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Abstract 11 

Saudi Arabia’s expanding use of public–private partnerships (PPPs) requires risk priorities that are locally 12 

grounded, uncertainty-aware, and operationally actionable. This study developed an auditable evidence-to-gov-13 

ernance approach combining literature normalization, stakeholder assessment, quantitative uncertainty analysis, 14 

and qualitative contextualization. A 43-source corpus was classified; a 15-source item archive yielded 519 state-15 

ments, of which 495 were factor-level, 14 contextual, and 10 non-factor-level. Fourteen recurrence-eligible sources 16 

supported normalization into 41 factors and selection of 15 risks for a probability–impact questionnaire completed 17 

by 205 Saudi PPP stakeholders. Respondent-level probability–impact products were analyzed using Friedman and 18 

Holm-adjusted Wilcoxon tests, participant-vector bootstrap resampling, dominance probabilities, tied-rank litera-19 

ture–market alignment, subgroup tests, and sensitivity scenarios. Political and security instability ranked first (CI 20 

= 0.5243; 95% bootstrap confidence interval: 0.4835–0.5647), followed by cost escalation and overrun (CI = 21 

0.5173) and coordination and communication failure (CI = 0.5151). Fourteen risks formed the Tier 1 set, while 22 

regulatory and legal uncertainty remained Tier 2. Literature recurrence and market criticality showed positive but 23 

non-significant alignment (Spearman’s ρ = 0.400; permutation p = 0.1403). Rankings were stable after excluding 24 

straightliners and remained highly correlated across prespecified sensitivity scenarios. Open-ended responses 25 

yielded 12 themes, including three emergent candidates, which informed proposed controls and key risk indicators 26 

without altering quantitative ranks. The resulting Proposed Evidence-Based Saudi PPP Risk Governance Frame-27 

work links the full risk register to lifecycle ownership, contractual allocation, response controls, monitoring trig-28 

gers, escalation, and residual-risk review, providing a transparent basis for project-specific governance. 29 

Keywords: Evidence-based governance; Public–private partnerships; Risk prioritization; Saudi Arabia; Uncer-30 

tainty-aware analysis. 31 

1. Introduction 32 

Public–private partnerships (PPPs) leverage private financing and specialized delivery capability to provide public 33 

infrastructure. However, they also give rise to long-term contracting systems in which financial, political, regula-34 

tory, market, technical and managerial risks interact across project phases and organizational boundaries. PPP 35 

literature reviews consistently demonstrate that risk identification and allocation are central to project performance . 36 

But they also show significant variation in terminology, factor boundaries, sectors and analytical practice . Such 37 

heterogeneity means that the much-cited risk is neither automatically comparable across studies, nor necessarily 38 

relevant in a particular national market. 39 

Empirical evidence supports the importance of context. Water-sector PPPs in Ghana, studies of infrastructure de-40 

livery methods, stakeholder analyzes of sustainable PPP outcomes, and collaborative operations research suggest 41 

that risk salience is sector-, delivery arrangement-, institutional setting-, project stage-, and respondent position 42 

dependant [5–8]. A credible system of priorities must therefore keep track of the source of each risk expression, 43 

combine only substantively equivalent mechanisms, and separate literature recurrence from the probability and 44 

impact assessed for the field. 45 

The problem with governance is not just to produce a ranked checklist. Integrated risk-management systems, per-46 

formance frameworks, allocation models and operational studies are indicative of ongoing ownership, monitoring, 47 

response and reallocation throughout the project life cycles [9-12]. Political uncertainty further alters the contrac-48 

tual confidence and conditions of implementation. Evidence from independent water and power plant projects in 49 

Saudi Arabia identifies material concerns of institutional capability, informal implementation, and weak risk-man-50 

agement practice [13–15]. These findings imply that analytical priorities are only useful if they are translated into 51 

stage-specific accountability, controls, early-warning indicators, escalation rules and post-control review. 52 

The latest PPP research has involved more comprehensive managerial measures, improved success indicators, 53 

simulation based on sustainability, knowledge-driven qualitative assessment and structural-equation modeling 54 

[16–20]. Such advances improve particular aspects of assessment or decision support, but do not themselves ad-55 

dress how an inventory derived from the literature should be normalized, tested against local stake-holder evidence, 56 

ranked under uncertainty, and transformed into a transparent governance register. The question is therefore not 57 

just what risks exist but what risks are critical in the target market, how stable their ordering is and what governance 58 

response follows from that evidence. 59 

This is particularly the case in Saudi Arabia, where there is a growing application of PPP in the social and economic 60 

infrastructure. Current Saudi studies provide useful yet sector-specific evidence on sustainable housing, school 61 

infrastructure and PPP success factors [21–23]. Similarly, studies of PPPs for transport, housing and water in other 62 
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developing contexts, along with a recent synthesis of PPPs in construction, expand the comparative base [24–27], 63 

while research on privatization in Saudi Arabia highlights tendering, liabilities and post-transfer governance as 64 

ongoing implementation issues [28]. Collectively, this literature supports contextualization, but does not provide 65 

a unified uncertainty aware ranking and governance framework for the Saudi PPP market. 66 

Therefore, research on adjacent construction and infrastructure was used as background evidence rather than as a 67 

substitute for the recurrence of PPP-specific factors. Process and capability interpretation is informed by studies 68 

of BIM-enabled risk assessment [29], Saudi sustainable-construction capability [30], and cross-country building 69 

barriers and operation-and-maintenance information requirements [31,32]. Evidence on high-value contracting, 70 

process mining, infrastructure health and safety, road-project financing and housing cost and resource control 71 

inform the design, financing and control lenses [33–37]. Additional work on BIM-based safety, data-driven con-72 

struction risk, Saudi e-procurement, dynamic safety resilience, and oil-and-gas construction further clarifies mon-73 

itoring and implementation conditions [38–42], while early research on large build-operate-transfer projects es-74 

tablishes the continued relevance of holistic life-cycle risk planning [43-44]. These sources supplement interpre-75 

tation and framework design, but are not permitted to inflate the study-level frequency of the 14 recurrence-eligible 76 

normalization sources. 77 

There is still a compound evidence-to-governance gap. First, literature reviews tend to lump together the whole 78 

body of evidence, the part with lists of factors at the individual factor level and the repetition of wordings in 79 

individual studies without distinguishing the unit of analysis. Second, probability and impact are often summarized 80 

with point estimates or a product of means, which can lose respondent-level pairing, and hide rank uncertainty. 81 

Third, the comparison of local priorities with recurrence in the literature by tied-rank and resampling inference is 82 

rarely performed, while subgroup stability and open-ended contextual evidence are seldom analyzed. Finally, rank-83 

ings are rarely translated into an operational register that relates each retained risk to life-cycle stage, accountable 84 

owner, contractual allocation, prevention, mitigation and contingency actions, key risk indicators (KRIs), trigger 85 

thresholds, escalation and residual-risk review. 86 

This study addresses this gap using a sequential, multi-stage design that is primarily quantitative and with an 87 

embedded qualitative strand. An audit and classification of a final 43-source evidence corpus was conducted. In 88 

it, a 15-source item-level archive had 519 verbatim statements; record-level re-adjudication classified 495 as fac-89 

tor-level risk expressions, 14 as contextual indicators, and 10 as non-factor-level labels. Fourteen sources had at 90 

least one factor-level mechanism that could be recurrentized as one occurrence per study (i.e., defined the normal-91 

ization denominator). Semantic normalization aggregated the factor-level evidence into 41 risk factors, from which 92 

15 conceptually distinct and Saudi relevant risks were retained in the locked probability-impact questionnaire 93 

completed by 205 Saudi PPP stakeholders. The analysis preserves respondent-level probability-impact pairing, 94 

uses repeated-measures inference, employs participant-vector bootstrap resampling, establishes dominance-based 95 

priority tiers, compares literature and market evidence, tests subgroup and scoring robustness, and maps open-96 

ended themes without allowing qualitative frequency to alter the quantitative rank. The integrated results are trans-97 

lated into a Proposed Evidence-Based Saudi PPP Risk Governance Framework with the governance fields reported 98 

as proposed and project-adaptable specifications. 99 

The study thus asks which of the literature-derived risks are the most critical for Saudi PPP projects when consid-100 

ering probability and impact together and how stable their ranks and priority tiers are? Does study-level recurrence 101 

match criticality as evaluated by stakeholders? Are there differences in priorities between stakeholder and experi-102 

ence groups or with different samples and scoring rules? What contextual extensions or emergent concerns arise 103 

from the open-ended responses? How can combined evidence be translated into stage-specific governance? These 104 

questions link evidence synthesis, local market assessment, uncertainty, contextual interpretation, and implemen-105 

tation into one traceable design. 106 

The study provides an auditable evidence-reduction pathway that separates the 43-source corpus, the 15-source 107 

item archive, the 14-source recurrence-eligible subset, the 519 raw statements and their final dispositions, the 41-108 

factor register, and the 15-factor questionnaire shortlist. It advances PPP risk prioritization by preserving within-109 

respondent probability-impact dependence, and by reporting rank stability and dominance, rather than imposing 110 

an arbitrary score cut-off. It also differentiates literature evidence from Saudi market evidence to avoid double 111 

counting, subjects ordering to pre-specified subgroup and sensitivity analyzes and uses open-ended findings to 112 

enhance interpretations, controls and KRIs without changing quantitative tiers. Most of all it translates the retained 113 

evidence into a proposed six-stage governance register with explicit ownership, response, monitoring, escalation 114 

and residual-risk logic, whilst retaining the uncertainty and analytical role of every evidence layer in sight. 115 

2. Methodology 116 

2.1. Research Design 117 

This study employs a sequential multi-stage design, predominantly quantitative with an embedded qualitative 118 

strand (Figure 1). Each output feeds into the next stage in the sequence. First, we build a corpus of evidence from 119 

43 sources. A 15-source item-level archive contributed 519 verbatim statements, 495 of which were adjudicated 120 

as factor-level, 14 as contextual indicators, and 10 as non-factor-level labels. 14 recurrence-eligible sources formed 121 

a denominator for normalization into 41 factors. The locked questionnaire consisted of fifteen literature-informed, 122 
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Saudi-relevant and conceptually distinct factors. Second, the selected factors have been evaluated by a probability-123 

impact questionnaire responded by 205 Saudi PPP stakeholders. An open-ended item enabled the collection of 124 

additional risks and contextual observations not fully captured by the closed questions.  125 

The quantitative phase involves data-quality screening, descriptive analysis, probability and impact relative im-126 

portance indices, respondent-level (P × I) criticality assessment, response consistency testing, matched-factor com-127 

parisons, and boot-strap-based evaluation of ranking uncertainty. Literature frequency is then compared to field-128 

derived criticality using tied-rank Spearman correlation, permutation inference, and an evidence-alignment matrix. 129 

Robustness of the resulting priorities is examined through subgroup and sensitivity analyzes, while the open-ended 130 

responses are systematically coded and thematically integrated with the quantitative findings. Finally, the inte-131 

grated evidence is translated into a Proposed Evidence-Based Saudi PPP Risk Governance Framework linking 132 

each retained risk to its lifecycle stage, accountable owner, supporting actors, contractual allocation, three-layer 133 

response actions, key risk indicator, trigger threshold, escalation rule, and residual-risk review. 134 

