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Tämän diplomityön tarkoituksena on tutkia ja kehittää kattilalaitoksen tuhkasuppiloiden mi-

toitusta ja rakennetta perehtyen nykyisiin suppilorakenteisiin sekä soveltaen teräsrakennes-

tandardeja. Tavoitteena on lisäksi suppiloiden valmistuskustannusten ja  massan optimointi 

sekä laskennan yhtenäistäminen.  

 

Toisin kuin kattilan painelaitteille, tuhkasuppiloille ei ole suoraa standardia, joka määräisi 

suppilon suunnittelua yksikäsitteisesti. Suppilon suunnittelukriteerit asetettiin soveltaen 

osaa Eurokoodi-standardeja sekä yleistä lujuusoppia. Kuormitukseen liittyvät vaatimukset 

tulevat osin standardeista sekä tuotekohtaisesti Valmetilta. 

 

Tuhkasuppilo on hitsattu levyrakenne, jonka pääasiallisena kuormituksena on levyn normaa-

lin suuntainen painekuorma. Työssä esitellään suppilorakenteiden laskentaan tarvittavaa pe-

rusteoriaa kuten jäykistettyjen levykenttien, jäykisteiden ja hitsien mitoitusta. Korkean läm-

pötilan huomioon ottaminen on myös oleellinen osa tuhkasuppiloiden tarkastelussa.  

 

Suppilorakenteen lujuustarkastelu suoritettiin pääosin käyttäen FE-analyysiä. Lisäksi sovel-

lettiin yksinkertaistettuja analyyttisiä laskentakaavoja, joiden soveltuvuus varmistettiin ver-

tailulla. Erilaisia rakenneratkaisuja vertailtiin tutkien esimerkkisuppiloa.  Rakennetta voitiin 

keventää yleisesti optimoimalla jäykisteiden paikoitusta, muokkaamalla rakenteen yksityis-

kohtia sekä vähentämällä hitsiliitoksia. Työn tuloksena laadittiin mitoitustyökalu tuhkasup-

piloiden perusrakenteen määritykseen. Työn lopussa pohditaan lisäksi mahdollisia jatkoke-

hityskohteita sekä potentiaalisia parannusehdotuksia.   
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The purpose of this thesis is to research and develop the design and dimensioning of boiler 

ash hoppers by analyzing existing hoppers and applying relevant steel structure standards. 

The goal is also to optimize the mass and manufacturing costs of hoppers and harmonize the 

calculation.  

 

Unlike for pressure parts of the boiler, there is no direct standard that would set explicit 

design requirements for ash hoppers. The design criteria of the hopper were set by applying 

Eurocode-standards and basic strength of materials. The requirements related to loads are 

obtained partly from standards and product-specifically from Valmet. 

 

Ash hopper is a welded plate structure that is mainly subjected to out-of-plane pressure loads. 

The thesis presents the basic theory needed in the calculation of hopper structures including 

the dimensioning of stiffened plates, stiffeners, and welds. Considering the high tempera-

tures is also an important aspect in the analysis of ash hoppers.  

 

The structural analysis of ash hoppers was primarily done with FE-analysis. Simplified an-

alytical calculations were additionally applied and results were verified by comparison. Dif-

ferent design constructions were compared by analyzing an example hopper. The structure 

could be generally enhanced by optimizing the placement of stiffeners, modifying design 

details, and reducing the amount of welding. Based on the results of this thesis, a dimension-

ing tool was developed for determining the basic design parameters for ash hoppers. Future 

development ideas and potential improvement areas are discussed at the end of the thesis. 
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1 INTRODUCTION  

 

 

Valmet is one of the global leaders in providing solutions and service for the paper, pulp and 

energy industries. This masterôs thesis is done for the boiler engineering department in 

Valmetôs pulp and energy business line. The business lineôs main products can be divided 

into three main categories: pulp production, energy production and biomass conversion 

technologies. The boiler engineering department located in Tampere is responsible for the 

design and development of the boilers, gasifiers, and related structures.  

 

Valmet produces three main boiler types: Valmet BFB (bubbling fluidized bed) Boiler, 

Valmet CFB (circulating fluidized bed) Boiler and Valmet Recovery Boiler (RB). Figure 1 

presents the concepts of the main boiler types. BFB and CFB boilers can use various types 

of solid fuels like biomass, coal, wood products and waste. Black liquor is burned in a 

recovery boiler to produce energy and to recover chemicals for further use in the mill plant. 

The basic working principle of the boilers is similar, fuel is burned in the furnace to generate 

steam from circulating water and then the hot steam is used for producing electricity and 

heat. Burning a fuel always generates ash and it needs to be removed via ash handling system 

in a boiler. The ash is collected by various ash hoppers located within the ash handling and 

flue gas systems. Collected ash is then conveyed to fly ash silos for storage and transporta-

tion.  

 

 

Figure 1. Boiler types (Valmet MyAcademy). 
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1.1 Ash hopper 

Ash hoppers are part of the ash handling system in boilers, and they can also be considered 

as components in the flue gas system since the flue gases flow through the hoppers. There 

are multiple ash hoppers within the boiler as the ash is collected from several points. Hoppers 

below the filters in the flue gas cleaning system collect the majority of the total ash. Addi-

tionally, there are ash hoppers in the backpass before the flue gas cleaning system. These 

hoppers collect only a small portion of the total ash, but they are a critical component for the 

functionality and due to demanding conditions. These hoppers are the main focus of this 

thesis. The ash handling system especially in BFB and CFB boilers share similar design and 

components. Figure 2 presents the main components of an example CFB boiler ash handling 

and flue gas systems.  

 

 

Figure 2. Example CFB boiler main components of ash handling system (Valmet 

MyAcademy). 

 

The main purpose of the hopper is to collect the dropping ash particles from surfaces and 

out of flue gas. Flue gas flows through the hopper and into the flue gas duct, while some ash 

particles drop down onto the hopper. Ash flowing with flue gas is referred as fly ash. Flue 

gas temperatures vary based on the boiler type, configuration, and location but can be up to 

550 °C when passing through the hopper. Ash hoppers are insulated from the outside with 

temperature-resistant mineral wool and rubber mats. 
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Ash hopper design changes based on the configuration, type and overall size of the boiler. 

For this research and optimization, one general type of hopper design and configuration was 

chosen. The basic design of the hopper is kept uniform, but the scale is varied. Top feeding 

hopper with the flue gas duct located on the side of the hopper was chosen as the focus. 

Variation of this type of hopper can be found in various configurations but usually in the 

backpass of CFB or BFB boiler. This type of hopper is generally the most demanding to 

design as it needs to be the largest in size and is subjected to the highest temperatures. The 

hoppers below the flue gas filters are different in design and are not specifically considered, 

but the same rules are applicable.   

 

Ash hopper is a rectangular-shaped plate structure. It has a pyramidal bottom part and rec-

tangular or slightly pyramidal top part. Overall dimensions vary but generally hopper width 

and depth are 2 ï 20 m and the height 2 ï 6 m. Typical plate thicknesses vary between 4 - 

15 mm. The hopper walls are stiffened by outside horizontal stiffeners and vertically orien-

tated inside stiffeners along the walls. Typical stiffeners used are flat bars, L-bars and U-

beams. Additionally, whole plate walls are stiffened by the inside tension rods. Tension rods 

connect the walls and add overall rigidity. One sidewall of the hopper has a cut-out for the 

flue gas duct and the duct is attached by welding. Ash hopper is a part of the flue gas system 

and it must be gastight, so all joints in the structure are done by welding. Figure 3 presents 

an example ash hopper and related main components.  

