

𝑚𝑢̈(𝑡) + 𝑐𝑢̇(𝑡) + 𝑘𝑢(𝑡) = −𝑚 · 𝑢̈௚(𝑡) (13) 

As mentioned in chapter 3.1.3, ASCE/SEI 7-10 also allows artificial earthquakes to be used 

in linear time-history procedure. These computer-generated earthquakes can be created for 

example using phased sinusoids (Hjemstad, 2022, 77-78). 

4.2  Damping in structures 

In an undamped free SDOF vibration system, the displacements of the mass move in 

sinusoidal path infinitely when it is released from the initial difference in equilibrium 

position. In reality, no infinitely moving system can exist, so the energy must exit the system 

by some way. This energy loss can occur due to multiple different methods. For example, 

due to heating of material under deformation or frictional slipping. There are also specific 

damping devices to increase the energy dissipation in structures. Damping plays a big role 

in the response when the equation of motion is solved and thus should be considered 

accurately. Damping ratios cannot be calculated directly for structures as they are determined 

by many different factors. One way to measure damping ratios is to use vibration generators, 

where a harmonic excitation is generated on the structure. Typically, it is not possible to 

create the exact scenario in test environment to measure the damping ratios for each 

application and instead different damping curves are created for buildings built out of 

different materials. (Chopra 2020, 430, 435.) 

In Rayleigh damping, separate proportional damping is set based on mass and stiffness 

terms. In this case the damping matrix is set as (Chopra 2020, 438): 
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𝑪 = 𝑎଴𝑴 + 𝑎ଵ𝑲 (14) 

where 𝑎଴ is the damping mass coefficient, 𝑎ଵ is the damping stiffness coefficient, 𝑪 is the 

damping coefficient matrix, 𝑴 is the mass matrix and 𝑲 is the stiffness matrix. With these 

two coefficients, it is possible to set the damping at two specific natural frequencies 𝜔௜ and 

𝜔௝. In matrix form this is calculated as (Chopra 2020, 440): 

1

2
·

⎣
⎢
⎢
⎢
⎡

1

𝜔௜
𝜔௜

1

𝜔௝
𝜔௝

⎦
⎥
⎥
⎥
⎤

· ቂ
𝑎଴

𝑎ଵ
ቃ = ൤

𝜉௜

𝜉௝
൨ (15) 

where, 𝜔௜ is the natural frequency of the 𝑖th mode, 𝜔௝ is the natural frequency of the 𝑗th 

mode, 𝜉௜ is the critical damping ratio of the 𝑖th mode and 𝜉௝ is the critical damping ratio of 

the 𝑗th mode. Setting 𝜔௜ = 1 Hz, 𝜔௝  = 100 Hz and 𝜉௜ =  𝜉௝ = 5% would yield the damping 

per frequency as presented in Figure 10. 

 

 

Figure 10. Rayleigh's damping 

 

Examining the stiffness and mass terms in the Figure 10 shows that the mass term dominates 

at low frequencies and stiffness term increases linearly along the frequency range. 
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4.3  Response spectrum analysis 

Response Spectrum Analysis is an analysis method that is valid for linear elastic systems 

under seismic loading. Since the response is expected to be linear, the scaling can be done 

using modal properties of the system. Equation of motion for a multiple degree of freedom 

system under seismic loading is expressed as: (Hjemstad 2022, 161.) 

𝑴𝑢̈(𝑡) + 𝑪𝑢̇(𝑡) + 𝑲𝑢(𝑡) = −𝑢̈௚(𝑡)𝑴𝑰𝒄 (16) 

where 𝑰𝒄 is the influence coefficient vector, which is used to represent the direction of the 

time dependant seismic acceleration −𝑢̈௚(𝑡). This is done by setting value of 1 in the vector 

elements which represent the degree of freedom that is under analysis. (Datta 2010, 103.) 

Modal analysis provides eigenvectors and corresponding eigenvalues. Eigenvectors do not 

provide real deformation values, instead they represent the scale on how independent nodes 

move relative to one another. To effectively represent how the seismic acceleration load 

affects each mode at a certain natural frequency, a scale value representing the mass 

participating in that individual mode needs to be created. With eigenvectors and known mass 

matrix of the system, a dimensionless modal participation factor of the 𝑗th mode be 

expressed as: (Hjemstad 2022, 162.) 

𝜐௝ =  
𝜑௝

்𝑴𝑰௖

𝜑௝
்𝑴𝜑௝

 (17) 

where 𝜑௝ is the eigenvector of 𝑗th mode. Due to linearity requirement, the multiple degrees 

of freedom systems equation of motion can be decoupled into individual SDOF equation for 

each natural frequency of the system and solved as: (Hjemstad 2022, 162.) 

𝑟̈௝(𝑡) + 2𝜉௝𝜔௝𝑟̇௝(𝑡) + 𝜔௝
ଶ𝑟௝(𝑡) = −𝑢̈௚(𝑡)𝜐௝ (18) 

where 𝑟௝ is the modal displacement. Due to this decoupling, the full equation of motion does 

not need to be solved for the time-history and instead, the maximum displacements can be 

solved for the 𝑗th natural frequency by scaling the modeshape with modal participation factor 

and the maximum acceleration value that can be picked from the pre-generated acceleration 

response spectrum. By doing this, the displacement vector can be expressed as: (Hjemstad 

2022, 162.) 
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𝒖(𝑡) = ෍ 𝝋௝

௡

௝ୀଵ

𝜐௝

𝑠௝(𝜔)

𝜔௝
ଶ

(19) 

where 𝑠௝(𝜔) is the frequency dependant response spectrum acceleration. ASCE/SEI 7-10 

defined that in response spectrum analysis the square root of the sum of the squares (SRSS) 

or complete quadratic combination (CQC) method should be used. In SRSS method, the 

square root of the sum of squares is taken as (Hjemstad 2022, 165): 

𝒖௠௔௫ =  ට𝑢ଵ
ଶ + 𝑢ଶ

ଶ + ⋯ + 𝑢ே
ଶ (20) 

In CQC method, a combination matrix is formed to take account closely spaced natural 

frequencies. With equal damping ratio between the combined modes 𝑖 and 𝑗, the combination 

matrix is defined as: (Hjemstad 2022, 166.) 