 135 

Fig. 1 Integrated research design for evidence-based Saudi PPP risk governance. Integrated multi-stage research design 136 

for synthesizing literature and Saudi field evidence, prioritizing PPP risks under uncertainty, integrating open-ended findings, 137 

and translating the combined evidence into a proposed Saudi PPP risk-governance framework. 138 

2.2. Literature Evidence Base, Risk Extraction, and Normalization 139 

This phase used a nested evidence architecture, starting with the earliest layer for which a full record level inven-140 

tory is maintained. The auditable starting point was a corpus of 43 archived full-text sources, together with a stable 141 

code and mutually exclusive analytical role for each. In this corpus, 15 sources generated 519 item-level statements, 142 

of which 495 were categorized as factor-level, 14 as contextual indica-tors, and 10 as non-factor-level. Fourteen 143 

sources had at least one factor-level mechanism eligible for recurrence. Semantic consolidation resulted in 41 144 

normalized factors, 15 of which were kept in the locked questionnaire. These layers and denominators are differ-145 

entiated in Table 1, Figure 2 and Supplementary Figure S1.  146 

The 43-source corpus was informed by earlier searches of Scopus, Web of Science, ScienceDirect, the MDPI 147 

publishing platform, and Google Scholar for English-language PPP risk evidence published during 2010–2025. 148 

The search concepts retained were public private partnerships, operational risk or risk management, infrastructure 149 

or construction projects and lifecycle operation or sustainability. These details are reported as historical search 150 

provenance, not as a reconstructed present-study search flow. The core Boolean logic, tailored to the syntax of the 151 

various platforms, was:  152 

Core Boolean logic: ("public-private partnership" OR PPP OR P3) AND ("operational risk" OR "risk factor" OR 153 

"risk management" OR "risk allocation") AND (construction OR infrastructure OR project) AND (operation OR 154 

lifecycle OR sustainab).  155 

Eligibility time frame: 1 January 2010 – 31 December 2025. For eligibility, publication year was defined as year 156 

of earliest verifiable public availability. For journal articles published online ahead of assignment to a later volume 157 

or issue, eligibility was based on the official publisher’s first online date, but the bibliographic reference retained 158 

the final issue year. Based on this rule, Alghuried [30] qualified as its first online publication date was 30 January 159 

2025, although it was later assigned to a 2026 issue. One source predating the windows, Yaworsky [43] (1994), 160 
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was kept as an explicitly declared foundational/contextual exception, as it provides a holistic lifecycle framing for 161 

large and BOT projects. This exception was not applicable to item-level extraction, normalized-factor recurrence, 162 

F i, LP i, literature ranking, or questionnaire-shortlist selection. The auditable corpus therefore comprised 42 rec-163 

ords conforming to the 2010–2025 rule and one disclosed pre-window contextual exception.  164 

The eligibility window under the earliest-public-availability rule closed on 31 December 2025. The archived full-165 

text inventory was consolidated and frozen on 15 August 2026. There is no complete list of all upstream candidates 166 

at the record level , database - specific query exports , duplicate - removal decisions , or intermediate screening 167 

counts in the project archive . The present study reproducible source audit begins with the 43 actually retained and 168 

re-evaluated full-text records. Record uniqueness was evaluated by stable study codes, source file names, and short 169 

titles. All 43 records and their final fates are reported in Supplementary Table S1A and the source-flow decision 170 

trail is reported in Supplementary Data S1H. 171 

Table 1 Composition and analytical roles of the literature evidence layers. 172 

Evidence layer / sta-

tus 
Unit and n Eligibility or definition Analytical role 

Auditable full-text 

corpus 
43 sources 

42 records meeting the 2010–2025 rule 

plus one declared pre-window contextual 

exception 

Present-study record-level starting point: 

14 Normalization, 13 Supporting, 16 Con-

textual 

Window-eligible rec-

ords 
42 sources 

Earliest verifiable public availability oc-

curred from 1 January 2010 to 31 De-

cember 2025 

Eligible for role assignment; only Normali-

zation sources can enter recurrence 

Online-first eligibil-

ity case 

1 source 

(E301) 

Alghuried: first online 30 January 2025; 

final issue assignment 2026 

Within window; Contextual role; no Fᵢ/LPᵢ 
contribution 

Declared pre-window 

exception 

1 source 

(E431) 

Yaworsky (1994), retained only as foun-

dational/contextual BOT lifecycle fram-

ing 

No item extraction, Fᵢ, LPᵢ, rank, or 
shortlist contribution 

Item-level extraction 

archive 

15 sources / 

519 state-

ments 

Traceable lists, indicators, groups, or ap-

praisal items 

Preserves every verbatim item; includes 

E12 Supporting appraisal criteria 

Recurrence-eligible 

subset 
14 sources 

At least one specific factor-level mecha-

nism suitable for binary source–factor 

coding 

Only denominator used for Fᵢ and LPᵢ 

Normalized register / 

questionnaire 

shortlist 

41 / 15 fac-

tors 

Distinct mechanisms / literature-led 

Saudi PPP field shortlist 
Full register / locked field instrument 

The 43 records in the archive were reassessed at the title/abstract and full-text levels in accordance with the purpose 173 

of the present study. A record was eligible for detailed assessment if it met the 2010–2025 earliest-public-availa-174 

bility rule or the disclosed pre-window con-textual-exception rule, was published in English, covered PPPs or 175 

directly transferable infrastructure/construction risk, governance, allocation, or operational-performance issues, 176 

and included traceable evidence associated with a stable source code. We excluded from pooling records that had 177 

mismatched content, were not about infrastructure, had editorial or methodological content without extractable 178 

risk evidence, or that had no usable factor-level material. The measures, critical success factors, latent constructs, 179 

and non-PPP contextual barriers were not silently mixed with direct risk inventories. They were kept as supporting 180 

or contextual lenses.  181 

The auditable starting corpus was 43 archived full-text sources. Forty-two records met the 2010–2025 temporal 182 

rule, and one was designated as a pre-window foundational/contextual exception. One final analytical role was 183 

assigned to each source that was mutually exclusive – 14 Normalization, 13 Supporting, or 16 Contextual. Only 184 

the 14 Normalization sources were entered into the study-level recurrence denominator. Interpretation, triangula-185 

tion, or conceptual framing drew on supporting and contextual sources, but these did not contribute to Fᵢ or LPᵢ. 186 

Exclusion reasons for 16 records located in legacy working files outside this corpus are separately retained in 187 

Supplementary Table S1E. Their upstream search-stage positions are not preserved, they are not identified as the 188 

former 19, they are not added to the 43 records to reconstruct a larger source total, and they do not enter any 189 

analytical denominator. A numerical risk-of-bias score was not used because evidence was not pooled to estimate 190 

a causal effect. Alternatively, relevance and extractability were assessed based on PPP specificity, risk evidence 191 

directness, recoverability at the factor level, source traceability, and applicability for coding of one occurrence per 192 

source. Supplementary Data S1A, S1E, S1H and S1I report final roles, the separate legacy log and the temporal 193 

decisions.  194 

A traceable list, table, appendix, indicator set, group or allocation-driver set from which verbatim wording could 195 

be retrieved and linked to a stable source record was required to enter the item-level archive. Fifteen sources met 196 

this archival criterion and contributed exactly 519 statements. The criteria for eligibility for recurrence were more 197 
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strict. A source was included in S only if at least one extracted statement described a sufficiently specific risk 198 

mechanism that was amenable for binary source-factor coding after consolidation. Four of the E12 records were 199 

allocation/appraisal criteria, not factor-level mechanisms. E12 is still traceable in the item archive but reclassified 200 

as Supporting. Thus, the normalization subset eligible for recurrence contained 14 sources . Source-specific con-201 

tributions and attributions are shown in Supplementary Table S1B.  202 

Each extracted statement was maintained as a separate record with a stable expression identifier, source code, 203 

verbatim wording, source title, item identifier if available, source category or domain, and extraction note. The 204 

corrected crosswalk includes the original assignment and final disposition, including the assigned factor code, 205 

normalized domain, lifecycle indication, recurrence-eligibility flag, and record-level rationale. The full 519-row 206 

crosswalk is provided in Supplementary Data S1C and all 134 former Other/paper specific records are reiterated 207 

in the focused audit log in Supplementary Data S1G.  208 

Only expressions representing the same underlying risk mechanism were combined. The coding rules distin-209 

guished a cause from its consequence, financial from contractual risk, delay as an event from its causal drivers, 210 

and political/governmental from legal/regulatory mechanisms. All 134 records previously assigned to Other/paper-211 

specific factor were re-reviewed (record-level re-adjudication). Of these, 110 were reallocated as factor-level ex-212 

pressions within the existing 41-factor register, 14 were mapped as contextual indicators but excluded from recur-213 

rence, and 10 were classified as non-factor-level umbrella, appraisal, consequence-only or analytic labels. The 214 

final dispositions across the entire archive were thus 495 factor-level expressions, 14 contextual indicators, and 10 215 

non-factor-level statements. The analytical register has no residual category of Other left. Supplementary Data 216 

S1C and S1G are unchanged in their final decisions and rationale. 217 

 218 

Fig. 2 Auditable literature-evidence pathway and questionnaire shortlisting. Auditable pathway from the 43-source evidence 219 

corpus and 15-source item-level archive to the final record dispositions, the 14-source recurrence-eligible subset, the 41-fac-220 

tor normalized register, and the 15-factor questionnaire shortlist. 221 

Semantic assignment and re-adjudication at the record level were done by a single coder. There was no independent 222 

20–25% recoding exercise documented on the 519-record mapping, and Cohen’s kappa is not reported, no inter-223 

coder reliability claim is made. Instead, reproducibility is enabled by the comprehensive source-to-statements-to-224 

factors crosswalk, transparent eligibility and coding rules, the targeted 134-record decision log, and version-con-225 

trolled analysis files. Methodological limitation: absence of independent semantic recoding.  226 

The unit of recurrence was the independent normalization source, not the number of repeated words or items within 227 

a source. Occurrence was coded once for normalized factor i and normalization source s through the indicator 228 

function: 229 

௦௜ݖ  = ૚{factor ݅ occurs in study ݏ} (1) 230 

Here, ૚{⋅} = 1 when the stated condition is satisfied and 0 otherwise. The unique-study frequency was: 231 

௜ܨ  = ∑ ௦௜ௌ௦=1ݖ  (2) 232 

Literature prevalence was then expressed as: 233 

 LP௜ = ி೔ௌ × 100,         ܵ = 14 (3) 234 

Here, Fᵢ is the number of recurrence-eligible normalization sources containing factor i, and LPᵢ is its literature 235 

prevalence among S = 14 sources. Raw-expression counts, contextual-indicator counts, and non-factor-level labels 236 

were retained as descriptive audit metadata only; they did not influence ordering because one source may use 237 

several statements for the same mechanism and non-factor records cannot create a factor occurrence. 238 
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Questionnaire shortlisting followed the documented sequential rule: study-level recurrence first, followed by rel-239 

evance to Saudi PPP conditions, conceptual non-overlap, and balanced domain coverage. After record-level adju-240 

dication, 12 factors had Fᵢ ≥ 9 and four factors were tied at the boundary with Fᵢ = 8 (LPᵢ = 57.1%; average rank = 241 

14.5): R09 Demand and market risk, R10 Approval and permitting delays, R14 Tax and tariff changes, and N17 242 