 

 

Figure 3. Example ash hopper and its main components. 
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Hopper is mainly loaded by dead weights, ash load and flue gas pressure. There are different 

options for the support constructions of hoppers, but figure 3 presents a hopper attached by 

hanger plates. Hanger plates are welded to the corresponding attachment plates above. Ad-

ditionally, the top edge of the hopper is welded all around by the tightening plates to ensure 

a gastight seal. Ash screw or conveyor is attached to the bottom of the hopper to transport 

the ash into fly ash silos. The conveying system is hung from the hopper and typically has 

no separate supports beneath. 

 

Ash hopper is usually too large to be transported as a whole to the site, so it cannot be fully 

fabricated at the workshop. Prefabricated blocks are prepared at a workshop and then packed 

for transportation. Blocks can be full or partial wall sections with welded stiffeners. Final 

assembly is then done at the site by combining and welding the prefabricated blocks together. 

Final fabrication of ash hopper on the site sets special challenges for assembly accuracy and 

easy manufacturability.  

 

1.2 Research problem  

Ash hoppers are designed project-specific while basing the design on previously produced 

hoppers and the design features are scaled up or down according to the reference. However, 

there are always differences between the hopper designs that require iteration and analyzing 

every hopper in detail is a tedious process that takes time and resources. Valmet has gener-

ated its own design instructions and calculation sheets for various boiler components, but 

ash hoppers do not have separate instructions yet. 

 

The challenge is the wide range in the scale of the hoppers. Comparing the largest hopper, 

the dimensions can be up to 5 times of a small hopper. While the basic design remains mostly 

the same, specifically the need for stiffening increases greatly in larger plate areas. This 

increases the demands for the whole design. With such a variable scale, it is difficult to create 

optimum solutions for the range of designs. Even bigger boilers are also produced all the 

time and consequently, larger ash hoppers are then required. The highest possible savings in 

design, manufacturing and material costs are available in the largest structures, but 

requirements for the design are also the highest. 
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1.3 Objective and goals 

The purpose of this thesis is to research and improve the design and dimensioning of ash 

hopper structures. Then the objective is to optimize material usage and manufacturing costs. 

Previous ash hoppers and calculations are studied along with related steel structure 

standards. The current design features can be altered, but the overall construction will remain 

mostly unchanged. The most important optimizable parameters are the determination of the 

stiffener layout and choosing the stiffener profiles. Welding is a major part of the hopper 

assembly and it is tried to be minimized to reduce manufacturing time and costs.  

 

After analyzing and enhancing the overall design, the goal is to generate a dimensioning tool 

for project-specific ash hopper design. Given input data are the general dimensions of the 

hopper and the load data. The tool should provide the basic parameters for the design of the 

hopper based on the structural criteria. The list of parameters includes: 

¶ Material recommendations 

¶ Basic plate thicknesses 

¶ The layout of horizontal and vertical stiffeners 

¶ Stiffener profiles 

¶ Placement of tension rods and profiles 

¶ Design of welds 

¶ Number of hanger plates 

 

The tools should be easy and simple to use, and it is mainly intended for design engineers. 

The structural design that fulfills the dimensioning criteria should be obtained without de-

tailed analysis by a structural engineer. Possible special cases that do not correspond to the 

base structure of the studied hopper will be checked separately. Another objective of the 

dimensioning tool is to generalize the hopper details. Although hoppers will always be de-

signed project-specific, certain design features are uniform. In addition to generalizing the 

design, the aim is to standardize calculation with Eurocode practices. Eurocodes donôt pro-

vide a direct guide for this special application, but multiple standards are reviewed and 

applied. Other sources and standards are also used.  
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1.4 Research methods 

Research begins by studying existing ash hoppers and their design. Meetings and discussions 

with related design and structural engineers are utilized to gather possible improvement 

ideas. The manufacturing and assembly of hoppers is reviewed along with comments from 

practice. The previous structural analysis reports are studied to discover basic practices and 

possible problem areas in the analysis of previous ash hoppers. To goal is to develop the 

calculation methods and old calculations and reports are used just for reference.  

 

Literature and standards relevant to ash hopper structures are reviewed. There is no direct 

design standard for an ash hopper, so the review is compiled using different standards and 

sources. The aim is to base the analysis mostly on EC3 (Eurocode 3) to uniform the practices. 

Literature and design standards are researched to combine the needed theory and equations 

for the calculations. Additionally, Valmetôs own design instructions and material spec-

ifications are utilized in defining the design criteria. Other product-specific information is 

obtained from Valmet. Previous research on related topics is also utilized as the reference 

for the analysis.  

 

Both analytical and numerical calculation methods will be used in the analysis of the ash 

hopper. Comparison between these results is used to verify the accuracy and reliability. Fi-

nite element analysis (FEA) is used as the numerical calculation tool and analytical equations 

for calculation are obtained from relevant Eurocodes and basic strength of materials. Ana-

lytical calculations require simplifying the problem into a suitable form and analyzing struc-

tural members separately and FEA is then used to validate the results. Analytical calculations 

are required for the dimensioning tool. Design optimization is carried out by a practical 

engineering approach, comparing different options and their effect on the total mass and 

estimated costs. 

 

1.5 Framing 

There are multiple types of ash hoppers in different boilers. This masterôs thesis will focus 

on one specific type of hopper, but the results can be partly applicable to other hoppers as 

well. The construction of the hopper is generalized, but the scale of dimensions can vary. As 

this thesis aims to form a general dimensioning guide for a certain type of hoppers, it will 

only consider structural design and detail design need to be executed manually. Hopper 
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structure is simplified to an adequate level with relevant assumptions in order to perform 

general analyses.  

 

Special load situations like earthquake loads are left outside the scope of this thesis. Boilers 

are delivered to locations where earthquakes are an important aspect to be concluded in the 

analysis, but for these cases, the analysis has to be done separately by structural analysis.  

 

Surrounding equipment is included in the analyses, but the design of them is not considered. 

Joining structures like flue gas ducts already have their own separate dimensioning guide, 

so they are left outside the scope of this thesis. The thesis only considers the design of the 

ash hopper. 
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2 LOADS ACTING ON THE HOPPER  

 

 

The main loads acting on the hopper are the dead weight of the structures, flue gas pressure 

and the ash load. The size of hopper and external structures vary and therefore loads need to 

be considered case-by-case, but this chapter presents the principles in defining the acting 

loads.  

 

2.1 The dead weight of the structures 

The dead weight of the hopper can range from a few tonnes even up to 20 tonnes in the 

largest hoppers. The weight of insulation should also be considered. Hopper is supporting 

the connected components like the flue gas duct and ash conveyor. The hopper is attached 

from the top so the dead weight will cause mostly tensile stresses in the structure. Asymmet-

ric weight distribution of hopper and components can also cause global moment around the 

hopper and concentrate the support forces on one side. The nominal loads caused by dead 

weight are considered with gravitational acceleration g of 9,81 m/s2. 

