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ABSTRACT 

 

This paper summarizes the seismic collapse fragility evaluation of a Boiling Water Reactor (BWR) Stack.  

The Stack is a tall reinforced concrete structure that can collapse onto adjacent essential structures and 

systems if it were to fail.  We developed a fixed-base finite element model of the Stack.  Seismic response 

analysis of the structure model was performed using a two-step approach:  First, linear-elastic response 

spectrum analyses were performed for horizontal and vertical ground motion input using site-specific 

uniform hazard spectra (UHS).  Based on review of these analysis results, the Stack was found to be 

governed either by flexure in the wall at Elevation (-)2.5 m or overturning at the foundation.   

 

Second, we performed nonlinear pushover analyses on two modified versions of the structure model.  One 

model introduced nonlinear moment-rotation hinges at both critical locations, and the other model 

introduced a moment-rotation hinge at the foundation alone.  We developed the Stack wall moment-

rotation hinge capacities using results from experimental and analytical research on lightly reinforced 

concrete chimneys.  We developed the foundation hinge moment capacity by considering the resistance of 

the overburden soil to foundation uplift.  We developed its rotation capacity by considering the upward 

displacement corresponding to flexure failure of the uplifting foundation heel.  The pushover analyses 

were used to develop nonlinear force-displacement relationships between the base shear and top 

displacement until loss of lateral stability at the governing failure location.  The pushover analysis 

accounted for P-Delta effects.  We concluded that flexure-axial failure of the wall at Elevation (-)2.5 m 

governs the seismic fragility. 

 

We determined the median peak ground acceleration (PGA) at which the Stack reaches the lateral 

stability displacement limit.  We developed the seismic fragility using the Separation-of-Variables (SOV) 

method.  The Stack has a significant collapse margin, characterised by a high confidence of low 

probability of failure (HCLPF) PGA capacity higher than 1g. 

 

INTRODUCTION 

 

The BWR licensee performed a plant seismic probabilistic safety assessment (SPSA) with the goal of 

determining the seismic core damage frequency (SCDF) and identifying the major risk contributors.  The 

Stack is a tall freestanding concrete tower structure located south of the Reactor Building.  Function of the 

Stack is not required for safe shutdown of the plant.  However, the Stack could collapse onto adjacent 

essential structures, systems, and components (SSCs) if it were to fail.  This paper describes the 

development of the seismic fragility for the Stack collapse limit state.  The collapse limit state was 

defined as the deformation limit, i.e., plastic hinge rotation, of the governing failure location at which 

significant strength degradation initiates and subsequent lateral stability cannot be assured. 
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PROBLEM DESCRIPTION 

 

Stack Configuration  

 

Figure 1(a) shows an elevation of the Stack and a detail of the foundation.  The Stack is 125 m high above 

grade.  It is supported on a wide ring foundation at Elevation (-)8.5 m.  The foundation bears on lean 

concrete fill extending down to competent rock.  The outside diameter of the below-grade portion varies 

from 16.4 m at the foundation to 13.5 m at grade (i.e., Elevation 0 m).  The interior of the Stack below 

grade is filled with compacted sand and gravel and topped with a concrete slab-on-grade.  Above grade, 

the outside diameter varies from 13.5 m to 3.8 m.  The wall thickness varies along the height between 

0.36 m and 0.18 m.  The Stack has interior floors at Elevations 6 m, 12 m, and 20.3 m, which consist of 

steel decking and framing supported on concrete corbel rings built into the inside walls. 

 

Site Configuration and Seismic Hazard 

 

The soil layers at the site consisted of relatively soft soil to depths of up to 8 m, followed by significantly 

stiffer rock with shear wave velocity on the order of 1,000 m/sec.  The rock unit weight is 2,300 kg/m3.  

The water table is at Elevation (-)4 m.  The Reference Earthquake seismic input was the mean 1E-04 

UHS developed in the PEGASOS Refinement Project (PRP) (Swissnuclear, 2013).  The PRP developed 

UHS at Elevations (-)14 m, (-)7 m, and the soil surface.  The UHS at Elevation (-)14 m were considered 

to be most applicable since site response analyses indicated that there is essentially no amplification in 

ground motions between these two elevations.  Figure 2 shows these spectra at selected damping ratios.   

