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ABSTRACT 
Earthquakes causes approximately 8% of total accidents in 

industrial facilities. Although there are several researches in 

literature pertaining to industrial resilience, none of them 

provides a modelling framework to quantify the seismic 

resilience of process plants. This paper presents a methodology 

for providing a quantitative measure of resilience and business 

economic losses for the process plants in case of a seismic event.  

The two main parameters which have utmost influence on the 

resilience of a process plant are operational capacity and 

recovery time, so they must be evaluated in proper way. Plant 

mapping and components vulnerability are the key modelling 

parameters of plant operational capacity. Exact recovery step 

functions are introduced based on General Reconstruction 

Activity Network (GRAN), considering interdependencies 

between plant components. In order to illustrate the discussed 

method, a nitric acid plant is set up as a case study. “PRIAMUS” 

software is used to generate the most probable damage scenarios, 

assuming the plant is located in seismic region of South Italy, 

Sicily. Ultimately, recovery curves are constructed for each 

damaged scenario, and business economic losses are calculated 

according to direct cost and business interruption. In short, this 

methodology provides a good estimation of the most critical 

components and economic losses of a process plant in case of a 

seismic event. 

 
INTRODUCTION 
 Resilience is a concept which first was introduced in 

psychology [1], but nowadays has attracted a lot of research 

interest in many fields including engineering, process industry, 

public management etc.  Seismic resilience can be defined as 

ability of the system to withstand and rapidly recover from a low 

frequency, high impact disruptive event. 

In industrial plants, natural hazards such as floods, tsunamis, 

earthquakes etc., can rise Natural-Technological (Na-Tech) 

events which can have devastating consequences such as release 

of hazardous materials, disruption of utilities, damage of 

infrastructure, economic losses, environmental pollution etc. A 

recent example is Tohoku earthquake in 2011, which led the 

Fukushima Na-Tech accident in Japan, a devastating disaster 

from which Fukushima is not yet recovered. For this reason, it is 

important to assess resilience of industrial plants, as they are 

second most dangerous plants after nuclear power plants, due to 

containment of hazardous material.  

 While in the field of civil engineering and build 

transportation infrastructures there are several resilience models 

proposed in literature [2], [3], [4], [5], [6], [7], [8], the research 

applied to industrial plants is comparatively scarce. 

 In this sector, research has been mainly oriented towards the 

organizational and operational issues including human factors 

[9], [10], [11] and more recently to applications in safety analysis 

and risk assessment of process plants [12], [13]. In [14] author 

deals with process plants but focuses specifically on resilience of 

single process equipment under natural hazards thus neglecting 

the overall process flows. Finally, research is scarce too in the 

domain of manufacturing plants, although some general-purpose 

modeling approaches have been suggested [15], [16].  

In this paper, a resilience model for process plants is 

presented. The proposed model includes definition of production 

capacity functions, based on plant configuration and exact 

recovery models. Economic losses such as business interruption 

and direct costs are integrated in the model in order to provide 

decision making support to plant owners, decision makers and 
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emergency mangers. A nitric acid plant is selected as case study 

in order to illustrate the proposed model.   

METHODOLOGY FRAMEWORK 
The methodology presented in this paper is based on the 

resilience model firstly presented in PVP2017 [17]. The model 

for resilience assessment is amenable to both a deterministic and 

probabilistic analysis. Deterministic resilience analysis implies 

that the user is interested in analyzing a specific damage 

scenario, meaning that the set of plant equipment damaged by 

the natural event, i.e. assigned to an out of service state, is 

predefined by the user. Any different damage scenario of interest 

can be separately analyzed. Probabilistic analysis implies that 

either the initial damage scenario is randomly generated, or that 

multiple possible damage scenarios are analyzed accounting for 

their probability of occurrence so that a probability distribution 

of the parameters of interest can be obtained. Finally, 

randomness can be included not only in the scenario generation 

but even in computing the duration of the recovery process. In 

this paper, resilience due to seismic events will be discussed, but 

the methodology can be used for any Na-Tech event. 

The method aims computing the time trend of system 

capacity C(t) from the time t0 time when disruption event occurs, 

until the plant is totally recovered at a time tr as shown in Figure 

1. In case that the damage propagation is not considered, the time 

t0 is equal to the time when disruptive event stops td,whilst for 

the cases in which damage propagation will be considered the td 

will be bigger than t0. Time ti corresponds to initiation of 

recovery of plant operational capacity. Capacity is considered as 

capability of the system to generate physical output. Step 

recovery functions are the ones which better represent process 

plants operational capacity, and they are computed based on 

plant configuration, damaged equipment and restoration 

activities, e.g. when an equipment gets damaged, the capacity 

drops by a percentage, it can be restored back to its initial value 

only when all repairs work are finished and the equipment is set 

back to work.   

