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Abstract 

The seismic risk assessment of supporting structures, and process piping elevated on supporting 

structures plays an important role in accident prevention inside process plants. Process piping is 

an essential yet complex network of pipes that is used inside petrochemical facilities for connecting 

equipment items. Even though the seismic vulnerability of process piping and supporting 

structures is high, as demonstrated during past accidents, the risk assessment has hitherto relied on 

generalized and obsolete fragility models, e.g. from HAZUS, without addressing specifically the 

idiosyncrasies of dynamic coupling, soil effects or source conditions. To this effect, the present 

study addresses the risk assessment and accident scenarios due to earthquake of a realistic process 

unit in a refinery. By virtue of a recent update of seismic hazard maps in the region of interest, the 

seismic performance of the unit should be investigated. The methodology includes five main steps 

that pertain to structural modelling accounting for soil effects, hazard identification, dynamic 

analyses and description of seismic demand – intensity relationship, fragility derivation and risk 
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estimation as well as analysis of the accident’s consequences using JRC’s in house tool, ADAM. 

Overall, the steel structure was considerably more vulnerable than piping. Also, soil deformability 

and source conditions caused higher uncertainty and increased the risk. The derived fragility 

curves and risk estimation are tailored to a process plant that can commonly be found in modern 

oil refineries, and the proposed analytical framework can be easily implemented in a quantitative 

risk assessment for the most vulnerable equipment, at least, which is necessary for risk reduction 

and consequence mitigation inside chemical facilities. 

Keywords: process plant; piping; seismic risk; fragility assessment; consequence analysis; Natech  

1. Introduction 

1.1 Background and motivation 

In many industrial plants, e.g. petrochemical and nuclear, process piping plays a major role 

allowing fluid transfer in the process facilities. Process piping runs not only from one unit to 

another, but it also runs within the same unit to connect vessels and columns. As such, a complex 

network of pipes including numerous nonlinear geometrical configurations is formed to achieve 

flexibility that is required to withstand sustained and operating loads. Although a failure of piping 

is considered a “minor damage” from the structural point of view, it is possible to trigger major 

accident events. Indeed, [1] recognized that piping is the part inside chemical installations which 

is the most prone to damage when accounting for any hazard type, e.g. human, mechanical and 

natural. The natural hazard is not the governing type of hazard; however, due consideration should 

be given to the layout, construction and corrosion which can be significant contributors to piping 

failure. Furthermore, [2] conducted data mining from 6 different industrial accident databases and 

identified that pipework (defined as piping-to-equipment connections, fittings and pipe supports) 
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and storage equipment were the most fragile both under flood and earthquake excitation, calling 

for more research on equipment behaviour under natural-event loading.  

Furthermore, [3] estimated that natural hazards caused between 2% and 5% of the total number of 

reported accidents in each analysed database. However, the percentage could be considerably 

higher due to bias in the reporting process. When it comes to earthquake hazard in particular, [4] 

highlighted the complex nature of accidents triggered by seismic events due to multiple releases 

from piping and cascading effects, which calls for more analytical studies and acquire additional 

data on accident scenarios. Analytical studies on supporting structures outfitted with piping are 

scarce and fail to evaluate the dynamic interaction between pipes, equipment and supporting 

structure that play a significant role in the seismic response. More specifically, piping has mostly 

failed at the connection with other tanks/vessels e.g. nozzles, pipe-to-pipe flange connections, and 

pipe-to-rack connections due to differential displacement or overstressed hard connections, as has 

been illustrated in past earthquakes ([5] and [6], among others) (Eli et al., 1995; Krausmann et al., 

2010, among others). Also, [2] found that 439 cases of pipework were involved in 78 Natural 

hazard triggered technological (Natech) accidents triggered by seismic events, which highlights 

once again the criticality of the dynamic interaction of piping with other structures/equipment and 

the high probability of multiple pipe failures within the same chemical plant.  

Considering the high seismic vulnerability, the complexity of piping systems and the scarce 

fragility models for supporting structure – piping systems, it is evident that analytical studies are 

needed to enhance the quantitative risk assessment of process plants. Damage functions that are 

used to describe the seismic fragility of industrial supporting structure – piping systems are based 

on data obtained primarily through damage observations after the earthquake, as well as expert 

judgment, which may increase the bias due to consultant experience, deficiency of data and 
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diversity of structural configurations. On the other hand, analytical fragility models are able to 

account for the idiosyncrasies of piping systems, e.g. dynamic coupling, and record-to-record 

randomness can be controlled more easily [7]. To-date, research has mostly focused on the fragility 

assessment of piping and other equipment inside critical facilities e.g. hospitals ([8]–[12]) and 

nuclear power plants ([13], [14]). However, supporting structure – piping systems inside 

petrochemical facilities do not present diaphragmatic behaviour and can be affected considerably 

by the dynamic interaction with heavy equipment e.g. vessels [15], which increases the seismic 

risk. Other uncertainty sources regard the soil deformability and near-field effects which have been 

investigated for storage tanks, nuclear containment and nonstructural components inside common 

building structures ([16]–[18]). The research that deals with the seismic risk assessment of piping 

and supporting structures inside process plants is very scarce ([19]–[21]) and does not investigate 

the aforementioned aspects. 

Finally, following the derivation of the seismic fragility of piping and supporting structure, the 

accident scenarios can be identified for risk reduction and consequence mitigation. For instance, 

[22] reported that a stack tower fell over a pipe rack and caused the failure of several pipes inside 

an oil refinery during the 1999 Izmit earthquake. Although firefighters managed to put out the fire 

several times, the fire was re-ignited continuously by the broken pipes due to the inadequate 

number of shut-off valves. Additionally, [23] discussed a Natech accident that involved process 

pipes at a refinery following the impact of the 2011 Tohoku earthquake. A tank collapsed due to 

the earthquake, ripping off connected pipes in the process and causing a release which ignited. A 

valve had been manually locked open in that line prior to the accident. The authors highlighted 

that such a scenario was not considered in the emergency-response plan, since it was a breach of 

safety regulations. Had the valve been closed, the accident would have been manageable. The 
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identification of accident scenarios can highlight critical points towards taking preemptive 

measures e.g. installation of emergency valves in critical segments of the piping network. 

1.2 Objectives and methodology 

In the next sections, the seismic performance and main failure modes of piping systems – 

supporting structures, as observed during major seismic events, are examined to acquire a better 

insight into the seismic response and contributing factors. Furthermore, a time-efficient and robust 

framework for estimating the risk and accident scenarios of a desulphurisation unit at a refinery is 

presented using realistic process data as a testbed. The framework comprises 5 main steps, namely 

1) the structural modelling of the process unit, 2) the seismic hazard identification, 3) the dynamic 

analysis and description of seismic demand – intensity relationship, 4) the fragility derivation and 

risk assessment, and finally, 5) the determination of accident scenarios and subsequent 

consequence analysis using the Joint Research Centre’s (JRC) in-house tool ADAM and 

calculation of the Natech probability for each scenario. Given that the current industrial practice 

and research does not consider a holistic framework for the assessment of these systems, which 

obscures modelling and analysis assumptions, the present study intends to shed light on supporting 

structure – piping system seismic response and contribute to the development of a consolidated 

framework for risk assessment accounting for analytical models at least for the most critical 

process units. It should be noted that the term “critical” units refers to structures that process 

hazardous materials, present seismic vulnerability due to stiffness and mass irregularities, and 

consequently pose a high risk to humans and the smooth operation of a process plant in case of 

damage.  
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2. Seismic performance of piping and supporting structures during major 

earthquakes 

2.1 Failure modes 

Piping inside process plants is elevated on supporting structures, multiply supported and connected 

with equipment. The dynamic interaction between supporting structures, equipment and piping is 

dependent on the connection type (rigid/flexible) as well as mass of piping and equipment with 

respect to rack stiffness [24]. The configuration of hard pipe connections was a common practice 

at least in the past. However, when an earthquake strikes a process plant, critical points are 

overstressed due to differential displacements and high inertia forces. In fact, strong earthquake 

events, which have resulted in human losses, population evacuation and environmental pollution 

among others, have highlighted a number of failure modes that are summarised in Table 1 and 

analysed below. It should be noted that it is not always possible to acquire adequate information 

regarding failure modes from a database [3]. Thus, corroboration of data from different data 

sources may be needed.  

