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ADVANCED STRESS ANALYSIS, AIV/FIV SCREENING, AND ASME
B31.4/B31.8 COMPLIANCE

AVALIACAO DA INTEGRIDADE E DA FADIGA COM BASE NO RISCO DE DUTOS
MULTIFASICOS DE ALTA PRESSAO NA ARABIA SAUDITA: INTEGRACAO DE
ANALISE AVANCADA DE TENSOES, TRIAGEM POR AIV/FIV E CONFORMIDADE
COM AS NORMAS ASME B31.4/B31.8

Abstract

Saudi Arabia is expanding gas, liquids and
industrial pipeline networks while existing high-
pressure assets continue to operate under severe
desert terrain, temperature gradients, flow
assurance constraints and increasingly complex
multiphase production. These conditions make
integrity assurance a coupled problem rather than
a sequence of separate code checks, because
static stress margins, corrosion allowance,
vibration fatigue, construction quality, pressure
cycling and inspection confidence influence the
same probability of failure. This review develops
a risk-based framework for high-pressure
multiphase pipelines that integrates advanced
stress analysis, acoustic-induced vibration and
flow-induced vibration screening, fatigue
assessment, defect management and ASME
B31.4/B31.8 compliance. The aim is to
synthesise recent engineering literature and
standards from 2020 to 2025 into a practical
decision model suitable for Saudi pipeline
operators, engineering contractors and asset
integrity teams. The paper applies a structured
narrative  review, comparing design-code
obligations, fitness-for-service methods, in-line
inspection technologies, corrosion and cracking
prediction, and vibration integrity practice. The
review shows that code compliance remains
necessary but insufficient when multiphase flow
produces slugging, turbulence, valve noise,
small-bore branch excitation and local dynamic
stress amplification. A robust assurance strategy
therefore requires early screening, finite-element
stress modelling, fatigue life estimation, risk
ranking, inspection verification and
management-of-change feedback. The proposed
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Resumo

A Arébia Saudita esta expandindo suas redes de
dutos de gas, liquidos e industriais, enquanto o0s
ativos de alta pressdo existentes continuam
operando em terrenos desérticos adversos,
gradientes de temperatura, restri¢des de
garantia de fluxo e uma producdo multifasica
cada vez mais complexa. Essas condicdes
tornam a garantia de integridade um problema
interligado, em vez de uma sequéncia de
verificagbes normativas separadas, pois as
margens de tensdo estatica, a margem de
corrosdo, a fadiga por vibragao, a qualidade da
construcao, os ciclos de pressdo e a confianca na
inspecao influenciam a mesma probabilidade de
falha. Esta revisdo desenvolve uma estrutura
baseada em riscos para dutos multifasicos de
alta pressdo que integra analise avancada de
tensdo, triagem de vibracfes induzidas por
aclstica e por fluxo, avaliacdo de fadiga,
gerenciamento de defeitos e conformidade com
as normas ASME B31.4/B31.8. O objetivo é
sintetizar a literatura de engenharia e as normas
recentes de 2020 a 2025 em um modelo de
decisdo pratico, adequado para operadores de
dutos sauditas, empreiteiras de engenharia e
equipes de integridade de ativos. O artigo aplica
uma revisdo narrativa estruturada, comparando
obrigacdes dos codigos de projeto, métodos de
adequacdo ao servico, tecnologias de inspe¢éo
em linha, previsdo de corrosdo e fissuracdo e
préaticas de integridade relacionadas a vibragéo.
A revisdo mostra que a conformidade com o0s
cédigos continua sendo necessaria, mas
insuficiente, quando o fluxo multifasico produz
slugging, turbuléncia, ruido de valvulas,
excitacdo de ramificacfes de pequeno didmetro

Este trabalho esta licenciado sob uma licenga Creative Commons

Veredas do Direito, v.23, e237165— 2026


https://orcid.org/0009-0005-3090-3950
mailto:Siddaiah.valluri@worley.com

framework emphasises traceable assumptions,
conservative data treatment, human expert
review and staged escalation from screening to
detailed simulation. The study contributes a
Saudi-specific ~ synthesis  that  connects
compliance, risk and operational integrity, and it
identifies research needs in validated vibration
datasets, field-calibrated digital twins, Saudi
environmental loading and uncertainty-aware
fatigue models.