 

Ash conveyor is connected to the bottom of the hopper by a flange connection, so the hopper 

supports its weight. As a safe general assumption, the conveyor's total dead weight is as-

sumed to be supported by the hopper. The size and mass of the ash conveyor vary based on 

the overall dimensions of the hopper but typically range from few tonnes up to 10 tonnes. 

 

The flue gas duct has separate supports, but the weight is partly supported by the ash hopper. 

Once the flue gas duct is attached to the hopper, the duct hanger plates support both the 

hopper and the flue gas duct. There are bellows in the flue gas duct to account for thermal 

expansion and the bellows do not transmit dead load, however, bellow causes a reaction 

force. The dead weight of the flue gas duct is considered case-by-case.  

 

2.2 Ash load 

The function of ash hoppers is to collect and guide the ash particles to the conveyor for 

transportation into permanent storage. Normally the ash is not accumulating in the hopper, 

but the ash level can rise in the hopper if there is a blockage, or the conveyor is malfunction-
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ing. The stored and flowing solid particles within the hopper then cause different load com-

ponents in the walls. The definition of silo and hopper loads in different standards are based 

on the classic theory of silo pressures by H. A. Janssen. Load components subjected to the 

hopper walls from the ash load are the normal pressure pnf and friction traction ptf  (figure 4). 

 

 

Figure 4. Ash load components of a hopper (SFS-EN 1991-1-4 2007, p. 67). 

 

The theory and calculation of silo load components is relatively complex, and therefore it is 

not relevant to present it in detail in this thesis. The load components acting on the hopper 

walls are calculated according to SFS-EN 1991-1-4.  

 

The hopper angle is a key variable of hopper load components as it defines the distribution 

between normal pressure and friction traction. Various particulate solid properties also affect 

the loads. The fly ash density varies depending on the fuel and boiler type, but typically, the 

ash density ɟ is 700-1000 kg/m3. Table 1 presents the general fly ash properties needed in 

the calculation of hopper loads. 

 

Table 1. Particulate solid properties (SFS-EN 1991-1-4 2007, p. 99). 
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Simple hydrostatic pressure load is calculated for comparison of the silo loads. The hydro-

static pressure load of ash is defined by the equation where z is a coordinate along the height 

of the hopper (Valtanen 2019, p. 185): 

 

 ὴ ”Ὣᾀ 

 

(1) 

Calculation of hopper loads using different methods was done for comparison. Figure 5 

presents the calculated load components in an example hopper with a hopper height of 1500 

mm and hopper angles of 40°. 

 

 

Figure 5. Load components of ash along the height of hopper according to SFS-EN 1991-

1-4 and by hydrostatic pressure load. 

 

2.3 Flue gas pressure 

The acting flue gas pressure pfg is boiler-specific, and it can be either negative or positive. 

Both the maximum and minimum values are considered in the analysis. In NFPA (National 

Fire Protection Association) compliant projects the design pressure is +/- 8,7 kPa (NFPA 85 

2019, p. 170).  
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2.4 Temperatures 

The acting flue gas temperature vary based on the boiler type, ash hopper location within the 

boiler and overall configuration of the hoppers. The design temperature is determined based 

on the process design parameters and typically can range from 200°C to 550°C. The hot flue 

gas flows through and the whole hopper is thermally insulated from the outside. Based on 

previous analyses, the temperatures between components are assumed to be relatively even, 

and therefore the stresses due to thermal elongation to be minor. The thermal elongation in 

joining structures like flue gas ducts is allowed with bellows.  

 

2.5 Partial safety factors and load combinations 

Load combinations should consider all the most unfavorable design situations that can occur. 

Limit states are used to distinguish design situations for the analyses. Eurocode divides the 

limit states into 2 categories: SLS (serviceability limit states) and ULS (ultimate limit states) 

(SFS-EN 1990 2002, p. 27). Structural strength is verified by ULS and deformations are 

checked by SLS. Limit state design is presented in detail in chapter 3.2. 

 

Load partial safety factors consider the uncertainties related to loads and load effects. SFS-

EN 1990 recommends partial safety factors for actions in different ultimate limit state 

analyses. For serviceability limit state analyses, all partial factors should be taken as 1.0 

(SFS-EN 1990 2002, pp. 47, 54). The general form of a combination of actions is expressed 

as (SFS-EN 1990 2002, p. 44):  

 

  ‚‎ȟὋȟ ‎ὖ ‎ȟὗȟ ‎ȟ‪ȟὗȟ 

 

(2) 

where ɝj  is a reduction factor for unfavorable permanent actions 

ɔG,j is a partial factor for permanent actions 

Gk,j is the design value of permanent action 

ɔP is a partial factor for prestressing actions 

P is the design value of prestressing action 

ɔQ,1 is a partial factor for variable actions 

Qk,1 is the design value of variable action 

ɣ0,i is the reduction factor for accompanying variable actions  
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Recommended partial safety factor for unfavorable permanent actions ɔG,j is 1.35 and for 

leading and accompanying variable actions ɔQ,i is 1.50. When both permanent and variable 

actions are analyzed in a load combination, the reduction factor for permanent actions can 

be used ɝj = 0,85, so the total partial factor for permanent actions reduces to 0,85 Ŀ 1,35 å 

1,15. (SFS-EN 1990 2002, p. 52.) Dead weight is considered as permanent action and the 

ash load is the main variable action and flue gas pressure is the accompanying variable 

action. The partial factor for accompanying variable actions can be lowered by factor ɣ0,i as 

the interaction of maximum flue gas pressure and maximum ash load is an unlikely situation. 

Factor of ɣ0,i = 0,7 is used. 

 

The following loads are acting on the hopper: 

A. Dead weight of the structures 

B. Ash load  

C. Positive flue gas pressure  

D. Negative flue gas pressure  

 

Table 2 presents the load combinations used in the analysis with the corresponding partial 

safety factors. Load case with only dead weight is not considered as it is covered by the other 

cases. Load case 1 is determining load case based on the stresses and deformations and load 

case 2 can be determining case considering the stability.  

 

Table 2. Load cases and partial factors for limit states. 

Load case ULS SLS 

1. Ash load + positive 

pressure 
1.15A + 1.5B + 1.05C A + B + C 

2. Empty hopper + negative 

pressure 
1.15A + 1.05D A + D 
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3 DESIGN CRITERIA  OF AN ASH HOPPER  

 

 

Ash hopper is a welded plate structure. It consists of rectangular straight plates and beam 

profiles. The hopper wall plates form the main structure, and they are stiffened with addi-

tional plates or beams. The inside tension rods stiffen the walls generally and carry loads 

from walls mostly as axial forces. All parts in the hopper are connected by welds and there-

fore welding is a major part of the design and assembly. This chapter introduces the design 

criteria and presents the most relevant theory needed in the analysis of the structure. The 

design criteria are set by considering relevant standards, different load conditions and possi-

ble failure modes in the structural members of the hopper. 