Financing and liquidity constraints. Three positions were available. R09, R10, and R14 were retained because they 243 

preserve distinct market-demand, institutional-approval, and fiscal/tariff mechanisms; N17 remained in the 41-244 

factor register because its financing/liquidity mechanism partly overlapped the selected financial and contractual 245 

coverage. The literature-only rule was reapplied without survey results or raw-expression counts and reproduced 246 

the locked 15-factor instrument. Because this verification followed questionnaire administration, the result is re-247 

ported as post-audit verification rather than as a newly prospective selection exercise. 248 

2.3. Questionnaire Design, Sampling, and Data Screening 249 

In the second phase, the 15 literature-based risk factors were transformed into a probability-impact questionnaire, 250 

and data were collected from a non-probability sample of Saudi PPP stakeholders. The instrument included par-251 

ticipant characteristics, separate probability and impact ratings, and an open-ended response. The main analysis 252 

was conducted on the 205 valid records, with experience-based subsets and a dataset that excluded straight lining 253 

used for benchmarking and sensitivity analysis.  254 

Data were collected in Saudi Arabia through an administered questionnaire using Google Forms (Google LLC, 255 

web application; no release-version identifier was record-ed). The timestamps of submissions that were kept are 256 

from 17 May 2026 at 22:49:56 to 3 June 2026 at 19:58:55 (GMT+3). Recruitment was by non-probability purpos-257 

ive electronic route to a heterogeneous Saudi PPP stakeholder population. Direct PPP participation was not man-258 

datory; the profile block captured organization type, primary field of expertise, years of professional experience, 259 

direct PPP exposure, PPP-infrastructure experience, and self-reported PPP knowledge.  260 

For the purposes of this analysis, a record was considered valid if all six profile fields and all 30 required proba-261 

bility-impact ratings were present and all closed ratings were within the prespecified 1-5 range. This resulted in 262 

205 valid completed questionnaires. Because no defensible denominator of eligible invitees reached was available 263 

in the audit archive, a response rate could not be calculated; N = 205 is therefore presented as the number of valid 264 

completed questionnaires rather than as a response rate.  265 

The questionnaire included participant and professional-experience, 15 risk factors, a probability and impact rating 266 

for each of the risk factors, and an open-ended item for other risks or comments. For K=15 factors and D=2 rating 267 

dimensions the number of closed rating items was: 268 

 rܰating = ܭ × ܦ = 15 × 2 = 30 (4) 269 

The questionnaire components and their analytical roles are reported in Table 2; the open-ended item and profile 270 

fields were not included in the 30-item rating count. 271 

Table 2 Questionnaire structure and measurement scheme. 272 

Component Content Items Response format / role 

Participant profile 
Professional background and experi-

ence 
Profile 

fields 
Sample description and sub-

group definition 

Probability block 
Occurrence likelihood for 15 risk fac-

tors 
15 

Separate ordinal scale from 1 

to 5 

Impact block 
Consequence severity for the same 15 

factors 
15 

Separate ordinal scale from 1 

to 5 

Open-ended item Additional risks or comments 1 Free-text qualitative response 

Closed-item total 15 factors x 2 rating dimensions 30 Primary quantitative dataset 

Probability and impact were measured independently on ordinal scales from 1 (lowest) to 5 (highest). For risk 273 

factor i and participant j: 274 

 ௜ܲ௝ , ௜௝ܫ  ∈ {1,2,3,4,5},  ݅ = 1, … ,15;  ݆ = 1, … ,205 (5) 275 

Here, Pij and Iij denote the probability and impact ratings, respectively. Supplementary File S2 reproduces the exact 276 

wording, response anchors, and variable mapping verified against the original survey export, which served as the 277 

authoritative source. 278 

Participants were classified as a Saudi PPP stakeholder sample, reflecting heterogeneous levels of direct PPP and 279 

infrastructure experience. The 205 valid responses formed the primary analytical dataset. Progressively restrictive 280 

experience-based subsets were used to assess whether conclusions remained stable among practitioners with more 281 

direct PPP and infrastructure experience; a separate response-pattern subset was used only for data-quality sensi-282 

tivity testing. The definitions and uses of all analytical sets are summarized in Table 3 and their relationship is 283 

illustrated in Figure 3. 284 
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Table 3 Analytical samples and their prespecified uses. 285 

Analytical set n Definition Primary use 

All valid responses 205 Saudi PPP stakeholder sample passing basic validity checks Primary analysis 

Direct PPP experience 78 Stakeholders reporting direct experience in PPP projects Practitioner benchmark 

PPP + infrastructure 64 
PPP-experienced stakeholders with infrastructure experi-

ence 

Experience-based sensitiv-

ity 

Highest-confidence sub-

set 
39 

Stakeholders meeting the most restrictive confidence crite-

ria 
Conservative sensitivity 

Excluding straightliners 184 
Primary sample after excluding 21 uniform-response rec-

ords 
Response-quality sensitivity 

 286 

Fig. 3 Analytical samples and sensitivity-analysis pathways. Analytical sample structure and prespecified sensitivity-analysis 287 

pathways. 288 

Because recruitment was non-probability based, sample adequacy was assessed only through a descriptive preci-289 

sion benchmark. The conventional proportion-based expression was: 290 

 ݊0 = ௭1−ഀ/22 ௣(1−௣)௘2  (6) 291 

where z is the standard normal critical value, p is the assumed proportion, and e is the target margin. Using z = 292 

1.96, p = 0.50, and e = 0.07 produced: 293 

 ݊0 = (1.96)2(0.50)(1−0.50)(0.07)2 = 196.0 < 205 (7) 294 

So the 205 valid records surpassed the descriptive benchmark of 196. This calculation was not intended to serve 295 

as a claim of full statistical representativeness, population coverage, or inference from a probability sample.  296 

Missing values, ratings outside of the 1-5 range, duplicate timestamps, identical demographic and rating fields, 297 

identical response vectors across participants, and straight lining across the 30 closed items were screened for in 298 

the original export of the survey. A repeated timestamp was viewed as a screening flag rather than evidence of 299 

duplication and corroborating evidence from the full record was required for exclusion. 300 

For participant j, straight lining was operationalized as a zero-response range across the 30 closed items: 301 

 SL௝ = ૚{max௠ ௝ܺ௠ − min௠ ௝ܺ௠ = 0},  ݉ = 1, … ,30 (8) 302 

where Xjm is participant j's response to closed item m. Twenty-one records met this flag. They were retained in 303 

the primary N = 205 analysis because a uniform evaluation of all risks may represent a genuine judgment rather 304 

than an invalid response. The analysis was therefore repeated after excluding these records (n = 184), and any 305 

material change in risk ordering or inference was to be reported as a sensitivity finding rather than used to redefine 306 

the main sample. Complete screening outcomes, anonymous profile summaries, and respondent-level cohort flags 307 

are provided in Supplementary Data S3. 308 

2.4. Survey Analysis and Uncertainty-Aware Risk Prioritization 309 

The third stage transforms the 205 valid paired probability-impact records into uncertainty-aware risk priorities. 310 

All primary calculations are performed at the participant level, to preserve the pairing of probabilities and impacts 311 

for each respondent, and the dependence structure across the 15 risks. The analytical sequence consists of ordinal-312 

aware descriptive statistics, separate probability and impact indices, respondent-level criticality scoring, response-313 

pattern consistency diagnostics, repeated-measures inference, participant-level bootstrap resampling, and domi-314 

nance-based priority-tier construction. The complete workflow is shown in Figure 4, and the prespecified factor-315 

level outputs are summarized in Table 4. 316 
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 317 

Fig. 4 Survey analysis and uncertainty-aware risk prioritization. Survey-analysis workflow from paired ordinal ratings to de-318 

scriptive indices, respondent-level criticality, repeated-measures inference, bootstrap rank stability, and dominance-based 319 

priority tiers. 320 

Table 4 Prespecified factor-level outputs and analytical roles. 321 

Output family Reported statistics Scale or range Analytical role 

Probability and im-

pact descriptives 

Mean and SD; median and IQR; percentage 

rated 4–5; frequencies and percentages for 

categories 1–5 

Reported sepa-

rately for proba-

bility and impact 

Provides an ordinal-aware distri-

bution summary while retaining 

comparability with risk-manage-

ment studies that report means 

Relative importance RII௉,௜ and RIIூ,௜ 0.20–1.00 
Separates probability-driven from 

impact-driven importance 

Primary criticality ܥ௜௝, CI௜, and RI௜ = 25CI௜ ܥ௜௝ and CI௜: 
0.04–1.00; RI௜: 

1–25 

Preserves within-respondent prob-

ability–impact pairing and pro-

vides the primary prioritization 

score 

Response-pattern con-

sistency 

Separate alpha diagnostics for probability 

and impact blocks; corrected item–total 

correlation; alpha if item deleted 

Block-level di-

agnostics 

Describes response-pattern con-

sistency without assuming that the 

15 risks form one latent construct 

Paired inference 

Tie-corrected Friedman test; Kendall's W; 

105 two-sided asymptotic Wilcoxon 

signed-rank contrasts (zero_method="wil-

cox"; zero differences removed; average 

ranks for tied absolute nonzero differences; 

correction=False); Holm family-wise ad-

justment; matched rank-biserial effects. 

Omnibus and 

paired compari-

sons 

Tests whether the same partici-

pants assign systematically differ-

ent criticality to the 15 risks 

Bootstrap rank stabil-

ity 

95% score interval; median rank; 95% rank 

interval; P(Rank 1); P(Top 3); dominance 

probability 

Ranks 1–15; 

probabilities 0–1 

Quantifies uncertainty in factor 

scores, ordering, and selection 

Priority tiers 

Iterative non-dominated fronts supported 

by bootstrap dominance and Holm-adjusted 

paired evidence 

Tier 1, Tier 

2, … 

Avoids imposing arbitrary numeri-

cal cut-offs or an unstable fixed 

Top-3 rule 

For each risk factor, probability and impact ratings are summarized separately by mean and standard deviation, 322 

median and interquartile range (IQR), percentage of ratings in high categories 4–5, and the full five-category fre-323 

quency distribution. The median and IQR are reported as the responses are ordinal; means and standard deviations 324 

are also provided for comparison with existing probability-impact studies. Let P ij and I ij be the probability and 325 

impact scores assigned by participant j to factor i, where N=205 and k=15. The relative importance index of like-326 

lihood is: 327 

 RII௉,௜ = ∑ ௉೔ೕೕಿ=15ே ,   ݅ = 1, … , ݇. (9) 328 

The corresponding impact index is: 329 

 RIIூ,௜ = ∑ ூ೔ೕೕಿ=15ே ,   ݅ = 1, … , ݇. (10) 330 

Both indices vary between 0.20 and 1.00. They are reported separately, so that a factor with high perceived con-331 

sequence but lower probability of occurrence is not treated as equivalent to a probability driven risk.  332 
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The first criticality calculation is based on the product of probability and impact for each participant before aggre-333 

gation. The respondent level normalized score is: 334 

௜௝ܥ  = ௉೔ೕூ೔ೕ25 ,   0.04 ≤ ௜௝ܥ ≤ 1.00. (11) 335 

The factor-level Criticality Index is the mean of the paired respondent-level products: 336 

 CI௜ = 1ே ∑ ௜௝ே௝=1ܥ = 125ே ∑ ௜ܲ௝ே௝=1 ௜௝ܫ . (12) 337 

For interpretability on the original 1–25 probability–impact scale, the raw Risk Index is: 338 