Keywords: High-Pressure Pipelines. Multiphase
Flow. Risk-Based Integrity. Fatigue Assessment.
Acoustic-Induced  Vibration.  Flow-Induced
Vibration. Asme B31.4. Asme B31.8. Saudi
Arabia.

RISK-BASED INTEGRITY AND FATIGUE ASSESSMENT OF HIGH-PRESSURE MULTIPHASE PIPELINES IN SAUDI ARABIA: INTEGRATING ADVANCED STRESS
ANALYSIS, AIV/FIV SCREENING, AND ASME B31.4/B31.8 COMPLIANCE

e amplificacdo dindmica local de tensdo. Uma
estratégia robusta de garantia requer, portanto,
triagem precoce, modelagem de tensdo por
elementos finitos, estimativa da vida atil a
fadiga, classificacdo de riscos, verificacdo de
inspecao e feedback sobre a gestao de mudancas.
A estrutura proposta enfatiza premissas
rastredveis, tratamento conservador de dados,
revisdo por  especialistas humanos e
escalonamento por etapas, desde a triagem até a
simulacdo detalhada. O estudo contribui com
uma sintese especifica para a Arabia Saudita que
conecta conformidade, risco e integridade
operacional, além de identificar necessidades de
pesquisa em conjuntos de dados de vibracdo
validados, gémeos digitais calibrados em campo,

cargas ambientais sauditas e modelos de fadiga
que levam em conta a incerteza.

Palavras-chave: Dutos de Alta Pressdo. Fluxo
Multifésico. Integridade Baseada em Risco.
Avaliacdo de Fadiga. Vibracdo Induzida por
Acustica. Vibracao Induzida por Fluxo. Asme
B31.4. Asme B31.8. Arabia Saudita.

1 INTRODUCTION

Pipelines remain the most efficient transport mode for hydrocarbons, produced
water, gas gathering, condensate and industrial feedstocks, yet their safety performance
depends on the continuous reconciliation of design assumptions with ageing, changing
flow regimes and new operating targets. In Saudi Arabia, pipeline reliability is
strategically important because domestic gas expansion, crude transport, unconventional
development and industrial diversification rely on long-distance networks that cross
remote, thermally severe and sand-prone environments. Recent gas network investments
also increase the need for integrity methods that can support higher throughput without
accepting hidden fatigue or cracking risk [11,12]. The concern is not limited to classical
corrosion: high-pressure multiphase pipelines combine internal pressure, soil restraint,
settlement, thermal expansion, slug forces, compressor or valve pulsation, acoustic
energy and small-bore connection response. If these loads are assessed in isolation, a line

may satisfy nominal code stress limits while local cyclic stresses still accumulate damage.
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Integrity management has therefore moved from prescriptive inspection intervals
toward risk-based, data-supported decision making. ASME B31.4 and ASME B31.8
define core requirements for liquid and gas pipeline systems, while ASME B31.8S
provides structured integrity management principles for gas transmission systems [1-3].
Fitness-for-service guidance, in-line inspection qualification and cracking assessment
practices add further assessment layers for anomalies discovered in operation [4,6,7].
However, the recent literature emphasises that high-quality field data remain difficult to
obtain, especially for stress corrosion cracking and fatigue-related damage, where
laboratory models do not always represent real buried, desert or wet-gas operating
conditions [13,15]. The attached reference paper is important for this review because it
shows that machine learning can support pipeline condition assessment, but only when
domain knowledge, field validation and conservative interpretation are retained [13].

The fatigue dimension is equally important. Multiphase flow can generate wide-
band excitation, low-frequency slug loading and high-frequency acoustic energy
downstream of pressure-reducing devices. Flow-induced vibration is associated with
turbulence, separation, slug impact and unsteady momentum exchange, whereas acoustic-
induced vibration is associated with high sound power levels that excite pipe shell modes
and welded discontinuities [23-29]. Saudi pipelines and associated flowlines may
experience these mechanisms where production changes, debottlenecking, tie-ins and
valve replacements alter local velocities or pressure drops. Such changes are often
introduced after original design, so integrity teams need methods that identify whether
operational modifications have shifted the pipeline from a compliant static state into a
fatigue-vulnerable dynamic state.