 

ANALYSIS METHODOLOGY 

 

A fixed-base finite element (FE) model of the Stack was developed using computer Program SAP2000 

(CSI, 2010).  Given the uniform axi-symmetric geometry of the Stack, the model utilized a lumped mass 

stick model (LMSM) representation of the structure.  Elastic response spectrum analyses were performed 

in the horizontal and vertical directions.  Modal responses were combined using the general (Gupta) 

modal combination method in ASCE 4-98, which is considered to be median-centred.  The elastic force 

demands were compared to the foundation and wall capacities at different elevations to identify the ones 

likely to govern failure, and the corresponding median scale factor on the Reference Earthquake at yield.   

 

The FE model was subsequently modified to introduce nonlinear moment-rotation hinges at these 

locations.  The limiting plastic hinge rotation in the wall was developed based on experimental tests on 

lightly reinforced concrete chimneys (Wilson, 2000), which were analogous to the Stack.  The limiting 

plastic hinge rotation in the foundation was based on the provisions of ASCE/SEI 41-13 to determine the 

uplift displacement that can be accommodated after flexural yielding at the outside face of the wall.   

 

It was determined that failure of the Stack will initiate by flexure in the wall, and collapse will be 

governed either by the combined plastic hinge rotations at the foundation and at Elevation (-)2.5 m, or 

solely at the foundation.  Consequently, two SAP2000 models were developed:  one having moment-

rotation hinges at the foundation and at wall Elevation (-)2.5 m, and the other having a single moment-

rotation hinge at the foundation.  Pushover analyses were performed using both models, including and 

excluding P-Delta effects, to develop relationships between the base shear and lateral displacement at the 

top.  The median inelastic energy absorption factor was developed from the pushover curve following the 

Effective Riddell-Newmark Method documented in Section 3 of EPRI TR-103959.  Response 

variabilities were determined using the SOV Method in EPRI TR-103959. 
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LINEAR-ELASTIC ANALYSES  

 

The SAP2000 model consisted of a series of vertically-oriented frame elements.  A view of the model is 

shown in Figure 1(b).  The model origin was established at Elevation 0 m, which corresponds to plant 

grade.  The cylindrical wall was represented by frame elements with pipe sections.  The bottom of the 

Stack was fixed against translations and rotations.  Since the Stack is very flexible, flexibility of the rock 

under the foundation has minimal effect on its seismic response.   

 

The elastic modulus of the Stack concrete was 2.6x107 KN/m2 (3.8x106 psi), and Poisson’s ratio was 

taken to be 0.17.  The concrete elastic modulus was reduced by one-half to account for cracking.  Median 

damping of 7% was assigned for cracked concrete per ASCE 4-98.  The concrete unit weight was 

23.6 KN/m3 (150 pcf), which is representative of normal weight concrete.  The mass of other items 

attached to the Stack, such as the interior floors, ladders, etc., is relatively small and was neglected.  The 

soil within the Stack wall below grade was considered to be self-supporting and was not modeled.   

 

Static analyses for 1g accelerations in the horizontal and vertical directions resulted in displacements at 

the top equal to 3.55 m (140 in.) and 0.48 cm (0.18 in.), respectively, and a base reaction of 14,300 kN.  

Modal analysis resulted in a fundamental horizontal mode frequency of 0.35 Hz.   

 

Reference Earthquake Seismic Response Analysis Results 

 

Figure 1(c-f) summarize the results of the linear-elastic seismic response analysis.  Review of the Stack 

configuration and reinforcement indicated that the wall vertical reinforcement between Elevations 0 m 

and (-)2.5 m is lighter than the elevations above and below.  Comparison of the elastic structure member 

capacities and the elastic force distributions indicated that failure is likely to be controlled by combined 

axial force and bending moment on the wall at either Elevation (-)2.5 m or Elevation 22.0 m, or combined 

uplift and overturning moment on the foundation.  The corresponding structure component demands were 

calculated and compared to the linear-elastic demands to identify the governing failure mode. 

