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ABSTRACT
This article examines the definition of target reliability for different operational modes of a Jack-up using a
Continuous-Time Markov Chain (CTMC) model to evaluate seismic risk. The CTMC framework captures
the stochastic transitions between various operational states of the Jack-up, offering a method for evaluating
reliability under seismic conditions. The findings emphasize the importance of state-dependent reliability in
assessing the performance and structural integrity of Jack-ups during seismic events.

Reliability in seismic design focuses on the ability of structures to perform their intended functions during
and after an earthquake. It involves assessing the probability that a structure will not fail under seismic loads
over its expected lifetime. Probability assesses the likelihood of seismic events and their intensities, while
reliability evaluates the performance and safety of structures under those seismic events.
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INTRODUCTION
In recent years, the offshore renewables industry has geographically expanded into seismically active regions
like Taiwan and Japan. A body of standards and guidelines exists for the seismic assessment of Jack-up
platforms for the exploration and operation of offshore oil and gas fields. [6] [7] For Jack-up vessels used for
installing and servicing wind farms such standards and guidelines are yet to be developed. The article
examines the question whether target reliability needs to be approached differently given the different nature
of the operations, long-term deployments in oil and gas and very short-term deployments in the renewable
sectors.
The section Probability of Seismic Events addresses how time of exposure is taken into account and how
this is addressed in the current state of the art guideline. The section Modelling Jack-up Operations as a
Markov Chain explains how the different operational states of a Jack-up can be modelled as a Continuous-
Time Markov Chain (CTMC) with recurrent states. In Target Reliability, the irreducible CTMC is expanded
with an absorbing state, failure due to a seismic event. The target reliability is made function of the
operational state the Jack-up is in, its vulnerability and the ratio of time it is in that state. The CTMC
framework is used to capture the stochastic nature of the Jack-up's operational transitions, providing a
method to quantify reliability under seismic conditions. In the Conclusion it is demonstrated how assessing
seismic risk and target reliability for Jack-ups using continuous-time Markov chains leads to a better
understanding of that risk further leading to more reliable operations in wind farm installation and servicing.

PROBABILITY OF SEISMIC EVENTS
In seismic design, a lifetime target reliability is referenced as a non-exceedance requirement. Non-
exceedance requirements in seismic design are criteria that ensure certain performance levels are not
surpassed during a seismic event of a certain intensity level. The performance level can be expressed in
different ways, from no damage, over limited structural and non-structural damage, to resistance against
collapse and maintaining integrity to allow for safe evacuation.
Seismic events are modelled as a Poisson process, where the occurrence of each event is independent of the
previous events. This means that the probability of an earthquake occurring in a given time period is
constant. The Poisson process is characterized by a rate parameter λ, which represents the average number of
events per unit time of a specified ground motion level. The non-exceedance probability PNE is the
probability that a certain level of ground shaking or seismic intensity will not be exceeded during the lifetime
of a structure. The probability that the seismic intensity will not exceed the threshold level during the lifetime
(TL) is given by:

PNE = P(non-exceedance in TL years) = e−λTL



The longer a structure is exposed to seismic risk, the greater the likelihood it will experience the specified
ground motion. In high seismic regions, small earthquakes tend to occur frequently (high λ), while large,
damaging earthquakes are much rarer, typically occurring only once every several hundred or even thousands
of years (low λ). As a result, structures or conditions that exist only for a short duration are less likely to be
subjected to a major seismic event.
Depending on the practice or industry target reliability can be expressed in two ways: Annual Probability of
Exceedance (APE) or Annual Frequency of Exceedance (AFE). [1]
Building codes assume an appropriate duration of seismic exposure for structures corresponding to the
design lifetime (typically 50 years) and define an Annual Probability of Exceedance over that lifetime
depending on the use or criticality of the infrastructure. General purpose buildings require a 10% Probability
of Exceedance (PE = 1-PNE) over the lifetime (TL), essential building 5%. [2] Based on formula for PNE the
APE can be derived: PE = 1−e−λTL, APE = 1−e−λ, for small values of λ, APE ≈ λ.
In offshore standards seismic risk is defined as a design earthquake with a given Return Period (TR), a
Maximum Considered Earthquake (MCE) that is expected to occur over a given period of time. [3] The
associated seismic risk, the Annual Frequency of Exceedance (AFE), is the inverse of the return period, AFE
= λ =1/TR. By changing the duration of exposure, the former method allows for changing the APE. This is for
example done in EN 1998-2, the European building code for bridges, where the duration of the construction
phase of a bridge is used instead of the design lifetime.[4] The latter method does not allow for changing the
AFE, as it does not depend on a lifetime.