 RI௜ = 1ே ∑ ௜ܲ௝ே௝=1 ௜௝ܫ = 25CI௜ . (13) 339 

The higher the value, the more critical the stakeholder sees it. The main score is the product at the respondent level, 340 

as it maintains the association between probability and impact for each participant. We also compute a product-341 

of-means score as a sensitivity analysis of the scoring estimator: 342 

 CI௜PM = = ௉‾೔ூ‾೔25 , ‾ܲ௜ = 1ே ∑ ௜ܲ௝ ,ே௝=1 ௜‾ܫ = = 1ே ∑ ௜௝ே௝=1ܫ  (14) 343 

The difference between the two estimators is determined by the within-factor covariance between probability and 344 

impact: 345 

௜ܫܲ  =  ‾ܲ௜ܫ‾௜ + Covே( ௜ܲ , ,(௜ܫ CI௜ − CI௜PM =  Covಿ(௉೔,ூ೔)25  (15) 346 

Here, Covே uses denominator ܰ, consistent with the identity for the observed participant records. The product-347 

of-means score is therefore treated only as a sensitivity estimator and does not replace CI௜ in the primary ranking 348 

or tier construction. 349 

Response-pattern consistency is evaluated separately for the 15 probability items and the 15 impact items using 350 

Cronbach’s alpha: 351 

ߙ  = ௞௞−1 (1 − ∑ ௦ℓ2ೖℓ=1௦೅2 ). (16) 352 

For each block, the analysis reports alpha, the corrected item–total correlation for every factor, and alpha if that 353 

item is deleted. These statistics are interpreted only as diagnostics of response-pattern consistency. They are not 354 

treated as evidence that the 15 substantively distinct risks form a single reflective latent construct, and no risk is 355 

removed solely to increase alpha. 356 

Because every participant evaluates all 15 factors, differences in criticality are tested using a repeated-measures 357 

rank procedure. Within each participant, the ܥ௜௝ values are ranked across the ݇ = 15 factors using average ranks 358 

for ties. Let ܴ௜ denote the sum of within-participant ranks for factor ݅, and let ݐ௝௚ denote the size of tied group ݃ 359 

for participant ݆. The Friedman statistic and its tie correction are: 360 

 ܳ0 = 12ே௞(௞+1) ∑ ܴ௜2௞௜=1 − 3ܰ(݇ + 1), ிܥ = 1 − ∑ ∑ (௧ೕ೒3 −௧ೕ೒)೒ೕಿ=1ே(௞3−௞) , ܳ = ொ0஼ಷ (17) 361 

The tie-corrected ܳ is evaluated against a chi-square distribution with ݇ − 1 = 14 degrees of freedom. Kendall’s 362 

coefficient of concordance is reported as the omnibus effect size: 363 

 ܹ = ொே(௞−1) ,   0 ≤ ܹ ≤ 1. (18) 364 

A significant Friedman result is followed by all pairwise Wilcoxon signed-rank comparisons between the 15 fac-365 

tors. The prespecified number of contrasts is: 366 

 (௞2) = (152 ) = 15×142 = 105. (19) 367 

For factors a and b, the paired differences were defined as Δj,ab = Cja − Cjb. Zero differences were removed 368 

before the signed-rank calculation (zero_method="wilcox"), and tied absolute nonzero differences received aver-369 

age ranks. Two-sided asymptotic p-values were computed in SciPy version 1.17.0 (method="asymptotic"), with 370 

continuity correction disabled (correction=False). The resulting 105 p-values were adjusted simultaneously using 371 

Holm's step-down procedure. The direction and magnitude of each paired difference were summarized using the 372 

matched-pairs rank-biserial coefficient defined in Equation (20). 373 

௥௕,௔௕ݎ  = ௐೌ+್ −ௐೌ−್ௐೌ+್ +ௐೌ−್ . (20) 374 

Here, ௔ܹ௕+  and ௔ܹ௕−  are the positive and negative signed-rank sums after zero differences have been removed. 375 

Positive values indicate higher criticality for factor ܽ, negative values indicate higher criticality for factor ܾ, and 376 

the absolute value describes the paired effect magnitude. 377 

The uncertainty in the criticality scores and rankings is assessed by resampling the participants as full response 378 

vectors. For each of B=5000 bootstrap replicates, sample N=205 rows of participants with replacement. Recalcu-379 

late all 15 CI_i values at once, and assign rank 1 to the highest score (and average ranks for exact ties). This allows 380 

for dependence between probability and impact, between factors and between all items provided by the same 381 

respondent. The seed is fixed at 20260809. The percentile score interval and the empirical rank interval are given 382 

by: 383 

 ࣝ௜0.95 =  [ܳ0.025{CI௜∗(௕)}, ܳ0.975{CI௜∗(௕)}] , ℛ௜0.95 = ,{௜∗(௕)ݎ}0.025ܳ]   384 (21) [{௜∗(௕)ݎ}0.975ܳ
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For each factor, the median bootstrap rank, the probability of occupying rank 1, and the probability of appearing 385 

within the top three are calculated as: 386 

 ௜ܲ(Rank 1) = 1஻ ∑ ૚஻௕=1 ௜∗(௕)ݎ) = 1), ௜ܲ(Top 3) =  1஻ ∑ ૚஻௕=1 ௜∗(௕)ݎ) ≤ 3) (22) 387 

Pairwise bootstrap dominance indicates the consistency of factor a dominating factor b, with half weight being 388 

given to exact bootstrap ties: 389 

௔௕(௕′)ܣ  = ૚(CI௔∗(௕′) > CI௕∗(௕′)), ௔௕(௕′)ܧ = ૚(CI௔∗(௕′) = CI௕∗(௕′)), ௔௕ܦ = 1஻ ∑ ௔௕(௕′)ܣ] + 1 2⁄ ௔௕(௕′)]஻௕′=1ܧ  (23) 390 

Factor ܽ is considered to dominate factor ܾ only when three conditions are satisfied simultaneously: ܦ௔௕ ≥ 0.95; 391 

the paired score direction favors factor ܽ; and the Wilcoxon comparison remains significant after Holm correction. 392 

These joint conditions prevent a narrow point-estimate difference or an unstable bootstrap ordering from being 393 

interpreted as a scientifically meaningful separation. Priority tiers are then generated as iterative non-dominated 394 

fronts according to Table 5. 395 

Table 5 Construction and interpretation of dominance-based priority tiers. 396 ܘ܍ܜܛ ܔ܉܋ܑܜܡܔ܉ܖۯ૚ Prespecified rule Interpretation and required reporting 

1. Lock the refer-

ence analysis 

Use full-sample respondent-level CI௜ values; rank 

higher criticality as better priority, with average 

ranks for exact ties 

Retain the baseline score, point rank, 95% score 

interval, median bootstrap rank, and 95% rank in-

terval for every factor 

2. Establish pair-

wise dominance 

Define ܽ ≻ ܾ only when ܦ௔௕ ≥ 0.95, the paired 

direction favors ܽ, and the Holm-adjusted Wil-

coxon p-value is ≤ 0.05 

Report the dominance probability, adjusted p-

value, and matched rank-biserial effect; otherwise 

treat the pair as not clearly ordered 

3. Construct Tier 1 
Assign to Tier 1 every factor not dominated by 

any remaining factor 

Tier 1 is the primary scientific priority set; it may 

contain more or fewer than three factors 

4. Construct subse-

quent tiers 

Remove Tier 1, identify the non-dominated fac-

tors among the remainder as Tier 2, and repeat un-

til every factor is assigned 

Produces transparent non-dominated fronts with-

out arbitrary criticality cut-offs 

5. Preserve incom-

parable factors 

Keep factors on the same front when the evidence 

does not support a directional dominance relation 

Overlapping or uncertain ranks are not forced 

into an artificial strict ordering 

6. Report an execu-

tive Top 3 

Display the three highest point-estimate factors 

for operational communication, together with 

P(Top 3), P(Rank 1), and rank intervals 

The executive Top 3 is descriptive and does not 

replace Tier 1 as the primary scientific result 

7. Test stability 

Compare the reference tiers and ranks with pre-

specified alternative samples and the product-of-

means estimator in Phase 5 

Report factor-level shifts, Tier 1 retention, rank 

concordance, maximum displacement, and Top-3 

similarity 

1 All paired Wilcoxon contrasts used the same explicit implementation in Supplementary Data S4, Supplementary 397 

Table S5, and Supplementary Data S6: two-sided asymptotic inference, zero_method="wilcox", average ranks for 398 

tied absolute nonzero differences, and no continuity correction. 399 

All factor level statistics are reported with unrounded values kept in the analysis files and rounded values presented 400 

with appropriate rounding in the manuscript. The primary ranking is derived from respondent-level criticality; RII 401 

values, the raw 1–25 risk index, product-of-means scores and the executive Top 3 are supplementary interpreta-402 

tions and not competing primary rankings. All analyzes were conducted using version-controlled scripts in Python 403 

3.12.13, NumPy 2.3.5 and SciPy 1.17.0. Supplementary Data S4, Supplementary Table S5, and Supplementary 404 

Data S6 were re-calculated using a single explicit Wilcoxon implementation. S12 confirms identical W statistics, 405 

raw p-values, and Holm-adjusted p-values for all 105 pairs. 406 

2.5. Literature-Market Evidence Integration 407 

The fourth phase compared the uniqueness of study literature recurrence with Saudi stake-holder criticality for the 408 

same 15 risk factors. It estimated the tied-rank concordance and its resampling uncertainty and then retained the 409 

two sources of evidence as separate percentile coordinates in an evidence-alignment matrix. The 15 survey factors 410 

were shortlisted from the literature without the use of a literature-market composite as a basis for the primary 411 

ranking; a weighted integrated score was limited to sensitivity analy-sis. The whole integration pathway is sum-412 

marized in Figure 5. 413 
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 414 

Fig. 5 Literature–market evidence integration and alignment. Literature-market integration pathway from tied-rank concord-415 

ance to evidence-alignment classes and sensitivity-only composite scoring. 416 

For factor i, F(i) denotes the number of recurrence-eligible normalization sources in which the factor occurred, 417 

whereas CI(i) is the respondent-level market Criticality Index defined in Phase 3. Because tied frequencies and 418 

tied criticality estimates are possible, Spearman's coefficient will be calculated as the Pearson correlation between 419 

average-rank vectors: 420 

௦ߩ  = Cor[Rankavg(ܨ௜), Rankavg(CI௜)] (24) 421 

Therefore, the coefficient would be obtained directly from tied ranks m = 15 matched factors. We will not use the 422 

shortcut based on squared rank differences without ties. Positive values mean that factors more often found in the 423 

literature are also more likely to be of higher criticality in the Saudi stakeholder sample. The coefficient is inter-424 

preted as evidence of alignment, not causation or evidence of implementation effectiveness.  425 

A two-sided Monte Carlo permutation test will be used to test the statistical evidence of rank alignment. The 426 

market rank vector will be randomly re-assigned to the 15 literature ranks M = 100,000 times and Spearman's 427 

coefficient will be recomputed after each re-assignment. A plus-one correction prevents zero estimated p-values: 428 

perm݌  = 1+∑ 1(|ఘೞ(ೝ)|≥|ఘೞ,obs|)ಾೝ=1 ெ+1 , ܯ = 100,000 (25) 429 

The sampling uncertainty in the market evidence will be independent quantified, by resampling the N = 205 par-430 

ticipants as complete response vectors of 30 items . For each of B = 5,000 bootstrap samples, all CI(i) values and 431 

the tied-rank correlation will be recomputed with F(i) held constant. The percentile interval is given: 432 