When the 2008 Wenchuan earthquake hit a number of chemical facilities with 7.9 moment 

magnitude (Mw), three main damage mechanisms could be observed, which are frequently spotted 

in chemical facilities damaged by earthquakes and that were not designed according to seismic 

codes [6]. Falling debris from collapsing buildings and other structures is the main source of piping 

failure. This failure mode is relevant to erroneous or inadequate design and has been reported in 

several accident databases, e.g. [22] and [23] but also by [22]. The rigid pipe-to-pipe support 

connection that causes brittle failure of a pipe is the second damage mechanism (Fig. 1a). Apart 

from pipe failure, excessive seismic forces can cause failure of the pipe support, as observed during 

the 2011 Tohoku earthquake and 1994 Northridge earthquake (Fig. 1b) ([5], [27]). Although no 
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release occurred in this case, the importance of designing flexible supports was highlighted once 

again. This failure mechanism is in unison with the conclusion of [28] who showed that a code-

inconsistent pipe rack can present very high vulnerability due the rigidity of pipe-to-rack 

connections. The extensive damage of supporting structures due to inadequate design or dynamic 

interaction with equipment can cause high differential displacement of equipment and comprises 

the third damage mechanism. For example, the permanent differential displacement of a reinforced 

concrete building during the Wenchuan earthquake, caused by the excessive damage of columns, 

disconnected attached pipes, often leaving them hanging in mid-air (Fig. 1c). Similar failure modes 

have also been reported during the 1999 Kocaeli earthquake (Fig. 1d) [29] and the 2003 Bam 

earthquake [30]. Also, supporting structures were damaged during the 2019 Ridgecrest earthquake 

sequence [31]. The buckling of a steel column at the base (Fig. 1e) as well as the brittle failure of 

bracing (Fig. 1f) were two damage modes among other reported damage in a chemical plant close 

to Searles Lake, California, USA. Recently, an experimental study was conducted by [15], which 

confirmed that the supporting structure can present high deformation due to the interaction with 

vessels, although piping does not experience considerable damage.   
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Table 1: Failure modes, main causes, contributing factors and consequences for supporting structure - piping systems during major 

earthquake events 

Reference Earthquake properties Failure mode Causes & contributing factors Consequences 

[6] 

 12 May, 2008 Wenchuan, China 

max PGA=0.96g 

 Equipment damage prevailed in 

sites with low PGA 

 Support-to-pipe connection 

rigidity 

 Differential displacement 

with adjacent structures e.g. 

tanks or pumps 

 Falling debris from 

collapsing buildings 

 Non-seismic code design or 

code deficiency 

 High intensity of the 

earthquake 

 Near-source effects 

 Soil-liquefaction 

 Improper anchorage of tanks 

that resulted in high 

differential displacements 

 Large amount of 

materials e.g. ammonia 

and sulfuric acid were 

spilled and polluted a 

river 

 Evacuation of 6000 

residents  

 Fire and explosion of 

stored sulphur 

 Human losses and injury 

[23] 

 11 March, 2011 Tohoku 

earthquake, Japan 

  PGA >0.114 g at Chiba refinery 

 PGA >0.15 g at Kashima refinery 

  Shutdown criteria 0.05-0.25g in 

158 plants 

 Vessel failure and 

subsequent rupture of an 

attached pipe 

 Nozzle failure 

 Failure of pipe supporting 

structures (without release) 

 One of the vessels was not 

designed to withstand the 

forces when filled with water 

(1.8 times heavier than LPG) 

 The valve of the pipe was 

manually switched open 

(safety regulation violation) 

 Another valve was open due 

to tank filling when the 

earthquake struck  

 Air dispersion and VCE 

 Heat impingement from 

the burning LPG storage 

tank farm 

 Cascading phenomena 

due to burning missile 

projection to neighboring 

plants (release of 

methylethylketone and 

polypropylene) 

[5] 

  January 17, 1994 Northridge 

earthquake, USA 

  PGA=0.63 g in horizontal and 

0.62 g in the vertical - Pacerita 

electric power generating plant 

  17 km epicentral distance 

 Fractured pipe fitting (t-joint) 

due to shifting and rocking 

movements of heavy 

equipment and vibration of 

connecting pipes 

 Anchorage failure and failure 

of rack supports 

 Site effects (amplification 

phenomena at a hill top due 

to high elevation and soil 

underneath) 

 Weak pipe support due to 

corrosion 

 The power plant was 

shutdown during the 

earthquake due to 

maintenance 

[30] 

 December 26, 2003 Bam 

earthquake, Iran 

 Max PGA=0.79g in horizontal 

and 1.01g in vertical 

 <5km from faulting fissure 

 Rigid piping next to a tank 

fractured 

 Differential displacement 

between pipeways and 

masonry walls 

 No anchoring system 

 Inadequate design 

 Directivity effect of near-

fault conditions 

 Industrial lubricant 

leaked and caused 

environmental pollution 
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a) b) 

 

 

c) d) 

  
e) f) 

Fig. 1: Typical failure modes of process piping inside chemical plants: a&b. hard pipe connection (Photo: A.M. 

Cruz & [27], respectively), c&d. failure due to differential displacement with supporting structure (Photo: E. 
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Krausmann & [29], respectively), e&f. failure on supporting structure [31] (all figures are reproduced with 

permission) 

Furthermore, another common earthquake-induced damage mode pertains to the rupture of tank 

nozzle because of improper tank anchoring, differential movements with adjacent pipe racks, soil 

liquefaction and rigid connections. During the Wenchuan earthquake, it was reported that tanks 

and vessels remained intact even in heavily damaged plants, whereas it is highly possible that loss 

of content occurred due to severed piping connections [6]. Another example comes from the 1995 

Kobe earthquake where permanent soil deformation caused the brittle failure of a pipe at the 

connection point with a reinforced concrete structure [32], as shown in Fig. 2a. Soil liquefaction 

is likely at coastal sites where numerous chemical plants are located. This is one of the reasons 

why piles are placed beneath structures and tanks to improve the bearing capacity and avoid 

liquefaction phenomena. Finally, a dense piping layout may cause the collision of different pipes 

during seismic excitation (Fig. 2b) [33]. 

  
a) b) 

Fig. 2: Additional failure modes of pipes due to seismic excitation: a. failure at pipe connection due to soil-induced 

differential displacement [32], b. collision of pipes [33] (figures are reproduced with permission)    

2.2 Causes, contributing factors and lessons learned 

Taking into account the aforementioned damage and failure modes, it is evident that the seismic 

integrity of piping is strongly dependent on the seismic performance of supporting structures and 
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tanks. The extensive damage that tanks and supporting structures experienced during past 

earthquakes implies that they were not designed adequately. This mainly applies to old facilities. 

For instance, [6] clearly identified that older facilities (built approximately between 1950 and 

1980) experienced considerably higher damage compared to modern ones during the Wenchuan 

earthquake. This issue is very critical and a valuable lesson-learned for the risk reduction in 

existing chemical plants. In fact, insufficient seismic design along with a lack of recognition of the 

earthquake vulnerability can increase the risk considerably. A clear illustration of this aspect was 

also demonstrated during the 2011 Tohoku earthquake [23]. A spherical Liquified Petroleum Gas 

(LPG) vessel was filled with water for maintenance reasons when the earthquake struck an oil 

refinery. While designed to withstand the design earthquake assuming LPG filling, the braces of 

the vessel could not resist the excessive forces, given that water is 1.8 times heavier than LPG. 

Thus the attached piping was ruptured due to vessel collapse.  

In addition to the seismic response of supporting structures and tanks, the piping behaviour also 

depends on the connection type. Usually, the more rigid the connection of piping with a 

structure/tank, the higher the probability to experience damage. However, using flexible 

connections is not a panacea that can prevent any damage to piping, considering that piping free 

to vibrate will probably be overstressed and can subsequently fail on fittings (or geometrical 

nonlinearities), e.g. elbows or joints. Also, it should be stressed that the design of piping without 

hard connections is not always possible. In some cases, the use of pipe loops can be a reasonable 

way to increase flexibility and to absorb seismic forces. 

Apart from the aforementioned direct causes, there are several contributing factors that can 

increase the probability of a Natech accident. For instance, soil deformability, site effects, source 

conditions, corrosion or human error increased considerably the observed damage during the major 
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accidents reported in Table 1. [5] reported that the epicentral distance was not an indicator of 

strong motion severity, since a higher Peak Ground Acceleration (PGA) was recorded at a station 

located 17 km away from the source compared to others located 2-7 km away. Amplification 

phenomena due to loose soil formulations or high elevation of sites can increase the recorded PGA. 

However, it is possible that seismic motions with lower PGA can cause more damage to equipment 

than others with higher PGA value [6], which indicates that the frequency content modified by 

site-effects plays an important role. Also, near-source conditions may increase considerably the 

seismic demand in the vertical direction, which is erroneously prescribed as 1/3 or 2/3 of the 

horizontal ones by seismic codes ([7], [34]). During the Bam earthquake, an industrial plant located 

less than 5 km from the source experienced 1.01 g PGA in the vertical direction compared to 0.79 

g in the horizontal direction [30]. Also, during the Wenchuan earthquake, structures that were 

consistent with the Chinese code experienced damage due to near-source effects because of the 

high intensity in the vertical component that exacerbated the damage drastically [6]. A similar 

response was also noticed during the Northridge earthquake. The literature is still scarce regarding 

the assessment of supporting structures – piping systems, accounting for near-source effects. [28] 

demonstrated that near-field conditions can impose higher seismic demand for a non-seismic code-

consistent reinforced concrete pipe rack – piping system compared to far-field records. Also, 

higher variability of seismic demand was observed in case of near-field conditions. Thus, it still 

remains to examine the response further by accounting for different structural and piping 

configurations. 

2.3 Consequences 

Major earthquakes have caused the release of flammable and toxic materials which resulted further 

in fires and explosions, posing an additional risk to human lives, the environment and economy. 
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[6] reported that humans lost their lives and needed to leave the stricken area, while high amounts 

of toxic materials were spilled and polluted a river and the air, during the Wenchuan earthquake. 