 
Figure 1. Plant operational capacity curve. 

In literature there are several expressions used to calculate 

resilience index (R). The one according to [18], [19] will be used 

in this model and it will be given in percentage.  
 

𝑅 =
100

𝑡ℎ−𝑡0
∫ 𝐶(𝑡)𝑑𝑡

𝑡ℎ

𝑡0
                                                                (1) 

Another index will be resilience loss (RL) [20], which will 

be calculated until a time th, usually defined bigger than tr in 

order to have higher values of R for faster recovery. 

 

𝑅𝐿 = ∫ [100 − 𝐶(𝑡)𝑑𝑡]
𝑡ℎ

𝑡0
                                                          (2)     

 

 Moreover, economic losses (EL) will be integrated in this 

model including equipment reconstruction cost (ER) and 

business interruption loss (BI).  

The proposed methodology includes eight steps as shown in 

Figure 2, which will be described in more details together with 

the case study. 

 
Figure 2. Operational steps of the proposed methodology. 

CASE STUDY 
The proposed methodology is applied to a nitric acid plant 

described in [21], properly modified in order to include more 

complex conditions. The plant is assumed to be placed in Priolo 

Gargallo, one of the most seismic zones in south Italy (Sicily). 

 

Description of case study 

Nitric acid plant delivers 195 tons/day of nitric acid (60% 

concentration) and 130 tons/day of nitric acid (40% 

concentration), based on 8000 hours of operation per year. 

Simplified process flow diagram of the plant is shown in Figure 

3. 

The major equipment are ammonia storage tanks, ammonia 

vaporizer, ammonia filter, ammonia super-heater, two-stage air 

compressor, mixer, reactors, steam super-heater, waste-heat 

boiler, tail gas pre-heater, cooler/condenser, oxidation vessel, 

secondary cooler, liquid vapor separator, tail gas warmer, 

refrigeration unit, absorption column, pumps, bleaching 

columns, nitric steel storage tanks, electric unit and piping 

systems.  
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Purchase cost of equipment are based on the work of Ray 

and Johnston [21], which refers to 1986. In order to calculate 

current cost of equipment the Chemical Engineering Plant Cost 

Index (CEPCI) is used. The base index is 100 corresponding to 

1957-59, while in 1986 it was 318.4 [22]. Consequently, the 

current cost of equipment’s is calculated by using the index of 

2018, which increased, from 1989, of around 88% [23]. 

Accounting for the September 2018 exchange ratio of one A$ to 

Euro (0.62), the current replacement costs of each equipment are 

indicated in Table 1.  

The total variable unit production cost of 1 ton of 100% 

nitric acid in 1986 was 97.07 A$, which corresponds to 59.30 A$ 

(36.8€) for 1 ton of 60% nitric acid and 38.8 A$ (24.0€) for 1 ton 

of 40% nitric acid [21]. Taking into account inflation, a variable 

unit production cost of 60€ and 40€ we will be adopted 

respectively. The selling price of 100% nitric acid in the world 

market in 1986 varied between 339 and 487 A$ /ton [21]. For our 

purpose, a value of 400 €/ton, including inflation will be 

considered, which corresponds to a price of 240 €/ton and 

160€/ton for 60% and 40% nitric acid, respectively. 

 

Step 1. Process plant mapping. 

Plant contains 32 equipment and 7 groups of pipes which 

make a total of 39 elements to be considered in calculation as per 

Table 1. The pant has two Process Flows (PF) as shown in Figure 

3, with 60% of total plant capacity allocated in PF1 and 40% of 

total plant capacity allocated in PF2.  

 A unique set of equipment S[f] corresponds to each PF, for 

this case S[1] = {E-1, E-2, E-3, E-4, E-5, E-6, E-7, E-8, E-9, E-

10, E-11, E-12, E-13, E-14, E-15, E-16, E-17, E-18, E-19, E-20, 

E-21, E-25, E-26, E-27, E-28, E-29, E-30, E-31, E-32, E-33, E-

34, E-35, E-36, E-37, E-38} and S[2] = {E-1, E-2, E-3, E-4, E-

5, E-6, E-7, E-8, E-9, E-10, E-11, E-12, E-13, E-14, E-15, E-16, 

E-22, E-23, E-23, E-24, E-25, E-26, E-30, E-31, E-32, E-33, E-

34, E-35, E-36, E-37, E-39}. 

 

Step 2. Construction of Capacity Block Diagram. 

For each PF a Capacity Block Diagram (CBD) should be 

drawn. Equipment of each S[f] should be grouped into process 

stages (PS) strictly connected in series [17]. In other words, a PF 

can be represented as a series of PS. The PS with the lowest 

capacity is the one controlling the entire capacity of the process 

flow to which is belonging. Units in a PF can be either in series 

or in parallel, but not a mix.  