 

Stack Wall Flexure-Axial Capacities 

 

The wall flexure-axial interaction capacities were calculated by determining the neutral axis and 

integrating the stress distributions around it according to standard strength of material textbooks.  An 

iterative procedure was executed to determine a neutral axis location that satisfies the wall section strain 

distribution shown in Figure 3(a) and the equilibrium of internal and external section forces.  Only 40% of 

the seismic vertical load effect was included using the 100-40-40 earthquake component combination in 

ASCE 4-98.  This inclusion is slightly conservative for the Stack, since the rigid vertical responses 

oscillate rapidly relative to the flexible horizontal response and the median seismic vertical force 

concurrent with the horizontal demand is close to zero.  The median ultimate concrete strength and strain 

in compression were taken to be 48.3 MPa (7,000 psi) and 0.003, respectively.  The concrete compressive 

stress-strain distribution was idealized using the “stress block” model defined in Section 10.2.7 of 

ACI 349-06.  The reinforcing steel median tensile strength was taken to be 550 MPa (80 ksi).  The 

median moment capacity at Elevation (-)2.5 m was found to be 209,000 kN-m.  The median moment 

capacity at Elevation 22 m was found to be 161,000 kN-m.  Comparing these capacities to the Reference 

Earthquake demands (Figure 1(d-f)), it was concluded that flexural hinging in the wall will occur first at 

Elevation (-)2.5 m.  The corresponding elastic Reference Earthquake scale factor was found to be 5.6. 

 

Foundation Overturning-Uplift Capacity 

 

Figure 4(a) shows a schematic of the stress distribution on the foundation due to overturning moment and 

vertical force transmitted from the Stack wall.  These reactions from the Stack wall cause the toe of the 
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foundation to bear down on the underlying rock and the heel of the foundation to lift up.  The force 

distribution at the foundation consequently consists of the following: 

 

 At the bearing toe of the Stack wall, the downward force from the wall is resisted by bearing 

against the rock beneath the foundation.  The bearing force directly beneath the Stack wall is 

limited by the rock bearing strength.  The bearing stress, qc, between the rock and the 

foundation overhangs away from the Stack wall is limited by the foundation out-of-plane 

moment capacities (i.e., foundation overhangs hinging about the horizontal axis).   

 At the uplifting heel of the Stack wall, the foundation lifts up and pushes upward against the soil 

above.  The weight of the soil bearing on the top surface of the foundation represents a hold-

down force resisting uplift displacement.  The upward force from the wall is resisted by the 

weight of the soil above the foundation, qu.   

The overturning moment capacity at the Stack foundation is governed by the interaction between the 

overturning moment and the uplift force.  The capacity against downward force is much higher than the 

uplift force capacity.  The series of sketches in Figure 4(a-c) illustrates the foundation uplift behaviour.  

At static conditions, the weight of the soil bearing on the top faces of the foundation passes through the 

foundation concrete to the rock below.  When the foundation uplifts at one side of the Stack due to 

seismic overturning moment, the foundation attempts to lift up the soil above it.  The foundation 

overhangs inside and outside of the Stack wall initially behave similar to cantilevers.  The foundation 

overhangs yield due to out-of-plane moment at the inside and outside faces of the Stack wall, forming 

plastic hinges.  The inside and outside edges of the foundation remain in contact with the rock.   

 

The foundation is 1.0 m thick at the Stack wall.  The bottom reinforcement consists of 335 ϕ26 mm bars 

distributed uniformly.  The ultimate foundation overhang moment capacities calculated at the outside and 

inside faces of the Stack wall on the bearing side were 1,640 kN-m and 1,710 kN-m, respectively.  The 

slight difference is due to the smaller foundation perimeter along the inside face.  The corresponding 

bearing stress, qc, in the soil beneath the foundation was calculated to be 3,630 kN/m, evaluated at the 

Stack wall centreline circumference.  This value represents the sum of the bearing stress at yielding 

against the outside and inside faces of the foundation and the soil overburden pressure above.  The 

foundation overhang shear capacity was checked against the maximum demands resulting from these 

bearing stresses and confirmed not to govern over flexure. 