Environmental pollution was also observed during the Bam earthquake [30]. Catastrophic accident 

scenarios such as pool fires, vapour cloud fires and explosions have occurred inside process plants 

and can cause so-called cascading effects. For instance, [23] reported that the uncontrolled fire 

around a damaged tank due to an open pipe valve was continuously fed with LPG, eventually 

leading to the destruction of the complete tank farm consisting of 17 tanks. Cascading phenomena 

were also observed during the Tohoku earthquake by virtue of Vapour Cloud Explosions (VCEs) 

and the projection of burning missile to nearby facilities. The aforementioned accidents could 

likely have been prevented if a fragility assessment had been conducted to identify vulnerable 

equipment.             

3. Derivation of fragility functions for chemical plant structures   

A Fragility Function (FF) is a useful tool for engineers, risk analysts and other stakeholders for the 

identification of the most vulnerable equipment, risk estimation and accident scenario 

determination. Intervention measures (e.g. structural strengthening) prior to or estimation of 

requirements for medium- and long-term recovery in the aftermath of a severe earthquake can be 

undertaken by utilising FFs. There has been a rise in the interest in FF derivation during the last 

two decades by virtue of several catastrophic accidents, the growing complexity of process plants 

and inter-dependence with urban support systems [7]. FFs can also be utilised for estimating the 

resilience of process plants in terms of capacity and economic losses [35].   
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3.1 Analytical fragility derivation 

The robustness of FFs strongly depends on the way that data are collected. In contrast with 

empirical FFs and those derived using expert judgement, analytical FFs are derived using 

mathematical models that can encompass irregular structural configurations of process plants. 

They can also minimise bias referring to material and seismic uncertainty, include all possible 

failure modes, and yield robust reliability assessment. Analytical fragility models for process 

plants may not be computationally efficient due to the large scale and complexity of the structural 

system. To this effect, empirical and generalised fragility curves are adopted for risk assessment; 

however, they do not account for the dynamic characteristics of elevated piping, source conditions 

and site effects. For instance, HAZUS [36] has classified FFs for three different components, 

namely refineries, pumping plants and tank farms, considering only PGA as Intensity Measure 

(IM). Arguably, this categorization is very rough and cannot describe critical points of dynamic 

interaction between supporting structures and piping. Therefore, analytical fragility assessment at 

least for the most critical process units should be conducted to investigate the seismic response. In 

this way, the computational cost decreases and more robust FFs can be derived.  

Furthermore, a narrow-range method is more suitable for describing the seismic demand – 

intensity relationship of piping – supporting structures. Given that process plant structures are 

designed to not collapse even for the maximum considered earthquake, the fragility assessment 

should be carried out only for the Limit State (LS) of interest, e.g. life safety. The cloud method is 

easily implementable, time-efficient and accurate ([37], [38]). The analysis is conducted either 

with unscaled or scaled records at different IMs. The type, number and intensity of records are 

decisive for the accuracy of the method. According to [39], the records should be scaled so that 

they cover a wide range of spectral acceleration values in the region of interest, at least 30% of 
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records should exceed the target LS and no more than 10% of records should regard the same 

seismic event. Finally, [40] mentioned that special attention to the spectral shape and site 

conditions of the selected records, using for example the conditional spectrum approach, is not 

going to be crucial for the assessment, except if no check on the IM sufficiency is performed a 

priori.  

3.2 Solution method 

The FF of an IM is the sum of all structural analysis results conditioned on an IM, and it is 

expressed as follows [41]: 

 FF(IM) = P[EDP > EDPC|IM] (1) 

where the condition inside the probability, P[·], signifies the violation of a certain LS. Also,EDPC 

and EDP stand for the seismic capacity and demand of Engineering Demand Parameter, 

respectively.  

In case of cloud analysis, a logarithmic linear regression is commonly performed to fit the EDP-

IM relationship, assuming that the seismic demand (EDP) follows linear distribution in the log-

space [42]. The linear regression is described by the following properties: 

    

EDP = (a ∙ IMb) ∙ ε 

με = 1 & σln𝜀 = βEDP|IM 
(2) 

where a is a constant and b is the slope in log-space. The lognormal random variable ε has median, 

με, equal to unity and its logarithmic standard deviation, σlnε, is equal to the standard deviation of 

natural logarithm of EDP for a given value of IM, βEDP|IM. 

The probability of exceedance of a certain LS is commonly described by the lognormal Cumulative 

Distribution Function (aka CDF) Φ: 
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     P(EDP > EDPC|IM) = Φ (
ln IM − ln IMC,50%

βIM,tot
) (3) 

where the IMC,50% is the median IM and the total dispersion βIM,tot is given by: 

     βIM|tot =
1

b
∙ √βEDP|IM + βC + βDL (4) 

where βC and βDL describe the uncertainty in the capacity and damage level definition. The present 

study focuses on the estimation of βEDP|IM, whereas βC and βDL are commonly assumed equal to 0.3 

and 0.4, respectively [36].  

4. Case Study – Risk assessment of a desulphurisation unit 

To highlight the aforementioned aspects referring to failure modes, analytical fragility derivation, 

risk assessment and consequence scenarios, a case-study that reproduces a realistic 

desulphurisation unit – a common facility inside modern oil refineries – is investigated hereafter. 

The desulphurisation unit processes diesel and reduces to an acceptable level the sulphur content 

which is subsequently translated into lower sulphur dioxide emissions from fuel combustion. The 

assessment process includes at least the following steps, which are summarised in  Fig. 3 and 

elaborated in the following: 1) the structural modelling of the steel tower accounting for dynamic 

coupling with vessels and piping, Soil-Structure Interaction (SSI), material as well as plasticity 

modelling; 2) the seismic hazard identification and record selection considering site effects 3) 

dynamic analysis and linear regression of the seismic demand – intensity relationship EDP-IM in 

the logarithmic space; 4) fragility curves derivation for the Serviceability Limit State (SLS) and 

Safe Life Limit State (SLLS) and integration with the hazard curve of the site for the estimation 

of seismic risk in terms of mean annual frequency of exceedance of each LS, and finally 5) Natech 

probability calculation and determination of accident scenarios for the most critical equipment. 
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4.1 Modelling description 

The process unit comprises a high-rise steel structure, several vertical and horizontal vessels, as 

well as a complex piping network that connects the vessels at different floors (Fig. 4a). In 

particular, the horizontal vessels refer to feed exchangers, surge drums and preheaters, whereas 

the vertical vessel at the top of the tower comprises a first stage stripper that is used to remove a 

high portion of sulphur (H2S) from the diesel before entering the second reactor for further 

desulphurisation. The steel tower extends to 31.5 and 28 m in the X and Y direction, respectively, 

and rises roughly to 61 m height. The structural members are modelled as beam elements 

accounting for bi-axial bending and shear as well as axial deformation. The lateral load resisting 

system is formed by ordinary braced frames in the X direction, and ordinary moment frames in the 

Y direction. Horizontal bracing is placed in the XY plane and some vertical cross bracings can 

also be found in the Y direction. The structural members are made of steel ASTM A36/A36M with 

expected yield (fyes) and ultimate strength (fues) of 372.32 MPa and 439.89 MPa, respectively, 

modulus of elasticity (E) equal to 203 GPa, Poisson ratio (ν) equal to 0.3 and kinematic hysteretic 

behaviour.  
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 Fig. 3: The proposed framework for the risk assessment and accident analysis of supporting structures – piping 

systems 

1a. Structural modelling with coupling     

1c. Material nonlinearity  1d. Plasticity modelling  

2. Seismic hazard identification 3. EDP – IM regression analysis 

𝑁[𝐸(𝑙𝑛𝐸𝐷𝑃|𝐼𝑀) 

𝜆 = − ∫ 𝑃[𝐿𝑆 > 𝐿𝑆𝑖|𝐼𝑀] ·
𝑑𝐻(𝐼𝑀)

𝑑(𝐼𝑀)
𝑑(𝐼𝑀)

+∞

0

 
4. Fragility curves and risk estimation 

5. Natech probability and accident scenarios 

P(RS1|SLS) 

 

P(RS2|SLLS) 

𝑃𝑁𝑎𝑡𝑒𝑐ℎ =  𝑃(𝑅𝑆|𝐿𝑆) ∙ 𝑃(𝐿𝑆|𝐼𝑀) ∙ 𝑃𝑖𝑔𝑛

𝑃(𝑅𝑆1|𝑆𝐿𝑆) = 10%
𝑃(𝑅𝑆2|𝑆𝐿𝐿𝑆) = 50%
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Additionally, the modelling of panel zone and column-to-beam connection was examined. Three 

different configurations of panel zone were evaluated, viz centreline without rigid offset, centreline 

with offset, and scissor model as described in [43]. The rigid offset reduced the vibration period 

by almost 11% compared with the centreline, whereas the difference with the scissor model did 

not exceed 3%. Also, to examine the influence of flexibility of the column-to-beam connection, 

two different lateral resisting systems were calibrated. In addition to the original system, a dual 

system was modelled with both directions being restricted. After comparing the vibration modes 

for the two different structural types, it was concluded that the maximum difference was 8% and 

2% in the X and Y direction, respectively. Given that the rigid panel zone and the flexibility of 

connection did not influence considerably the response, the scissor model with the original 

configuration of frames was considered in the assessment. Finally, the plastic deformation of 

structural members was described by concentrated hinges. The load-deformation curve was 

modelled based on [44], and the plastic hinges yield based on the interaction of axial and bi-axial 

bending moments at hinge location, placed at 5% and 95% of element length. More information 

about plastic hinge modelling can be found in [43] and [45].  
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a) b) 

 
c) 

Fig. 4: A realistic desulphurisation unit a. without SSI and with dynamic interaction b. without SSI and dynamic 

interaction and c. with SSI and dynamic interaction 

The dynamic interaction effects of equipment on the supporting structure were investigated. For 

this purpose, an additional model was calibrated (Fig. 4b) where the mass of equipment was 

applied to the steel structure as point load compared to the coupling case where the load is 

considered from the equipment material itself (Fig. 4a&c). To make the comparison fair, it was 

verified that the total weight of the two systems differentiated by less than 1%.   