Figure 4 shows the CBDs of nitric acid plant. Each PF is 

presented by a CBD with three PS, two PS with fractionated 

parallel units and one PS which contains all units in series 

including here the piping systems.  

 

Step 3. Construction of General Reconstruction 

Activities Network. 

In this step, all the activities and logical relationship 

between them should be defined, in order to have the General 

Reconstruction Activities Network (GRAN) of the plant. GRAN 

is similar to the one used in project management and it will 

include all the activities needed to reconstruct the plant assuming 

it fully damaged. In Figure 5 is shown an example of a GRAN 

where arrows represent the reconstruction activities while nodes 

represent starting and finishing date of activities [17]. 

 

 
Figure 3. Process Flow Diagram of nitric acid plant. 

 

 
 

Figure 4. Capacity Block Diagram of nitric acid plant. 
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Table 1. Equipment replacement cost and seismic fragility parameters. 

Eq. Label Process Equipment 
Replacement cost 

(€) 

PGAm 

(g) 
β 

Damage 

state 
Reference 

E-1 Ammonia storage vessel               646,000    0.54 0.46 PL2  Horizontal Vessel [27] 

E-2 Ammonia storage vessel               646,000    0.54 0.46 PL2  Horizontal Vessel [27] 

E-3 Ammonia Vaporizer                 70,000    0.54 0.46 PL2  Horizontal Vessel [27] 

E-4 Filter                 30,000    1.00 0.60 DS3  Mechanical Equipment [28] 

E-5 Ammonia Superheater                 34,000    0.54 0.46 PL2  Horizontal Vessel [27] 

E-6 Mixer                 30,000    1.00 0.60 DS3  Mechanical Equipment [28] 

E-7 1-st Stage Air Compressor           1,458,000    0.77 0.65 DS4  Compressor Station [28] 

E-8 Compressor intercooler                 61,000    0.54 0.46 DS4  Horizontal Vessel [27] 

E-9 2-nd Stage Air Compressor           2,722,000    0.77 0.65 DS4  Compressor Station [28] 

E-10 Reactor               139,000    0.51 0.45 PL2  Vertical Vessel CL1 [27] 

E-11 Reactor               139,000    0.51 0.45 PL2  Vertical Vessel CL1 [27] 

E-12 Steam Super-Heater                 74,000    0.54 0.46 PL2  Horizontal Vessel [27] 

E-13 Waste Heat Boiler                 86,000    0.54 0.46 PL2  Horizontal Vessel [27] 

E-14 Tail Gas Pre-heater                 72,000    0.54 0.46 PL2  Horizontal Vessel [27] 

E-15 Cooler/Condenser               186,000    0.54 0.46 PL2  Vertical Vessel CL1 [27] 

E-16 Oxidation Vessel               101,000    0.59 0.41 PL2  Vertical Vessel CL2 [27] 

E-17 Secondary Cooler               250,000    0.54 0.46 PL2  Horizontal Vessel [27] 

E-18 Absorption Column           2,261,000    0.67 0.37 PL2  Extrapolation [27] 

E-19 Acid Pump                 10,000    1.60 0.60 DS4  Horizontal Pump [28] 

E-20 Bleaching Column                 74,000    0.59 0.41 PL2  Vertical Vessel CL2 [27] 

E-21 Nitric Acid (60%) Tank           1,160,000    0.68 0.75 DS4  Unanchored Tank [28] 

E-22 Acid Pump                 10,000    1.60 0.60 DS4  Horizontal Pump [28] 

E-23 Bleaching Column                 74,000    0.59 0.41 PL2  Vertical Vessel CL2 [27] 

E-24 Nitric Acid (40%) Tank               696,000    0.68 0.75 DS4  Unanchored Tank [28] 

E-25 Liquid Vapor Separator                 70,000    0.54 0.46 PL2  Horizontal Vessel [27] 

E-26 Tail Gas Warmer               124,000    0.54 0.46 PL2  Horizontal Vessel [27] 

E-27 Refrigeration Unit               164,000    1.00 0.60 DS3  Mechanical Equipment [28] 

E-28 Water pump                    3,000    1.25 0.60 DS4  Vertical Pump [28] 

E-29 Water pump                    3,000    1.25 0.60 DS4  Vertical Pump [28] 

E-30 Water pump                    3,000    1.25 0.60 DS4  Vertical Pump [28] 

E-31 Water pump                    3,000    1.25 0.60 DS4  Vertical Pump [28] 

E-32 Electric Unit               811,000    1.00 0.80 DS3  Electric Power [28] 

E-33 Ammonia Pipeline               541,000    1.00 0.60 DS5 Elevated Pipes [28] 

E-34 Air Pipeline               541,000    1.00 0.60 DS5 Elevated Pipes [28] 

E-35 Reaction Gas Pipeline               541,000    1.00 0.60 DS5 Elevated Pipes [28] 

E-36 Steam Pipeline               541,000    1.00 0.60 DS5 Elevated Pipes [28] 

E-37 Cooling System Pipeline                 55,000    1.00 0.60 DS5 Elevated Pipes [28] 

E-38 PF1 Acid Pipeline               541,000    1.00 0.60 DS5 Elevated Pipes [28] 

E-39 PF2 Acid Pipeline               541,000    1.00 0.60 DS5 Elevated Pipes [28] 
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Figure 5. Fictional General Reconstruction Activity 

Network. 