𝑪௜௝ =
8𝜉ଶ൫1 + 𝑟௜௝൯𝑟

௜௝

ଷ
ଶ

൫1 − 𝑟௜௝
ଶ൯ + 4𝜉ଶ𝑟௜௝൫1 + 𝑟௜௝൯

ଶ
(21)  

Where 𝜉 represents the damping ratio and 𝑟௜௝ is taken as a factor between modes 𝑖 and 𝑗 to 

account how much they affect the sum as (Hjemstad 2022, 166): 

𝑟௜௝ = min ቆ
𝑇௜

𝑇௝
,
𝑇௝

𝑇௜
ቇ (22) 

Maximum displacements with the CQC method are calculated as (Hjemstad 2022, 166): 

𝒖௠௔௫ =  ඩ෍.

ே

௜ୀଵ

෍ 𝑪௜௝𝒖௜𝒖௝

ே

௝ୀଵ

(23) 

How these two combination methods compare depends on the combination matrix 𝐶௜௝ value, 

which is determined by the ratio between two natural frequencies. In the grinding mill case 

study, the response spectrum method will be solved with both of the presented methods and 

the derived results compared.  
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5  SDOF case study 

This chapter will go through a case study of a SDOF spring-mass model. Main topics are to 

study the behaviour of a SDOF system under a measured San Fernando earthquake time 

history presented in Figure 4 and to verify the PEER generated pseudo-spectral acceleration 

spectrum presented in Figure 5. Software that was used to create the model and solve the 

equation of motion was ANSYS 2024 R2. 

5.1  Modelling and analysis set up 

In Ansys, a solid cube was modelled as a rigid body with mass of 1000 kg. One face of the 

square was fixed to space in global X and Y directions as presented in Figure 11. A spring 

was attached to one face of the body, and the other end of the spring was fixed to space. This 

will yield the system one degree of freedom, along the longitudinal direction of the spring.  

Multiple different stiffnesses on the spring element was used so that different natural 

frequency systems could be solved. Damping for all different natural frequency systems 

were applied using the Rayleigh’s stiffness coefficient to match 5% of critical damping. Step 

size of 0.01 s was used throughout the different stiffness ranges. 

 

 

Figure 11. SDOF model set-up (ANSYS 2024 R2) 
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5.2  SDOF results 

Results from different natural frequency SDOF systems were gathered in Table 1. 

Comparing the results with PEER generated response spectrum it can be noticed that similar 

trendline on the frequency scale has been created. It is also worth noting that the maximum 

acceleration along the 30s San Fernando earthquake recording happens between 2.68 – 4.42 

seconds for frequency range 2.17 – 5.56 Hz. 

 

Table 1. SDOF simulation results and comparison 

Spring 
stiffness 
[N/mm] 

Natural 
frequency 

[Hz] 

Time at 
maximum 

acceleration 

Acceleration 
(ANSYS)  

[g] 

Acceleration 
(PEER)     

[g]  

Difference 
[g] 

1.218E+3 5.56 4.42 0.57 0.61 0.04 

6.854E+3 4.17 4.34 0.68 0.64 0.04 

3.855E+3 3.13 2.88 0.94 0.99 0.05 

2.734E+3 2.63 3.34 0.71 0.66 0.05 

1.866E+2 2.17 3.41 0.71 0.66 0.05 
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6  Grinding mill case study 

Previously in the thesis, different methods for seismic structural analysis methods were 

presented. Dynamic transient analysis was used to solve the equation of motion for a SDOF 

spring-mass model during an earthquake recording. In this chapter, the three different 

introduced methods, equivalent lateral force, modal response spectrum and response history 

methods will be applied and studied on Metso Select™ Grinding mill. Finite element 

modelling and analysis was built and solved using ANSYS 2024 R2 finite element analysis 

software. 

6.1  System description 

Structure of a grinding mill used in the study is presented in Figure 12. Grinding mills are 

large, in this case diameter of 9 meters, rotating machines that are used in mining industry 

to grind ore into smaller particles so that separation between valuable mineral from gangue. 

In Figure 12 the presented parts are as: 

1) Foundation – the structure that connects the grinding mill to the floor. In this study, 

concrete foundation was used 

2) Mill shell – the rotating part of the mill that is supported by bearings 

3) Mill gear – the part to which operational force is applied, and the rotating motion is 

transferred to mill shell 

4) Trommel – a part connected to mill shell, which lets small particles through to be 

processed further 

5) Free bearing – bearing that only carries the radial forces 

6) Fixed bearing – bearing that carries radial and axial forces generated by normal 

operation and, most importantly for this study, seismic loads. 
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Figure 12. Simplified cross section view of grinding mill 

 

Looking at the detail B in Figure 12 there is a scaled-up view of the fixed bearing structure 

which shows in more detail how the assembly behaves and how it should be modelled in 

finite element software. In the foundation (part 1.1 and 1.2) there is a grouted baseplate 

structure to which the bearing is assembled to. On top of the baseplate, the welded support 

structure (part 6.2) is attached to with bolted connections. In this welded support structure, 

there is a spherical and a groove machining at the top, to which rest of the bearing moving 

components (parts 6.3, 6.4 and 6.5) are assembled on to. Final component is the mill shell 

structure (part 2.1), that is assembled on top of the bearing. 