 CI95%(ߩ௦) = ,{௦∗(ℎ)ߩ}0.025ܳ] ,[{௦∗(ℎ)ߩ}0.975ܳ ℎ = 1, … ,  433 (26) ܤ

We will report the observed coefficient, permutation p-value, and 95% participant-bootstrap interval together. This 434 

bootstrap reflects uncertainty from the sample of stakeholders, not uncertainty from literature retrieval, normali-435 

zation, or prior selection of the 15 factors. The latter may restrict the range of literature frequencies and will be 436 

mentioned when talking about the magnitude of the coefficient.  437 

The literature and market evidence will be transformed into normalized ascending percentile ranks so that we can 438 

compare the two sources on the same descriptive scale without losing their distinct meaning. Where rank 1 is the 439 

lowest and rank m is the highest. Ties are awarded their average rank. The coordinate in the literature is: 440 

௜ܮ  = Rankavg↑ (ி೔)−1௠−1  (27) 441 

The corresponding market coordinate is: 442 

௜ܧ  = Rankavg↑ (CI೔)−1௠−1  (28) 443 

For m=15 the denominator is 14. L(i) and E(i) keep their relative position in the shortlist and they will be exhibited 444 

as continuous coordinates for all the factors. They are not interpreted as probabilities or measures of absolute risk 445 

magnitude.  446 

For clear descriptive classification a pre-specified midpoint ߬= 0.50 will separate relatively high from relatively 447 

low evidence on each axis. The high group will get the values at the center point. The two binary indicators are: 448 

௅,௜ܪ  = ௜ܮ)1 ≥ ߬), ா,௜ܪ = ௜ܧ)1 ≥ ߬), ߬ = 0.50 (29) 449 

The resulting four evidence classes and their intended interpretation are defined in Table 6. Continuous coordinates 450 

and the original F(i) and CI(i) values will accompany every quadrant label so that the midpoint split does not 451 

conceal near-threshold differences. 452 
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Table 6 Operational rules for literature–market evidence alignment. 453 

Evidence class Indicator rule Coordinate pattern Interpretive use 

Core risks ܪ௅,௜ = 1; ܪா,௜ = 1 High literature; high market 

Consistently prominent risks supported by 

both recurrence and Saudi stakeholder critical-

ity 

Saudi / emerging risks ܪ௅,௜ = 0; ܪா,௜ = 1 Low literature; high market 
Context-sensitive or emerging risks that war-

rant specific attention in Saudi PPP practice 

Established but con-

text-moderated risks 
 ா,௜ = 0 High literature; low marketܪ ;௅,௜ = 1ܪ

Established concerns whose perceived Saudi 

criticality is comparatively moderated 

Secondary risks ܪ௅,௜ = 0; ܪா,௜ = 0 Low literature; low market 
Lower relative priority within the 15-factor 

shortlist, without implying absence of risk 

Since the literature recurrence was the source of the factor selection, using it again in the primary ranking could 454 

double count the same evidence. Therefore an Integrated Priority Score based on percentiles will be calculated 455 

only as a sensitivity analysis: 456 

 IPS௜(ݓ) = ௜ܧݓ + (1 − ௜ܮ(ݓ , ݓ ∈ {0.30,0.50,0.70} (30) 457 

Here, w is the market-evidence weight: 0.30 is literature-leaning, 0.50 is balanced, and 0.70 is market-leaning. IPS 458 

ranks and shifts relative to the primary CI ranking will be reported for each scenario; IPS will not replace CI, 459 

dominance-based tiers, or the evidence-alignment matrix. 460 

The average ranks, the tied-rank Spearman correlation, M = 100,000 permutations, B = 5,000 participant-vector 461 

bootstraps, the evidence classification, and the three IPS sensitivity scenarios were implemented in Python 3.12.13 462 

using NumPy 2.3.5 and SciPy 1.17.0 with the fixed seed 20260809. Supplementary Data S7 contains the F(i), CI(i), 463 

tied ranks, L(i), E(i), evidence class, the full permutation distribution, the bootstrap correlation distribution and 464 

the IPS sensitivity results for each factor. 465 

2.6. Subgroup and Robustness Analyses 466 

The fifth phase will evaluate whether the 15 respondent-level risk-criticality scores differ across specified Saudi 467 

PPP stakeholder groups and whether the generated priority order is robust to alternative samples and scoring 468 

choices. Group comparisons will be done using rank-based tests with hierarchical multiplicity control. Robustness 469 

will be assessed by repeating the full 15-factor ranking under six prespecified scenarios. These are explanatory 470 

and diagnostic analyzes; they set the stage but do not substitute for the primary full-sample prioritization and 471 

dominance-based tiers established in Phase 3. The analytical path is summarized in Figure 6. 472 

 473 

Fig. 6 Subgroup inference and robustness-analysis workflow. Subgroup and robustness-analysis pathway linking nonpara-474 

metric group inference, hierarchical multiplicity control, prespecified alternative samples and estimators, and rank-stability 475 

outputs. 476 

The main outcome for factor i and participant j is the respondent-level criticality score C(ij) = P(ij)I(ij)/25. There-477 

fore, for each grouping variable there will be 15 tests, one per risk, at the factor level. The binary contrasts will be: 478 

Direct PPP experience vs. no PPP experience and Infrastructure experience vs. no infrastructure experience. Years 479 

of experience and self-reported PPP knowledge will be analyzed within the original pre-specified categories. All 480 

205 valid responses will be included. Each comparison will be based on available cases for the grouping variable. 481 

Denominators will be reported for each group. No imputation of missing group membership will be performed. 482 

Probability and impact scores could be examined separately as secondary diagnostics but conclusions on subgroups 483 

and control of multimultiplicity will be based on C(ij). No collapsing of outcomes will occur after inspection of 484 

outcomes; any pre-analysis pooling required by sparse cells will be documented with its substantive justification. 485 
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For each factor, a two-sided Mann-Whitney U test will be performed to compare two independent groups. Scores 486 

will be combined with their average ranks for ties. If the group sizes are n(1) and n(2) and the rank sum for group 487 

1 is R(1) then the oriented statistic is: 488 

 1ܷ = ܴ1 − ௡1(௡1+1)2  (31) 489 

Here U(1) counts favorable group-1 comparisons, plus one-half of exact ties. Effect magnitude will be reported as 490 

the probability of superiority A(12) and its rank-biserial transformation: 491 

12ܣ  = ௎1௡1௡2 , rbݎ = 12ܣ2 − 1 = 2௎1௡1௡2 − 1 (32) 492 

Positive r(rb) indicates higher scores in the group named first; negative values indicate the reverse. Two-sided 493 

asymptotic p-values with tie correction will be used because the discrete probability–impact product produces 494 

many ties. Group medians, interquartile ranges, U, A(12), r(rb), raw p-values, and multiplicity-adjusted p-values 495 

will be reported. 496 

Variables with G greater than two categories will be analyzed using the Kruskal–Wallis’s test. With N available 497 

observations, n(g) observations and rank sum R(g) in category g, the uncorrected statistic is: 498 

ܪ  = 12ே(ே+1) ∑ ோ೒2௡೒௚ீ=1 − 3(ܰ + 1) (33) 499 

If t(l) observations share the l-th tied value among L tie groups, the tie factor C and corrected statistic H(c) are: 500 

 C = 1 − ∑ tl3−tlLl=1N3−N , Hc = HC (34) 501 

The omnibus effect size will be the non-negative epsilon-squared estimate: 502 

ு2ߝ  = max{0, ுc−ீ+1ே−ீ } (35) 503 

Only a factor whose omnibus test remains significant after the across-factor FDR procedure will proceed to Dunn 504 

pairwise comparisons. For categories g and h, the tie-corrected Dunn statistic is: 505 

௚ℎݖ  = ோ೒−ோℎ[ಿ(ಿ+1)಴12 ( 1೙೒+ 1೙ℎ)]12 (36) 506 

The 15 binary or omnibus p-values for each grouping variable will form one inferential family and will be corrected 507 

for false-discovery rate using the Benjamini-Hochberg procedure at q = 0.05. After sorting the m p-values in 508 

ascending order, the monotone adjusted value is: 509 

BH(௜)݌  = min௝≥௜{min[1, ௠௝ ,{[(௝)݌ ݉ = 15, ݍ = 0.05 (37) 510 

A factor will be treated as subgroup-associated only when its BH-adjusted p-value is at most 0.05. For a BH-511 

significant multi-category factor, Holm adjustment will then be applied across all G(G−1)/2 Dunn contrasts for 512 

that factor. This hierarchy controls discovery across risks while limiting post-hoc testing to supported omnibus 513 

effects. The complete testing and reporting sequence is specified in Table 7. 514 

Table 7 Subgroup testing, multiplicity control, and effect-size reporting. 515 

Analytical stage Primary procedure Multiplicity rule Minimum reported evidence 

Binary factor-wise 

tests 

Two-sided Mann–Whitney U; 

average ranks and tie correc-

tion 

BH across 15 risks for 

each grouping variable 

Group n, median (IQR), U, A₁₂, 
r(rb), raw and BH-adjusted p 

Multi-category omni-

bus tests 

Tie-corrected Kruskal–Wallis 

H(c) 

BH across 15 risks for 

each grouping variable 

Category n, median (IQR), H(c), df, 

ε²(H), raw and BH-adjusted p 

Supported post-hoc 

contrasts 

Dunn comparisons only after a 

BH-significant omnibus test 

Holm across all category 

pairs within that risk 

Mean-rank difference, z, direction, 

and Holm-adjusted p 

Interpretation 

Effect sizes and uncertainty 

considered with adjusted evi-

dence 

No selection by unadjusted 

p-values 

Subgroup findings contextualize; 

they do not replace the primary rank-

ing 

The 15 risks will be reprioritized across the six scenarios in Table 8. The reference analysis is the full sample and 516 

the product at the level of the respondent. We will not remove the 21 straightliners from that analysis as identical 517 

ratings can be a genuine judgment and their removal is limited to sensitivity analysis. Subset definitions will be 518 

frozen prior to rank comparison. All scenarios will have the same factor coding and the direction of higher scores 519 

indicating greater criticality. 520 

Table 8 Prespecified robustness scenarios and analytical purposes. 521 

Scenario n Definition Analytical purpose 

Primary reference 205 
All valid responses; respondent-level P × I 

/ 25 

Reference ranking and dominance-

based tiers 

No straightliners 184 
Exclude 21 invariant 30-item response pat-

terns 

Response-pattern sensitivity without 

presuming invalidity 
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Scenario n Definition Analytical purpose 

Direct PPP experience 78 Direct PPP experience Practitioner benchmark 

PPP + infrastructure expe-

rience 
64 

Both direct PPP and infrastructure experi-

ence 
Domain-specific sensitivity 

Highest-confidence subset 39 
Strictest prespecified experience–

knowledge profile 
Conservative stakeholder benchmark 

Product-of-means estima-

tor 
205 Mean probability × mean impact / 25 Scoring-estimator sensitivity 

For scenario a, S(i,a) denotes its factor score: the within-subset respondent-level CI for sample scenarios, or the 522 

product-of-means score for the alternative estimator. Concordance with the baseline ranking will be measured 523 

using tied-rank Spearman correlation: 524 

௦(௔)ߩ  = Cor[Rankavg(CI௜base), Rankavg( ௜ܵ (௔))] (38) 525 

The largest absolute displacement of any factor will be: 526 

max(௔)߂  = max௜=1,…,15|ݎ௜(௔) −  ௜base| (39) 527ݎ

Top-set similarity will use the Jaccard coefficient; T(k) contains all factors at or above the k-th ordered score, 528 

including boundary ties: 529 

௞(௔)ܬ  = |்ೖbase∩்ೖ(ೌ)||்ೖbase∪்ೖ(ೌ)| , ݇ = 3 (40) 530 

We will report Spearman’s rho, maximum rank shift, Top-3 Jaccard sim-ilarity, factor-level shifts and baseline 531 