 

3.1 Standards guiding the design of an ash hopper  

Different standards provide guidelines for the design of a hopper. Ash hopper however is a 

special component so there is not a specific standard that would set explicit requirements for 

it. European design standards are applied to cover the different conditions and components 

of the hopper. In addition to standards, the equations and practices from the strength of mate-

rials are utilized with appropriate material properties. The guidelines for design criteria, load 

definitions and material properties can be mostly obtained from standards: 

¶ EN 1990 Basis of structural design. 

¶ EN 1991-1-4 Actions on structures. Silos and tanks. 

¶ EN 1993-1-1 Design of steel structures. General rules and rules for buildings 

¶ EN 1993-1-5 Design of steel structures. Plated structural elements. 

¶ EN 1993-1-7 Design of steel structures. Plated structures subject to out-of-plane 

loading. 

¶ EN 1993-1-8 Design of steel structures. Design of joints. 

¶ EN 1993-4-1 Design of steel structures. Silos. 

¶ EN 10028-2 Flat products made of steels for pressure purposes. Non-alloy 

and alloy steels with specified elevated temperature properties. 

¶ EN 13084-7 Free-standing chimneys. Product specifications of cylindrical steel fab-

rications for use in single wall steel chimneys and steel liners. 
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Plates form the main structure of the hopper and rules for general plate structures can be 

applied. Ash load and pressures cause loads mainly along the normal of the plate walls, 

referred as out-of-plane loading. SFS-EN 1993-1-7 presents design criteria and applicable 

analysis methods for stiffened and unstiffened plate sections subjected to out-of-plane load-

ing. Based on the standard, analysis can be carried out using the following methods but with 

certain limitations: 

a) Using standard formulas with appropriate boundary conditions 

b) Global numerical analysis 

c) Simplified methods 

¶ dividing plates into individual segments 

¶ considering stiffened plate as a grill 

 (SFS-EN 1993-1-7 2007, pp. 10-13.) 

 

The global out-of-plane loading also causes in-plane compressive and tensile forces in struc-

tural members such as stiffeners and in the wall panels locally. SFS-EN 1993-1-5 presents 

rules for plated elements subjected to in-plane loads. Standard provides additional details 

and methods for considering the effective width and buckling of plates due to compressive 

stress.  

 

Ash hopper can be partly considered as a silo structure as SFS-EN 1993-4-1 includes rules 

for rectangular and pyramidal silo- and hopper structures. Major differences are the top at-

tachment of the hopper, flue gas duct located on the side and special conditions like high 

temperatures. This standard can be mainly used as a reference guideline for determining the 

recommended analysis and design criteria. Modeling and analysis of rectangular silo struc-

ture should follow the rules from SFS-EN 1993-1-7. Additionally, the following conditions 

should be met when applicable: 

¶ All stiffeners, large openings and attachments should be included 

¶ The design should satisfy the assumed boundary conditions 

¶ The joints should satisfy the modeling assumptions for strength and stiffness 

¶ Each panel of the wall can be treated as an individual plate if flexural stiffnesses and 

forces and moments of adjacent panels are included 

(SFS-EN 1993-4-1 2007, p. 31.) 
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Standard categorizes silo structures into consequence classes based on capacity and design 

situations and different analysis methods are required for each class. Figure 6 presents the 

determination of the consequence class for silos. Situations are not directly comparable to 

ash hoppers, but definitions are used as a reference. 

 

 

Figure 6. Determination of consequence class for silos (SFS-EN 1993-4-1 2007, p. 21). 

 

Most ash hoppers can be then considered as a consequence class 1 since their capacity is less 

than 100 tonnes. Based on the standard, the internal forces in the plate segments may then 

be determined using three different methods: 

a) static equilibrium for membrane forces and beam theory for bending 

b) an analysis based on linear plate bending and stretching theory 

c) an analysis based on nonlinear plate bending and stretching theory 

(SFS-EN 1993-4-1 2007, p. 32.) 

 

For consequence class 1 and symmetrically loaded plates of consequence class 2, the sim-

plified method (a) may be used. For consequence class 3 and asymmetrically loaded plates 

of consequence class 2, the method (b) or (c) may be used. Use of a higher consequence 

class is always possible (SFS-EN 1993-4-1 2007, p. 32). Required analysis criteria for 

classes 1 and 2 can be fulfilled either by analytical calculations or by numerical methods like 

linear FEA. The analytical approach requires careful simplifications to the structure but with 

a correctly constructed FE-model, necessary phenomena are considered therefore making it 

a more accurate method. Based on the standard, non-linear methods are not required for a 
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basic global analysis of silos with the corresponding scale, but ash hopper is not explicitly 

considered a silo. Applicable methods should be considered case-by-case and comparative 

tests conducted to ensure proper representation of the structural behavior.  

 

As a summary of recommended analysis methods, simple analytical calculation methods can 

be used if the methods are verified appropriately. The structure can also be divided into 

individual sections for analysis if the details and connections between sections are verified. 

Global numerical analysis is recommended for all situations.  

 

The definition of the silo- and hopper loads are obtained from SFS-EN 1991-1-4. It presents 

the calculation of load components caused by filling and discharging solid ash particles in 

the hopper. Other loads and properties such as flue gas pressure and fly ash density are 

product-specific and obtained from Valmet. Recommended partial safety factors for actions 

and strength are obtained from relevant Eurocodes.  

 

EN-materials that have been previously utilized are only considered in this thesis. Material 

selection includes structural- and pressure-grade carbon steels and alloyed steels. Material 

properties of utilized steels can be obtained from various standards. As the temperatures of 

the hopper may exceed 550°C, material properties at elevated temperatures are needed along 

with specific properties like creep strength. SFS-EN 10028-2 presents specific elevated tem-

perature properties for pressure grade steels and alloyed steels. Additionally, elevated tem-

perature properties of structural steels can be obtained from SFS-EN 13084-7, as referenced 

by silo design standard (SFS-EN 1993-4-1 2007, p. 25).  

 

SFS-EN 1990 is the general Eurocode, and it presents basic rules and principles for structural 

analysis. General design criteria and definitions of limit  states are introduced. Standard also 

presents recommended partial safety factors for different types of loads that can be used if 

not otherwise presented in more detailed standards. SFS-EN 1993-1-1 includes rules and 

calculation procedures for the stability of structural members. Design rules and strength cal-

culation of welded connections are provided in SFS-EN 1993-1-8. The structural fire design 

standard SFS-EN 1993-1-2 is partly applicable in considering the effect of high tempera-

tures.  
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3.2 Limit state design 

Modern design instructions like Eurocodes utilize limit state design. Limit states are certain 

design criteria for the structure that it must fulfill. Limit states are applicable for all structural 

members, but the limiting criteria might vary for each component and structure. Limit state 

conditions are analyzed with the addition of the partial factor method by applying limit state-

specific safety factors for each load component and safety factors on material strength prop-

erties and other uncertainties (SFS-EN 1990 2002, p. 38). Limit states relevant for ash 

hoppers are introduced in chapters 3.2.1. and 3.2.2. 

 

3.2.1 Serviceability limit states  

Serviceability limit states correspond to the usability and functionality of the structure. It 

also includes aspects like appearance and the comfort of people using the machine or struc-

ture. Serviceability limit states are further divided into reversible and irreversible states 

based on the effect. (SFS-EN 1990 2002, pp. 28-29.) Exceeding the serviceability limit state 

does not directly cause the collapse of the structure, but it can affect the usability and damage 

the component in such a way that overall usability is lowered. 