The reconstruction activities will be divided in two groups, 

common activities and activities related to specific equipment. 

Common actives can include activities such as emergency 

response, access cleaning, site cleaning, damage survey and 

recovery plan, commissioning and production ramp up as shown 

in Figure 6. Meanwhile, for each i-th equipment of plant, the full 

list of activities needed to be carried out to bring them back into 

working state from totally damaged state, should be defined. A 

duration Ti,j should be defined for each j-th activity associated to 

i-th equipment. Finally, constrains between activities has to be 

set in empirical correlations such as some activities can start only 

after the precedent activity is finished, e.g. installation of an 

equipment cannot start unless the foundation is finished. For this 

case study Matlab is used to model the GRAN, but any 

programing language can be used.  

 
Figure 6. GRAN of nitric acid plant. 

Legend: 1 = Emergency response, 2 = Access clearing, 3 = Site cleaning and remediation, 4 = Damage 

survey and recovery planning, 5 = Commissioning, 6 = Production ramp up. 

 

Novelty of this method is that it can also consider the 

interdependencies between the restoration activities of different 

equipment, as shown in Figure 7 with red arrows.  

 
Figure 7. Steel storage tank installation activity network. 

Legend: 1 = Removal of damaged equipment and site cleaning, 2 = Tank Design, 3 = Materials order and 

delivery (tank structure), 4 = Foundation construction, 5 = Base plates assembly, 6 = Walls assembly and 

internal fittings installation, 7 = Welding inspection, 8 = Roof building and installation, 9 = Ancillaries  

and fire-fighting equipment installation, 10 = Connecting pipes installation, 11 = Piping connection, 12 = 

Water filling and foundation settlement, 13 = Cleaning and testing, painting. 
 

Step 4. Damage scenario definition. 

In order to define the damage state of i-th equipment, a 

damage state variable δi is introduced. A scenario vector SV = 

{δi,… δN}, will be used to define the damage state of the plant 

with N equipment. In this paper only two damage state of 

equipment are considered: 

 

𝛿 = {
0          𝑖𝑓 𝑖 − 𝑡ℎ 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑖𝑠  𝑑𝑎𝑚𝑎𝑔𝑒𝑑
1      𝑖𝑓 𝑖 − 𝑡ℎ 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑖𝑠 𝑢𝑛𝑑𝑎𝑚𝑎𝑔𝑒𝑑

                        (3) 

Damage scenario for case of seismic event will be uncertain, 

so for each generated SV, the probability of occurrence should 

be calculated using the procedure described below. 

       First step would be estimation of seismic hazard curve of the 

site using Probabilistic Seismic Hazard Analysis (PSHA) [24]. 

Second step would be vulnerability assessment of equipment by 

defining fragility curves for each equipment of process plant. 

Seismic fragility curves can be taken from literature or can be 

computed using numerical modeling [25], [26], while or this case 

study fragility curves are selected from literature [27], [28] 

considering as limit state extensive damage or complete failure 

of equipment. In Table 1 are given the parameters of fragility 

curves, median peak ground acceleration (PGA) and the 

lognormal standard deviation β. Third step will be definition of 

damaged scenarios using probabilistic seismic analysis, based on 

Monte Carlo simulation as described in [29].  

PRIAMUS [30] software is used to carry out the 

probabilistic seismic analysis and the most probable damage 

scenarios of the nitric acid plant are given in Table 2. 

Table 2. Probabilistic seismic damage scenarios. 

# 
Seismic damage scenario  

(damaged units) 

Annual 

Probability 

0 None 0.999 

1 E-21 E-24 1.39e-06 

2 E-32 9.05e-07 

3 E-24 3.22e-07 

4 E-21 2.63e-07 

5 E-7, E-9 1.90e-07 

6 E-10, E-11 9.93e-08 

7 
E-1 E-2 E-3 E-5 E-8 E-12 E-13 

E-14 E-15 E-17 E-25 E-26 
7.29e-08 

8 E-9 7.05e-08 

9 E-10 6.37e-08 

10 E-11 4.77e-08 

11 E-7 4.08e-08 

12 E-1 E-2 E-5 E-12 E-25 2.71e-08 

13 
E-4 E-6 E-27 E-33 E-34 E-35  

E-36 E-37 E-38 E-39 
2.68e-08 

14 E-16 E-20 E-23 2.02e-08 

15 E-21 E-24 E-32 1.64e-08 

16 
E-2 E-3 E-5 E-8 E-13 E-14 E-15 

E-17 E-25 E-26 
1.55e-08 

17 E-16 1.52e-08 

18 E-24 E-32 1.35e-08 

19 E-10 E-11 E-32 1.34e-08 
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Step 5. Computation of residual capacity. 