6.2  Finite element model 

Geometry used for building the finite element model is presented in Figure 13. For the 

foundation, beam representation was used. Most of mill body and gear structure was 

modelled using shell bodies. Thicknesses of these shells are shown using colour scale. 

Trommel was modelled using a 14 000 kg point mass and connected with rigid multi-point 

constraint (MPC) equations to the mill surface, as presented in Figure 13. End of the mill, 

where the fixed bearing is, was modelled with a solid body. Free end bearing was not 
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explicitly modelled but represented as an MPC equation between the mill and the free end 

foundation with free axial translation and rotation relative motion. Fixed bearing will be 

introduced in more detail later. At an angle of 30° from the vertical plane, the mill surface 

was cut to which a distributed mass of 380 000 kg was used to represent the grinding media 

and ore inside the mill. Noncoincident midsurface bodies were connected using rigid MPC 

equations. 

 

 

Figure 13. Geometry model of grinding mill (ANSYS 2024 R2) 

 

Details of the fixed bearing structure used in analysis is presented in Figure 14. The green 

coloured plate, with a thickness of 95 mm, is bolted into the concrete and also has cross plate 

shear keys welded at the bottom. These shear keys are submerged in concrete and provide 

anchoring with the bolted connections for the base plate. These bolts and plates are not 

explicitly modelled. Instead, the connection is simplified as a rigid MPC equation between 

the plate and the foundation beam element top node. On top of the base plate, the bearing 

frame structure is bolted. These bolted connections were modelled using bolt nominal 

diameter sized beam elements and the connections between beam and plate were made using 

MPC equations. Bearing frame is a welded structure that was modelled using mainly shell 

bodies. At the top of the bearing frame lies a thick plate which is in contact with the moving 
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bearing components, and thus has some unique characteristics machined on top of it. This 

part was modelled as a solid body to capture the thickness and geometrical feature variations. 

 

 

Figure 14. Bearing geometry (ANSYS 2024 R2) 

 

In Figure 15 is presented an overview of the bearing parts that behave in nonbonded 

behaviours relative to other. On the right side, a section of bearing is shown. Part 5 is the 

part welded into the midplane bearing frame and as can be noticed from the figure, it has a 

spherical contact between part 3 and a groove in which part 4 locks the axial relative motion. 

The bearing structure also has some bolted connections, which were simplified. Bolted holes 

were removed and instead a local pressure cone bonded contact connection were set at the 

bolting location. 
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Figure 15. Bearing contact structure (ANSYS 2024 R2) 

 

On the section view in Figure 15, the mill (part 6) connection to bearing is presented. Contact 

types modelled between different components are presented in Table 2. 

 

Table 2. Contacts in bearing 

Connection  

(Part X–Part Y) 

Type Frictional coefficient 

1–2, 1–3, 1–4, 1–5 Frictional contact 0.2 

2–3, 3–4, 4–5 Frictional contact 0.1 

6–2 Frictionless contact - 

 

6.3  Material models 

Two different materials were used in the FE-model. All grinding mill parts were modelled 

as EN 1993-1-1 structural steel. Foundation properties were set based on EN 1992-1-1 as 

uncracked 35 grade concrete. Material properties used in analysis are presented in Table 3. 
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Table 3. Material properties according to [SFS-EN 1993-1-1 2005; SFS-EN 1992-1-1 2005] 

Material Modulus of Elasticity [GPa] Poisson’s ratio Density [kg/m3] 

Structural steel 210 0.3 7850 

Concrete 34 0.2 2500 

 

6.4  Finite element mesh 

Finite element mesh was created for the whole system. It consists of combination of beam, 

shell and solid elements for corresponding body types introduced in the previous chapter. 

The full model consists of 174 870 elements and 84 248 nodes. Of which: 

- 87 elements and 176 nodes are in the 1D beam element foundation model 

- 3410 elements and 3573 nodes are in the 2D shell element grinding mill body and 

gear model 

- 12407 elements and 60444 nodes are in the 3D solid element grinding mill body 

- 10859 elements and 11114 nodes are in the bearing 2D shell element model 

- 57485 elements and 99563 nodes are in the bearing 3D solid element model 

Element sizes for the foundation, gear and shell parts of mill were adjusted in modal analysis 

until a convergence of 1% change in natural frequency between mesh refinement iterations 

was found.  

 

Figure 16. Global mesh used in FEA (ANSYS 2024 R2) 
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For the bearing model, a submodelling method was used to independently verify the required 

mesh density for accurate results. With simple horizontal forces directly applied to the 

bearing, the seismic forces were simulated, and an appropriate element sizing was found to 

get mesh-independent stress results within 1% tolerance excluding singular sharp corner 

connections between contacts. Detail view of bearing level mesh and shell element plate 

thickness visualization is presented in Figure 17. Part of the mill geometry that is in contact 

with the bearing was cut and meshed separately so that the contact area could be with more 

refined mesh. 

 

 

Figure 17. Detail bearing mesh and plate thickness visualization (ANSYS 2024 R2) 

 

6.5  Boundary conditions and loading 

Connection between the foundation and ground/soil was assumed as an infinitely rigid fixed 

connection to space. In Figure 18, the setup of the model constraints and loading directions 

is presented. All loadings in analyses were applied as an acceleration load directed to all 

nodes. Direction of the earthquake loading studied in this thesis was the mill axial direction, 
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the global Y-axis. Earth’s gravitational pull was applied to vertical direction, the global Z-

axis. Three different analyses were solved and the individual model set up will be introduced 

in the next chapter. 