 

In the case of ash hopper, the most valid serviceability limit  states to be considered are: 

¶ Deflection of wall panels locally or globally 

¶ Local deformation  

¶ Vibrations or oscillation 

 

SFS-EN 1993-4-1 recommends limiting values for deflection in rectangular silo walls. Rec-

ommended values are used for reference and specific limiting values can be agreed based on 

the case. Recommended global maximum out-of-plane deflection ŭmax
 should be taken as the 

minimum of (Mod. SFS-EN 1993-4-1 2007, p. 102): 

 

‏  άὭὲ  ὯὌȟ  Ὧὸ  (3) 

 

where k1 and k2 are specific factors and H is the overall height of the structure and t is the 

thinnest wall thickness. Recommended values for factors are k1 = 0.02 and k2 = 10. (SFS-

EN 1993-4-1 2007, p. 102.) Maximum out-of-plane deflection in a single plate segment 

relative to its edges should be limited to: 
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‏  Ὧὥ (4) 

 

where k3 is a specific factor and a is the shorter side of a rectangular plate. Recommended 

value for factor k3 = 0.05. (SFS-EN 1993-4-1 2007, p. 103.) 

 

Local deformations can occur in different structural members. Small local deformations do 

not cause disturbance in the normal operation of a hopper. Vibrations or oscillations can 

occur from fluctuating pressures or by natural frequencies. Vibrations can cause abnormal 

behavior and noises in the structure or even damage. In the case of ash hoppers, vibrations 

are not considered to be a major risk due to the nature of loads and adequate stiffening. 

 

In the case of ash hopper, serviceability criteria are not the determinative aspect. Hopper is 

a statically working structure that has no special requirements for functionality. Deflections 

or deformations do not easily affect the normal operation and risks of vibrations or 

oscillation are low. The design is driven by structural strength requirements.  

 

3.2.2 Ultimate limit states  

Ultimate limit states correspond to states that concerns the safety of the people and the struc-

ture. Exceeding the ultimate limit state will cause the collapse of the structure or part of the 

structure. (SFS-EN 1990 2002, p. 28.) Ultimate limit states are divided into 4 categories:  

¶ EQU: Loss of static equilibrium 

¶ STR: Structural failure, internal failure, or excessive deformation 

¶ GEO: Geotechnical failure or excessive deformation in the ground of foundation  

¶ FAT: Fatigue failure 

(SFS-EN 1990 2002, p. 42.) 

 

Structural failure and fatigue failure are relevant when concerning the ash hopper. Ultimate 

limit states can be further divided by failure modes for the examination of different structural 

members under load conditions. The most important failure modes of an ash hopper 

corresponding to ultimate limit states include: 

¶ Plasticity or plastic mechanism 

¶ Fracture or failure of a member or a weld joint 

¶ Loss of stability  
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Structural failure can also occur due to mechanical or thermal fatigue, but it is not considered 

a major risk in an ash hopper. The overall temperature distribution or the loads do not vary 

greatly during the boiler operation and normally there are no sudden temperature changes or 

impact loads. The dimensioning is based on static loads. 

 

Detailed design criteria leading to mentioned failure modes are presented in the following 

chapters. Specific partial safety factors for different load combinations and materials are 

considered in ultimate limit state analyses. The load combinations and the corresponding 

partial safety factors are presented in chapter 2.5. Adequate structural strength is verified by 

ultimate limit states. 

 

In addition to load partial factors, partial resistance factors are recommended for certain de-

tails and failure modes. Table 3 presents the relevant resistance factors and corresponding 

recommended values for silo structures. Additional resistance is recommended against loss 

of stability, wall rupture, fatigue and failure of connections. (SFS-EN 1993-4-1 2007, p. 23.)  

 

Table 3. Partial resistance factors for silo structures (SFS-EN 1993-4-1 2007, p. 23). 

Resistance to failure mode Relevant ɔ 
Recommended 

value 

Resistance of welded or bolted shell wall to plastic limit state ɔM0 1.00 

Resistance of shell wall to stability ɔM1 1.10 

Resistance of welded or bolted shell wall to rupture ɔM2 1.25 

Resistance of shell wall to cyclic plasticity ɔM4 1.00 

Resistance of connections ɔM5 1.25 

Resistance of shell wall to fatigue ɔM6 1.10 

 

3.3 Plates 

The hopper walls consist of stiffened plates. The whole walls can be considered as grill 

formed by the stiffener profiles or alternatively consider the single plate segments sur-

rounded by the stiffeners individually. The longer side of individual plate segment b is de-

fined by the span of vertical stiffeners and the smaller side of a plate a is defined by the span 

of horizontal stiffeners (figure 7). For the most efficient solution, both dimensions should be 

maximized with an optimal b/a ratio, without exceeding the design strengths. 
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Figure 7. Plate segment defined by the stiffeners in a hopper wall. 

 

Plate is a structural member with a small thickness compared to other dimensions. Various 

theories have been developed to assess the structural behavior of plates. The most commonly 

used theory is the classic plate theory, also known as the Kirchhoff plate theory. The classic 

plate theory has an analogy to beam theory, and additional assumptions are made to simplify 

the 3-dimensional plate case into 2-dimensional. The theory assumes that normals of the 

midsurface remain normal to deformed midsurface and there is no transverse strain through 

the thickness of the plate. The theory is based on linear elasticity and small deflections. 

(Bhaskar & Varadan 2021, pp. 12-15.) Figure 8 presents a general plate subjected to out-of-

plane loading and the corresponding governing equation for the deflection w is expressed as 

follows (SFS-EN 1993-1-7 2007, p. 19): 
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Where flexural rigidity of plate D is defined as (SFS-EN 1993-1-7 2007, p. 19): 
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where E is Youngôs modulus  

 ɜ is Poissonôs ratio 
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Figure 8. Deflection of a plate subjected to out-of-plane loading. 

 

The exact solution of the plate problem can be found in limited cases but numerical solutions 

for various plates and conditions are tabled by different sources. SFS-EN 1993-1-7 presents 

tabled values of coefficients for easy calculation of transversely loaded rectangular plates. 

Values are pre-calculated for different boundary conditions, load types and dimension ratios 

of rectangular plates. The calculated coefficients take into account Poissonôs ratio v of 0.3. 

Tabled coefficients for plates under uniformly distributed loading with pinned and fixed 

boundary conditions based on small deflection theory are presented in tables 4 and 5.  

 

Table 4. Coefficients for rectangular plate subjected to uniformly distributed loading with 

pinned boundary conditions (SFS-EN 1993-1-7 2007, p. 22). 
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Table 5. Coefficients for rectangular plate subjected to uniformly distributed loading with 

fixed boundary conditions (SFS-EN 1993-1-7 2007, p. 22). 

 

 

Small deflection theory does not account for membrane stresses in the plate, so coefficients 

for bending stresses and coefficient for deflection are only presented. Table variables are the 

coefficients for bending stresses around x-axis kůbx and y-axis kůby and a coefficient for de-

flection kw. Denotation after the subscripts refer to the corresponding location in the plate. 