In August 2021 DNV published Recommended Practice, DNV-RP-0585, which provides comprehensive
principles and technical recommendations for the seismic design of wind power plants. [5] Although
primarily aimed at wind power plants, chapter 2.7 is dedicated to installation vessels. It is the first specific
provision for earthquake assessment aimed at Jack-up wind farm installation vessels. The Recommended
Practice states that in order to reduce over-conservatism, it allows for the performance-based seismic design
of installation vessels. The design principles may follow the ISO 19901-2 framework, assuming exposure
level L1, but use the maximum envisaged cumulative offshore construction window within the project (TP)
instead of the vessel’s service life (Δt) to derive the applicable Abnormal Level Earthquake (ALE) and
Extreme Level Earthquake (ELE) return periods. However, the resulting ELE return period shall not fall
below 95 years or the design Serviceability Limit State (SLS) return period of other key wind power plant
assets, whichever is lower.
The RP states that based on a target annual probability of failure AFE = 4×10−4 = 1/2500 = 𝜆 and an effective
in-service life of approximately 25 years (Δt): PE = P(𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝑒𝑣𝑒𝑛𝑡 𝑖𝑛 𝑡𝑖𝑚𝑒 Δ𝑡) = 1−𝑒−𝜆.Δ𝑡. Leading to
lifetime probability of exceedance of PE = 10%. This probability of exceedance is then used to calculate an
APE, using the above PE and the construction window TP: PE = 1−e-𝜆’ TP.
Where 𝜆’ is the value of the APE, APE = 𝜆’ ≈ AFE×Δt /TP = 𝜆×Δt /TP. However, the resulting ELE return
period (TR = 1/ 𝜆’) shall not be lower than 95 years.

Graph showing the required ALE target return period [years] in function of the maximum envisaged
cumulative offshore construction window [years].
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The approach proposed gives considerably lower return periods to be considered. Typically, the cumulative 
offshore construction window TP would range between ½ year and 2 years, leading to return periods TR 
between 95 years and 200 years. 
This approach has several drawbacks. As it is based on only one individual project, disregarding the lifetime, 
it leads to degrading reliability over the lifetime. The probability of exceedance over the construction 
window PE(TP) is the same as the target probability of exceedance over the effective in-service life PE(Δt). 
Considering there will be m projects over the lifetime, the resulting lifetime probability of exceedance of 
PE(mTP) = 1 – [1–PE(TP)]m. If, for example, 10 projects, with a PE(TP) = 10%, are executed over the lifetime 
of the vessel than the resulting probability of exceedance PE(10×TP) = 1 – [1–10%]10 = 65%. A second 
drawback is that the assessment does not consider the vulnerability the Jack-up is in. It does not differentiate 
between a Jack-up being floating (low vulnerability for seismic events), jacked-up or having the boom up 
(high vulnerability for seismic events). It does not motivate the operator to reduce the time spent in more 
vulnerable mode and to return to less seismic vulnerable modes when possible.

MODELING JACK-UP OPERATIONS AS A MARKOV CHAIN
Operating a Jack-up can be modelled as a random process having a discrete state space, that can change state 
with jumps that occur at continuous times. The discrete states are the different modes the Jack-up can be in: 
floating, jacked-up on operating airgap, jacked-up on survival airgap, jacked-up with boom up, etc. 
The operational dynamics of Jack-up vessels can be represented using a Continuous-Time Markov Chain 
(CTMC). This method is particularly well-suited for modelling the inherent stochastic nature of offshore 
operations, wherein the durations and transitions between various phases are probabilistic by nature.
A CTMC is characterised by a finite set of discrete states and a transition rate matrix that specifies the 
likelihood of transitioning between states over continuous time. For Jack-up vessel operations, each 
operational phase—such as being in port, transiting to site, jacking up, operational mode (lifting or 
installation), adopting survival mode during adverse weather, or relocating to subsequent sites—can be 
mapped to a distinct state within the CTMC.
State transitions occur according to transition probabilities determined by factors such as task completion, 
environmental conditions, and logistical constraints. The sojourn time in each state is typically assumed to 
follow an exponential distribution, consistent with the memoryless property characteristic of CTMCs. This 
assumption is generally justified, as the likelihood of leaving a given state does not depend on the duration 
already spent in that state.
The transition rate matrix (also referred to as the generator matrix) governs the rates at which transitions 
between states occur. For instance, the transition rate from the "Transit" state to the "Elevated" state 
quantifies the frequency at which the process moves from “Transit” to “Elevated”.