 

 

Figure 18. Model set up (ANSYS 2024 R2) 

 

6.6  Analysis types and solver settings 

This chapter goes through the analysis types and solver settings. In Figure 19 is presented 

the forcing input for each analysis. Starting with the most complex transient analysis, 

followed by the modal combination response spectrum method and lastly, a static analysis. 

Transient analysis is the starting point, since the response spectrum is derived from a 

dynamic analysis by solving the full time-history of earthquake for n-natural frequency 

single degree of freedom system. In response spectrum method, the modal properties (natural 

frequency, mass participation and modeshape) is used with the natural frequency dependant 
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acceleration from the response spectrum to solve the independent maximum deformations. 

In static structural analysis, the fundamental first axial natural frequency was used to 

determine the loading from response spectrum curve as presented in Figure 19. 

 

 

Figure 19. Analysis methods 

 

Before moving forward to analysis types, modal properties of the construction were studied. 

Two different modal analyses were run. First the unloaded analysis with only fixed supports 

at the foundation base. Secondly, a pre-stressed modal was performed with a 1 g vertical 

gravitational acceleration applied. As presented in Figure 20 modeshape visualization and 

natural frequency, vertical 1 g gravitational acceleration does not have significant effect on 

the fundamental axial mode. Without loading the model, the natural frequency is 2.6406 Hz 

with mass participation in axial direction of 80.912 %. Corresponding values for pre-stressed 

modal are 2.6309 Hz and 80.911 %. 
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Figure 20. Modal results (ANSYS 2024 R2) 

 

Based on the comparison between unstressed and prestressed modal analysis results, it was 

determined that the differences are so minimal that whichever of these modes are used in the 

response spectrum analysis, there should not be any noticeable difference in the final results. 

Since the pre-stress was already calculated, it was used in the response spectrum analysis. 

From the modeshape it can also be verified that the model has been built as intended, as the 

axial mode does not include the left side foundation, which means that the grinding mill is 

allowed to slide freely at that side. 

6.6.1  Transient analysis 

In the first case study with SDOF spring mass system’s transient analysis, the maximum 

acceleration for system with natural frequency of 2.63 Hz was found at time of 3.35 s. Due 

to the full mill models fundamental axial natural frequency being close to this value, the full 

57 second earthquake time-history was not solved. Only the first five seconds of the 

acceleration time-history data was used. Step time was selected also according to the 

findings of the SDOF system and chosen as 0.01 s. Sparse matrix direct solver was used and 

initial condition settings, like velocity and displacement were set to zero at the start of the 

analysis. Stiffness matrix was set to be kept as constant throughout the analysis as large 
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deflections are not expected. Damping in analysis was included with Rayleigh’s damping 

using the previously presented equation 14 only with the stiffness term as: 

𝑎ଵ =
2𝜉

2𝜋𝜔
(24) 

Applying the wanted critical damping ratio 𝜉 at value of 0.05 (5%) and by using the systems 

fundamental axial natural frequency of 2.63 Hz, the stiffness damping term will be set to 

approximately 0.00605. Which corresponds to 5% critical damping at the natural axial 

natural frequency. 

6.6.2  Response spectrum analysis 

Previous chapters of the thesis presented how the response spectra is generated using a 

SDOF system, how ASCE uses this same type of spectrum to define loading based on time-

period of structure and how the methodology is derived from structural dynamics. As a 

loading input, the same San Fernando earthquake time-history generated response spectrum 

presented in Figure 5 was used. As introduced in the chapter 5.2, the response spectrum 

analysis has different methods to combine the modal responses. No additional damping is 

set in modal or RS analysis level as the 5% critical damping is already considered when the 

response spectra is generated using dynamic analysis method. In this study, both SRSS and 

CQC mode combination methods were used. 

As the response spectrum method is a modal combination method, it is valuable to consider 

what the modal data before moving to solving the analysis. Appendix 1 presents the ratio of 

effective mass to total mass results of used modal analysis. From the ratios it can be observed 

that 81% of the mass in axial, global Y-axis, direction is participating in the first mode at 

2.63 Hz. Next mode larger than 1% is mode number 10 at 22.49 Hz with 4% participation. 

The total mass participation across the 30 calculated modes is at 91%, which is 1% higher 

than the minimum requirement set by ASCE 7-10. When examining the X and Z direction 

modes it can be noticed that the sum of participation across the calculated modes is lower 

than 90% and increasing the mode count number would be required before ASCE 

requirements are met if seismic response in the corresponding directions were analysed. 
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6.6.3  Static structural analysis 

Static structural analysis was solved using linear methods in one step with initial stiffness 

matrix. Although the defined contacts add nonlinearities in the solver and thus some iteration 

was required. For loading the structure, a vertical gravitational component of 1g was 

included. Based on the SDOF case study results, the axial directional seismic loading for 

2.63 Hz system was selected as 0.71g. This loading was applied to all nodes as acceleration 

load. 

6.7  Results 

This chapter presents the results of the built grinding mill finite element model with 

comparative analysis between the results of different methods. By looking at the solution 

times and results file sizes presented in Table 4, it quite clearly shows the contrast between 

these methods. With a fully linear method, which the response spectrum is, the scaling and 

combination of the mode shapes to response spectra accelerations is done quite fast in 1 min 

8 seconds. The time in parentheses is the combined time it took to calculate the prestress 

static and modal analysis. After RS analysis, the static structural comes next with 

approximately 8 minutes solve time, which is still relatively fast with the amount of contact 

detail was modelled in the system. 