For uniformly distributed loading the bending stress around x-axis ůbx,Ed  can be calculated 

as (SFS-EN 1993-1-7 2007, p. 21): 
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where qEd is the design value of uniformly distributed loading 

  

Consequently, the bending stress around y-axis ůby,Ed can be calculated as (SFS-EN 1993-1-

7 2007, p. 22): 
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The stress components can then be combined into equivalent von Mises stress ůeq,Ed with the 

equation, assuming no shear stresses occurs in the plate (SFS-EN 1993-1-7 2007, p. 22): 
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(9) 
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The deflection of a plate w can be calculated with equation (SFS-EN 1993-1-7 2007, p. 21): 
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(10) 

 

Tables do not present coefficient for bending stress around y-axis ůby,Ed at the edge of the 

longer side, but due to bending around the x-axis and constraints, the y-stress component is 

also formed. Von Mises stress at the longer edge is calculated so the maximum stresses are 

easily comparable with FEA. The bending stress around y-axis ůby,Ed at the longer side of the 

plate is approximated using Poissonôs theory: 

 

 „ ȟ ’„ ȟ   (11) 

 

Calculation with the coefficients is fast and simple but there are limitations. The coefficients 

are tabled with a minimum of 0.5 intervals so the intermediate values should be interpolated 

for better accuracy. The small deflection theory also has limitations, as the calculated de-

flection w should be below t/2 for reasonable accuracy with the theory (Niemi & Kemppi 

1993, p. 154). Selection of correct boundary conditions is the most important factor defining 

the accuracy of results. In a continuous stiffened plate, the edges defined by stiffeners can 

be considered relatively rigid and the effect of joining plates can be ignored due to symmetry 

at the plate edges. Appropriate boundary conditions should still be verified by testing.  

 

As the plate deflection increases, the small deflection theory overestimates the plate stresses 

and gives conservative results. When the deflection in a plate increases, membrane stresses 

occur and start to carry the loading. (Niemi & Kemppi 1993, p. 154.) Large deflection theory 

considers the membrane stresses and therefore it can give higher capacity. SFS-EN 1993-1-

7 also presents the tabled coefficients for calculation by large deflection theory but the small 

deflection theory is considered to be adequate for ash hopper plate segments, so the more 

complicated calculation by large deflection theory is not presented.  

 

3.4 Stiffeners 

Stiffeners in a plate are used to increase buckling resistance or limit the global stresses and 

deflection. When a plate is subjected to out-of-plane loading, the main purpose of stiffeners 
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is to help carry the plate bending moments and then limit global deflection and overall stress. 

Plate bending moment is determining in the direction of shorter stiffeners, so it is more effi-

cient to control stresses by limit ing the plate dimension a using stiffeners. The stiffeners 

along the long side resist the total deflection of the plate and the stress of stiffener itself can 

be determining in this direction. For compressive in-plane loads, the stiffeners are used to 

increase buckling capacity by dividing the plate into smaller sections. Buckling capacity can 

mainly be increased by stiffeners along the long side of the plate. Long stiffeners divide the 

plate into narrow sections which are more resistant to buckling. (Niemi 2003, p. 19.) 

 

When stiffeners are welded to the hopper walls with adequate strength welds, the stiffener 

and width of the plate can be considered as a uniform profile. The full width of the plate wall 

between stiffeners cannot be utilized due to shear lag. In a thin and wide flange connected 

to a web, the shear deformations are not uniform across the width of the flange, and stresses 

are distributed closer to the web. This means that the edges of wide plates are not stressed 

and cannot be considered fully  effective. (Niemi 2003, p. 38.) Eurocode considers shear lag 

by reducing the plate width into effective width. In a rectangular silo wall, the effective width 

of plate flange Beff on each side of stiffener should be taken as (SFS-EN 1993-4-1/AC 2009, 

p. 2): 

 

 ὄ  ὲ ὸ (12) 

 

where recommended value for effective width factor new is 15Ů and coefficient Ů is defined 

by the equation where fy is the yield strength:  
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The total effective flange width is then 2Beff.
 Figure 9 presents the definition of effective 

width in a plate wall horizontally stiffened by L-profiles. Vertical stiffeners are considered 

with the same principle.  
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Figure 9. Determination of effective width of wall plate stiffened by L-profiles. 

 

The effective width of the wall plate connected to the stiffener may also be determined by 

SFS-EN 1993-1-5. The method is suitable for general structures and it is used for comparison 

and verification of suitable method for the case. For the calculation of effective width, the 

effective length of the stiffener in a plate segment is first obtained as defined in figure 10. 

Length of stiffener Lstiff is reduced to effective length Le based on the location and boundary 

conditions of the stiffener.  

 

 

Figure 10. Determination of effective length (SFS-EN 1993-1-5 2006, p. 8). 

 

The final effective width factor ɓ is calculated by selecting the correct equation for factor ə 

based on the sign of bending moment from figure 11 (SFS-EN 1993-1-5 2006, p. 9). 
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Figure 11. Determination of effective width (SFS-EN 1993-1-5 2006, p. 9). 

 

The effective width of a flange on each side of stiffener Beff is then calculated by equation, 

where b0 is half of the stiffener span in the corresponding direction (SFS-EN 1993-1-5 2006, 

p. 9): 

 

 ὄ  ‍ὦ (14) 

 

Various profiles are used as stiffeners. Ready-made profiles are favored since they are cheap 

and available. The inside vertical stiffeners are always flat bars so the tension rods can be 

connected to them easily, but the horizontal stiffener profiles are chosen case-by-case. Cross-

section properties of combination profiles are obtained by combining the cross-sectional 

properties of the stiffener profile and the effective width of the plate wall. The effective 

width changes as other dimensions change, so it must be calculated individually for each 

case and then calculate the cross-section properties. Figure 12 presents the cross-sections of 

various stiffener profiles and table 6 presents the corresponding cross-section properties. 

Properties are obtained by Solidworks 2020 CAD-software. 
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Figure 12. Cross-sections of various stiffener profiles. 

 

Table 6. Cross-section properties of stiffener profiles(computed with Solidworks 2020).  