This review addresses the following problem: how can Saudi organisations
integrate risk-based integrity management, advanced stress analysis, AIV/FIV screening
and ASME B31.4/B31.8 compliance into a coherent assurance process for high-pressure
multiphase pipelines? The paper is written as a review paper, not as a case study, and its
contribution is a structured synthesis rather than a new numerical model. It proposes that
pipeline safety should be treated as an evidence chain linking design code compliance,
stress modelling, vibration screening, inspection results, defect growth assumptions,

fatigue damage accumulation and risk-based intervention planning.
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2 AIM AND OBJECTIVES OF THE STUDY

The aim of this study is to develop a publishable review-based framework for
integrity and fatigue assessment of high-pressure multiphase pipelines in Saudi Arabia.
The framework integrates advanced stress analysis, AIV/FIV screening, fatigue
assessment and ASME B31.4/B31.8 compliance into one risk-based workflow. The
objectives are: first, to review recent literature and standards related to pipeline integrity,
fatigue, multiphase vibration, corrosion and cracking assessment. second, to clarify how
code compliance differs from risk-based integrity assurance. third, to examine how AlV
and FIV mechanisms should be screened and escalated to finite-element or coupled flow-
structure analysis. fourth, to identify how inspection, monitoring and machine-learning
outputs should be incorporated without overstating their certainty. and fifth, to propose
Saudi-focused implementation recommendations that recognise high temperature, sand

movement, remote access, expansion projects and operational variability.
3 REVIEW METHODOLOGY

A structured narrative review methodology was selected because the topic crosses
design codes, vibration engineering, fatigue mechanics, in-line inspection, corrosion
science and asset management. A purely statistical review would exclude relevant
standards, recommended practices and industrial guidance that are essential to pipeline
integrity decisions. The review considered peer-reviewed articles, international standards,
recommended practices and official industry sources published from 2020 to 2025.
Search strings combined pipeline integrity, stress analysis, ASME B31.4, ASME B31.8,
fatigue assessment, multiphase flow, flow-induced vibration, acoustic-induced vibration,
stress corrosion cracking, corrosion prediction, in-line inspection and Saudi Arabia.
Sources were screened for relevance to high-pressure pipeline integrity, applicability to
oil, gas or multiphase service, and usefulness for engineering decision making.

The synthesis followed four steps. First, relevant sources were grouped into
compliance, stress and fatigue, AIV/FIV, inspection and digital prediction themes.
Second, concepts were compared to identify overlaps and gaps between code-based

design checks and integrity management requirements. Third, the themes were mapped
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into an escalation workflow that begins with susceptibility screening and ends with risk-
based repair, monitoring or operational constraint. Fourth, Saudi implementation
conditions were used to interpret the literature: remote corridors, high ambient
temperatures, sand burial, large diameter transmission lines, growing gas demand,
brownfield modifications and the need to support safe capacity expansion. Table 1

summarises the review logic.

Table 1
Review methodology and screening logic.

\ Review element Inclusion and interpretation logic
Recent engineering literature, standards
and official sources from 2020 to 2025.
High-pressure liquid, gas and multiphase
Technical scope pipelines. fatigue, SCC, AlV, FIV, stress analysis
and inspection.
ASME B31.4, ASME B31.8, ASME

Publication window

Compliance scope B31.8S, API fitness-for-service and in-line
inspection practices.

Long-distance networks, high

Saudi relevance temperature, remote access, expansion projects,

gas growth and multiphase operation.

Narrative thematic comparison followed
Synthesis method by risk-framework development and practical
recommendations.

4 SAUDI PIPELINE INTEGRITY CONTEXT

Saudi Arabia's pipeline environment is distinctive because it combines large-scale
hydrocarbon transmission with localised severe service. Cross-country liquid and gas
lines may experience high soil temperature, thermal expansion, buried restraint,
occasional washout, road crossings, settlement, coating degradation and long repair
logistics. Gathering and processing pipelines may additionally experience multiphase
flow, water cut, condensate, sand, sour service and intermittent slugging. The ongoing
expansion of the Master Gas System and associated projects increases the importance of
rigorous integrity planning because new trunk lines and branch lines will interact with
existing networks, compressor stations and industrial customers [11,12].