Regarding the piping system, three different Nominal Diameters (DN) can be found in the model, 

viz DN250 40S, DN500 and DN600 80S. In particular, the straight pipes and pipe bends were 

modelled with 2-node linear beam elements with hollow cross section; however, the bends 

(elbows) were discretized into 20 elements to achieve higher accuracy. This modelling 

configuration was verified against [46] comparing the response in the linear elastic and post-

yielding region of a pipe bend under bending and shear using beam and shell elements. 

Furthermore, the pipes are made of steel API 5L X42 with expected yielding (fyep) and ultimate 

strength (fuep) equal to 297.00 MPa and 335.50 MPa, respectively. The modulus of elasticity (E) 
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Feed 
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and Poisson ratio are equal to 203 GPa and 0.3, respectively. Anew, kinematic hardening is 

considered with rupture strain at 0.03. The piping is supported on the steel structure mainly with 

sliding and guided supports, so that pipes are free to move in the transverse and longitudinal 

direction or only longitudinal direction, respectively. This support type is generally considered to 

attribute flexibility to the piping system due to thermally and seismic-induced forces. Fixed 

connections are considered only for the connection of pipes with equipment. The description of 

structural and pipe coordinates is omitted for the sake of brevity. Furthermore, horizontal vessels 

are fixed on saddles. The vessel saddle and shell are made of steel with fyep and fuep equal to 278.5 

MPa and 477.7 MPa, respectively, considering kinematic hardening. The density of vessel and 

pipe steel, ρs,  increased to account for the density of diesel, ρd. Concerning the plastic deformation 

of pipes, fibre sections with 8 integration points along the perimeter were assigned at the most 

critical regions of the piping system (fittings, supports and connections points with equipment). 

More information about this method can be found in [40] and [42]. It was assumed that failure will 

occur either on the saddle or the pipe connected to a vessel and not on the vessel shell, which can 

be verified from the post-earthquake damage investigation results of Section 2; hence, plastic 

hinges were assigned on the saddle members. 

Furthermore, the process plant is located at a coastal site where the soil is quite loose at least at the 

upper layers. In particular, the soil profiles encountered at this portion of the site consist 

predominantly of three soil types. Layer #1 consists of red sand fill material. The top of this layer 

starts at the ground surface and the bottom of this layer is located at 4.8m below the existing ground 

surface. Layer #2 consists of stiff to very stiff clayey silt. The top of this layer starts at the end of 

layer #1 and the bottom of this layer is at a maximum depth of 9.1m below the ground surface. 

Layer #3, which is the final one, consists of hard silty clay. This layer ranges from the base of layer 
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#2 to the end of the borehole, which is 18.5 m below ground surface. The saturated unit weight 

was considered equal to 19.86 kN/m3 for the first layer and 17.96 kN/m3 for the next two layers. 

The shear wave velocity was evaluated in the 168-207 m/s range for the first layer and the 

maximum value for the next two layers were equal to 443 m/s and 532 m/s, respectively (Fig. 5a).  

Because the process unit is heavy and there is substantial settlement due to the loose soil 

conditions, pile (or deep) foundation was addressed to account for the soil effects (Fig. 4c). The 

piles are made of concrete with 0.45 m diameter and are embedded into the soil at 16 m depth. To 

avoid any impact from cyclic saturation and desiccation, the piles start at 2 meters below the first 

unit (filling material). The soil compliance in horizontal and vertical direction is modelled with 

nonlinear springs that are calibrated based on p-y and t-z curves, respectively, and the tip resistance 

is modelled with Q-z curves according to [47]. The springs are placed at 1-m intervals within each 

layer, whereas a proportional relationship based on the remaining length is considered at the 

boundaries of two subsequent layers. The configuration of soil springs and nonlinear curves are 

demonstrated in Fig. 5b.  
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a) b) 
Fig. 5: a. Shear wave velocity profile and b. Layout of lateral and tip springs considering nonlinearity of soil material 

according to [47]  

4.2 Seismic hazard identification and record selection 

The process unit is located in a very high seismicity region in the Caribbean sea (Lat:10.32, Long: 

-61.45), and based on a recent update of seismic hazard maps, the short (SS) and long (SL) period 

spectral acceleration are set equal to 1.35 g and 0.375 g, respectively [48]. The region involves 

three faults and the closest one lies approximately 1 km from the site. With this in mind it was 

decided to account both for far- and near-field effects in the record selection.  

The records are selected based on the conditional spectrum approach [49] at the fundamental 

period of the steel structure, TS, which is still not code-consistent; however, it has been found more 

accurate and less conservative than the uniform hazard approach [50]. The first set consists of 40 

non-pulse like registered records, whereas the second set includes the same number of records with 

40% being pulse-like ones. They are all main-shock free-field recordings from the NGA West 2 

database and include two horizontal and one vertical components. The spectra of the selected 
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records for the far- and near-field are shown in Fig. 6a-d. The moment magnitude of the records, 

MW, varies from 5.9 to 7.6, the Joyner-Boore distance, Rjb, spans from 22 to 92 km for the first set 

and from 0 to 20 km for the near-field set. Given the results of a geotechnical investigation at the 

site, the average shear wave velocity of the upper 30 m of soil profile, Vs30, was determined at 187 

m, which refers to soil type D according to [51]. The records were shortened using the 5-95% 

significant duration rule, and the maximum scale factor was set to 4. More information regarding 

the physical properties of the records is provided in the Appendix B. 

  
a) b) 

  
c) d) 
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Fig. 6: The response spectra of the two record sets based on the conditional spectrum approach: a&b 40 far-field 

records without pulse-like response and c&d 40 near-field records with 40% being pulse-like (Sa: spectral 

acceleration)     

4.3 Preliminary analyses 

Initially, a modal analysis was conducted to examine the dynamic properties of the system with 

(W/) and without (W/O) dynamic interaction as well as SSI effects Table 2. There are two modes 

in each direction that refer to steel tower, piping and vessels. For example, mode 3&4 are the 

principal modes of the steel tower in the Y and X direction, respectively, and mainly refer to the 

vibration of the stripper at the top (Fig. 7a&b). Modes 11&12, are higher modes of the steel 

structure and regard the vibration of horizontal vessels and piping in the middle and lower part of 

the unit. In order to facilitate the risk assessment, in the following the process unit is divided into 

two structural parts, Structure (S) and Equipment (Eq), as shown in (Fig. 7a&b) to account for the 

different vibration modes.  

Concerning the dynamic interaction, the system proved to be more flexible when it was considered 

in the analysis, given that a reduction of up to 11% was evaluated, as shown in Table 2. When it 

comes to SSI effects, the vibration period, T, of structural part Eq increased roughly by 25% in the 

Y direction, whereas the period for the structural part S remained almost constant. Considerable 

increase was also observed in the participating mass, M, due to SSI.  

Table 2: The vibration periods T of the process unit without (W/O) and with (W/) SSI effects and 

participating mass MX/Y (DI: dynamic interaction)   

Mode # 

W/O SSI &  
W/ DI (1) 

W/O SSI & 
W/O DI (2) 

ΔΤ  
(2)-(1) 

Mode # 

W/ SSI &  
W/ DI (3) 

ΔT 
 (3)-(1) 

T (s)  MX/Y T (s) T‘(s) MX/Y 

X 
4  1.075 19/2 0.952 -11% 6  1.122 26/7 4.4% 

11  0.486 14/0 0.419 -7% 12  0.530 40/0 9.1% 

Y 
3  1.190 2/19 1.142 -4% 5  1.226 8/23 3.0% 

12  0.450 0/10  0.411 -8% 11 0.564 0/10 25% 
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a) b) 

Fig. 7: Side views of the process unit in a. Y-Z and b. X-Z plane with the stripper at the top (the division of tower 

into the structural parts S and Eq is also highlighted). 