Definition of PFs and CBD in step 1 and 2 allows user to 

calculate the residual capacity C(td) of the plant for any damage 

scenario. Overall plant residual capacity can be calculated as a 

summation of partial capacities of each PFs as below: 

𝐶(𝑡𝑑) = ∑ 𝑂𝑓𝐶𝑓(𝑡𝑑)𝑓                                                                 (4)                                    

where, Of is the fraction of total plant capacity allocated in f-th 

PF, while Cf(td) is operation capacity of f-th PF when disruption 

occurs. Having defined the CBD for each f-th PF as a series of s-

th PS, the capacity of process flow can be defined as follow: 

𝐶𝑓 = 𝑀𝑖𝑛{𝐶𝑠,𝑓}                                                                         (5) 

where, Cs,f is the capacity of s-th process stage, located in f-th PF. 

Capacity of each PS is function of equipment working state and 

it is given in Table 3 . 

Table 3. Process Stage Capacity model. 
PS with units in series 

𝐶𝑠,𝑓 = ∏ 𝛿𝑖
𝑖𝜖𝑆[𝑠,𝑓]

 

PS with n equal units in parallel 

with capacity 1 𝑛⁄  𝐶𝑠,𝑓 = ∑
1

𝑛
𝛿𝑖

𝑖𝜖𝑆[𝑠,𝑓]
 

 

In this case study the fraction of total plant capacity 

allocated in PF1 and PF2 will be O1=0.6 and O2=0.4 respectively. 

Step 6. Determination of capacity recovery functions. 

In order to automatically model capacity recovery function 

C(t) based on GRAN, another damage state coefficient γi,j is 

introduced, a coefficient which multiplies each Ti,j recovery task 

duration in order to calculate the recovery time of i-th damaged 

equipment by completing all j-th restoration tasks. 

𝑇𝑟𝑖 = 𝑓(𝛾𝑖,𝑗𝑇𝑖,𝑗)                                                                         (6) 

Initial value of γi,j  will be 0, which means that recovery time 

of each equipment before the event is zero, while for a given SV 

with m-th damaged equipment (δi=0, iϵ[1..m]) the all γi,j  will be 

switched to 1. This way the GRAN will include only the recovery 

activities that are needed to recover m-th damaged equipment. 

By using the critical path method, the recovery time of each 

damaged equipment can be calculated. After having defined the 

recovery time of each damaged equipment, the plant operational 

capacity C(t) can be calculated having the time(t) as variable and 

by switching equipment state to undamaged (δi=1) when t=Tri.  

Step 7. Determination of economic losses. 

There are two types of economic losses that a plant 

experience due to a disruptive event. First ones, direct costs are 

the equipment reconstruction cost (ER) and include all the costs 

related to restoration activities such as: site cleaning, removing 

of damaged equipment, cost of new equipment etc. Second ones, 

business interruption cost (BI) are the variable losses due to 

reduction of production capacity leading to reduction of 

incomes. Total economic losses (EL) are calculated as 

summation of ER with EL. ER and BI can be calculated as 

follows 

𝐸𝑅 =  ∑ ∑ 𝛿𝑖𝐶𝑟𝑖𝑗𝑗𝑖                                                                      (7) 

𝐵𝐼 =  ∑ ∑ (𝑝𝑓 − 𝐶𝑣𝑢𝑓) [𝐶𝑁𝑓 − 𝐶𝑓(𝑡)]𝛥𝑡𝑧𝑧𝑓                             (8) 

where Crij is the cost of j-th restoration activity required to bring 

back into functional state the i-th equipment [17].  In Equation 

(8), pf is the unit selling price of the f-th process flow, Cvuf the 

variable unit production cost of the f-th process flow, CNf is the 

nominal production output of the f-th process flow, Cf(t) is the 

capacity of f-th process flow at time t, and Δtz is the duration of 

the z-th time interval between functional recovery of two 

successive units.  

For the case study as we are considering severe damage of 

equipment, the Crij will be the value of full replacement cost of 

i-th damaged equipment. 

Step 8. Resilience and business interruption calculation. 

In this part, resilience calculation and business interruption 

of plant due to seismic loading are shown. A reference time 

(th=180 days), equal to maximum time needed to reconstruct the 

completely damaged plant, is used in eq. (1) and (2). 