A Saudi-specific integrity model must therefore go beyond a generic corrosion

programme. In high-pressure multiphase service, risk is driven by the interaction of
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threats. Internal corrosion can reduce wall thickness, increasing local stress range under
pressure cycles. Dents, weld misalignment and branch connections can amplify dynamic
stresses. Thermal expansion and soil restraint can create secondary bending, while
slugging and turbulence supply cyclic excitation. Inspection uncertainty can hide small
crack-like flaws until fatigue growth becomes significant. The literature on stress
corrosion cracking prediction confirms that data-driven methods can improve
prioritisation, but practical value depends on reliable field data and expert interpretation
[13-17]. For this reason, the proposed approach treats digital prediction as decision
support, not as a replacement for engineering assessment.

Risk-based integrity requires ranking threats by likelihood and consequence. For
Saudi assets, consequence includes personnel safety, environmental release, production
deferment, export continuity, gas supply reliability, public reputation and regulatory
exposure. Likelihood includes design margin, age, coating condition, cathodic protection,
water chemistry, operating pressure, pressure cycling, vibration exposure, inspection
history and modification history. These inputs are uneven in quality, so risk registers
should distinguish measured evidence from assumptions. Where assumptions dominate,

conservatism or targeted inspection is justified.

5 ASME B31.4/B31.8 COMPLIANCE AND STRESS ANALYSIS

ASME B31.4 and B31.8 provide the baseline for design, materials, construction,
testing, operation and maintenance of liquid and gas pipelines respectively [1,2]. Their
value lies in establishing common rules for pressure design, allowable stress, wall
thickness, class location, testing and operational controls. For gas pipelines, ASME
B31.8S extends the framework by formalising integrity management processes, threat
identification, risk assessment and integrity assessment planning [3]. Yet a code-
compliant pipeline can still require additional analysis where loading is outside standard
assumptions. High-temperature service, buried bends, settlement, unsupported spans,
compressor pulsation, slug flow, pressure cycling and branch vibration can produce local
stress states that require detailed modelling.

Advanced stress analysis should therefore be organised as an escalation hierarchy.

At the first level, engineers verify wall thickness, pressure design, class requirements,
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hydrotest basis, material grade and allowable stress. At the second level, flexibility
analysis evaluates thermal expansion, soil restraint, support loads, displacement, anchor
forces and equipment nozzle interactions. At the third level, local finite-element analysis
is used for components where simplified beam models may be non-conservative,
including tees, welded branches, elbows, dents, girth weld repairs and wall-thinned
regions. At the fourth level, fatigue-specific models calculate stress ranges under pressure
cycles, vibration response or slug-induced loading. This hierarchy avoids unnecessary
modelling while ensuring that high-risk features receive sufficient detail.

Fitness-for-service assessment closes the gap between design compliance and in-
service reality. AP1 579-1/ASME FFS-1 gives structured procedures for evaluating flaws,
metal loss, crack-like defects and fatigue where a component must be judged fit for
continued operation [4]. Pipeline-specific assessment practices then support decisions on
cracking, dents and in-line inspection performance [6,7,19]. For Saudi operators, the
practical lesson is that stress analysis should not end at project handover. It should be
updated when operating envelopes change, when lines are rerated, when new laterals are
added, or when inspection identifies features whose severity depends on local stress. This
creates a living stress basis that supports both compliance and risk.

6 AIV/FIV SCREENING AND FATIGUE MECHANISMS

AlV and FIV are often treated as specialist vibration topics, but they are central
to fatigue integrity. AIV is generally associated with high acoustic energy produced by
pressure-reducing valves, relief systems, blowdown, choke valves or high-pressure gas
flows. The acoustic field can excite shell modes and welded details, particularly at small-
bore connections and branch discontinuities. FIV is broader and includes turbulence-
induced vibration, vortex shedding, slug-induced vibration, momentum changes at bends,
and multiphase oscillations [23-29]. In high-pressure multiphase Saudi pipelines, FIV can
arise during production ramp-up, liquid loading, pigging, transient operations and flow
regime transitions.