Furthermore, the dynamic coupling effects of the supporting structure with piping and vessels were 

evaluated using the response spectrum analysis method as well as 7 time histories which is 

considered acceptable by seismic codes to reveal inconsistencies in the dynamic response. All the 

analyses were conducted at the design seismic level, and the Interstorey Drift Ratio (IDR) values 

in the X and Y direction along the height of the steel structure are demonstrated in Fig. 8c&d, 

respectively. Both analysis types yielded that the dynamic coupling has a detrimental impact on 

the seismic response of the supporting structure. In particular, the IDR was greater in case of 

dynamic interaction along the height of the structure, and especially at the level where the vertical 

vessel (stripper) is supported on. At this level, the difference in median IDR is almost 30% in both 

directions. Reasonably, when the dynamic interaction is considered in the model, heavy equipment 

bounces on the structure due to its solid behaviour, resulting in the increase of deformation. [15] 

also illustrated that fin plate connections at the intersection of primary and secondary beams of a 

code-consistent pipe rack were damaged at the design seismic level due to the interaction of 
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equipment with the rack. This issue needs further investigation and should be addressed in the new 

generation of European codes.  

  
a) b) 

Fig. 8: The comparison of dynamic coupling effects on the supporting structure in the a. X direction and b. Y 

direction using Response Spectrum Analysis (RSA) and time history (TH) analysis 

4.4 Nonlinear dynamic analyses 

An important step in performance-based assessment refers to the definition of LSs. In contrast with 

common industrial practice, LSs should be defined not only for characterizing the performance 

level of the supporting structure but also that of the piping. In the present study, the definition of 

performance levels shown in Fig. 9 is adopted. Both supporting structure and piping present no 

damage up to SLS. Beyond SLS and before SLLS, there is minor/slight damage on the structure 

and piping that can easily be repaired without affecting the functionality/operations of a process 

plant. Within this performance level, the piping system retains its position. Furthermore, the SLLS 

refers to considerable/major damage on both structure and piping or pipe supports. Although the 

damage can be repaired and loss of containment is less probable to be observed, the plant may not 

be operational for some length of time. Replacement of some piping components may be required 

at this performance level. Finally, the Collapse Limit State (CLS) refers to considerable damage 

of the supporting structure that cannot be repaired. Loss of containment is highly probable to occur 

within this performance level and the replacement of a considerable amount of piping is considered 

necessary for safety reasons. It should be emphasized that supporting structure – piping systems 
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should not be designed for the CLS even for the maximum considered earthquake. To this effect, 

only SLS and SLLS will be examined in the case study.            

 

Fig. 9: The damage progress and LSs for the assessment of supporting structure and piping inside PPs 

Furthermore, there are three main aspects that need to be accounted for when selecting EDPs for 

irregular systems like the process unit. Firstly, the structural type should be considered. The unit 

is a concentrically braced frame in the X direction and ordinary moment frame with some bracing 

in the Y direction as well. Also, it lacks diaphragmatic behaviour, which can result in uneven 

deformation at the same height. Thus, acceptance criteria should not be the same as for common 

building structures considering also the higher risk that process plants pose to humans and the 

environment. Secondly, the scale of the model necessitates the use of an engineering parameter 

that is able to describe the damage at global level and can be monitored easily. The shear or 

moment force of beams and columns as well as the axial force of braces can be suitable parameters 

for models with smaller scale. Finally, the selected parameter should be able to describe the 

damage to pipes that are supported at multiple floors. For the aforementioned reasons, the 

Interstorey Drift Ratio (IDR) was selected as a global and generally recognized demand parameter 

by [51] to describe the damage on the steel structure. The upper threshold value of IDR for the 

SLS and SLLS was set equal to 0.5% and 1.5%, respectively [52]. Concerning the piping, the 
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yielding strain is commonly selected as the lower boundary of SLS both for failure under tension 

and compression. More information about these choices can be found in [49] and [50]. 

Subsequently, nonlinear dynamic analyses were carried out to evaluate the seismic demand of the 

system, considering the cloud analysis method that was described in Section 3.1. The maximum 

value of IDR was observed at the floor exactly below the stripper due to the high concentrated 

mass and pounding effects of the vessel (structural part S, see also Fig. 7). This failure mode 

pertains to damage on the supporting structure due to dynamic interaction with equipment and falls 

into the third category of failure modes, as stated in Section 2.1. Also, the maximum piping strain 

was observed at the connection of piping with a feed exchanger, and thus the pipe strain and IDR 

in this area were monitored (structural part Eq, see also Fig. 7). Furthermore, the efficiency and 

sufficiency of seismic intensity are tied to the accuracy of the risk assessment scheme [54]. The 

dispersion of the EDP-IM relationship that occurs from the linear regression describes the 

efficiency of IM to measure the damage, whereas an IM is sufficient when it renders the EDP 

conditionally independent of seismological properties e.g. MW and Rjb. The latter is usually 

evaluated with the p-value; if it is greater than 5%, an IM is considered as sufficient to measure 

the damage. Table 3Table 4 quote the results of the regression analysis from seven IMs, viz Arias 

Intensity (AI), Cumulative and Standardised Cumulative Absolute Velocity (CAV, SCAV), PGA, 

Peak Ground Velocity (PGV), Effective Peak Acceleration (EPA) and Equipment Average 

Spectral Acceleration (ESAR). It is emphasized that the ESAR (R means the percentage 

increase/decrease of vibration period) that is proposed in the literature [55] as a simple and efficient 

IM to evaluate the response of supported equipment based only on the fundamental period of a 

structure cannot be applied directly in this case because the fundamental period of the structure S, 

Sa(TS), is considerably greater than the period of the equipment Eq, Sa(TEq), and thus it was decided 

Jo
urn

al 
Pre-

pro
of



to use the latter as a reference period and increase it by 40% in order to account for additional 

modes of vibration of equipment that ranged from 0.486 sec to 0.680 sec (not quoted in Table 2 

due to lower mass M). 

The dispersion, βEDP|IM, and the p-value are quoted in Table 3Table 4 for structural part S and Eq, 

respectively. It can be noticed that the spectral acceleration, Sa(TS), normalised with the design 

spectral acceleration, Sad, is the most efficient IM for the structural part S. It was also found 

sufficient against MW and Rjb, and thus it is selected for the risk estimation in the following. Other 

IMs were less efficient and the sufficiency was comparable among all IMs. The spectral 

acceleration at the fundamental period of equipment, Sa(TEq), normalised with the design spectral 

acceleration, SaEqd, was expressed as a function of IDR in the region of maximum piping strain, 

εC, or with the εC per se. Since it was found more efficient and sufficient in the former case 

compared to all IMs, it was selected for the risk assessment. It is important to highlight that the 

ESA40 was a considerably less efficient IM, which indicates that the vibration was governed by 

mode 11 only. The ESA40 can be considered as a compromise to assess the risk of equipment when 

only the fundamental period is known. Nevertheless, the use of fundamental period in this case 

study resulted in very high dispersion; thus ESAR cannot be used in its original form for process 

units of this kind.   

Table 3: Dispersion and p-value for different IMs and structural part S 

Intensity measure (IM) βEDP|IM 
p-value  

 MW Rjb 

Duration-based 
AIy (m/s) 0.43 0.0094 0.9673 

CAVy(g-s) 0.40 0.2536 0.3713 

Amplitude-based 
PGAy/PGAd 0.42 0.0029 0.5643 

PGVy (cm/s) 0.34 0.1638 0.5775 

Period                          

response-based 

EPAy (g-s) 0.29 0.0706 0.6480 

Sa(TS)/Sad
* 0.16 0.7095 0.4879 

*Sad: design elastic spectral acceleration at TS  
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Table 4: Dispersion and p-value for different IMs and structural part Eq 

Intensity measure (IM) βEDP|IM 
p-value 

 MW Rjb 

Duration-based 
AIx (m/s) 0.54 0.0585 0.2069 

SCAVx (g-s) 0.59 0.0514 0.0997 

Amplitude-based 
PGAx/PGAd 0.36 0.6947 0.5745 

PGVx (cm/s) 0.63 0.1601 0.0267 

Period                          

response-based 

ESA40x (g) 0.35 0.0884 0.1912 

EPAx (g-s) 0.44 0.1631 0.3594 

Sa(TEq)/SaEqd|εC
* 0.31 0.0373 0.2231 

Sa(TEq)/SaEqd|IDR 0.22 0.4369 0.5460 
*SaEqd: design elastic spectral acceleration at TEq 

The seismic response of the process unit was evaluated accounting for near-source and SSI effects. 

The linear regression between the IDR and most efficient IM, Sa(TS), for the case with and without 

SSI are illustrated in Fig. 10a&b, respectively. The soil deformability reduced by 10% the spectral 

acceleration of SLLS exceedance; however, the most remarkable feature regards the considerable 

increase of dispersion from 0.16 to 0.27, which indicates that the soil modelling introduced 

additional uncertainty by changing the dynamic properties of the system. For example, [56] and 

[57] compared different SSI models and observed that the dispersion of FFs was different 

compared to the fixed-base case. The same behaviour was also observed for the structural part Eq, 

as shown in Fig. 11a&b. Finally, Fig. 11c&d depict the response of piping in terms of total 

compressive strain, εC, under far- and near-field conditions, respectively. Anew, the most 

noteworthy outcome regards the considerable increase of dispersion which was considerably 

higher than the impact of near-field conditions on steel tower and due to SSI. This outcome was 

also corroborated by [28] who examined the seismic response of a reinforced concrete pipe rack 

coupled with piping and is justified by the fact that pulse-like records exhibit very high demand in 

a narrow period range which may or may not affect the response of a supporting structure – piping 

system.   
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a) b) 

Fig. 10: Linear regression analysis for the structural part S and far-field set: a) W/O and b) W/ SSI 

  
a) b) 

  
c) d) 

Fig. 11: Linear regression analysis for the structural part Eq: a) IDR-Sa W/O SSI and far-field set and b) IDR-Sa W/ 

SSI and far-field set, c) εC-Sa W/O SSI and ar-field set and d) εC-Sa W/ SSI and near-field set (CI: confidence 

interval) 

4.5 Fragility and risk estimation  

It has been verified by [42] that both the response of a nonlinear structure and spectral acceleration 

follow the lognormal distribution. To this effect, the probability of exceedance of a certain LS as 

a function of spectral acceleration, Sa(T), is expressed with a cumulative lognormal distribution. 