Stiffener profile 

Cross-sectional 

area A 

[mm2] 

Distance of neutral 

axis from bottom 

z0 [mm] 

Second moment of area 

Iy 

[mm4] 

Flat 50x5 250 25 52083,3 

Flat 60x6 360 30 108000 

Flat 80x8 640 40 341333,3 

Flat 100x10 1000 50 833333,3 

L 50x40x5 430,8 34,4 132643,2 

L 60x40x5 480,8 40,3 200365,7 

L 80x40x6 692,2 51,2 483498,2 

L 100x50x6 874,3 64,7 967563,8 

L 100x65x7 1124 67,4 1306751,2 

L 120x80x8 1554 81,3 2644155,5 

U 120 1651,8 60 3920744,9 

U 140 1841,8 70 5994616,9 

U 160 2189,6 80 9208447,1 

T 50x6 579,4 35,4 132092,6 

T 60x7 812 42,7 267550,2 

T 70x8 1083,5 49,8 487183,9 

 

The combined area of stiffener and effective width of plate Aprof is calculated by summing 

the areas of components together (SFS-EN 1993-1-3 2006, p. 121): 
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(15) 

 

The center of the area in y- and z-direction also defines the position of the neutral axis in 

both directions. The center of area in the y-axis and neutral axis position around z-axis y0 is 

calculated as (Salmi & Pajunen 2018, p. 410): 
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Consequently, the center of the area in the z-axis and neutral axis position around y-axis z0 

is calculated as (Salmi & Pajunen 2018, p. 410): 
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The second moment of the area around the y-axis of the combination profile is calculated as 

(Salmi & Pajunen 2018, p. 410): 
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where Iy,i is the second moment of area of individual component around y-axis  

dz,i the distance between components neutral axis and combination profileôs        

     neutral axis in z-direction 

 

The second moment of the area around the z-axis of the combination profile is calculated as 

(Salmi & Pajunen 2018, p. 410): 
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where Iz,i is the second moment of area of individual component around z-axis 

dy,i the distance between components neutral axis and combination profileôs        

     neutral axis in y-direction 

 

In unsymmetrical L- and U-profiles the center of the area or the torsion center is not located 

along the center of the flange line (figure 13). The resultant of the pressure load is subjected 

to the flange line and therefore the load is eccentric regarding the center of the area and 

torsion center. This causes additional stress by secondary distortion and torsion in the profile. 
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However, the effect is considered small and neglectable in analytical calculations, but the 

effect is considered in FEA when utilizing shell or solid elements. 

 

 

Figure 13. Principle locations of the center of area and torsion center in plate wall stiffened 

by L-profile. 

 

The combination profile may be analyzed by considering it as a beam. A single stiffener 

carries the pressure load of half a plate segment on each side of the stiffener. The pressure 

exerted on the plate segment may be expressed as a line load q to the combination profile: 

 

 ή  ὴ ὴ  ὥ (20) 

 

The stiffener is a continuous profile along the plate wall, so the length of the stiffener in a 

plate segment may be considered as a beam rigidly supported by its edges. The maximum 

bending moment Mmax of a rigidly supported beam is at support (Valtanen 2019, p. 323): 
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The bending stress of stiffer ůstiff may then be calculated by a general equation for bending 

stress: 
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and section modulus W is defined by an equation where c is the maximum distance from the 

neutral axis: 
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The outside horizontal stiffener profiles surround the hopper walls, but stiffeners cannot be 

directly joined together at the corners due to the angles of hopper walls. Corner plates are 

used to join the flanges of stiffener profiles, so the stiffeners will work as a uniform arc 

around the hopper and can transfer the forces across corners to take the stress away from the 

wall corner joints (figure 14).  

 

 

Figure 14. Corner plates between horizontal stiffeners. 

 

Tension rods are part of the stiffening structure. Rods effectively stiffen and reduce stresses 

in whole plate walls by shortening the support lengths of stiffeners and therefore reducing 

the bending moments. Respectively it also has an effect on the stress of plate segments. 

Tension rods are attached to the junctions of stiffeners to support both vertical and horizontal 

stiffeners efficiently. The limiting criteria for tension rods are the loss of stability under neg-

ative pressure or plasticity due to tensile forces with ash load and positive pressure. SFS-EN 

1993-4-1 refers to tension rods as internal ties and presents ways of assessing the internal 

forces. By a simple method, the force per unit length of tie qt may be approximated by (SFS-

EN 1993-4-1 2007, p. 98):  

 

 ή  ὅὴὦ (24) 

 

with: 
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where  pv is the vertical pressure within the stored material at the tie level 

bt is the maximum horizontal width of the tie 

Ct is the load magnification factor 

Cs is the shape factor for the tie cross-section 

kL is the loading state factor 

ɓt is the tie location factor, that depends on the position of the tie within a silo 

 

The value for shape factor Cs for circular profiles is recommended to be 1.0 and the highest 

value for loading state factor kL is during discharge and is recommended to be 4.0. For all 

ties of ash hopper, the location factor ɓ should be taken as 1.0 since all tension rods are 

between opposite walls. (SFS-EN 1993-4-1 2007, p. 99.)  

 

The tension rod forces can be simply estimated by dividing the wall segments into pressure 

areas supported by the corresponding tension rods. The pressure area for rod Arod is consid-

ered as the area bounded by half the tension rod span in vertical and horizontal directions. 

The method does not consider the boundary conditions or stiffness of the wall, so the ob-

tained results should be conservative as the tension rods are assumed to support the total 

pressure load of the walls. The axial force NEd is then calculated by multiplying the pressure 

area with the total pressure exerted on the area and considering the specific wall angle Ŭwall: 

 

 ὔ ÃÏÓ‌ ὃ ὴ ὴ  (26) 

 

The tension rod forces are more accurately obtained by numerical methods like FEA. The 

use of method presented in SFS-EN 1993-4-1 should be verified since the hopper structure 

cannot be explicitly considered as a rectangular silo. When using more detailed numerical 

methods, geometrically non-linear analysis (GNA) is recommended to be performed to de-

termine the rod axial forces NEd and bending moments MEd. GNA takes into account the 

second-order effects and stiffness of hopper walls. (SFS-EN 1993-4-1 2007, p. 99.) 
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3.5 Effect of high temperatures on materials 

When a boiler is in operation, the ash hopper is constantly under high temperatures as hot 

flue gases flow through the hopper. The flue gas temperatures depend on the boiler type and 

configuration but can be up to 550 °C when passing through the hopper. High temperatures 

set special demands for the material and design. Temperatures affect the material's mechan-

ical properties, most importantly the yield strength fy and the ultimate strength fu are reduced. 

High temperatures also introduce new harmful phenomena like creep, which is often a sig-

nificant structural criterion in high-temperature applications (González-Velázquez 2020, p. 

226). The temperatures also have an effect on other design criteria like the strength of welds 

and stability, and the relevant details are presented in the corresponding chapters. 

 

3.5.1 Mechanical properties 

Material selection in this thesis is limited to EN materials. Detailed material properties of 

EN-steels in high temperatures can be found from Eurocode standards so they can be reliably 

used in conjunction. Material properties are the key aspect in defining the allowable criteria 

for ultimate limit states. SFS-EN 10028-2 presents mechanical properties for flat products 

made of steels for pressure purposes. Table 7 presents the elevated temperature properties of 

relevant materials used in ash hoppers with plate thickness t < 16 mm. Standard only con-

siders pressure-grade steels. 

 

Table 7. Strength properties of flat products made of steels for pressure purposes (SFS-EN 

10028-2 2017, p. 16).  

    
For plate thicknesses t < 16 mm 

Steel name Number Minimum 0.2 % proof strength Rp0.2 [MPa] at temperature °C 

    50 100 150 200 250 300 350 400 450 500 

P235GH 1.0345 227 214 198 182 167 153 142 133 - - 

P265GH 1.0425 256 241 223 205 188 173 160 150 - - 

P355GH 1.0473 343 323 299 275 252 232 214 202 - - 

16Mo3 1.5415 273 264 250 233 213 194 175 159 147 141 

13CrMo4-5 1.7335 294 285 269 252 234 216 200 186 175 164 

10CrMo9-10 1.7380 288 266 254 248 243 236 225 212 187 185 

 

SFS-EN 13084-7 presents product specifications of cylindrical steel fabrications for use in 

single-wall steel chimneys and steel liners (table 8), and silo standard recommends obtaining 
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the elevated material properties from this standard. Conditions of a chimney are also similar 

to ash hopper in terms of temperatures and flue gases flowing through. SFS-EN 13084-7 

also presents properties of structural steel which are used in the ash hoppers. Values are only 

tabled for plate thicknesses t up to 40 mm, and therefore the strength values are lower than 

for the same materials presented in table 7. Comparing the strength properties from these 

standards with equal plate thicknesses, the properties are identical for the same materials. 