The main challenge is that AIV/FIV risk is local and nonlinear. A pipeline
segment may appear acceptable in global stress analysis but still contain a small-bore

connection with a high stress concentration, poor support stiffness or resonant frequency
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near an excitation band. Similarly, a bend or jumper can experience multiphase force
fluctuations that global steady-state hydraulics do not reveal. Recent reviews of two-
phase FIV emphasise that internal gas-liquid flows are harder to predict than single-phase
flows because flow pattern, void fraction, liquid holdup, slug frequency, pipe geometry
and support conditions interact [23,28].

A defensible screening process should therefore combine hydraulic data,
geometry, wall thickness, discontinuity classification, branch details, pressure drop
locations, support condition and operating scenarios. Low-risk lines may only need
documented screening. Medium-risk cases require vibration survey, clamp review,
support improvement or simplified fatigue checks. High-risk cases require detailed finite-
element stress analysis, modal analysis, acoustic calculations, coupled CFD-FE
modelling or field strain measurement. Where measurements are used, velocity readings
alone should not be treated as direct fatigue damage unless converted into stress range at
the critical detail. The review literature increasingly supports combined computational -
fluid-dynamics and finite-element approaches for complex multiphase FIV, but these

tools require careful validation and conservative boundary conditions [26,27].
7 INSPECTION, MONITORING AND DIGITAL PREDICTION

In-line inspection, non-destructive testing and monitoring provide the evidence
base for risk-based integrity. Modern ILI technologies include magnetic flux leakage,
ultrasonic inspection, electromagnetic acoustic transducers, caliper tools and combined
geometry-metal loss platforms. Each tool has strengths and limitations. MFL is widely
used for metal loss but has limited ability to size tight crack-like features. EMAT and
ultrasonic crack tools can support cracking assessment, but performance depends on tool
capability, product medium, line cleanliness, wall thickness and feature morphology
[13,20]. The attached review highlights that SCC detection and prediction remain difficult
because field data are nonlinear, noisy, multidimensional and often incomplete [13].

Machine learning is promising but must be embedded within a quality-controlled
integrity workflow. Recent studies show applications in corrosion rate prediction, MFL
data analysis, acoustic-emission classification, multipoint corrosion burst pressure

estimation and pipeline erosion modelling [16-22]. However, many models are trained on
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laboratory or limited datasets and may not generalise across materials, operating
environments or inspection vendors. In Saudi operations, model bias could occur if
training data underrepresent desert soil conditions, high operating temperatures, sand
erosion, sour multiphase chemistry or local construction practices. Therefore, algorithms
should provide uncertainty bands, explainable feature importance, data lineage and
validation against field digs or independent inspection.

Monitoring can also support fatigue risk control. Pressure-cycle counting,
transient logging, acoustic monitoring, vibration surveys, strain gauges and support
condition inspections can identify changes before damage becomes critical. For remote
Saudi corridors, permanent instrumentation should be reserved for high-consequence or
high-uncertainty locations, while mobile surveys can verify lower-risk sections. Digital
twins are useful when they integrate hydraulic, structural and inspection data, but they
must be governed as engineering models rather than dashboards. Their assumptions,

calibration events and decision thresholds should be auditable.
8 PROPOSED INTEGRATED FRAMEWORK

Figure 1 presents the proposed risk-based integrity architecture. Its first principle
is that integrity threats are not independent. Corrosion, cracking, mechanical damage,
thermal stress, AIV/FIV and pressure cycling feed the same failure modes: leak, rupture,
fatigue crack growth, unstable fracture or unacceptable deformation. Its second principle
is staged escalation. Screening should be inexpensive and conservative, while detailed
analysis should be reserved for locations where consequence, uncertainty or screening
indicators justify greater effort. Its third principle is feedback. Inspection findings,
vibration surveys, incident learning and operational changes should update susceptibility

assumptions and future inspection intervals.
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Figure 1

Integrated risk-based integrity architecture for high-pressure multiphase pipelines.