The fragility is demonstrated hereafter only in terms of spectral acceleration, since it was found 

more efficient and sufficient against all other IMs. Regarding the structural part S, the FFs for the 
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SLS and SLLS with and without SSI effects are shown in Fig. 12a. It can be clearly seen that the 

SSI increased the seismic fragility and most remarkably the dispersion. The fragility curve was 

integrated with the hazard curve of the site (Fig. 12b) which describes the Mean Annual Frequency 

(MAF) of exceedance of Sa(T). The same process was also applied to the FFs and hazard curve 

(Fig. 12c&d) of the structural part Eq, which was less vulnerable. The spectral acceleration, Sa(T), 

on the abscissa of the hazard curves refers to the vibration period of mode 3 and 11 for the structural 

part S and Eq, respectively. Also, based on the hazard curves, the return period of the design 

seismic actions, Sad and SaEqd, is equal to 2457 yrs and 4180 yrs, respectively. The product of the 

integration is the mean annual frequency of exceedance of each LS, λ, and is shown in Table 5 

along with the return period. The seismic risk increased considerably due to the SSI impact given 

that the return period of SLLS was reduced from 7576 to 894 yrs. This outcome corroborates that 

soil modelling should also be addressed in risk estimation. 

  
a) b) 

  
c) d) 

Fig. 12: Fragility curves and hazard curve for a&b) structural part S and c&d) structural part Eq (W/) and (W/O) SSI 

effects 
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Table 5: Mean annual frequency of exceedance λ and return period for each LS and structural part W/ 

and W/O SSI   

 
PART S PART Eq 

W/O SSI W/ SSI W/O SSI W/ SSI 

 
λ 

(yrs
-1

) 

Return 

period 

(yrs) 

λ 

(yrs
-1

) 

Return 

period 

(yrs) 

λ 

(yrs
-1

) 

Return 

period 

(yrs) 

λ 

(yrs
-1

) 

Return 

period 

(yrs) 

SLS 0.0021 475 0.0422 24 0.0013 716 0.0065 155 

SLLS 1.32·10-4 7,576 0.0011 894 4.67·10-5 21413 1.88·10-4 5318 

The process unit is classified as “high occupancy” structure in risk category III according to [51], 

and thus the performance objective of structural members is set to “damage control” that shall be 

taken halfway between SLS and SLLS, as shown in Fig. 9. Also, the non-structural performance 

objective of piping was set to “position retention” which may not ensure the immediate 

functionality, though pipe-to-rack connections are secured. Both performance objectives are 

related with the design seismic action (Sad and SaEqd). 

The SSI impact is significant and decreases the return period of SLLS exceedance from 7576 to 

894 yrs (Table 5). Although the last return period can be considered acceptable compared to the 

previously-defined performance objective which is related with a seismic action return period of 

2457 yrs, the high uncertainty due to SSI expands considerably the confidence region. For 

example, the lower boundary of the 95% confidence interval was reduced to 134 yrs for SLLS. 

The corresponding return period for the structural part Eq was evaluated at 430 yrs.  This outcome 

illustrates that the blind reliance on seismic codes, e.g. risk figures without understanding the 

inherent uncertainty in the modelling and source conditions is unsafe and requires additional soil 

modelling calibrations, as conducted by [56] and [57], and account for retrofitting measures. 
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4.6 Natech probability and consequence scenarios 

Having identified the most fragile equipment and estimated the seismic risk, it is possible to 

determine the consequence scenarios as well as calculate the Natech probability, which is defined 

as the probability of occurrence of a technological accident triggered by a natural hazard. The 

accident scenarios will be defined based on the structural response for both parts, S and Eq, given 

that the steel tower was more fragile than the piping. In fact, two are the most critical equipment 

items, namely the stripper at the top due to the excessive deformation of the steel structure and the 

failure of the piping attached to the feed exchanger. It is supported at 35.5 m above ground level 

and stores roughly 47.6 tonnes of diesel. The vertical vessel diameter, height and percentage filling 

are 3.49 m, 18 m and 46%, respectively. Also, the operating temperature and pressure of 

desulphurised diesel is 271 oC and 8.53 MPa, respectively. The diesel exits the stripper at the 

bottom from an orifice with 12” diameter. The Natech scenario analysed assumes the rupture of 

this line, as a consequence of the failure that occurs on the steel structure, and the release of a jet 

of hot diesel that evaporates very quickly and forms a vapour cloud. Based on this data, two 

damage scenarios were defined using the JRC’s ADAM consequence analysis tool [58], namely 

Vapour Cloud Fire (VCF) and Vapour Cloud Explosion (VCE), both resulting from the ignition 

of the cloud of diesel. The following meteorological conditions were assumed for both scenarios: 

Pasquill’s atmospheric stability class F2 (stable), wind speed 2 m/s, ambient temperature 20 oC, 

and relative humidity 70%. The damage scenarios refer to SLLS assuming an orifice diameter 

equal to 10% of the attached pipe. In case of the stripper, the outlet pipe at the bottom has a 

diameter of 304.8 mm. 

The VCF has a maximum impact distance of 21.0 m, calculated at ground level for a concentration 

equal to half of the lower flammability limit (Fig. 13a). Thus, anyone within this distance will 
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experience deadly burns. The VCE impact is described in Fig. 13b with three different impact 

zones; the outer circle (cyan), with radius R1 = 379.1 m, represents the area where the blast pressure 

is able to break window glass; the intermediate circle (magenta), with a radius R2 = 143.6 m, 

represents the area where the blast can produce severe damage of the ear drum; the innermost 

circle (yellow), with radius R3 = 64.2 m, represents the area where the blast pressure is able to 

devastate buildings and structures. 

Apart from the failure of the stripper, the same accident scenarios were defined for the failure of a 

heat exchanger that preheats the feed line to the unit. Again, failure occurs due to deformation on 

the steel structure. The feed exchanger is supported at 16.25 m above the ground, stores 4.95 tonnes 

of diesel and the outlet pipe has an orifice diameter of 609.6 mm. The horizontal vessel diameter, 

length and filling percentage are equal to 1.375 m, 7.825 m and 67.8%, respectively. Finally, the 

storage temperature and pressure are equal to 238.22 oC and 1.02 MPa. The impact distance and 

radius for the two scenarios and two vessels are shown in Table 6. The scenarios are more severe 

in case of seismic damage to the feed exchanger due to the larger diameter of the orifice.     

  
a) b) 

Fig. 13: Impact zone of two accident scenarios due to the ignition of diesel from the bottom of the stripper evaluated 

using the ADAM tool [58]: a. VCF and b. VCE (image background source: Google Earth Pro) 
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    Table 6: Impact distance and radius for two accident scenarios, VCF & VCE due to failure of 

stripper and feed exchanger  

 Parameter  Stripper Feed exchanger 

VCF Dist (m) 21.0 35.8 

VCE 

R1 (m) 379.1 501.0 

R2 (m) 143.6 189.8 

R3 (m) 64.2 84.8 

The Natech probabilities of the vapour cloud fire and explosion scenarios are calculated 

considering that a number of events must occur at the same time. The events considered are: (1) 

there is a release, following the natural hazard damage, (2) the release forms a vapour cloud that 

finds an ignition source, and (3), only for the VCE scenario, the conditions of the cloud (e.g. 

confinement, premixing with air) are such that the ignition leads to an explosion.  The equation 

used for the assessment of the Natech probability is the following: 

     PNatech = λ ∙ P(RS|LS) ∙ Pign(∙ Pexp) (5) 

where P(RS|LS) is the release (RS) probability given the damage (LS), Pign is the ignition 

probability, Pexp is the explosion probability. To date, there is no well-accepted value that correlates 

the probability of release with the actual damage state. Numerous past studies that aimed at 

analysing the Natech probability [59, 60, 61, 62] have made the conservative assumption that the 

releases occur every time there is substantial damage. In a few of these, the releases associated 

with minor damage states were outright neglected. This means either 100% (typically for moderate 

or severe damage) or 0% (for minor damage) release probability for all damage states considered. 