Tier 1 retention for each scenario. Metrics will be interpreted together without any arbitrary cutoff. When ranks 532 

are close, tier 1 retention is primary.  533 

We implemented subgroup tests, effect sizes, Dunn statistics defined in Equation (36), multiplicity adjustments, 534 

and all six robustness scenarios in Python 3.12.13 with NumPy 2.3.5 and SciPy 1.17.0. Supplementary Data S8 535 

preserves group sizes, all 60 risk-wise tests, BH-FDR results, effect estimates, and eligible Dunn-Holm compari-536 

sons; Supplementary Data S9 preserves scenario scores, ranks, stability metrics, and Tier 1 membership. 537 

2.7. Embedded Qualitative Analysis of Open-Ended Responses 538 

In Phase 6 the open-ended item of the questionnaire will be used as an embedded explanatory qualitative strand. 539 

A hybrid qualitative content-analysis design will be used. First responses will be inductively open-coded and the-540 

matically developed. Then the stabilized themes will be mapped deductively to the 15 risk factors surveyed. This 541 

sequence allows for genuinely new Saudi PPP concerns to emerge without being forced into the existing list. 542 

Qualitative findings will be used to explain and enrich the quantitative results but will not affect the criticality 543 

scores, ranks, or priority tiers. The auditable workflow is presented in Figure 7. 544 

 545 

Fig. 7 Embedded qualitative-analysis workflow. Auditable embedded qualitative-analysis workflow linking relevance screen-546 

ing, meaning-unit segmentation, inductive coding, theme development, mapping to the 15 survey risks, participant-level 547 

prevalence, and non-ranking framework integration. 548 

The canonical source is the locked survey export. We will provide a stable anonymous respondent identifier and 549 

the verbatim text of all submitted open-text responses. Blank entries and answers consisting only of non-informa-550 

tive expressions (e.g. (no), (none), or (yes)) will be excluded if they do not contain any interpretable risk, cause, 551 
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consequence, control or contextual observation. Short, meaningful answers will be retained. Decisions on screen-552 

ing and reasons for exclusion will be documented. Any quotation reported will be de-identified of any personal or 553 

organizational identifiers.  554 

If a response contains more than one distinct substantive proposition, it will be divided into meaning units. Each 555 

unit will be preserved with the source respondent, sequence in the response, and link to the original text. This 556 

record-level crosswalk will preserve context and enable individual risk mechanisms within a compound response 557 

to be coded independently.  558 

The underlying risk mechanism will be coded inductively as opposed to repeated words. The initial codes will 559 

remain close to the participants’ meanings and will be captured in a version-controlled codebook. The codebook 560 

will include the code name, operational definition, criteria for inclusion and exclusion, example text, analytical 561 

memo, and revision history. When codes describe the same mechanism, related codes will be grouped into themes. 562 

If the governance implications of causes, risk events and consequences differ, they will remain distinct. Rather 563 

than suppressing them, negative or deviant cases will be retained. Table 9 defines the full decision protocol and 564 

the required audit outputs. 565 

Table 9 Screening, coding, integration, and audit rules for qualitative analysis. 566 

Analytical 

step 
Unit or input Prespecified decision rule Required audit output 

Source control 
Locked open-text 

export 

Retain exact wording and a stable anonymous re-

spondent identifier; do not modify the quantitative 

ratings 

Immutable source file and de-

identified respondent key 

Relevance 

screening 
Submitted response 

Exclude blank or non-informative text only when 

no interpretable content is present; retain brief sub-

stantive text 

Eligibility flag and docu-

mented exclusion reason 

Meaning-unit 

segmentation 
Substantive response 

Split only at a change in proposition or risk mecha-

nism; preserve source, sequence, and original text 
Response-to-unit crosswalk 

Open coding Meaning unit 

Code the mechanism conveyed, not isolated key-

words; permit multiple codes when substantively 

necessary 

Coded-unit table, memos, 

and versioned codebook 

Theme devel-

opment 
Related open codes 

Merge codes representing the same mechanism; re-

tain distinct, causal, consequential, and negative 

cases where warranted 

Theme definitions and code-

to-theme crosswalk 

Risk mapping Stabilized theme 

Classify as direct match, contextual extension, or 

emergent candidate after—not before—inductive 

theme development 

Theme-to-risk matrix with ra-

tionale 

Independent 

check 

Random 20–25% of 

substantive re-

sponses 

Second researcher independently segments and 

codes before reconciliation; calculate theme-wise 

binary agreement 

Sampling record, coder ma-

trices, kappa results, and res-

olution log 

Participant-

level counting 

Respondent × theme 

presence 

Count each participant once per theme, irrespective 

of repeated words, units, or mentions 

Theme-level n and percent-

age with denominator 

Integration 
Mapped and emer-

gent themes 

Use to explain findings and enrich controls or KRIs; 

do not directly change quantitative ranks or tiers 

Traceable framework input or 

future-validation flag 

The mapping will only start once the theme definitions have stabilized. A direct match will indicate the same 567 

mechanism as one of the 15 factors. A contextual extension will add a Saudi-specific condition, actor, stage, or 568 

consequence, without being a separate risk mechanism. An emergent candidate will indicate a substantively dis-569 

tinct mechanism that could not be subsumed under any factor's operational definition. Am-biguous classifications 570 

will be resolved through documented adjudication and the selected class and reason for selection will be retained 571 

in the mapping matrix.  572 

The completed qualitative data set did not employ independent second-coder review. Therefore, no report or claim 573 

of any double-coded proportion, Cohen's kappa coefficient or reconciliation matrix is made.  574 

Thus, the final analysis is reported as a single-coder process. An anonymous response-to-unit crosswalk, explicit 575 

screening decisions, versioned code definitions, code-to-theme links, and a theme-to-risk mapping matrix enable 576 

reproducibility. 577 

This limitation is reported transparently in the Results and Supplementary Data S10; no independent-coding or 578 

agreement output is inferred from the retained files. 579 

Theme prevalence will be calculated at participant level rather than from word, code, or meaning-unit frequencies. 580 

Let A(jt) equal 1 when substantive respondent j mentions theme t in at least one meaning unit and 0 otherwise; let 581 

N(q) denote the number of respondents with substantive open-text content. The participant count and percentage 582 

are: 583 
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 ݊௧ = ∑ ௝௧ே೜௝=1ܣ , ௧ߨ = 100௡೟ே೜  (41) 584 

Thus, a participant may contribute to several themes but only once to any given theme. Repeated wording or 585 

multiple units from the same participant will be descriptive only and will not inflate prevalence. Reporting will 586 

include the numbers of submitted responses, non-substantive exclusions, substantive respondents, meaning units, 587 

codes, and final themes, together with n(t), π(t), and the mapping class for every theme. 588 

The mapped themes will be used to interpret the quantitative results and to refine descriptions of risks, prevention 589 

and mitigation actions, contingency measures and key risk indicators in the proposed framework. Emergent can-590 

didates will be retained as explicitly labeled qualitative findings to be empirically investigated in the future and 591 

will not be directly slotted into the CI ranking or the dominance-based priority tiers. Where quotations are used 592 

they will be short and illustrative rather than treated as prevalence evidence; the original text will be retained and 593 

any English rendering will be translation-checked. 594 

Supplementary Data S10 includes the screening log, de-identified substantive re-sponses, response-to-unit cross-595 

walk, working codebook, code-to-theme crosswalk, theme-to-risk mapping matrix, participant-level prevalence, 596 

and the explicit agree- ment-status record. Counts and crosswalk integrity checks were implemented in Python 597 

3.12.13 with version-controlled scripts. No separate manual coding software was used or claimed. 598 

2.8. Proposed Evidence-Based Saudi PPP Risk Governance Framework 599 

Phase 7 uses the evidence from Phases 1-5, ranked and uncertainty-qualified, and also the coded qualitative find-600 

ings from Phase 6, to develop an operational Saudi PPP risk-governance structure. All 15 risks are still in the 601 

master register. Tier 1 defines increased management attention and resource priority rather than inclusion or ex-602 

clusion. The resultant artifact is named the Proposed Evidence-Based Saudi PPP Risk Governance Framework 603 

because its governance fields are study derived, pro-ject-adaptable specifications. The general architecture is 604 

shown in Fig.8. 605 

 606 

Fig. 8 Translation of risk evidence into lifecycle governance. Translation of ranked evidence into the proposed Saudi PPP 607 

risk-governance register, lifecycle responsibilities, controls, monitoring triggers, and tier-based management priorities. 608 

The framework is reported to be PROPOSED. Literature recurrence Probability Impact CI Uncertainty Rank sta-609 

bility Tier Evidence-alignment class The locked analytical outputs are imported without reweighting. Include ex-610 

plicit governance specifications that can be tailored to the project for lifecycle roles, contractual allocation, controls, 611 

KRIs, thresholds, review cycles and escalation routes.  612 

A new primary composite score will not be developed. This avoids double counting and preserves the distinct 613 

meanings of evidence prevalence, stakeholder criticality, uncertainty and contextual alignment. The register will 614 

therefore aid decision making by means of transparent fields and rules, not by an additional opaque index.  615 

The data model will include a 15 row master risk table and will be linked to stage specific governance records. 616 

The stable evidence profile of each factor will be held in the master table, whereas changes in ownership, allocation, 617 

actions, indicators and residual risk through the lifecycle will be facilitated by linked records without duplicating 618 

or overwriting the analytical evidence. The whole field architecture is defined by Table 10. 619 

Table 10 Data architecture and mandatory fields of the proposed risk-governance register. 620 

Register module Mandatory fields Construction rule Governance output 

Risk identity and 

evidence 

Risk code and name; literature fre-

quency; probability; impact; CI; 95% 

interval; rank stability; Tier; evi-

dence-alignment class 

Import unchanged from the locked 

outputs of earlier phases 

Auditable evidence profile 

for each of the 15 risks 
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Register module Mandatory fields Construction rule Governance output 

Lifecycle mapping 
Primary stage; all active stages; 

stage-entry and stage-exit status 

One risk may remain active in 

multiple stages; no forced single-

stage assignment 

Six-stage lifecycle view 

and handoff record 

Accountability 

and allocation 

Accountable risk owner; supporting 

actors; contractual allocation; alloca-

tion rationale 

Exactly one owner for every active 

risk-stage; support may be multi-

ple; operational ownership and 

contractual bearing remain sepa-

rate 

Responsibility and alloca-

tion map 

Control specifica-

tion 

Prevention, mitigation, and contin-

gency actions; action owner; due 

date; evidence; status 

Each action must be specific, at-

tributable, time-bounded, and au-

ditable 

Stage-specific control 

schedule 

Monitoring and 

escalation 

KRI; formula or unit; source; ad-

verse direction; threshold; frequency; 

escalation recipient; response time 

Threshold and response are rec-

orded before routine monitoring 

begins 

Early-warning and escala-

tion protocol 

Residual risk and 

audit history 

Residual probability; residual im-

pact; residual-risk score; last review; 

decision; change reason; approver 

Reassess after controls, at stage 

gates, and after a material trigger 

event 

Current risk position and 

traceable change log 

Let R(s) denote the set of risks requiring active governance at lifecycle stage s. For risk i, the activity indicator is: 621 