 

The foundation top reinforcement consists of 168 ϕ14 mm bars distributed uniformly.  The ultimate 

foundation overhang moment capacities calculated at the outside and inside faces of the Stack wall on the 

uplifting side were 246 kN-m and 256 kN-m, respectively.  The corresponding downward stress qu in the 

soil above the foundation was calculated to be 630 kN/m, evaluated at the Stack wall centreline 

circumference.  The corresponding reactions at the outside and inside edges of the foundation were 

calculated and confirmed to be non-zero, i.e., the edges of the foundation will remain in contact with the 

rock underneath as the foundation hinges at the inside and outside faces of the Stack wall and uplifts with 

the wall at the centreline.  The wall yield capacity in longitudinal tension was calculated and confirmed to 

be lower than required to result in uplift due to flexural failure of the foundation overhangs. 

 

Since flexural yielding of the foundation is ductile, the bearing (qc) and uplift (qu) stress capacities can be 

developed along the circumference of the foundation-wall interface.  The angle to the neutral axis, θN, 

was determined by iteratively solving for equilibrium between the applied axial force and moment 

demands calculated by the SAP2000 model and the resultant vertical force and overturning moment 

corresponding to the foundation bearing and uplift capacities developed along the foundation.  A factor of 

0.90 was applied to the foundation moment capacity since the foundation bearing and uplift capacities are 

less than their maximum values near the neutral axis.  The foundation moment capacity is dependent on 
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the net vertical force on the foundation, P, which includes the dead load and seismic vertical load.  Only 

40% of the seismic vertical load effect was included using the 100-40-40 earthquake component 

combination in ASCE 4-98, which may be conservative as discussed earlier.  The median foundation 

overturning moment capacity was found to be 286,000 kN-m, and showed little sensitivity to the value 

of P.  The corresponding median elastic Reference Earthquake scale factor was found to be 5.5. 

 

Additional resistance to overturning is available due to the net effect of earth pressure against the Stack 

wall (i.e., passive pressure on one side vs. active on the opposite side).  This additional resisting moment 

was calculated assuming a resultant earth pressure at two-thirds of the embedment depth.  The 

corresponding median elastic Reference Earthquake scale factor was found to be 6.1.  This value is only 

10% higher than the elastic scale factor for flexural yielding in the Stack wall at Elevation (-)2.5 m, which 

was equal to 5.6.  Given the uncertainties in the demands and capacities, it was concluded that failure of 

the Stack may be governed by either failure mode with significant likelihoods.  Given the disparity in 

energy dissipation capacity of each failure mode up to the collapse limit state of interest to the seismic 

fragility, the median seismic capacities for both potential failure modes were calculated, and the lower 

was adopted. 

 

NONLINEAR MOMENT-ROTATION HINGES 

 

Two nonlinear moment-rotation hinges were defined, one at Elevation (-)2.5 m in the Stack wall and one 

at the foundation.  The SAP2000 FE model was modified to include either both plastic hinges (dubbed the 

two-hinge model) or only the latter (dubbed the one-hinge model). 

 

Wall Moment-Rotation Relationship 

 

Wilson (2000) tested four reinforced concrete pipes intended to represent typical concrete chimneys.  

Each pipe had a diameter of 1,194 mm and thickness of 30 mm.  The concrete compressive strength was 

intended to be on the order of 40 MPa.  One end of each pipe was attached to a 320 mm thick reinforced 

concrete block rigidly connected to a steel anchor block fixed to the laboratory floor.  A steel pipe was 

connected to the other end of the reinforced concrete pipe to extend the overall length of the test 

specimen.  The loading actuator was attached to the free end of the steel pipe.  An axial load of 226 KN 

was applied at the end of the steel pipe by prestressing wires.  The longitudinal and transverse 

reinforcement ratios ranged from ρv= 0.25% to 0.90% and from ρh=0.25% to 0.75%, respectively.  The 

behaviour of Units 1 and 4, with ρv= 0.90% and 0.85% is representative of the Stack.  The other units 

with lower reinforcement ratios failed by a single crack near the foundation block, indicating that the 

ultimate moment capacity was lower than the cracking moment capacity for these specimens. 