In Figure 8 is shown plant operational capacity for seismic 

damage scenario #1 and #2. In scenario #1, which has the biggest 

mean annual frequency of occurrence 1.6 E-6, equipment E-21 

and E-24 are damaged so the plant operational capacity at td 

drops to 0. After 170 days E-24 is reconstructed so the 

operational capacity increases to 40% as the PF2 is functional. 

The full recovery time for this scenario is 180 days, time needed 

to reconstruct E-21 and bring the plant to full operational 

capacity. This is a very low resilience damage scenario as the 

resilience index is 2.8%, corresponding to a resilience loss of 

97.2%. In scenario #2, which is the second most probable 

seismic damage scenario, E-32 (electric unit) is damaged so the 

plant operational capacity at td drops to 0 as this unit is used by 

both PFs. The recovery time of this unit takes 95 days, which 

corresponds also to time when plant is fully recovered. This 

scenario has a resilience index R=47.8%, corresponding to a 

resilience loss of 52.2%. 

 In Figure 9 is shown the resilience index of seismic damage 

scenarios, where scenario #1 and #15 are the least resilient 

scenarios (R=2.8%), this related to long recovery time of 

damaged equipment and also because they are equipment in 

series used by both PFs. Scenario #9 and #10 are the most 

resilient ones (R=78.6%), this related to short recovery time and 

because E-10 and E-11 are elements in parallel, so even when 

one of them will fail the plant will continue working with 50% 

capacity.  
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Figure 8. Plant operational capacity curve for seismic damage scenario #1 (a) and scenario #2 (b). 

Time when the plant is fully recovered for each damage 

scenario is shown in Figure 10. Scenario #1, #4 and #15 are the 

ones with longest duration of 180 days, while scenario #6, #9 and 

#10 are fastest recovery ones, having a full recovery time of 78 

days.  

Another very important index is the mean annual frequency 

of occurrence of seismic damage scenarios, which is shown in 

Figure 11. Scenario #1 has the highest annual probability of 

occurrence, around 1.39 E-6, while scenario #19 has lowest 

probability of occurrence ~1.34E-08.  

In Figure 12 economic losses for each seismic damage 

scenarios are presented. In terms of economic losses scenario #1 

has an economic loss of 10.8 million euros due to 1.9 million 

euros from equipment reconstruction cost and 8.9 million euros 

from business interruption. Scenario #15 is the one with biggest 

economic loss of around 11.6 million euros, while scenarios #10 

and #11 are the one with the smallest EL of around 2.1 million 

euros. Scenario #5 is the one which has the biggest direct cost, 

around 4.2 million, as the air compressors are the most expensive 

equipment of plant. 

 It can be extracted from Figure 12 that business interruption 

has the biggest influence on EL of the plant, around 80% of EL. 

It is important for plant owners or emergency managers of plant 

to have a recovery plan and a recovery strategy in case of seismic 

event in order to minimize the recovery time and reduce the 

economic losses due to business interruption.   

By checking both Figure 11 and Figure 12, it can be noticed 

that scenario #15, even though generates the biggest EL, equal 

to 11.6 million euros, the corresponding mean annual frequency 

of occurrence is rather small ~1.64E-8, while scenario #1 is the 

most critical one as it has economic losses of 10.8 million euros 

with the highest annual frequency ~1.394E-6. Therefore, both 

mean annual probability of occurrence and economic losses are 

needed by decision makers, emergency managers or plant 

owners in order to evaluate which are the most critical seismic 

damaged scenarios that need to be considered. This can be 

achieved by computing the expected annual value of the 

economic loss.   

 
Figure 9. Resilience index for each seismic damage scenario. 
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Figure 10. Time when plant is fully recovered. 

 
Figure 11. Mean annual frequency of occurrence for the most probable seismic damage scenarios. 

 
Figure 12. Economic losses for seismic damage scenarios. 

Having the annual frequency of occurrence and the time 

when plant is fully recovered for each scenario vector, the 

distribution of time when plant is fully recovered can be 

estimated. In Figure 13 is shown the distribution of time to full 

recovery of nitric acid plant for case of seismic loading, having 

a mean of ~140.9 days and a standard deviation of ~42.3 days.  

In Figure 14 is shown the probably that plant will be fully 

operational over time t, in case of a seismic damage. The plant 

has a probability of 50% chance of being fully operational after 

100-150 days, while it is most likely to be fully operational after 

180 days. 

In Figure 15 are shown the distribution of business losses 

for: (a) equipment reconstruction costs, (b) business interruption 

and (c) economic loss. 

CONCLUSIONS 
In this paper a case study describing the application of the 

resilience estimation method developed by Caputo and Paolacci 

[17] is presented.  
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Figure 13. Distribution of time when plant is totally 

recovered. 

 
Figure 14. Probabilistic restoration function. 