௜௦ܮ  = 1(݅ ∈ ܴ௦), ݏ = 1, … ,6 (42) 622 

A factor may have L(is) = 1 in more than one stage. At every stage transition, the outgoing and incoming govern-623 

ance teams will reconfirm the active risks, accountable owner, contractual allocation, open controls, current KRI 624 

status, and residual risk. The minimum stage-specific update is defined in Table 11. 625 

Table 11 Lifecycle-specific governance focus and update points. 626 

Lifecycle stage Primary governance focus Minimum register update Required handoff 

1. Project identification 

and feasibility 

Strategic fit, affordability, fea-

sibility assumptions, approvals, 

and early risk ownership 

Initial evidence profile; active-stage 

map; preliminary owner, allocation, 

controls, and KRIs 

Approved feasibility 

risk brief to procure-

ment team 

2. Procurement and 

tendering 

Tender clarity, bankability, al-

location logic, bidder inter-

faces, and evaluation condi-

tions 

Tender allocation; supporting actors; 

bid-stage controls; data sources and 

trigger definitions 

Contract risk baseline at 

award 

3. Financial close 

Financing conditions, guaran-

tees, covenants, dependencies, 

and conditions precedent 

Final allocation; financing-related 

KRIs; unresolved conditions; residual-

risk acceptance 

Financial-close baseline 

to delivery team 

4. Design and construc-

tion 

Design interfaces, approvals, 

cost, schedule, safety, quality, 

and commissioning readiness 

Live KRI values; action status; trigger 

events; residual risk; escalation deci-

sions 

Commissioning and op-

erational-readiness rec-

ord 

5. Operation and 

maintenance 

Service performance, availabil-

ity, lifecycle maintenance, de-

mand, revenue, and compli-

ance 

Operational KRIs; review frequency; 

contingency status; residual risk and 

trend 

Periodic governance re-

view and handback plan 

6. Handback or transfer 

Asset condition, contractual 

compliance, records, 

knowledge transfer, liabilities, 

and closure 

Condition indicators; outstanding con-

trols; residual liabilities; acceptance 

decision 

Accepted transfer, re-

mediation plan, or for-

mal closeout 

Operational accountability will be stage-specific. If O(ias) equals 1 when actor a is accountable for risk i at stage 627 

s, the ownership constraint is: 628 

 ∑ ௜ܱ௔௦஺௔=1 = ௜௦ܮ , ௜ܱ௔௦ ∈ {0,1} (43) 629 

So each active risk-stage has one responsible owner, but can have multiple supporting actors. The accountable 630 

owner is responsible for monitoring and action closure; this role is not necessarily the same as the party who bears 631 

the risk under the contract. Contractual allocation will therefore be separately recorded as public, private or shared 632 

with a rationale based on control capacity, information access, consequence management and enforceability.  633 

The proposed register will list for each of the active risk-stages prevention actions to reduce likelihood, mitigation 634 

actions to reduce consequence or duration and contingency actions triggered after occurrence. Each action will 635 

have an owner, due date, evidence of completion and status. Each key risk indicator (KRI) will also have its 636 

definition, unit or formula, data source, adverse direction, threshold, review frequency, escalation recipient and 637 

response time required. 638 
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To accommodate indicators for which either rising or falling values are adverse, let d(i) = +1 when higher values 639 

indicate deterioration and d(i) = −1 when lower values indicate deterioration. The trigger rule is: 640 

 ௜ܶ௧ = 1[݀௜(KRI௜௧ − ߬௜) ≥ 0], ݀௜ ∈ {−1, +1} (44) 641 

Here, ߬௜ is a factor-specific project threshold. Categorical indicators will use an equivalent prespecified breach 642 

condition. Threshold values and review frequencies represent proposed operational starting points and should be 643 

calibrated to project-specific contractual requirements, data availability, and risk appetite before implementation; 644 

they will not be fabricated from the survey scale. 645 

Residual risk will be reassessed from project-specific post-control ratings rather than inferred from the cross-sec-646 

tional survey. At review time t: 647 

 RR௜௧ = ௉೔೟resூ೔೟res25  (45) 648 

Escalation will occur when the KRI trigger is breached, residual risk exceeds its approved tolerance, or a critical 649 

control action is overdue: 650 

௜௧ܧ  = 1[ ௜ܶ௧ = 1 ∨ RR௜௧ > ௜ߣ ∨ ௜௧overdueܦ = 1] (46) 651 

In Equation (46), the overdue-control indicator equals 1 when a critical action is late. All 15 factors remain moni-652 

tored; Tier 1 receives enhanced attention, priority resources, and more frequent or event-driven review. Other tiers 653 

retain standard monitoring but are escalated whenever the condition in Equation (46) is satisfied. Any change 654 

requires a dated reason, source, approver, and version entry. 655 

The version-controlled register will use fixed risk codes and a linked data dictionary. No new scoring model is 656 

introduced; imported analytical values and proposed governance fields will remain traceable to their source, rule, 657 

and development status. 658 

2.9. Use of Artificial Intelligence 659 

During the preparation of this manuscript and its Supplementary Materials, the authors used ChatGPT Solo 5.6 to 660 

assist with improving the quality and readability of scientific figures, developing and refining analysis code, draft-661 

ing the Introduction, and supporting the organization and presentation of supplementary tables, manifests, and 662 

reproducibility materials. The tool was not used to formulate the research idea, define the scientific objectives, 663 

design the conceptual framework, generate data, or interpret the final results. The authors independently reviewed, 664 

verified, and edited all AI-assisted content and take full responsibility for the accuracy, originality, and integrity 665 

of the published work. 666 

3. Results 667 

3.1. Literature Evidence and Questionnaire Risk Shortlist 668 

The 519-entry audit crosswalk was re-adjudicated at the record level. The final archive contained 495 factor-level 669 

expressions (95.4%), 14 contextual indicators (2.7%) mapped for traceability but excluded from recurrence, and 670 

10 non-factor-level statements (1.9%). The previous 134-record Other/paper-specific bucket was eliminated: 110 671 

of these were reassigned to existing factors, 14 were retained as contextual indicators, and 10 were not counted as 672 

factors. The factor-level evidence was still consolidated in the same 41-factor register, with raw-expression counts 673 

from 1 to 35 per factor. The ranking considered one occurrence per recurrence-eligible source, not expression 674 

multiplicity.  675 

Fᵢ ranged from 1 to 11 and LPᵢ from 7.1% to 78.6% among the 14 recurrence-eligible sources. Cost escalation and 676 

overrun (R01), Coordination and communication failure (R03), and Capability and management-system weakness 677 

(R04) together had the highest recurrence (Fᵢ = 11; LPᵢ = 78.6%; average tied rank = 2.0). Four factors had Fᵢ = 10 678 

and five had Fᵢ = 9. These 12 factors were found outside the questionnaire boundary.  679 

For three available positions at the corrected boundary, R09, R10, R14 and N17 were tied at Fᵢ = 8 (LPᵢ = 57.1%; 680 

average rank = 14.5). Thus, R09, R10, and R14 were retained using the documented literature-only relevance, non-681 

overlap, and domain-coverage criteria, and N17 was retained in the full 41-factor register. So the locked question-682 

naire stayed the same. The corrected shortlist values and the boundary decision are shown in Table 12. The recur-683 

rence for all 41 factors is shown in Figure 9. The complete record level audit is provided in Supplementary Data 684 

S1. 685 

Table 12 Study-level recurrence and questionnaire risk-factor selection. 686 

Code Risk factor Domain Fᵢ LPᵢ 
(%) Rank Boundary rationale 

R01 Cost escalation and overrun Financial 11 78.6 2.0 — 

R03 
Coordination and communication 

failure 
Managerial 11 78.6 2.0 — 

R04 
Capability and management-sys-

tem weakness 
Managerial/Governance 11 78.6 2.0 — 

R02 
Contractual and risk-allocation 

issues 
Contractual 10 71.4 5.5 — 



 

Page 19 

Code Risk factor Domain Fᵢ LPᵢ 
(%) Rank Boundary rationale 

R05 
Resource, equipment, and 

maintenance constraints 
Technical/Operational 10 71.4 5.5 — 

R06 
Land, site, and environmental 

constraints 
External/Technical 10 71.4 5.5 — 

R13 Regulatory and legal uncertainty Institutional/Regulatory 10 71.4 5.5 — 

R07 
Planning, scope, and schedule de-

ficiencies 
Managerial 9 64.3 10.0 — 

R08 Political and security instability Institutional/External 9 64.3 10.0 — 

R11 Design and technical deficiencies Technical 9 64.3 10.0 — 

R12 
Government intervention and 

commitment risk 

Institutional/Govern-

ance 
9 64.3 10.0 — 

R15 
Corruption and unethical prac-

tices 

Institutional/Govern-

ance 
9 64.3 10.0 — 

R09 Demand and market risk Financial/Market 8 57.1 14.5 

Distinct market-demand 

mechanism retained at the 

four-way boundary. 

R10 Approval and permitting delays Institutional/Regulatory 8 57.1 14.5 

Distinct institutional ap-

proval/permitting mecha-

nism retained at the bound-

ary. 

R14 Tax and tariff changes Financial/Regulatory 8 57.1 14.5 

Distinct fiscal/tariff mecha-

nism retained at the bound-

ary. 

 687 

Fig. 9 Study-level recurrence and the questionnaire risk shortlist. Corrected study-level recurrence of the 41 normalized PPP 688 

risk factors and identification of the questionnaire shortlist. Recurrence uses one occurrence per factor in each of S = 14 eligi-689 

ble normalization sources. The four orange-outlined factors share Fᵢ = 8; R09, R10, and R14 were fielded, while N17 re-690 

mained in the analytical register. Raw-expression counts and questionnaire results were not used to resolve the tie. 691 

3.2. Response Screening and Stakeholder Profile 692 

The locked export included 205 valid stakeholder records, and a completed 6,150-cell probability-impact rating 693 

matrix (205 respondents × 30 closed items). Screening showed that no required profile and rating data were missing, 694 



 

Page 20 

no values were outside the 1–5 scale, no repeated timestamps were present, and no exact demographic–rating 695 

duplicates existed. There were 24 records involved in six recurring 30-item response patterns, but none was con-696 

firmed to be a duplicate record. Twenty-one (10.2%) records were straight lined according to the pre-specified 697 

zero-range rule. Their exclusion defined the response-quality sensitivity sample (n = 184; 89.8%), whereas they 698 

stayed in the primary analysis.  699 

The sample was diverse and not a single expert panel. There were 99 responses (48.3%) from government entities 700 

and 57 (27.8%) from private-sector companies. Most common were project management (69; 33.7%). Of the re-701 

spondents, 104 (50.7%) had 10 or more years of professional experience. Direct PPP participation was reported 702 

by 78 respondents (38.0%) and 64 (31.2%) reported both direct PPP and PPP-infrastructure experience. The high-703 

est-confidence cohort was 39 (19.0%) respondents who met the latter two experience criteria and who reported 704 

good or excellent PPP knowledge. Table 13 provides the full screening and profile distributions and Figure 10 705 

shows the sample and prespecified cohorts as parallel overlapping analytical sets, rather than a sequential exclusion 706 

funnel. Complete screening, profile and cohort-flag records are available in Supplementary Data S3. 707 