 

Wilson (2000) recommended a plastic hinge length of 0.05 M/V, where M and V are the maximum 

bending moment and shear force demands, respectively, based on the test observations.  This 

recommendation corresponded to 0.2 times the chimney diameter and represents a design lower bound.  

Indeed, the observed plastic hinge lengths in Units 1 and 4 were 0.25 and 0.29 times the chimney 

diameter.  In Wilson’s chimney testing, the length of the plastic hinge was constrained by the reinforced 

concrete block at the end of the concrete pipe.  The effective plastic hinge lengths accounted for yielding 

in the reinforcement above the failure plane only.  The reinforcement developed below the failure plane 

and into the concrete anchor block did not experience significant yielding.  The recommended plastic 

hinge lengths were therefore representative of tall chimney-like structures developing flexural hinges at or 

near their foundations.  However, plastic hinging in the Stack wall occurs at Elevation (-)2.5 m, which is 

about 6 m above the foundation.  The effective plastic hinge should therefore represent yielding in the 

reinforcement both above and below the failure plane.  The median plastic hinge length of the Stack, lp, 

was consequently taken to be twice the formulation proposed by Wilson, i.e. lp = 0.10 M/V. 
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The median reinforcement tensile strain at failure was taken to be εsu = 0.05.  This strain represents an 

effective value averaged over the plastic hinge length.  The reinforcement strain at the circumferential 

cracks is higher and probably approaches the ultimate strains for the bars.  Away from the cracks, the 

reinforcement strains reduce due to concrete tension stiffening.  Figure 5.6 in Wilson (2000) shows the 

measured maximum strains based on displacements over 200 mm long transducers.  Units 1 and 4 

developed maximum tensile strains of about 0.047 and 0.062 at failure, respectively.  Units 1 and 4 

reinforcement had ultimate strain from coupon testing of about 0.11 and 0.20, respectively.  The Stack 

wall reinforcement has a minimum ultimate strain of 0.14.  The selected median reinforcement tensile 

strain at failure of 0.05 was considered to be a reasonable intermediate value between the effective strains 

measured for Units 1 and 4.  NEI 07-13 provides guidance for design of nuclear power plant structures 

against the effects of aircraft impact.  Table 2-2 of NEI 07-13 recommends a failure strain of 0.05 for 

Grade 60 reinforcing steel, which is consistent with the value adopted for evaluation of the Stack.  The 

plastic hinge rotation capacity, θum, was calculated using Equation 1. 

 

 θum  =  εsu (lp ) / (dmax – c) (1) 

 

where dmax and c are the distances from extreme concrete compression fiber to the outside face 

reinforcement and the neutral axis, respectively (Figure 3(left)).  Accordingly, a median plastic hinge 

rotation capacity of θum = 0.0069 rad was calculated for the Stack wall at Elevation (-)2.5 m.  

Figure 3(right) shows the nonlinear moment-rotation relationship of the corresponding hinge.  The 

moment at yield was nominally taken to be 90% of the ultimate moment capacity.   

 

Foundation Moment-Rotation Relationship 

 

As discussed earlier, the foundation overhangs yielded due to out-of-plane moment at the inside and 

outside faces of the Stack wall, forming plastic hinges at these locations.  The inside and outside edges of 

the foundation remained in contact with the rock.  Increasing uplift displacement of the Stack wall 

resulted in increased foundation overhang plastic hinge rotations (Figure 4(b-c)).  The distance from the 

Stack wall to the outside edge, L, is shorter than the distance from the Stack wall to the inside edge.  For a 

given uplift displacement imposed by the wall, the hinge rotation at the outside face of the wall is higher, 

so this location controls failure.  Foundation failure occurs when the maximum hinge rotation at the 

outside face of the Stack wall reaches the hinge rotation capacity, rθ.  This hinge rotation is local to the 

foundation overhang segment.  The corresponding foundation uplift capacity at the wall centerline, δu, 

and global rotation capacity, θu, can be calculated according to Equations 2 and 3.   