 
Figure 15. Distribution of business losses: (a) Equipment 

Reconstruction Cost, (b) Business Interruption and (c) 

Economic Loss. 

 

The method, which is based on plant structure and process 

flows, provides an estimate of the economic losses and 

operational capacity trend during recovery phase for a given 

damage scenario. 

Exact recovery functions based on General Reconstruction 

Activity Network are used, in order to have an accurate 

assessment of plant recovery function, which will allow to 

quantify equipment reconstruction costs and business 

interruption economic losses. In order to show its potentiality, 

the proposed method is applied to a case study, a Nitric Acid 

plant under seismic loading conditions. 

Only units directly damaged by earthquake have been 

considered in seismic damage scenarios. A damaged component 

is considered to be unrepairable, so it will need to be entirely 

dismounted and reconstructed. Moreover, the recovery capacity 

and time of each recovery activity have been considered as 

deterministic. 

Results showed that steel storage tanks are the most critical 

components of the Nitric Acid plant due to their high 

vulnerability, high mean annual frequency of occurrence of 

seismic damage and long reconstruction times. Indirect 

economic losses due to business interruption causes around 80% 

of total economic losses, so it is very important to measure them 

in an accurate way. Results provided from this methodology are 

extremely useful for decision makers, facility planners, 

emergency managers or plant owners, to support their decision-

making process in case of Na-Tech events.  

To the best of the author’s knowledge, this is the first attempt 

to rationalize and quantify the concept of resilience for process 

plants, relying on detailed plant structure and process flows.  

Further studies will be focused in full probabilistic 

formulation of methodology and accounting for domino effects 

when defining the seismic damage scenarios. 

ACKNOWLEDGMENTS 
This project has received funding from the European 

Union’s Horizon 2020 research and innovation programme 

under the Marie Sklodowska-Curie grant agreement No 721816. 

REFERENCES 
[1] Holling, C.S. 1973, Resilience and stability of ecological 

systems. Annu. Rev. Ecol. Syst. 1973.4:1-23. 



 10 Copyright © 2019 by ASME 

[2] Cimellaro, G.P., Bruneau, M., Reinhorrn, A., 2006, 

Quantification of Seismic Resilience, Proc 8th U.S. National 

Conf. on Earthquake Engineering, San Francisco, April 18-22, 

California, USA 

[3] Cimellaro, G.P., Fumo, C.,  Reinhorn, A.M., Bruneau, 

M., 2009, Quantification of disaster resilience of health care 

facilities, Technical Report MCEER-09-0009, University at 

Buffalo, USA. 

[4] Cimellaro GP, Reinhorn AM, Bruneau M., 2010, Seismic 

Resilience of a Hospital System, Struct. and Infrastr. 

Engineering, 6(1-2), pp. 127-144. 

[5] Cimellaro G, Reinhorn AM, Bruneau M., 2010, 

Framework for Analytical Quantification of Disaster Resilience, 

Engineering Structures, Vol. 32, No. 11, pp. 3639–3649. 

[6] Tsionis. G., 2014, Seismic Resilience: Concept, Metrics 

and Integration with other Hazards, European Commission, EUR 

27038 EN – Joint Research Centre – Institute for the Protection 

and Security of the Citizen, ISBN 978-92-79-44723-5. 

[7] Shafieezadeh, A., Ivey Burden, L., 2014, Scenario-Based 

Resilience Assessment Framework for Critical Infrastructure 

Systems: Case Study for Seismic Resilience of Seaports, 

Reliability Engineering and System Safety, 132, pp. 207-219. 

[8] Ramirez-Marquez, J.E., Rocco, C.M., Barker, K., 

Moronta, J., 2018, Quantifying the resilience of community 

structures in networks, Reliability Eng. and Syst. Safety, 169, pp. 

466-474. 

[9] Dinh, L.T.T., Pasman, H., Gao, X., Mannan, M.S., 2012, 

Resilience Engineering of Industrial Processes: Principles and 

Contributing Factors, Journal of Loss Prevention in the Process 

Industry, 25, pp. 233-241. 

 [10] Oedewald, P., Macchi, L., Axelsson, C., Eitrheim, M. 

H. R., 2012, Intermediate report of MoReMO. Modelling 

Resilience for Maintenance and Outage, NKS-262, NKS 

Secretariat, Roskilde, Denmark, ISBN 978-87-7893-335-5. 

[11] Rydzak, F., Chlebus, E., Shirali, G.A., Shekari, M., 

Angali, K.A., 2016, Quantitative assessment of resilience safety 

culture using principal components analysis and numerical 

taxonomy: A case study in a petrochemical plant, Journal of Loss 

Prevention in the Process Industries, Volume 40, pp. 277-284. 

[12] Aven, T., 2017, How some types of risk assessment can 

support resilience analysis and management, Reliability 

Engineering and System Safety, Vol. 167, pp. 536-543. 