Example of an operational cycle with different operating modes.

The different operating modes of a Jack-up can be modelled as a Markov chain.
Nodes represent operational phases (states), directed edges indicate possible transitions between phases.

Let Xn represent the time that the Jack-up is in state n. Xn is a random variable that can have a discrete, 
continuous, or mixed distribution. The Jack-up process satisfies a continuous version of the Markov property. 



The chain can jump between states at any time, not just at integer times. Hence the Jack-up process can be
modelled as a Continuous-Time Markov Chain (CTMC).

An illustration of the jump times and holding times of a discrete-state taken from [8]

Let X = (Xt)t≥0 be a stochastic process taking values in a finite or countable state space S, a subset of the
integers. X is a CTMC if it satisfies the Markov property:

𝑃൫𝑋𝑡𝑛 = 𝑖𝑛ห𝑋𝑡1 = 𝑖1 , … ,𝑋𝑡𝑛−1 = 𝑖𝑛−1൯ = 𝑃൫𝑋𝑡𝑛 = 𝑖𝑛ห𝑋𝑡𝑛−1 = 𝑖𝑛−1൯
for all i1,...,in ∈ S and any sequence 0 ≤ t1 < t2 < ··· < tn of times.
The Markov property states that the distribution of the chain at some time in the future, only depends on the
current state of the chain, and not its history.
The process is time-homogeneous, the conditional probability does not depend on the current time, so that:

𝑃(𝑋𝑠+𝑡 = 𝑗|𝑋𝑠 = 𝑖) = 𝑃(𝑋𝑡 = 𝑗|𝑋0 = 𝑖), 𝑠 ≥ 0
We can define a (stochastic) matrix of transition probabilities P(t) = (Pi j(t))i, j∈S at time t. The transition
probability for a time-homogeneous chain is

𝑃𝑖𝑗(𝑡) = 𝑃(𝑋𝑡 = 𝑗|𝑋𝑠 = 𝑖), 𝑠, 𝑡 ≥ 0
The transition probability characterizes the evolution of probability for a CTMC, but it requires a lot of
information. There is no interest to know P(t) for all times t to understand the dynamics of the chain. We can
characterize the dynamics of a CTMC in two equivalent ways:

1. By the times at which the chain jumps, and the states that it jumps to.
2. Through the generator Q, which is an infinitesimal version of P.

A Continuous-Time Markov Chain stays in a state for a certain amount of time, then jumps immediately to
another state where it stays for another amount of time, etc. The process can be characterized by the times at
which it jumps, and the distributions of the states it jumps to.

The jump time Jm is the time of mth jump. The holding time Sm is the length of time a CTMC stays in its state,
before jumping for the mth time. It is calculated from the jump times as Sm = Jm − Jm−1. The jump time Jm is a
stopping time of (Xt)t≥0 for all m. A random variable T with values in [0,∞] is a stopping time for a
continuous-time process X, if, for each t ∈ [0,∞), the event {T ≤ t} depends only on (Xs : s ≤ t).
The discrete-time process (𝑌𝑛)𝑛=0∞  given by Yn = XJn is called the jump process, jump chain, or embedded
chain.