However, we know a few facts from the observation of past accidents [63]: (1) a release can occur 

also when the unit suffered minor damage, (2) a release does not occur every time a unit is damaged 

by an earthquake, and (3) a release is more likely when the damage is more severe. Willing to 

represent at the best of our abilities the evidence from past accident observations and not to diverge 
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excessively from past studies, an assumption based on the Authors’ engineering judgment was 

made. The value of the release probability is assumed to be 10% and 50% for SLS and SLLS, 

respectively. In this case study, Pign was considered equal to 100% because a furnace is located 

21.5 m from the stripper. Also, the probability of explosion, Pexp, was set equal to 12% based on 

correlations suggested by [64], which relate the substance properties and release rate to the 

likelihood of an explosion. The Natech probability for each scenario and vessel is quoted in Table 

7. PNatech of the stripper for the SLLS and with SSI is equal to 5.5·10-4 for VCF and 6.6·10-5 for 

VCE, respectively. It can be observed that the upper boundary of these probabilities, when the 

uncertainty due to SSI is accounted for, is equal to 3.8·10-3 and 4.6·10-4, respectively. The 

corresponding probabilities were estimated equal to 1.2·10-3 and 1.44·10-4 regarding the feed 

exchanger. The estimated values of λ and PNatech can be communicated to stakeholders, risk 

analysts and emergency managers for retrofitting measures and recovery planning.  

 

    Table 7: Natech probability, PNatech, for two accident scenarios, VCE & VCF, and two LSs, SLS and 

SLLS. 

 

 Stripper Feed exchanger 

PNatech 

VCF (yrs-1)  

PNatech 

VCE (yrs-1) 

PNatech 

VCF (yrs-1)  

PNatech 

VCE (yrs-1) 

W/O SSI 
SLS 2.1·10-4 2.5·10-5 1.3·10-4 1.6·10-5 

SLLS 6.6·10-5 7.9·10-6 2.3·10-5 2.8·10-6 

W/ SSI 
SLS 0.0042 5.0·10-6 6.5·10-4 7.8·10-5 

SLLS 5.5·10-4 6.6·10-5 9.4·10-5 1.1·10-5 

Conclusions 

The seismic risk assessment of chemical process units considering analytical models are scarce in 

the literature, although the vulnerability to seismic hazard is high, as it has been demonstrated in 

several accident events. In this study, we coupled the seismic risk assessment of a chemical process 
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unit with the risk assessment of Natech accidents triggered by earthquakes. This study represents 

a pioneering attempt at applying a tailored analytical structural analysis to the risk assessment of 

Natech accidents, which has typically been performed using generic fragility functions in past 

studies. Analytical studies are not only useful for improving the design guidelines but also for 

taking retrofitting measures for existing structures that were designed with inadequate criteria and 

seismic intensity level. After demonstrating the most common failure modes of supporting 

structures – piping systems, an analytical framework for fragility derivation and risk estimation 

for process plant units was demonstrated using as a testbed a realistic desulphurisation unit that 

can commonly be found in modern refineries. The framework comprises 5 main steps that pertain 

to the structural modelling accounting for material nonlinearity, plasticity modelling, dynamic 

coupling and soil deformability, seismic hazard identification considering site effects, dynamic 

analyses to evaluate the EDP-IM relationship, fragility and risk assessment accounting only for 

SLS and SLLS, and finally, the accident scenario determination and Natech probability 

calculation. Based on this framework, the following conclusions can be drawn: 

 Cloud analysis is a time efficient and robust method to assess the performance of process 

units for the performance level of interest. 

 The dynamic coupling had a considerable impact on the supporting structure since the 

IDR increased up to 30% the deformation; thus, it was considered in the analysis. 

 The process unit was divided into two structural parts due to higher mode effects. The 

spectral acceleration estimated at different period for each part was found the most 

efficient IM to be used for the risk assessment. The average spectral acceleration, as 

proposed in the literature, was not found efficient for the examined process unit. 
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 The steel structure was considerably more vulnerable than the piping; thus, the risk 

assessment of the system and accident scenarios were based on the structure only.    

 Near-source and soil effects can affect the seismic risk. In particular, both of them 

increased the dispersion of response, which increased the risk considerably. For example, 

the return period of SLLS exceedance was reduced from 7576 yrs to 894 yrs, and 

obviously these factors should be considered as another source of uncertainty in the 

analysis. 

 The fragility analyses demonstrated that the probability of exceedance of SLLS 

considering SSI effects is very small. Although the performance objectives of “damage 

control” and “position retention” are met in the case study based on the median response, 

the high uncertainty due to the aforementioned sources suggests the need to take 

strengthening measures or investigate different modelling configurations. 

 The VCF and VCE are the most probable scenarios for the stripper and feed exchanger. 

Given that the steel structure is more vulnerable, the Natech probability due to the 

stripper failure is greater; however, the accident scenarios were more severe in case of 

the feed exchanger due to the greater orifice diameter of the attached pipe. 

Overall, the proposed analytical framework can highlight the dynamic idiosyncrasies of supporting 

structure – piping systems and can be considered in a robust quantitative risk assessment process 

that is currently missing in the literature. The plethora of past industrial accidents caused by 

seismic hazard calls for always implementing robust design and assessment methods considering 

different sources of uncertainty, e.g. soil and source conditions. Also, it should be stressed that 

existing process units should always be assessed to investigate the adequacy of seismic design 

criteria such as seismic design level due to updated hazard maps. 
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Appendix A – List of abbreviations and symbols 

a= constant parameter 

ADAM= Accident damage analysis module 

AI= Arias intensity 

b= slope of regression line In log-space 

CAV= Cumulative absolute velocity 

CDF= Cumulative distribution function 

CI= Confidence interval 

CLS= Collapse limit state 

D5-75%= Significant duration (from 5% to 95%) of recorded acceleration 

DI= Dynamic interaction 

DN= Nominal diameter 

E= Modulus of elasticity 

EDP= Engineering demand parameter 

EPA= Effective peak acceleration 

Eq= Structural part referring to the vibtation of equipment (higher mode #11) 

ESA= Equipment spectral acceleration 

FF= Fragility function 

fuep= Expected ultimate strength 

fyep= Expected yielding strength 

H2S= Hydrogen sulfide 
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IDR= Interstorey drift ratio 

IM= Intensity measure 

IMC,50%= median of IM that causes exceedance of a LS 

JRC= Joint research center 

LPG= Liquified petroleum gas 

LS= Limit state 

MAF= Mean annual frequency 

MW: Moment magnitude 

Natech= Natural technological 

Pexp= Probability of explosion 

PGA= Peak ground acceleration 

PGV= Peak ground velocity 

Pign= Probability of ignition 

PNatech= Natech probability for a scenario 

Rjb= Joyner-boore distance 

RS= Risk state 

RSA= Response spectrum analysis 

RSN= Record sequence number 

S= Structural part referring to the main structure (principal mode #3) 

Sa(T)= Spectral acceleration at the vibration period T 

Sad= Design spectral acceleration for structural part S 

SaEqd= Design spectral acceleration for structural part Eq 

SCAV= Standardised cumulative absolute velocity 

SL= Long spectral acceleration 

SLLS= Safe life limit state 

SLS= Serviceability limit state 

SS= Short spectral acceleration 

SSI= Soil-structure interaction 

T= Vibration period 

TEq= Vibration period of structural part Eq (mode 11) 

TH= Time history 

TS= Vibration period of structural part S (mode 3) 

VCE= Vapour cloud explosion 

VCF= Vapour cloud fire 

Vs,30= Average shear wave velocity 

βC= Dispersion due to uncertainty in the capacity 

βDL= Dispersion due to uncertainty in damage state definition 

βEDP|IM= Dispersion of engineering demand parameter given IM 

βIM|tot= Total dispersion 

ΔΤ= Percentage difference in vibration period 

ε= Lognormal random variable 

εC= Total compressive strain on pipe under compression 

λ= Mean annual frequency of exceedance of a limit state 

με= Median of variable ε 

ν= Poisson's ratio 

σlnε= Standard deviation of variable ε 
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Appendix B – Seismic records 

The seismic records were found from NGA West2 database and can be retrieved based on the 

Record Sequence Number (RSN). In Table A-1, additional information regarding the 5-75% 

significant duration, D5-75%, magnitude, MW, Joyner-Boore distance, Rjb, peak ground acceleration 

and velocity in X and Y direction, PGAx/y and PGVx/y, are provided for the far-field records. The 

same information is also quoted in Table A-2 for the near-field records. 

Table A-1: Physical properties of far-field records     

# RSN Earthquake Name 
D5-75% 

[s] 
MW 

Rjb 

[km] 

Vs,30 

[m/s] 

PGAx 

[g] 

PGAy 

[g] 

PGVx 

[cm/s] 

PGVy 

[cm/s] 