Integrated risk-based integrity architecture

Asset segmentation Threat identification Code compliance
& operating envelope corrosion / SCC / fatigue B31.4/B31.8

e Feedback e

; loop |
| |
Risk action AIV/FIV screening Stress & flexibility
inspect / repair / monitor | field verification FEA where required

Evidence chain: compliance -> stress -> vibration -> inspection -> risk action

The framework begins with asset segmentation. Each segment should have
consistent diameter, material, grade, wall thickness, coating, pressure class, product,
operating envelope, terrain and consequence. The next step is threat identification
covering corrosion, SCC, fatigue, mechanical damage, geohazard, third-party
interference, construction defects and vibration. Then, code screening verifies B31.4 or
B31.8 requirements and identifies where B31.8S integrity management applies [1-3].
Stress screening follows, using conservative thermal, pressure, soil and support
assumptions. AIV/FIV screening then identifies high-energy valves, multiphase bends,
restrictions, dead legs, small-bore connections and flexible spans. Risk ranking combines
likelihood, consequence and confidence. Finally, actions are assigned: monitor, inspect,
analyse, repair, replace, rerate, support, clamp, modify operation or revise design.

Figure 2 transforms the architecture into a decision hierarchy. Where all screening
checks are low, the line remains in routine surveillance. Where code compliance is

uncertain, the operator resolves documentation, wall thickness, material or pressure basis
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before detailed fatigue decisions. Where static stress is high, flexibility or finite-element
analysis is completed. Where vibration risk is high, AIV/FIV escalation precedes or
accompanies fatigue assessment. Where inspection finds defects, fitness-for-service and
fracture mechanics define acceptance, repair or reassessment intervals. This hierarchy
prevents common failure modes in integrity programmes: excessive reliance on
inspection without stress context, excessive reliance on code design without vibration

context, or excessive reliance on modelling without field verification.
Figure 2
Decision hierarchy for compliance, stress analysis and fatigue escalation.

Decision hierarchy for fatigue and compliance escalation

Document code basis

Wall thickness, pressure class, material grade and hydrotest evidence

Screen static stress

Thermal expansion, buried restraint, supports and local discontinuities

Screen AIV/FIV

Pressure-drop devices, branches, slugging, turbulence and resonance

Escalate analysis

FEA, modal analysis, CFD-FE coupling, field strain or vibration survey

Close integrity loop

FFS decision, repair, monitoring, rerating and MOC update

Decision rule: accept routine surveillance only when compliance, stress demand,
vibration risk and inspection confidence are all sufficient.

i =)

8.1 Analytical integration and assessment criteria
Analytical integration requires clear acceptance criteria at every stage. For code

checks, acceptance is expressed through allowable stress, design factor, class location,

test pressure and documented compliance. For flexibility analysis, acceptance depends on
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sustained, expansion and occasional stress ranges, displacement limits, support reactions
and equipment interface loads. For fatigue, acceptance depends on stress range, number
of cycles, stress concentration, weld class, defect size, mean stress effect and remaining
life. For AIV/FIV, acceptance begins with screening indicators but must end with stress-
based evidence where risk is material. This distinction is important because vibration
amplitude is not damage by itself. damage is the cyclic stress range at a fatigue-sensitive
detail combined with the number of repetitions. A defensible assessment therefore
converts hydraulic and vibration evidence into structural demand, then compares that
demand with fatigue resistance and consequence.

The assessment should also recognise uncertainty explicitly. Design documents
may not represent as-built support stiffness. Operating data may miss short transients.
Inspection sizing tolerance may be large for crack-like defects. Soil resistance can change
after flooding, excavation or seasonal thermal cycles. Multiphase simulations may be
sensitive to flow regime assumptions. In this environment, deterministic pass-fail results
can create false confidence. The recommended approach is to classify each input as
measured, inferred or assumed. assign confidence levels. and raise conservatism when
confidence is low. Where the risk consequence is high, uncertainty should trigger
measurement, field verification or conservative operating limits rather than optimistic

modelling.
8.2 Integration with operations and maintenance

The framework is most effective when connected to routine operations. Control-
room historians should retain pressure, flow, temperature, valve position and shutdown
events at a resolution suitable for transient and fatigue review. Maintenance teams should
record support condition, clamp tightness, guide gaps, coating damage, vibration
observations and small-bore connection repairs in structured fields rather than free-text
notes. Inspection teams should link anomaly coordinates to stress features, weld maps,
bends, supports and branch locations. These linkages allow recurring patterns to be
identified: for example, whether corrosion clusters align with low points, whether branch

failures align with pressure drop devices, or whether high stress locations coincide with
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settlement. The result is an integrity system that learns from operations instead of treating
each assessment as a separate engineering task.