 

 δu  =  L (rθm – θu) (2) 

 

 θu  =  δu / [R(1 + cos θN)] (3) 

 

The foundation overhang hinge rotation capacity, rθ, was determined based on the recommendation in 

Table 10-13 of ASCE/SEI 41-13 for flexural failure of reinforced concrete columns.  ASCE/SEI 41-13 

hinge rotation capacities for columns were based on more rigorous statistical analysis of data, which has 

not yet been developed for beams.  Table C10-1 of ASCE/SEI 41-13 provides statistical data for hinge 

rotation capacities of reinforced concrete columns.  This table indicates that the mean ratio of hinge 

rotation capacity at the onset of significant strength degradation to the 0.027 rad limit recommended in 

Table 10-13 is 1.44.  The associated logarithmic standard deviation is 0.50.  The median foundation 

overhang hinge rotation capacity rθm was therefore taken to be 1.44(0.027) = 0.039 rad.  Solving 

Equations 2 and 3 simultaneously resulted in median capacities δum = 6.3 cm and θum = 4.4E-3 rad.  

Figure 3(right) shows the nonlinear moment-rotation relationship of the corresponding hinge.  The 
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moment at yield was nominally taken to be 90% of the overturning moment capacity plus the net lateral 

earth pressure.   

 

NONLINEAR PUSHOVER ANALYSIS 

 

The nonlinear pushover analysis was performed in the following sequence:  (1) apply the gravity load as a 

linear static load case and then (2) apply a lateral nodal force pattern incrementally scaled until one of the 

moment-rotation hinges reaches its plastic rotation limit.  The nodal inertia force pattern was proportional 

to the shear force distribution along the stack height from the linear static analysis (Figure 1(e)).  The 

nonlinear pushover analysis was performed both with and without the P-Delta option.  P-Delta effects in 

SAP2000 are considered using the geometric stiffness formulation in Chapter 11 of Wilson (2004).  The 

results excluding and including the P-Delta effects were very similar, so only the former are discussed. 

 

Analysis Results 

 

Figure 5(a) shows the Stack displaced shapes at the onset of yield and at failure of the foundation due to 

overturning-uplift interaction.  Figure 5(b) shows the corresponding pushover curves.  For the one-hinge 

FE model, at yield (overturning moment of 280,000 kN-m), the base shear and maximum displacement at 

the top were 9,500 kN and 1.57 m, respectively.  At foundation failure (plastic hinge rotation of 0.0044 

rad), these demands were 10,700 kN and 2.38 m.  For the two-hinge FE model, the first hinge formed at 

Elevation (-)2.5 m.  The hinge at the foundation did not yield during the pushover analysis.  At yield, the 

base shear and maximum displacement at the top were 8,150 kN and 1.36 m, respectively.  At wall failure 

(plastic hinge rotation of 0.0069 rad), these demands were 8,900 kN and 2.39 m.  Review of these results 

indicated that the two failure modes were likely to dissipate similar hysteretic energy after yield.  Since 

the Stack wall at Elevation (-)2.5 m yielded earlier, it was concluded that it governed the seismic fragility. 

 

SEISMIC FRAGILITY OF THE STACK 

 

Median Ground Motion Capacity 

 

Following the SOV method in EPRI TR-103959, the median ground motion capacity, Am, is calculated as 

the product of three terms:  (1) the Reference Earthquake ground motion parameter, AREF; (2) the median 

elastic Reference Earthquake scale factor at yield, FSEm; and (3) the median inelastic energy absorption 

factor, Fμm, which accounts for hysteretic energy dissipation and frequency shift from initial yield to the 

collapse limit state.  Since the Stack response is axi-symmetric and governed by the maximum direction 

ground motion input, Am should be further modified by a reduction factor of 0.88, equal to the median 

ratio of the peak to the average horizontal spectra.  The ground motion parameter was the horizontal PGA 

at Elevation (-)14 m.  This reference PGA was equal to AREF = 0.325g (Figure 2(a)).  