In a Continuous-Time Markov Chain (CTMC), the generator matrix (also known as the rate matrix or Q-
matrix) and the transition matrix play crucial roles in describing the behaviour of the process.
The generator matrix (Q) defines the rates at which transitions occur between states. It is an n x n matrix
where each entry (qij) represents the rate of transitioning from state (i) to state (j). The key properties of the
generator matrix are:

 Off-Diagonal Entries: For i ≠ j, qij represents the rate of transitioning from state (i) to state (j).
 Diagonal Entries: for 𝑖 = 𝑗, 𝑞𝑖𝑖 = −∑ 𝑞𝑖𝑗𝑛

𝑖≠𝑗 . This ensures that the rows of the matrix sum to zero,
reflecting the total rate of leaving state (i).



The transition matrix P(t) describes the probabilities of transitioning between states over a time interval t.
Each entry pij(t) in the transition matrix represents the probability of being in state j at time t given that the
process started in state i at time 0. The transition matrix is related to the generator matrix through the matrix
exponential:

𝑃(𝑡) = 𝑒𝑄𝑡
where eQt is the matrix exponential of Qt. This relationship shows how the transition probabilities evolve
over time based on the rates specified in the generator matrix.

In the long run, a Continuous-Time Markov Chain (CTMC) with finite recurrent states is generally not time-
dependent. This is because such a chain tends to reach a steady-state distribution or equilibrium, where the
probabilities of being in each state stabilize and no longer change over time.
A CTMC has a stationary distribution if there exists a probability distribution π over the states such that:

𝜋𝑄 = 0
This means that the distribution π remains unchanged over time when the system is in equilibrium. For a
stationary distribution to exist, the CTMC must be irreducible (every state can be reached from any other
state) and positive recurrent (the expected return time to any state is finite).
The limiting probabilities Pj for the CTMC are defined (when they exist, independent of initial condition
X(0) = i)  as the long-run proportion of time the chain spends in each state j ∈ S:

𝑃𝑗 =  lim
𝑡→∞

1
𝑡 න

𝐼{𝑋(𝑠) = 𝑗|𝑋(0) = 1} 𝑑𝑠
𝑡

0
which after taking expected values yields

𝑃𝑗 =  lim
𝑡→∞

1
𝑡 න

𝑃𝑖𝑗(𝑠) 𝑑𝑠
𝑡

0
When each Pj exists and ∑ 𝑃𝑗  =  1𝑗 , then 𝑃ሬ⃗  =  {𝑃𝑗} (as a row vector) is called the limiting (or stationary)
distribution for the Markov chain. Letting

𝑃∗ = ቌ
𝑃ሬ⃗
𝑃ሬ⃗
⋮
ቍ

denote the matrix in which each row is the limiting probability distribution 𝑃ሬ⃗  can be expressed nicely in
matrix form as

lim
𝑡→∞

1
𝑡 න

𝑃(𝑠)𝑑𝑠
𝑡

0
= 𝑃∗

If X(t) is a positive recurrent CTMC, then the limiting probability distribution 𝑃ሬ⃗  = (𝑃𝑖,𝑗) exists, is unique,
and is given by

𝑃𝑗 =
𝐸(𝐻𝑗)
𝐸(𝑇𝑗𝑗)

 > 0, 𝑗 ∈ 𝑆

The steady-state probability Pj  is the ratio of E(Hj), the expected time the process spend in state j during a
cycle over E(Tjj), the expected time it takes for the process to return to state j after leaving it.
The stationary distribution and the limiting distribution of a Continuous-Time Markov Chain (CTMC) are
the same when the CTMC is ergodic. A CTMC is ergodic if it is:

 Irreducible: Every state can be reached from any other state.
 Positive Recurrent: The expected return time to each state is finite.
 Aperiodic: The system does not cycle through states in a fixed period.

For an ergodic CTMC, the chain will converge to a unique stationary distribution regardless of the initial
state. This stationary distribution is also the limiting distribution.
The long-term behaviour of a Jack-up process can be described by a unique stationary distribution which is
also the limiting distribution. For a Jack-up process with n discrete states, and the ratio of expected time
spent in each state j over the total expected cycle time is 𝜋𝑗, the transition matrix P can be written as:

𝑃 = 𝜋 = ቌ

𝜋1 𝜋2 ⋯ 𝜋𝑛
𝜋1 𝜋2
⋮ ⋮ ⋱ 𝜋𝑛

…
𝜋1 𝜋2 ⋯ 𝜋𝑛

ቍ



DIFFERENTIATING TARGET RELIABILITY
An absorbing state in a Continuous-Time Markov Chain (CTMC) is a special type of state with the property 
that once entered in the state, the process remains indefinitely in that state. This means that the rate of 
leaving the state is zero and there are no transitions out of the state. A state i is absorbing if: qii= 0 and qij = 0 
for all j ≠ i.
In seismic design, lifetime target reliability is often framed as a non-exceedance requirement, ensuring that 
specific performance thresholds are not surpassed during seismic events of defined intensity (characterized 
by rate parameter λ). These thresholds range from no damage, through limited structural and non-structural 
damage, to full structural integrity that allows safe evacuation. When modelled as a Continuous-Time 
Markov Chain, a seismic event of a certain intensity level that leads to a critical performance threshold—
such as collapse or loss of structural integrity—can be represented as an absorbing state. Once this state is 
reached, the system cannot transition to any other state, reflecting the irreversible nature of such failure in the 
context of structural performance. The non-exceedance requirement can be added to the Jack-up process as 
an absorbing state. Once the chain enters the absorbing state (go beyond the non-exceedance requirement), it 
stays there indefinitely. 
Different states have different seismic vulnerability. The probability that a system or component will perform 
its required functions under stated conditions for a specified period of time can be expressed as a reliability 
function, 𝑃𝑁𝐸 = 𝑒−λ𝑖𝑡. The chain will have specific probabilities of being absorbed into the absorbing state 
from each transient state. The non-exceedance seismic event will be state dependent, for each state i, there 
will be a rate parameter λi.

The different operating modes of a Jack-up as a Markov chain with absorbing state n+1.

Adding an absorbing state to a Continuous-Time Markov Chain (CTMC) significantly changes its long-term 
behaviour. All other states, that where irreducible become transient, meaning that the chain will eventually 
leave these states and be absorbed. The probability of being in any transient state goes to zero as time goes to 
infinite. Unlike the case without an absorbing state, the steady-state distribution will be concentrated entirely 
on the absorbing state. The probability of being in any transient state will be zero in the long run.

(𝜋′) = ቀ𝜋 0
0 1ቁ

(𝜋′)(𝐸′) = ൮

𝜋1 𝜋2 ⋯ 𝜋𝑛 0
⋮ ⋱ ⋮

𝜋1 𝜋2
0 0 ⋯ 𝜋𝑛 0

0 1

൲

⎝

⎜
⎛
𝑒−λ1𝑡 0

0 𝑒−λ2𝑡
⋯ 0 1 − 𝑒−λ1𝑡

0 1 − 𝑒−λ2𝑡
⋮ ⋱ ⋮

0       0
0       0 ⋯ 𝑒−λ𝑛𝑡 1 − 𝑒−λ𝑛𝑡

0 1 ⎠

⎟
⎞

(𝜋′)(𝐸′) =

⎝

⎜
⎛
𝜋1𝑒−λ1𝑡 𝜋2𝑒−λ2𝑡

𝜋1𝑒−λ1𝑡 𝜋2𝑒−λ2𝑡
⋯ 𝜋𝑛𝑒−λ𝑛𝑡 𝜋1(1 − 𝑒−λ1𝑡) + 𝜋2(1 − 𝑒−λ2𝑡) + …+ 𝜋𝑛(1 − 𝑒−λ𝑛𝑡)

𝜋𝑛𝑒−λ𝑛𝑡 𝜋1(1 − 𝑒−λ1𝑡) + 𝜋2(1 − 𝑒−λ2𝑡) + …+ 𝜋𝑛(1 − 𝑒−λ𝑛𝑡)
⋮ ⋱ ⋮

𝜋1𝑒−λ1𝑡 𝜋2𝑒−λ2𝑡
0 0

⋯ 𝜋𝑛𝑒−λ𝑛𝑡 𝜋1(1 − 𝑒−λ1𝑡) + 𝜋2(1 − 𝑒−λ2𝑡) + …+ 𝜋𝑛(1 − 𝑒−λ𝑛𝑡)
0 1 ⎠

⎟
⎞



In the long run, the transition matrix of a Continuous-Time Markov Chain (CTMC) becomes