 

Table 4. Solution times and result file sizes 

Analysis Time to solve Result file size 

Transient 13h 39min 27.887 GB 

Response spectrum 1min 8s (3min 21s) 130.19 MB (602.38 MB) 

Static structural 8m 24s 76.938 MB 

 

 

From the transient analysis, maximum acceleration was probed throughout the five second 

analysis. In Figure 21 is presented a plot of the earthquake acceleration, the response 
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calculated in mill FE-model and the equivalent natural frequency SDOF system. Maximum 

peak acceleration during the forcing earthquake is at 0.32 g, while the response peak 

acceleration in the mill is at 0.70 g at time of 3.52 seconds. Acceleration response of the 

SDOF system follows a similar behaviour as the mill response with a maximum acceleration 

value of 0.71g at time of 3.34 seconds. 

 

 

Figure 21. Transient analysis acceleration comparison 

 

Figure 22 presents the global deformation visualization between the three different analysis 

methods in sub-figures as A1) Transient analysis, B1) Response spectrum analysis, C1) 

Static structural analysis. The colour scaling is set as equal across all different results and by 

examining the deformation plot it can be noticed that the results in global deformation are 

almost identical. 
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Figure 22. Global deformation comparison between methods (ANSYS 2024 R2) 

 

Even though the deformation among the different methods produced similar looking results 

from the global system scale, taking a closer look at the axial load carrying bearing, 

differences can be noticed. Next, the result presentation examines a local cross section from 

the centreline symmetry of the bearing structure. Results are plotted as equivalent (von 

Mises) stress plots with colour scaling set to sufficient values with sole purpose to ease visual 

understanding of the stress distribution and compare among the different analyses. 

Figure 23 presents the comparison of equivalent stress distribution between transient (A2) 

and static analysis (B2). By looking at the overall scale between these two it is evident that 

the results are quite the same. In transient analysis, the maximum acceleration, and 

subsequently the maximum stress in bearing, at 3.52 seconds the loading is in the same 

direction as was applied in the static analysis. In both analysis cases, the stress distribution 

in the contact zones matches what intuitively one could imagine as the compressive stresses 

align with the direction of loading. The welded structure to baseplate connection also works 

as intended, as highlighted in the figure, the left part of the welded structure is in compression 

against the baseplate, and the right side is unloaded since by contact definition it is free to 

separate. 
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Figure 23. Stress level comparison between transient and static (ANSYS 2024 R2) 

 

Figure 24 presents the comparison between transient (A3) and response spectrum analysis 

(B3) bearing structure stress distributions. With this comparison, it is imminent that there is 

a difference between the stress distributions. Key interesting points can be noticed from 

response spectrum results when comparing to transient or static. Taking a look at the area 

with the bearing moving components where nonlinear contacts were defined is greatly 

different. Also, since the linearized frictional contact does not allow separation, the welded 

structure is not under compression as it was on the other two methods. 

 

Figure 24. Stress level comparison between transient and RS (ANSYS 2024 R2)  
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Comparing the response spectrum analysis mode combination methods SRSS (A4) and CQC 

(B4) in Figure 25, almost no difference is noticed at the bearing level. As presented in 

Appendix 1, the first mode is the fundamental loading governing mode in this analysis. Next 

mode with 1% mass participation comes at 17.28 Hz and third at 22.49 Hz with 4% mass 

participation. These seem to be far enough from each other so that the used combination 

matrix 𝐶௜௝, presented in equation 21, does not make much of a difference in the calculation. 

 

 

Figure 25. Stress level comparison between CQC and SRSS methods (ANSYS 2024 R2) 

By looking at the stress results in the parts where contacts are defined between transient or 

nonlinear static analysis compared to response spectrum, the root cause for this stress 

distribution can be found. Figure 26 presents the equivalent stress in contact zones. In 

subfigure A5 is presented results with transient and in B5 the response spectrum analysis. 

 

 

Figure 26. Contact zone stress comparison in transient and RS-analysis (ANSYS 2024 R2) 
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The stress distribution in subfigure A5 shows high compressive stress on only the other side 

of the bearing structure. This is due to the nonlinear contact definition as the top part of the 

bearing pushes onto the small key component in the center and all the forces are transferred 

though this contact part. If comparing this to the subfigure B5, where the linear contact does 

not allow separation between this key component and the surrounding top part of bearing, 

the forces have roughly twice the contact surface area to distribute to and the final results 

are thus misleading. 

With high computational cost of the transient analysis, also comes the possibility to study 

the cyclic behaviour of the earthquake loading. Figure 27 presents the equivalent stress plot 

as maximum over time on element. 

 

 

Figure 27. Transient analysis stress distribution due to cyclic loading (ANSYS 2024 R2) 

 

Different to previous stress plots, now the stress distribution shows almost symmetrical 

distribution on both sides of the bearing from the marked center axis. From this plot is it 

possible to consider the maximum peaks in axial plus and minus direction as the compressive 

stress forms on both sides of the bearing.  
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7  Discussion 

Based on the results of case studied presented in chapters 5 and 6, starting with the SDOF 

spring-mass model which was loaded by an earthquake acceleration time-history. This 

analysis showed and gave confidence that the transient analysis in ANSYS was set up 

successfully since the maximum acceleration values were comparable and showed similar 

behaviour as the Pacific Earthquake Engineering Research Center (PEER) pseudo-spectral 

acceleration curve. Although the results were not an exact match and some variance, less 

than 10%, was found along the calculated frequency scale. After the SDOF results were 

analysed, the full grinding mill finite element modelling was started. A relatively accurate 

representation of the grinding mill was built, although a lot of connection and geometry 

simplifications were made to reduce the computational size of the model by limiting the 

number of nodes and elements. Modal properties of the model were studied with and without 

gravitational pre-stress, from which it was concluded that the difference is so minimal that 

it should not have a noticeable effect on the results. The axial natural frequency of the mill 

system was intentionally also analysed with the SDOF transient, so that comparison of 

accelerations vs time between two systems could be made. Figure 21 presented the 

acceleration comparison between this SDOF and detailed grinding mill analysis results, from 

which the similarities between these two can be identified as the maximum response in the 

two systems and the overall acceleration direction, magnitude and rate of change behaved 

similarly. 