However, SFS-EN 10028-2 does not recommend the use of certain steels in as high temper-

atures compared to SFS-EN 13084-7. The strength values given in SFS-EN 13084-7 are 

slightly conservative as the usual plate thicknesses used in the hopper are less than 15 mm. 

 

Table 8. Strength properties of steels at elevated temperatures (SFS-EN 13084-7 2013, p. 

8). 

    
For plate thicknesses t < 40 mm 

      

Steel name Number Characteristic value of yield stress fy [M Pa] at temperature °C    

    50 100 150 200 250 300 350 400 450 500 550 600 

S235JR 1.0038 235 190 175 160 140 120 - - - - - - 

S275JR 1.0044 275 215 200 185 165 145 125 104 - - - - 

S355JR 1.0045 355 260 245 230 210 190 - - - - - - 

P265GH 1.0425 247 232 215 197 181 166 154 145 80 - - - 

16Mo3 1.5415 268 259 245 228 209 190 172 156 145 139 - - 

13CrMo4-5 1.7335 285 275 260 243 226 209 194 180 169 159 76 - 

10CrMo9-10 1.7380 270 249 238 232 227 221 211 198 185 173 83 44 

 

In addition to material strength, material behavior is also affected by temperatures. Youngôs 

modulus E displays the slope of the linear-elastic zone in the stress-strain curve. The nominal 

value of Youngôs modulus for steels is usually taken as 210 000 MPa, but as the temperatures 

are higher, the modulus is slightly reduced. SFS-EN 13084-7 presents values of Youngôs 

modulus for various steels in elevated temperatures. Table 9 presents the values for steels 

relevant to ash hopper design.  
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Table 9. Characteristic values of Youngs's modulus E for steels at elevated temperatures 

(SFS-EN 13084-7 2013, p. 9). 

 
Number Characteristic values of Youngs's modulus E [GPa] at temperature °C Steel name 

    20 150 250 350 450 500 550 600 

S235JR 1.0038 210 205 200 192         

S275JR 1.0044 210 205 200 192         

S355JR 1.0045 210 205 200 192         

P265GH 1.0425 210 205 200 192 184 180     

16Mo3 1.5415 210 205 200 192 184 180     

13CrMo4-5 1.7335 210 205 200 192 184 180     

10CrMo9-10 1.7380 210 205 200 192 184 180     

  

3.5.2 Creep 

Creep is defined as plastic strain occurring with constant stress level in high temperatures. 

The plastic strain occurs at lower stress levels than the nominal yield stress at the corre-

sponding temperature. Ultimately the plastic strains may lead to creep fracture. Roughly, the 

creep can be associated with temperatures above half of the absolute melting point of steel 

material (Kassner 2009, p. 3). Typically, creep is starting to be a dominant design criterion 

in steels exposed for long time to temperatures of 400 - 500°C as creep strain starts to occur 

and the creep stress is lower than the yield strength at the corresponding temperature. Short 

exposure times do not induce creep behavior.  

 

Creep can be characterized into 3 stages (figure 15). Stage 1 is the transient creep stage. It 

starts with the initial deformation which corresponds to the applied stress. In the beginning, 

creep rate is high but then it decreases to a constant level as strain hardening increases. In 

the second stage, the equilibrium state between strain hardening and recovery is maintained, 

resulting in an even and minimum creep strain. This is the longest creep stage and therefore 

the most important as it is commonly used as the defining limit . In stage 3 tertiary creep, the 

strain rate is accelerated by precipitate coarsening, recrystallization, and the reduction of 

cross-section area. Ultimately the creation of grain boundary voids will lead to creep fracture 

if the stresses are high enough. (González-Velázquez 2020, pp. 227-228.) 
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Figure 15. Stages of creep (González-Velázquez 2020, p. 228). 

 

Eurocodes do not set specific requirements for creep in terms of analysis and design criteria, 

but SFS-EN 10028-2 presents creep properties of pressure-grade steels. Properties include 

strengths for 1% plastic creep fŮ,1.0 and creep rupture strength Rm,c for different durations. In 

direct engineering application it is relevant to use the readily available material data in the 

analysis. The creep properties for the relevant steels are presented in appendix I.  

 

Stress levels and temperatures are not constantly high during the design life of the boiler. It 

is the designerôs responsibility to assess and set the appropriate criteria for the applied struc-

ture based on the stress levels and estimated exposure time on the temperatures. Creep rup-

ture strength is considered as the limiting condition for ash hoppers when flue gas tempera-

tures are within the creep temperatures of the used materials. When temperatures are within 

creep temperatures, but the creep stress is higher than the corresponding yield stress, the 

elevated temperature yield stress should be used as the design strength fy,Ed (Niemi & Kemppi 

1993, pp. 67-69).   

 

Eurocodes do not directly present creep properties for structural steels that could be utilized 

in the calculation but SFS-EN 1993-1-2 presents rules for structural fire design for structures 

subjected to high temperatures. Standard presents stress-strain formulas for structural steel 

in different temperatures. Based on the simple models, the effective yield strength is consid-

ered to be constant until 400 ºC, and at higher temperatures rapidly decrease. The model is 

not consistent with the material properties presented by SFS-EN 13084-7 (table 8), as the 

strength values are significantly reduced even below 400 °C. The structural fire design code 

is mainly intended for relatively short exposure times to fire and therefore the material prop-

erties are not verified to be applicable for structures exposed to high temperatures for long 

periods of time. 
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3.6 Dimensioning of welds 

All parts of the hopper are joined together by welding, making it a major part of the design 

and assembly. Most of the welds in the hopper are fillet welds in addition to corner joints 

and butt welds of joining wall elements. Weld joints can be further categorized by the load-

ing subjected to them, to enable efficient design and dimensioning. Joints can be divided 

into 4 categories: 

¶ Load-bearing joints 

¶ Fixing joints 

¶ Binding joints 

¶ Non-load-carrying accessory joints 

(Niemi & Kemppi 1993, pp. 16-20.) 

 

Load bearing welds join adjacent components in series, making the weld a critical compo-

nent. Loading can be primary tension, compression, shear, or bending. They are often de-

signed as equal strength to base material to provide maximum strength and deformability. 

Fixing welds join adjacent components in parallel to make sure components work as one 

part. The main loading is the shear force between joining components. (Niemi & Kemppi 

1993, pp. 16-17.) Considered weld joints of the ash hopper only include load-bearing joints 

and fixing joints. Figure 16 presents the characterization of weld joints and joint types of a 

general ash hopper. 

 

 

Figure 16. Introduction of different joints and joint types of an example ash hopper. 




























































