[13] Castillo-Borja, F., Vazquez-Roman, R., Quiroz-Perez, 

E., Diaz-Ovalle, C., Mannan, MS., 2018, A Resilience Index for 

Process Safety Analysis, Journal of Loss Prevention in the 

Process Industries, Vol. 50, pp. 184-189. 

 [14] Mebarki, A., Jerez, S., Prodhomme, G., Reimeringer, 

M., 2016, Natural Hazards, Vulnerability and Structural 

Resilience: Tsunamis and Industrial tanks, Geomatics, Natural 

Hazards and Risk, Vol. 7, suppl. 1, pp. 5-17. 

[15] Rydzak, F., Magnuszewski, P., Sendzimir, J., Chlebus, 

E., 2006, A concept of Resilience in Production Systems, Proc. 

24th Int. Conf. of the System Dynamics Society, July 23-27, 

Nijmegen, The Netherlands, https://www.systemdynamics.org/ 

conferences/2006/proceed/. 

[16] Yao, H., 2013, "The Modeling, Analysis and Control of 

Resilient Manufacturing Enterprises," Doctoral dissertation in 

Electrical and Computer Engineering. Paper 15., 

http://uknowledge.uky.edu/ece_etds/15 

[17] Caputo, A.C., Paolacci, F., 2017,A method to estimate 

process plant resilience, Proc. ASME Pressure Vessel & Piping 

Conference 2017, July 16-20, 2017, Waikoloa, Hawaii, United 

States, Paper # PVP2017-65464. 

[18] Bocchini, P., Frangopol, D.M., 2011, Resilience-Driven 

Disaster Management of Civil Infrastructures, Proc. Conf. on 

Computational Methods in Structural Dynamics and Earthquake 

Engineering, Corfu, Greece. 

[19] Cimellaro, G.P., Fumo, C., Reinhorn, A.M., Bruneau, 

M., 2009, Quantification of disaster resilience of health care 

facilities, Technical Report MCEER-09-0009, University at 

Buffalo, USA. 

[20] Bruneau, M., Chang, S.E., Eguchi, R.T., Lee, G.C., 

O’Rourke, T.D., Reinhorn, A.M., Shinozuka, M., Tierney, K., 

Wallace, W.A., von Winterfeldt, D., 2003, A Framework to 

Quantitatively Assess and Enhance the Seismic Resilience of 

Communities, Earthquake Spectra, 19(4), pp. 733-752. 

[21] Ray M.S., Johnston D.W., (1989), Chemical 

engineering design project: A case study approach, Topics in 

chemical engineering Volume 6. 

[22] Vatavuk M.W., 2012, Updating the CE cost plant index, 

Chemical Engineering www.CHE.com January 2012 

[23] CEPCI Online, Chemical Engineering Plant Cost Index 

https://www.chemengonline.com/2018-cepci-updates-july-

prelim-and-june-final/  

 [24] Cornell A., 1968, Engineering Seismic Risk Analysis, 

Bull. of the Seismological Society of America October 1968, 

Vol. 58, N. 5, pp. 1583-1606. 

[25] Phan H.N., Paolacci F., Alessandri S., (2019), 

Enhanced seismic fragility analysis of unanchored steel storage 

tanks accounting for uncertain modeling parameters, submitted 

to Journal of Pressure Vessel and Technology. . Volume 141 | 

Issue 1, DOI: 10.115/1.4039635 

[26] D'Amico M, Buratti N. (2019), Observational Seismic 

Fragility Curves for Steel Cylindrical Tanks. ASME. J. Pressure 

Vessel Technol. 2018; 141 (1), DOI:10.1115/1.4040137 

[27] PEC (2017), Deliverable D4.1 - Definition of the 

structural models and seismic fragility analysis techniques 

available for the specific case study, PEC Project: Post-

Emergency, Multi-Hazard Health Risk Assessment in Chemical 

Disasters. 

[28] Hazus – MH 2.1 Technical manual, Earthquake model, 

Multi-hazard Loss Estimation Methodology. 

[29] Alessandri et al, (2018) Probabilistic Risk Analysis of 

Process plants under Seismic loading based on Monte Carlo 

Simulations, Journal of Loss Prevention in the process 

Industries, Vol 53 - pp. 136-148, DOI: 10.1016/j.jlp.2017.12.013 

[30] Corritore D., Alessandri S., Giannini R., Paolacci F., 

(2017), PRIAMUS: A new tool for the probabilistic risk 

assessment with Monte Carlo simulations of Process Plants 

under Seismic Loading ANIDIS Conference, Pistoia, 2017.  

https://www.chemengonline.com/2018-cepci-updates-july-prelim-and-june-final/
https://www.chemengonline.com/2018-cepci-updates-july-prelim-and-june-final/