Analysing the global deformation behaviour in the grinding mill case study, presented in 

Figure 22, shows that the response in displacements was similar across all the analyses. By 

analysing the stress distribution in the bearing structure in Figures 23 to 27, the differences 

were identified. Most of the differences comparing the response spectrum analysis came 

since the nonlinear contact allows separation in transient and static structural, but in response 

spectrum no separation is allowed, as was presented in Figure 26. 
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7.1  Plastic design with alternative methods 

When design is based on ASCE 7-10 criteria, the material nonlinear behaviour is restricted 

to response history analysis. Considering the geometric and material linear model of grinding 

mill case study, with solve times presented in Table 4, it is quite clear there is a large gap 

between designing for yield criteria compared to ductility design where energy dissipation 

through yielding is allowed.  

Compared to American ASCE, European seismic design standard EN 1998-1-1:2024 

provides a non-linear static analysis method, a pushover analysis. In this method, a static 

force or a forced displacement is applied on structure. By using geometric and material 

nonlinearities, the forming of plastic hinges in the members and the total collapse of the 

structure can be studied without using dynamic analysis methods. (SFS-EN 1998-1-1 2024, 

54-55.) 

In research made by Li et al. (2017), comparison between a static pushover analysis and 

dynamic time-history analysis was made. In this study, an earthquake loading was applied 

to a steel frame using numerical methods and physically by a shaking table test. Response 

comparison between these two was made and by that, the model for pushover analysis 

verified. By comparing the results (displacement of measured points), it was found that the 

pushover analysis provides accurate results when the damage is not severe but 

underestimates the response when damage in the structure increases. Near the collapse of 

the tested structure, it was found that the pushover error reaches over 60%. In the study, the 

researchers also measured the natural frequency of the system at different points of the 

loading and the measuring data showed that the natural frequencies decrease as the damage 

develops. In dynamic analysis, this means that the response changes during the earthquake 

if high plasticity in the structure is present and could well explain why the static pushover 

analysis might not always produce results that represent reality. In this study it was well 

stated that the accuracy of pushover analysis should be verified, since the real cyclic response 

causes fundamentally different loading and yielding of structures compared to a static one-

directional loading. (Li et al. 2017.) 
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7.2  Seismic loading and fatigue 

Fatigue of steel structures can be analysed with multiple different methods, most notably the 

known methods are nominal stress method, hot-spot stress method and effective notch 

method. These methods are based on a S-N curve, where a stress range is plotted against the 

number of cycles before failure, that is derived from test results. These S-N curves, by 

Hobbacher & Baumgartner (2024), are presented between 1e5 and 1e9 cycles. Considering 

the nominal stress method, the rules state that the stress needs to be in elastic range of the 

material and the stress range should not be higher than 1.5 the yield strength of the material. 

(Hobbacher & Baumgartner 2024, 44-45.) In the presented earthquake time-history used in 

this analysis it can be noticed that the cyclic loading is well below the 1e5 cycles and during 

high seismic events the material stresses go well above the elastic region and the fatigue 

problem cannot be directly assessed by these methods. 

In typical seismic loadings, the fatigue life typically is below 1000 cycles. This is due to the 

large strains where yield is exceeded. Terminology for this low cycle fatigue, by Jia & Ge 

(2018), is presented as ultra-low-cycle fatigue. The failure mechanism in this low cycle 

fatigue could be fatigue, ductile, brittle or a combination between these three. It has also 

been noted in some earthquake failure analyses that first there has been a buckling failure of 

structural member and due to buckling induced strain concentration, fracture at the member 

has occurred. Research, by Jia & Ge (2019), studied different plasticity models and 

compared that to laboratory test pieces which were loaded to large strain rates. As a 

conclusion of this research, different models to represent different directional stress was 

found but as the low cycle crack growth is governed by advanced crack propagation, to get 

accurate answers it requires explicitly modelling the crack and using the XFEM approach, 

which brings its own computational costs and convergence issues. (Jia & Ge 2019, 1-2, 197-

198.) 

7.3  Seismic loading and damping 

As discussed in chapter 4.2, damping plays a vital role in dynamical behaviour of structures. 

Measuring damping in structures that are still in design phase, where all the decisions are 

made, is impossible and the estimated value must be based on research. ASCE/SEI 7-10 
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MCER accelerations are predefined for 5% critical damping assumption. If the actual 

damping of the built structures varies from this, the response could be drastically different.   

Particle damping is one method of reducing vibration issues in rotating machinery. Figure 

28 presents an example of a particle damper. By placing a particle damper in a vibrating 

machine, the motion of the running machine excites the damper. Mechanism of damping in 

this type of damper is based mainly on the impact energy dissipation through friction and 

particle deformation. (Lu et al. 2020, 21-22, 27-28.) 

 

 

Figure 28. Schematic of a particle damper 

 

In experimental research, by Lu et al (2022), researchers did vibration testing on a particle-

tuned liquid damper. By subjecting a steel frame structure to a seismic acceleration time-

history loading with and without a damper, the response acceleration results could be 

compared. The measurement results of this research showed that the peak acceleration 

without the damper was 795.3 µg and with the particle-liquid damper 583.0 µg. This 

corresponds to a 26.7 % decrease in just the peak response. Researchers also calculated the 

root mean square and found a decrease of 37.9 % between the two. This research showed 

that with tuned particle-liquid dampers, it is possible to achieve relatively high decrease in 

structural response during earthquake loading. (Lu et al. 2022.) 