 

The median elastic Reference Earthquake scale factor, previously calculated to be 5.6 for the governing 

failure mode, was based on the preliminary linear elastic analysis results.  It was corrected to include the 

P-Delta moment demand on the critical section.  The latter was calculated from the nodal weights and 

horizontal displacements at failure relative to the critical wall section (Figure 5(a)), and then deducted 

from the section moment capacity.  The revised median elastic scale factor was found to be FSEm = 5.38.  

 

The median inelastic energy absorption factor was calculated using the Effective Riddell-Newmark 

method, which is documented in EPRI TR-103959.  This method is suitable for structures having pinched 

hysteretic loops, which was observed in the concrete chimney tests conducted by Wilson (2000).  This 

factor was found to be Fμm = 1.90.  The median PGA capacity was therefore found to be Am = 2.92g. 
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Variability 

 

Following the SOV method in EPRI TR-103959, variability in the ground motion capacity is 

characterized by logarithmic standard deviations βR and βU for randomness and uncertainty, respectively.  

These sources of variability are also referred to elsewhere in the literature as aleatory and epistemic.  

These parameter values were evaluated using a first-order expansion, i.e., by determining the incremental 

change in the ground motion capacity that is induced by changing one of the probabilistic variables by a 

known multiple of standard deviations while setting all the other variables to their median values.  Table 1 

lists the probabilistic variables considered in the analysis, and their influence on the variability in ground 

motion capacity.  The details of characterizing the variability inherent to each variable are not discussed.  

Equation 4 gives the composite logarithmic standard deviation for randomness and uncertainty, βC. 

 

 βC  =  [ βR
2 + βU

2 ] 1/2  =  0.41 (4) 

 

Further, the HCLPF PGA capacity, AHCLPF, corresponds to at least 95% confidence of 5% or less 

probability of failure and is given in Equation 5.   

 

 AHCLPF  =  Am e
-1.65 [ βR + βU

 ] 
 =  1.12g (5) 

 

CONCLUSIONS 

 

The seismic fragility of the Stack was developed using nonlinear pushover analysis.  The FE model 

incorporated inelasticity in the Stack wall and foundation and geometric nonlinearity, i.e., P-Delta.  

Seismic-induced collapse of the Stack was governed by flexure-axial yielding of the cylindrical wall at 

Elevation (-)2.5 m.  Determination of the median rotation capacity and inelastic energy dissipation in the 

wall up to the collapse limit state was based on experimental cyclic test results of lightly reinforced 

concrete chimneys.  Variability in the seismic capacity incorporated the major sources of randomness and 

uncertainty using the separation of variables method.  The Stack was found to have median and HCLPF 

PGA capacities of 2.92g and 1.12g, respectively, signifying substantial seismic capacity. 
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Table 1. Logarithmic Standard Deviations 

 
Probabilistic Variable βr βu 

Strength 

Reinforcement Yield Strength 

Strength Equation 

 

0 

0 

 

0.05 

0.15 

Inelastic Energy Absorption 

Newmark-Riddell Method 

Plastic Rotation Limit 

 

0.04 

0.10 

 

0.11 

0.14 

Ground Motion 

Horizontal Direction Peak Response 

Vertical Component Response 

 

0.11 

0.05 

 

0 

0 

Damping 0 0.07 

Modelling 

Frequency 

Mode Shape 

 

0 

0 

 

0.12 

0.05 

Mode Combination 0.23 0 
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Figure 1. Stack Geometry and SAP2000 Linear-Elastic Seismic Response Analysis Results 

 

  
 

Figure 2. Mean 1.0E-04 Horizontal (left, a) and Vertical (right, b) UHS at Elevation (-)14 m 
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Figure 3. Wall Strain Distribution (left, a) and Nonlinear Moment-Rotation Relationships (right, b) 

 

 
  

 
 

(a) Stress Distribution (b) Uplifting Heel Deformed Shape (c) Uplifting Heel Yield Mechanism 

 

Figure 4. Foundation Overturning Stress Distribution and Failure Mechanism 

 

  
 

Figure 5. Nonlinear Pushover Displaced Shapes (left, a) and Force-Displacement Responses (right, b) 