Maintenance optimisation should follow risk, not convenience alone. High-
consequence segments with high uncertainty should receive earlier verification even if
their nominal risk score is moderate. Conversely, low-consequence segments with strong
evidence and stable service may justify longer intervals. Repair prioritisation should
consider whether a defect is exposed to static stress, cyclic pressure, vibration stress or
corrosive chemistry. A shallow corrosion feature in a low-stress stable line may be
monitored, while a similar feature near a vibrating branch or high-bending zone may
require repair. This risk differentiation is the practical advantage of combining stress

analysis, AIV/FIV screening and inspection data.
8.3 Uncertainty and decision confidence

The review further suggests that probabilistic thinking should accompany
deterministic engineering. A nominal utilisation ratio, fatigue life or remaining-strength
result is useful, but the decision maker also needs to know how sensitive that result is to
wall-thickness tolerance, inspection sizing error, support stiffness, slug frequency,
acoustic power, corrosion growth rate and future pressure cycles. Sensitivity analysis can
identify the few variables that control risk, allowing scarce field verification resources to
be focused on the highest-value measurements. In practice, this may mean measuring
vibration at a small-bore branch, exposing a buried bend to confirm coating and support
condition, repeating ILI with a crack-capable tool, or installing temporary strain gauges
during a production ramp-up. Probabilistic language should be simple enough for
operations teams to use: high confidence, medium confidence or low confidence,
combined with consequence and time-to-action. This approach helps avoid two common
errors in pipeline integrity. The first error is delaying action because a deterministic model
predicts acceptable life while the input confidence is weak. The second error is repairing
everything because uncertainty is poorly understood. A balanced risk model supports
proportionate intervention, which is essential for Saudi assets where long pipelines,
remote locations and production criticality make both under-maintenance and over-

maintenance costly. It also improves communication between design authorities,
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operations, inspection contractors and executives by translating complex analysis into
defensible actions. When governance boards can see which assumption drives risk, they
can approve monitoring, pressure limits or repairs with a clearer technical and business
rationale. This makes the framework suitable for staged implementation across mixed
greenfield and brownfield pipeline portfolios while avoiding excessive procedural burden

overall.
9 DISCUSSION

The synthesis indicates that the strongest integrity programmes integrate
compliance, physics and operational learning. Code compliance is essential because it
establishes the minimum engineered basis for pressure containment. However, risk-based
integrity asks a different question: is the pipeline safe for its actual and future operating
envelope, given the uncertainty in loads, defects and inspection data? This question is
especially important for Saudi multiphase systems because flow conditions can change
quickly as reservoirs mature, water cut increases, gas lift expands, tie-ins are added or
facilities are debottlenecked. Every material change in flow rate, pressure drop, valve
condition or branch configuration should trigger management-of-change screening for
stress, AIV and FIV implications.

The review also shows that fatigue assessment should be treated as a
multidisciplinary exercise. Piping stress engineers understand loads and supports. process
engineers understand transients and multiphase regimes. materials engineers understand
cracking and corrosion. inspection specialists understand tool performance. operations
teams understand actual excursions. If any discipline works alone, risk can be
underestimated. For example, an inspection team may report no critical cracks, but
vibration may initiate cracks between inspection runs. A process team may reduce
pressure successfully while increasing pressure drop noise. A stress engineer may model
steady thermal expansion while missing slug-frequency excitation. The integrated
framework forces these viewpoints into one evidence chain.

The Saudi context adds three implementation priorities. First, operators should
invest in data quality before relying on predictive models. This includes calibrated

operating histories, consistent inspection taxonomies, accurate geospatial data, field
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verification and clear records of repairs. Second, critical small-bore connections and
branch welds deserve systematic attention because they are common fatigue initiation
points and can be underrepresented in mainline inspection results. Third, expansion
projects should use integrity-by-design: AIV/FIV screening, flexibility analysis and
inspection access planning should be performed before construction rather than after
vibration complaints emerge. Official expansion announcements show the scale of future

gas infrastructure, which makes early assurance economically justified [11,12].