When considering the structure and use case of the grinding mill machine presented in Figure 

29, the whole structure relatively closely resembles a particle damper. The shell of the mill 
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acts as a housing structure which is filled with particles, such as ore and grinding media, and 

liquid. When the structure is subjected dynamic loadings, the slurry inside the mill sloshes 

from side to side and the particles impact one another and abrasion occurs. This provides 

additional damping on top of the structural material damping, but the estimation based on 

analytical or numerical methods is difficult. Physical modal testing with full and empty mill 

would provide excellent comparison on the dynamical behaviour of the system. 

 

 

Figure 29. Schematic of a filled grinding mill 

 

7.4  Design perspectives for industry 

Design and structural analysis in industry is heavily influenced by research data provided by 

independent, private research centres and university researchers. Although the goal always 

is to produce methods and calculations as accurately as possible and base that on physical 

test provided data, sometimes this is not possible due to time requirements and engineers are 

left to solve problems as using conservative decisions. From general engineering 

perspective, the difficulties might rise in the overall scope of the project and the factors 

which are unknown at the beginning of project. For example, in the grinding mill case study, 

or any component that is of relative size and requires a foundation that is designed and 

constructed by another company. 
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ASCE/SEI 7-10 provides tools to approximate fundamental period of structure with 

predefined structure types such as concrete, steel moment-resisting frames or steel buckling-

restrained braced frames. The approximate fundamental period is calculated as (American 

Society of Civil Engineers 2013, 72): 

𝑇௔ = 𝐶௧ℎ௡
௫ (24) 

where 𝑇௔ is the approximate fundamental period, 𝐶௧ is the period coefficient,ℎ௡ is the 

structural height and 𝑥 is another period coefficient. 

In the grinding mill case study, the foundation was a moment-resisting concrete frame and 

by selecting the appropriate coefficients from ASCE/SEI 7-10 and using the foundation 

height of 6.1 meters, the approximate fundamental natural frequency is 4.22 Hz. With finite 

element method, the calculated natural frequency was calculated as 2.63 Hz. There is a large 

difference between this estimation and the FEM approximation. In the equation (25), the 

cross-sectional properties of the structure are not considered, and it is most likely based on 

some sort of averaged data. 

For all ASCE/SEI 7-10 linear methods, the response modification factor 𝑅 was used with 

importance factor 𝐼 to scale the elastic design forces. If considering that importance factor is 

set to 1 and using the 𝑅 value of 2.5, which is designated to engines, turbines, pumps and 

other similar components, a response spectrum can be calculated as presented in Figure 30. 

(American Society of Civil Engineers 2013, 93)  
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Figure 30. Response spectrum comparison 

 

By looking at the curve of the response modification factor, the forcing input is less than half 

after the reduction. By using the reduced forces, code compliance can be achieved, but the 

actual failure and failure modes might not be captured. How ASCE has defined these values 

and what kind of studies it is based on, is unknown. If the anchoring of the engine has a 

brittle failure at 0.6g and the response modification factor expects higher ductility than what 

is present, there could a potentially hazardous failure coming when an earthquake hits. 

7.5  Reliability of study 

At the start of the thesis, it was known that the reliability would be difficult to estimate. 

When using finite element approximation method, the results depend heavily on what the 

user inputs before solving the model equations. This thesis and the results rely heavily on 

the built model and the derived results. On top of this, the full mill system analysis can be 

modelled an infinite different ways with assumptions on the contacts, connections and 

simplifications. Goal of the thesis was not to do a strength analysis, or estimate failures in 

the mill structure, but to analyse what kind of response the structure has using the presented 
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different analysis methods and study how these computational methods results vary when 

analysing the results. Starting with the solved SDOF transient analysis, the solver settings 

and results were compared and verified against the data provided by Pacific Earthquake 

Engineering Research Center generated SDOF response spectra. Maximum differences in 

the transient analysis maximum accelerations were found to be approximately ±10% across 

the solved frequency range. One of these frequencies in the SDOF domain was selected by 

the axial natural frequency of the modelled grinding mill system. Even though the modelled 

mill system was much more complex model with nonlinear contacts in the bearing structure, 

the acceleration response solved using transient analysis was closely following similar 

pattern as the SDOF system, as presented in Figure 21. This provides confidence that the 

overall finite element meshing and the contact definition and iterations have converged. By 

using the peak acceleration response found by the transient analysis and using this loading 

in static analysis, a similar stress distribution was found in the bearing structure, which 

provides confidence that the static analysis method is viable in the material elastic region. 

7.6  Further study 

Many of the currently available research is based on construction/building type of structures, 

where the structure is mainly constructed of relatively slender profiles and thus the failure 

in most cases is dominated by plastic hinge mechanism. If considering the bearing structure 

used in this thesis, which is a relatively stiff and short welded structure and the failure mode 

is most likely dominated by ductile or brittle fracture in the welded connection before any 

noticeable plastic hinges start forming. From this standpoint, using the pushover analysis 

might produce difficulties since the plastic hinge forming happens at such a high load that 

the brittle fracture is of more concern. New research providing more knowledge and 

confidence in equivalent static methods provide valuable data for engineers to study high 

seismic behaviour in the material nonlinear zone without using high computational power 

with the full transient analysis. 
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8  Conclusions 

This thesis studied the methods used to verify structural integrity in an earthquake loading 

scenario. The first research goal of the thesis was to study why there are multiple different 

computational methods to analyse seismic loadings and how the results between these 

compare. Second goal was to study what kind of acceptance criteria ASCE/SEI 7-10 gives 

and how those can be applied to nonstandard structures like industrial machines, such as a 

grinding mill. 