1 322 "Coalinga-01" 6.2 6.36 23.78 274.730 0.288 0.225 31.366 23.148 

2 756 "Loma Prieta" 12.8 6.93 58.68 318.310 0.075 0.072 15.633 13.349 

3 757 "Loma Prieta" 11.0 6.93 35.31 238.06 0.127 0.127 25.018 28.091 

4 970 "Northridge-01" 10.4 6.69 44.51 290.63 0.157 0.126 11.392 9.351 

5 1200 "Chi-Chi_Taiwan" 31.1 7.62 43.82 197.63 0.069 0.060 21.459 19.104 

6 1224 "Chi-Chi_Taiwan" 32.1 7.62 86.01 224.42 0.044 0.039 22.855 23.189 

7 1309 "Chi-Chi_Taiwan" 21.7 7.62 90.62 263.82 0.058 0.072 22.206 19.705 

8 1311 "Chi-Chi_Taiwan" 22.9 7.62 84.88 239.33 0.071 0.080 21.501 16.617 

9 1334 "Chi-Chi_Taiwan" 18.8 7.62 78.00 158.13 0.082 0.071 21.802 16.117 

10 1810 "Hector Mine" 8.0 7.13 91.96 318.00 0.084 0.101 11.190 30.776 

11 3277 "Chi-Chi_Taiwan" 14.6 6.30 61.46 201.21 0.102 0.098 15.650 16.978 

12 522 "N. Palm Springs" 9.7 6.06 35.34 307.54 0.115 0.060 12.305 7.345 

13 652 "Whittier Narrows" 5.2 5.99 22.4 267.35 0.295 0.203 29.968 13.968 

14 761 "Loma Prieta" 7.2 6.93 39.66 284.79 0.140 0.192 13.784 14.908 

15 776 "Loma Prieta" 10.7 6.93 27.67 282.14 0.370 0.179 86.150 47.280 

16 786 "Loma Prieta" 12.2 6.93 30.56 209.87 0.205 0.215 33.906 67.816 

17 882 "Landers" 25.3 7.28 26.84 344.67 0.136 0.134 14.145 14.045 

18 951 "Northridge-01" 10.1 6.69 41.27 267.13 0.064 0.102 8.538 8.339 

19 985 "Northridge-01" 8.0 6.69 23.5 297.07 0.168 0.239 16.571 14.942 

20 1147 "Kocaeli_ Turkey" 9.8 7.51 68.09 175.00 0.253 0.186 42.674 41.163 

21 1185 "Chi-Chi Taiwan" 42.8 7.62 59.04 198.40 0.053 0.063 13.203 21.316 

22 1215 "Chi-Chi Taiwan" 30.8 7.62 59.79 269.28 0.125 0.169 19.930 21.342 

23 1237 "Chi-Chi Taiwan" 31.3 7.62 58.42 180.33 0.077 0.072 14.717 15.319 

24 1294 "Chi-Chi_Taiwan" 13.2 7.62 47.35 345.89 0.125 0.169 19.930 21.342 

25 1296 "Chi-Chi_Taiwan" 9.4 7.62 49.37 313.9 0.092 0.093 19.123 14.005 

26 1312 "Chi-Chi Taiwan" 13.1 7.62 82.69 279.41 0.079 0.070 15.461 13.359 

27 2459 "Chi-Chi Taiwan" 26 6.2 38.3 226.01 0.041 0.031 26.767 11.937 

28 2663 "Chi-Chi Taiwan" 20.2 6.2 32.92 223.04 0.080 0.050 32.752 14.634 

29 2705 "Chi-Chi_Taiwan" 16.9 6.2 30.46 204.71 0.077 0.078 14.416 18.618 

30 3270 "Chi-Chi Taiwan" 15.2 6.3 44.17 204.71 0.103 0.099 20.064 18.066 

31 3275 "Chi-Chi Taiwan" 8.3 6.3 45.10 233.14 0.200 0.139 16.836 16.093 

32 3286 "Chi-Chi Taiwan" 15.6 6.3 82.76 225.77 0.097 0.074 12.466 11.132 

33 3676 "Taiwan Smart1" 11.5 7.3 54.99 308.39 0.131 0.160 22.793 23.930 

34 756 "Loma Prieta" 12.8 6.93 58.68 318.31 0.090 0.072 12.507 10.679 
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35 3969 "Tottori_ Japan" 5.9 6.61 32.75 254.26 0.210 0.188 12.925 17.016 

36 4840 "Chuetsu-oki Japan" 20.1 6.8 28.97 334.01 0.176 0.091 29.397 16.956 

37 5672 "Iwate_Japan" 6.5 6.9 63.53 252.68 0.315 0.172 32.460 20.058 

38 5803 "Iwate_Japan" 11.4 6.9 30.15 343.65 0.110 0.127 24.814 26.099 

39 5816 "Iwate_Japan" 14.7 6.9 42.02 359.13 0.170 0.177 32.610 25.706 

40 8492 "El Mayor-Mexico" 17.7 7.2 57.74 191.14 0.107 0.088 16.180 17.251 

Table A-2: Physical properties of near-field records     

# RSN Earthquake Name 
D5-75% 

[s] 
MW 

Rjb 

[km] 

Vs,30 

[m/s] 

PGAx 

[g] 

PGAy 

[g] 

PGVx 

[cm/s] 

PGVy 

[cm/s] 

1 30  "Parkfield" 2.4 6.19 9.58 289.56 0.368 0.444 22.840 23.147 

2 31  "Parkfield" 5.9 6.19 12.9 256.82 0.272 0.248 12.478 16.721 

3 126  "Gazli_USSR" 5.6 6.8 3.92 259.59 0.702 0.864 67.785 68.696 

4 161  "Imperial Valley" 5.3 6.53 8.54 208.71 0.220 0.163 41.157 37.844 

5 162  "Imperial Valley" 7.2 6.53 10.45 231.23 0.203 0.277 18.348 24.010 

6 173  "Imperial Valley" 5.3 6.53 8.6 202.85 0.232 0.173 47.815 49.922 

7 180  "Imperial Valley" 3.8 6.53 1.76 205.63 0.529 0.383 49.163 94.224 

8 181  "Imperial Valley" 5.3 6.53 0 203.22 0.447 0.449 70.116 116.442 

9 185  "Imperial Valley" 4.7 6.53 5.35 202.89 0.221 0.258 52.523 53.279 

10 187  "Imperial Valley" 7.1 6.53 12.69 348.69 0.206 0.113 17.809 18.345 

11 266 "Victoria-Mexico" 10.9 6.33 18.53 242.05 0.097 0.151 18.495 26.031 

12 316  "Westmorland" 6.2 5.9 16.54 348.69 0.149 0.232 33.623 56.752 

13 461  "Morgan Hill" 8.9 6.19 3.45 281.61 0.156 0.312 13.927 39.152 

14 549  "Chalfant Valley" 3.6 6.19 14.38 303.47 0.249 0.176 20.348 19.798 

15 721 "Superstition Hills" 9.4 6.54 18.2 192.05 0.357 0.259 50.191 42.242 

16 1045  "Northridge-01" 2.1 6.69 2.11 285.93 0.357 0.419 62.841 122.847 

17 1176  "Kocaeli_Turkey" 7 7.51 1.38 297 0.322 0.227 75.270 73.002 

18 1244  "Chi-Chi_Taiwan" 13.5 7.62 9.94 258.89 0.340 0.398 62.202 109.760 

19 1498  "Chi-Chi_Taiwan" 22 7.62 17.11 272.67 0.160 0.165 50.143 53.749 

20 1536  "Chi-Chi_Taiwan" 20.5 7.62 11.58 212.72 0.180 0.192 55.808 49.959 

21 4866  "Chuetsu_Japan" 7.2 6.8 0 338.32 0.324 0.357 41.933 41.554 

22 4875  "Chuetsu_Japan" 8.1 6.8 0 282.57 0.360 0.475 103.591 123.525 

23 4896  "Chuetsu_Japan" 7.2 6.8 0 201 0.444 0.353 130.031 90.249 

24 5264  "Chuetsu_Japan" 5.2 6.8 0 198.26 0.522 0.681 87.843 106.307 

25 5619  "Iwate_ Japan" 15.7 6.9 8.41 279.36 0.219 0.154 16.882 18.984 

26 5664  "Iwate_ Japan" 17 6.9 10.71 361.24 0.536 0.446 38.992 75.265 

27 6887  "Darfield_NZ 11 7 18.05 187 0.190 0.155 55.742 21.745 

28 6888 "Darfield_NZ 11.6 7 19.89 198 0.194 0.233 65.525 37.847 

29 6889 "Darfield_NZ 12 7 18.4 194 0.209 0.152 65.320 22.294 

30 6893 "Darfield_NZ 15 7 11.86 344.02 0.472 0.513 38.437 29.527 

31 6927 "Darfield_NZ 8.3 7 5.07 263.2 0.461 0.388 103.862 54.717 

32 6952 "Darfield_NZ 12.5 7 18.73 263.2 0.182 0.211 74.025 47.686 

33 6959 "Darfield_NZ 11.9 7 19.48 141 0.263 0.238 64.382 25.057 

34 6960 "Darfield_NZ 10.1 7 13.64 293 0.234 0.190 62.434 39.146 

35 6961 "Darfield_NZ 13.2 7 13.37 295.74 0.167 0.191 10.776 16.263 

36 6962 "Darfield_NZ 7.1 7 0 295.74 0.390 0.325 83.856 53.883 

37 8090  "ChristchurchNZ" 4.3 6.2 4.32 206 0.213 0.274 32.373 57.169 

38 8102  "Christchurch_NZ" 6.9 6.2 18.47 263.2 0.160 0.088 19.714 8.897 

39 8118  "Christchurch_NZ" 5.9 6.2 9.05 263.2 0.213 0.199 36.546 53.777 

40 8606 "El Mayor-Mexico" 10.1 7.2 10.31 242 0.281 0.255 51.147 55.444 
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Highlights 

 Identification of failure modes and contributing factors for piping and 

supporting structures based on major seismic events 

 A time efficient, holistic and practice-oriented framework for fragility 

derivation, seismic risk assessment and consequence analysis of process units 

is presented 

 A realistic process unit is used as a test-bed to calculate the Natech probability 

accounting for soil deformability, dynamic coupling and different source 

conditions 
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