10 PRACTICAL RECOMMENDATIONS

Saudi pipeline owners and engineering contractors should implement a five-part
assurance plan. First, establish a unified integrity basis for each asset, including code
edition, design pressure, material, hydrotest, stress model, inspection history and
operating envelope. Second, require AIV/FIV screening for all new high-pressure gas,
wet-gas and multiphase lines, as well as for brownfield changes involving valves,
restrictions, branches or major flow increases. Third, develop a fatigue-critical feature
register covering branches, tees, welded attachments, unsupported spans, dents, corrosion
clusters and known high-vibration locations. Fourth, connect inspection planning to stress
and vibration results so that high-damage locations are not hidden by generic segment
intervals. Fifth, define decision thresholds for rerating, repair, clamping, support

modification, operational constraint and detailed finite-element reassessment.

Table 2

Integrity assessment matrix for high-pressure multiphase pipelines.

B31.4/B31.8 and

Static overstress

Pressure, temperature,

Confirm design basis

soil restraint, supports flexibility checks or rerate
Local stress Branches, tees, dents, Finite-element local Repair, reinforce or
concentration repairs, welds stress analysis monitor

AlV exposure

High pressure drop, gas
service, valve noise

Acoustic screening and
shell-mode review

Modify valve, support
or branch design

FIV exposure

Slugging, turbulence,
bends, unsupported
spans

Hydraulic review,
vibration survey, CFD-
FE escalation

Support, damp, reroute
or constrain flow

Corrosion / SCC

ILI, NDT, chemistry,
coating, CP records

FFS, fracture, growth
and risk ranking

Repair, inspect,
monitor or replace
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Assumed inputs,
Data uncertainty inspection tolerance,
missing transients

Sensitivity analysis and Raise confidence
field verification before accepting risk

Contract documents should make these expectations explicit. EPC deliverables
should include traceable stress reports, vibration screening registers, fatigue assumptions,
design transients, inspection-access requirements and management-of-change triggers.
Operations teams should receive simplified integrity dashboards that show risk drivers
rather than only pass-fail status. Senior management should require that high-risk
exceptions have owners, due dates and interim operating limits. Regulators and company
auditors can strengthen practice by checking evidence quality: not only whether a
calculation exists, but whether it reflects actual service, validated input data and current

operating conditions.
11 LIMITATIONS AND FUTURE RESEARCH

This review is limited by the scarcity of published Saudi field datasets for
multiphase fatigue, AIV/FIV outcomes and defect growth under local conditions. Much
of the available literature is generic, laboratory-based or oriented toward offshore process
piping rather than long-distance desert pipelines. Future research should develop Saudi-
relevant datasets for soil restraint, thermal cycling, pressure transients, slug force spectra,
small-bore connection performance, inspection verification and fatigue outcomes. High-
value studies would compare screening predictions with field vibration surveys and strain
measurements, quantify uncertainty in fatigue life estimates, and validate digital twin
methods against real inspection and repair records. Research is also needed on how
hydrogen blending, carbon capture transport and changing gas composition may alter

fracture, fatigue and inspection assumptions.
12 CONCLUSION
High-pressure multiphase pipelines in Saudi Arabia require an integrity

philosophy that is broader than routine code compliance and broader than inspection

alone. ASME B31.4 and B31.8 provide essential design and operating foundations, while
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integrity management and fitness-for-service practices support in-service decision
making. Nevertheless, multiphase flow, AIV/FIV, thermal loading, pressure cycling,
corrosion and cracking create coupled risks that must be assessed together. The review
demonstrates that advanced stress analysis, staged vibration screening, field-verified
inspection and uncertainty-aware fatigue assessment can be integrated into a practical
risk-based framework. The proposed model begins with segmentation and threat
identification, proceeds through code, stress and AIV/FIV screening, escalates to finite-
element, CFD-FE or fitness-for-service assessment where required, and closes the loop
through inspection, monitoring and management-of-change feedback. For Saudi
organisations, the most important actions are to improve data quality, formalise AIV/FIV
screening, maintain a fatigue-critical feature register and update stress assumptions
whenever the operating envelope changes. This integrated approach can reduce
unplanned failure risk, support safe capacity expansion and provide a defensible basis for

long-term pipeline reliability.
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