Three main methods were identified from ASCE/SEI 7-10 as: 

1) response history method (Transient analysis), where the measured data of the 

earthquake is applied to a structure as a forcing input and the equation of motion is 

solved 

2) modal response spectrum method (Response spectrum analysis), where the modal 

properties of the structure are solved and through scaling of the mode shapes using 

the mass participation and SDOF system’s maximum acceleration, the peak response 

can be estimated using modal combination 

3) equivalent static method (Static structural), where the full earthquake’s time-

history’s maximum acceleration in a SDOF system is applied directly to the structure 

in a static environment 

Theory was applied to a SDOF spring-mass system to verify the transient analysis using 

ANSYS 2024 R2 Finite element analysis software. Moving from this verification, the three 

different methods were applied on a full-scale model of a Metso Select™ grinding mill. 

Seismic load used across all three analyses were based on a single measured earthquake 

time-history by Pacific Earthquake Engineering Research Center. By using the direct 

measured earthquake acceleration in transient analysis, and the corresponding response 

spectrum and its frequency based singular maximum acceleration value in static method, the 

forcing input in all three analyses were based on the same underlying data and the results 

were directly comparable.  
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The obtained lobal deformations across the three analyses were almost identical, with only 

percentual difference between them. From stress distribution perspective, the results 

between transient and static analysis align well with each other due to nonlinearities in the 

contact modelling of the bearing structure. Comparing these two with the response spectrum 

method, where the contact linearization due to linear modal analysis, presents challenges in 

unrealistic stress distributions across a structure where the contact definition defines the 

behaviour. 

Difficulties in transient analysis were that the computational cost is massive compared to the 

two other simplified methods. Solving the full mill model with presented setup took close to 

14 hours and if considered that the time step size, forcing input and set damping value 

adjustments could have potentially large effects on the response, it is very time consuming 

to iterate and test the sensitivity of the model to these changes. 

All the analyses were run with geometric and material linearity and according to ASCE/SEI 

7-10, the only method valid for analysing the plastic strain behaviour of structures is the 

nonlinear response history method. When considering the computational cost of the linear 

response history method solved in this thesis and adding up nonlinearities in the material, 

the solution times might rise to extremely high levels. Although ASCE does provide 

response modification coefficients that vary between different type and material of 

structures, which can be used to lower the design forces to account for expected ductility of 

materials after elastic region, it is difficult to know exactly the plasticity behaviour of ASCE 

defined generator and the generator the seismic analysis engineer is currently working with. 

In construction frame structures, the use of these coefficients is most likely reasonable and 

provide accurate representation of failure criteria, but for industrial machines where the 

structure and its geometry and connections are non-standardised, it is harder to have 

confidence in adapting reduction coefficients. 

Seismic design is a fascinating subcategory of structural engineering and in some high 

seismic zones around the world, it is the governing design criteria which determines the 

overall structural design. Focusing research on this field is necessary since going by the most 

conservative method available or designing everything below yield strength criteria leads to 

overdesign and excess use of materials and raises avoidable manufacturing costs. Interesting 

product specific research for grinding mill would be related to the damping mechanism of 
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the slurry. This could be researched by doing experimental modal testing on the mill with 

empty and filled mill to get comparable data.   
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Appendix 1. Modal mass participation results 

  Ratio of Effective Mass to Total Mass 
Mode Frequency 

[Hz] 
Translation 

X 
Translation 

Y 
Translation 

Z 
Rotation 

X 
Rotation 

Y 
Rotation 

Z 
1 2.63 0 % 81 % 0 % 41 % 0 % 0 % 
2 7.81 57 % 0 % 0 % 0 % 41 % 72 % 
3 13.53 2 % 0 % 0 % 0 % 35 % 2 % 
4 14.85 0 % 0 % 0 % 0 % 0 % 0 % 
5 15.57 0 % 0 % 0 % 0 % 1 % 0 % 
6 17.28 0 % 1 % 50 % 30 % 0 % 0 % 
7 17.80 11 % 0 % 0 % 0 % 8 % 1 % 
8 21.91 0 % 0 % 3 % 1 % 0 % 0 % 
9 21.97 2 % 0 % 0 % 0 % 3 % 0 % 

10 22.49 0 % 4 % 0 % 1 % 0 % 0 % 
11 23.18 0 % 2 % 9 % 8 % 0 % 0 % 
12 23.55 9 % 0 % 0 % 0 % 7 % 0 % 
13 28.13 0 % 1 % 4 % 6 % 0 % 0 % 
14 29.70 0 % 0 % 0 % 0 % 0 % 0 % 
15 30.04 0 % 0 % 0 % 0 % 0 % 0 % 
16 32.68 0 % 0 % 0 % 0 % 0 % 0 % 
17 33.95 0 % 0 % 0 % 0 % 0 % 0 % 
18 34.82 0 % 0 % 0 % 0 % 0 % 1 % 
19 35.30 0 % 0 % 0 % 0 % 0 % 0 % 
20 37.34 0 % 1 % 0 % 0 % 0 % 0 % 
21 39.83 0 % 0 % 1 % 0 % 0 % 0 % 
22 41.46 0 % 0 % 5 % 0 % 0 % 0 % 
23 42.67 1 % 0 % 0 % 0 % 0 % 0 % 
24 43.88 0 % 0 % 0 % 0 % 0 % 0 % 
25 44.27 0 % 0 % 0 % 0 % 0 % 0 % 
26 44.94 0 % 0 % 0 % 0 % 0 % 0 % 
27 45.52 0 % 0 % 0 % 0 % 0 % 0 % 
28 46.81 0 % 0 % 0 % 0 % 0 % 0 % 
29 47.15 0 % 0 % 0 % 0 % 0 % 0 % 
30 48.33 0 % 0 % 0 % 0 % 0 % 0 % 

SUM   83 % 91 % 72 % 87 % 96 % 77 % 
 