{(𝜋′)(𝐸′)}𝑚 =

⎝

⎜
⎛

𝜋1𝑒−λ1𝑡(𝜋1𝑒−λ1𝑡 + 𝜋2𝑒−λ2𝑡 + … + 𝜋𝑛𝑒−λ𝑛𝑡)𝑚−1

𝜋1𝑒−λ1𝑡(𝜋1𝑒−λ1𝑡 + 𝜋2𝑒−λ2𝑡 + … + 𝜋𝑛𝑒−λ𝑛𝑡)𝑚−1 ⋯
1 − (𝜋1𝑒−λ1𝑡 + … + 𝜋𝑛𝑒−λ𝑛𝑡)𝑚

1 − (𝜋1𝑒−λ1𝑡 + … + 𝜋𝑛𝑒−λ𝑛𝑡)𝑚
⋮ ⋱ ⋮

𝜋1𝑒−λ1𝑡(𝜋1𝑒−λ1𝑡 + 𝜋2𝑒−λ2𝑡 + … + 𝜋𝑛𝑒−λ𝑛𝑡)𝑚−1

0
⋯ 1 − (𝜋1𝑒−λ1𝑡 + … + 𝜋𝑛𝑒−λ𝑛𝑡)𝑚

1 ⎠

⎟
⎞

The last column is the long-run probability of exceedance.

Seismic design assessment is a time-variant reliability problem, where reliability is usually expressed in
terms of first-passage probability or probability of time to first failure. The occurrence of earthquakes is a
stochastic process. The reliability problem can be approached as a time-invariant assuming that the
earthquake occurrences follow a Poisson process, so that the distribution of demand in any unit time-interval
is the same, and the deterioration of resistance is neglected, which is acceptable for a well-maintained
structure, not exposed to previous damaging earthquakes during its lifetime. Under these conditions,
probability of failure in a reference period can then be found by comparing the maximum demand in the
reference period, function of the rate of earthquakes, with the time-invariant resistance.
For seismic design, target reliability is referenced to the non-exceedance requirement. The corresponding
target probability over the lifetime is denoted as 𝑃𝑁E.
The probability is defined as

𝑃𝑁𝐸 = 𝑒−λ𝑇𝐿
With λ the annual rate of exceedance, which is the average number of times per year that a certain level of
ground shaking is expected to be exceeded.
If tp is the project duration, then m is the ratio of the project duration tp over the design lifetime TL.

𝑃𝑁𝐸 = 𝑒−λ𝑇𝐿 = 𝑒−λm𝑡𝑝

We can differentiate the seismic vulnerability by making the reliability function of the operational state the
Jack-up is in and its vulnerability when in that specific state. The long-run probability of exceedance should
be minimum the lifetime target reliability required.

1 − 𝑒−λm𝑡𝑝 ≥ 1 − ൫𝜋1𝑒−λ1𝑡𝑝 + … + 𝜋𝑛𝑒−λ𝑛𝑡𝑝൯
𝑚

𝑒−λ ≤ 𝜋1𝑒−λ1 + … + 𝜋𝑛𝑒−λ𝑛
The vulnerability has not only become a function of the vulnerability of the operational state the Jack-up is
in, but also of the ratio of time it is in that specific state. States with high vulnerability are balanced by states
with low vulnerability, the ratio of time with high vulnerability can be balanced by ratio of time with low
vulnerability.

CONCLUSION
Assessing seismic risk and target reliability for Jack-ups using continuous-time Markov chains leads to a
better understanding of that risk during a project lifecycle. If allows to identify the vulnerability to seismic
events or its probability of (non)-exceedance and its associated ratio of time in the different operational
states, the Jack-up vessel can be in. The method allows for differentiation between different modes and their
associate seismic vulnerability. This incentivises operators to reduce the time a Jack-up is in a vulnerable
state to a minimum. Weather downtime and out of service time can be modelled as well. By modelling the
operation of a Jack-up vessel as a Markov chain, we can analyse and optimize its performance, ensuring
efficient and reliable operations in the wind farm with due account for seismic events.
Further discussion and industry research is needed to define the required target reliability taking into account
the specific nature of Jack-up vessels used for installing and servicing wind farms.
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