Table 13 Data-screening outcomes, analytical samples, and stakeholder characteristics. 708 

Characteristic / screening 

item 
Category / criterion n 

% of 

N 
Result / analytical use 

Panel A. Data quality and analytical samples 

Locked analytical sample All valid records 205 100.0 Primary analysis 

Missing required data 
Participant-profile and 30 closed-rat-

ing fields 
0 0.0 No imputation required 

Out-of-range ratings Any closed rating outside 1–5 0 0.0 No invalid rating detected 

Duplicate timestamps Repeated timestamp value 0 0.0 No timestamp flag 

Exact record duplication 
Identical demographic and 30-item 

rating fields 
0 0.0 No corroborated duplicate 

Repeated rating vectors 
24 records in six recurring 30-item 

patterns 
24 11.7 Pattern flag only; records retained 

Straight liners 
Zero response range across all 30 

closed items 
21 10.2 Retained in primary analysis 

No-straight liner sample Excludes the 21 straight liners 184 89.8 Response-quality sensitivity 

Direct PPP experience Reported direct PPP participation 78 38.0 Practitioner benchmark 

PPP + infrastructure 
Direct PPP and PPP-infrastructure ex-

perience 
64 31.2 Domain-specific sensitivity 

Highest-confidence cohort 
PPP + infrastructure and good/excel-

lent PPP knowledge 
39 19.0 Conservative sensitivity 

Panel B. Respondent characteristics 

Organization type Government entity 99 48.3  

Organization type Private-sector company 57 27.8  

Organization type Consultancy office 20 9.8  

Organization type Contracting company 13 6.3  

Organization type Academic/research entity 7 3.4  

Organization type Other/free-text 9 4.4  

Main field of expertise Project management 69 33.7  

Main field of expertise Operations and maintenance 28 13.7  

Main field of expertise Civil engineering/roads 28 13.7  

Main field of expertise Risk management 20 9.8  

Main field of expertise Finance and investment 10 4.9  

Main field of expertise Contracts and procurement 9 4.4  

Main field of expertise Other/free-text 41 20.0  

Years of experience <5 years 41 20.0  

Years of experience 5–<10 years 60 29.3  



 

Page 21 

Characteristic / screening 

item 
Category / criterion n 

% of 

N 
Result / analytical use 

Years of experience 10–<15 years 44 21.5  

Years of experience 15–<20 years 30 14.6  

Years of experience ≥20 years 30 14.6  

Direct PPP exposure Yes 78 38.0  

Direct PPP exposure General knowledge only 53 25.9  

Direct PPP exposure No 74 36.1  

PPP-infrastructure experience Yes 87 42.4  

PPP-infrastructure experience No 118 57.6  

Self-reported PPP knowledge Very low 35 17.1  

Self-reported PPP knowledge Low 24 11.7  

Self-reported PPP knowledge Moderate 73 35.6  

Self-reported PPP knowledge Good 44 21.5  

Self-reported PPP knowledge Excellent 29 14.1  

 709 

Fig. 10 Stakeholder sample composition and analytical cohorts. Composition of the Saudi PPP stakeholder sample and pre-710 

specified analytical cohorts. Panel A summarizes the locked sample and response screening; Panel B reports professional-711 

experience duration; Panel C shows direct PPP and combined PPP-infrastructure experience; and Panel D displays the paral-712 

lel, overlapping primary and sensitivity-analysis cohorts. Percentages use N = 205; the cohorts do not constitute a sequential 713 

funnel. 714 

3.3. Descriptive Probability, Impact, and Criticality Results 715 

Mean probability was between 3.00 and 3.42 for the 15 risks. Mean impact was between 3.39 and 3.72 Cost 716 

escalation and overrun (R01) had the highest mean probability (3.42; RII(P,i)=0.685) whilst political and security 717 

instability (R08) had the highest proportion of high probability ratings (47.8%). The mean impact was highest for 718 

coordination and communication failure (R03) with 3.72; RII(I,i) = 0.743) and the highest percentage of impact 719 

ratings of 4–5 (61.5%). Because the underlying ratings are ordinal, we kept medians, interquartile ranges, and full 720 

five-category distributions.  721 

The paired respondent level products gave CI values ranging from 0.446 to 0.524. The most significant factor was 722 

political and security instability (R08: CI = 0.524; RI = 13.11), followed by cost escalation and overrun (R01: CI 723 

= 0.517; RI = 12.93) and coordination and communication failure (R03: CI = 0.515; RI = 12.88). Regulatory and 724 

legal uncertainty (R13) had the lowest CI (0.446) followed by R02 and R06 (tie) with CI = 0.482 (average rank = 725 

9.5). The complete factor level results are presented in CI order in Table 14 and the ordinal distributions are linked 726 

to the probability-impact map in Figure 11. The bubble size shows the primary CI at the respondent level; the color 727 
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shows the predetermined dominance-based tiers, not arbitrary map quadrants. Supplementary Data S4 provides 728 

participant‐level ratings and full descriptive and diagnostic output. 729 

Table 14 Probability, impact, and respondent-level criticality results. 730 

Panel A. Probability ratings in primary criticality-rank order 731 

Rank 
Risk 

code 
Normalized risk factor Mean SD Median [Q1–Q3] 

Ratings 4–5 

(%) 
RII (P) 

1 R08 Political and security instability 3.33 1.24 3 [3–4] 47.8 0.665 

2 R01 Cost escalation and overrun 3.42 1.10 3 [3–4] 44.9 0.685 

3 R03 
Coordination and communica-

tion failure 
3.27 1.09 3 [3–4] 37.1 0.655 

4 R07 
Planning, scope, and schedule 

deficiencies 
3.25 1.19 3 [3–4] 41.5 0.650 

5 R04 
Capability and management-

system weakness 
3.28 1.06 3 [3–4] 42.0 0.657 

6 R05 
Resource, equipment, and 

maintenance constraints 
3.23 1.16 3 [2–4] 41.5 0.647 

7 R11 
Design and technical deficien-

cies 
3.22 1.14 3 [3–4] 37.1 0.644 

8 R10 Approval and permitting delays 3.22 1.05 3 [3–4] 37.6 0.645 

9.5 R02 
Contractual and risk-allocation 

issues 
3.20 1.07 3 [3–4] 35.1 0.639 

9.5 R06 
Land, site, and environmental 

constraints 
3.18 1.17 3 [2–4] 41.0 0.636 

11 R09 Demand and market risk 3.23 1.07 3 [3–4] 33.7 0.646 

12 R15 
Corruption and unethical prac-

tices 
3.00 1.29 3 [2–4] 33.2 0.601 

13 R14 Tax and tariff changes 3.12 1.17 3 [2–4] 37.1 0.623 

14 R12 
Government intervention and 

commitment risk 
3.08 1.18 3 [2–4] 32.7 0.617 

15 R13 
Regulatory and legal uncer-

tainty 
3.07 1.15 3 [2–4] 31.7 0.615 

Panel B. Impact ratings and respondent-level criticality 732 

Risk 

code 
Mean SD Median [Q1–Q3] 

Ratings 4–5 

(%) 
RII (I) CIᵢ RIᵢ 

R08 3.61 1.27 4 [3–5] 58.5 0.722 0.524 13.11 

R01 3.56 1.08 4 [3–4] 52.7 0.711 0.517 12.93 

R03 3.72 1.08 4 [3–5] 61.5 0.743 0.515 12.88 

R07 3.60 1.14 4 [3–5] 54.1 0.720 0.502 12.54 

R04 3.59 1.10 4 [3–4] 55.1 0.717 0.499 12.47 

R05 3.56 1.13 4 [3–4] 55.6 0.712 0.494 12.35 

R11 3.58 1.11 4 [3–4] 55.1 0.716 0.492 12.30 

R10 3.49 1.11 4 [3–4] 51.2 0.699 0.483 12.07 

R02 3.53 1.12 3 [3–4] 49.8 0.706 0.482 12.04 

R06 3.53 1.19 4 [3–4] 54.1 0.706 0.482 12.04 

R09 3.40 1.15 3 [3–4] 42.4 0.680 0.475 11.87 

R15 3.71 1.26 4 [3–5] 58.5 0.741 0.474 11.85 

R14 3.52 1.12 4 [3–4] 53.2 0.703 0.469 11.73 

R12 3.49 1.20 4 [3–4] 53.2 0.699 0.467 11.68 

R13 3.39 1.09 3 [3–4] 42.0 0.677 0.446 11.15 
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 733 

Fig. 11 Probability and impact distributions and joint positioning. Distribution and joint positioning of probability and impact 734 

assessments across the 15 PPP risk factors. Panels A and B show the five-category Likert distributions in descending re-735 

spondent-level criticality order. Panel C plots mean probability against mean impact; bubble area is proportional to CIᵢ and 736 

color denotes the prespecified dominance-based Priority Tier. 737 

3.4. Response Consistency and Paired Risk Differences 738 

Both rating sets had high consistency in response pattern. The Cronbach’s alpha for the 15 probability items was 739 

0.942, and for the 15 impact items was 0.950. Corrected item–total correlations were 0.584 to 0.786 for probability 740 

and 0.645 to 0.793 for impact. Alpha-if-deleted values were consistently lower than the corresponding full-scale 741 

alpha (probability: 0.936–0.941; impact: 0.945–0.948). The coefficients are measures of the consistency of rating 742 

behavior and are not taken as evidence that the 15 substantive risks represent a single latent construct.  743 

The tie-corrected Friedman test showed differences between the paired respondent-level criticality scores, χ²(14) 744 

= 44.996, p < 0.001, but Kendall’s W = 0.0157 indicated a very small concordance effect. Of the 105 prespecified 745 

Wilcoxon contrasts, three remained significant after Holm correction: R08 > R13 (ΔCI = 0.0784; r_rb = 0.454), 746 

R03 > R13 (ΔCI = 0.0693; r_rb = 0.435) and R01 > R13 (ΔCI = 0.0714; r_rb = 0.386). The consistency and 747 

repeated-measures results are summarized in Table 15; the complete family of comparisons is shown in Supple-748 

mentary Table S5. 749 

Table 15 Response-pattern consistency and repeated-measures inference. 750 

Panel A. Internal-consistency diagnostics 751 

Item set k Cronbach’s α Corrected item–total r, range α if item deleted, range 

Probability ratings 15 0.942 0.584 (R01)–0.786 (R09) 0.936 (R09)–0.941 (R01) 

Impact ratings 15 0.950 0.645 (R01)–0.793 (R10) 0.945 (R10)–0.948 (R01) 

Panel B. Tie-corrected Friedman test and Kendall’s coefficient of concordance 752 

Metric Value df / family p value / interpretation 

Friedman χ² (tie-corrected) 44.996 14 p < 0.001 

Tie-correction factor 0.743 — Applied to χ² 

Kendall’s W 0.0157 — Very small concordance effect 

Planned Wilcoxon contrasts 105 15 choose 2 Holm correction across the full family 

Holm-significant contrasts 3 105 2.9% of contrasts 



 

Page 24 

Panel C. Wilcoxon contrasts remaining significant after Holm correction 753 

Higher-criticality risk Lower-criticality risk ΔCI Wilcoxon W Holm p r_rb 

R08 — Political and security insta-

bility 

R13 — Regulatory and legal 

uncertainty 
0.0784 2116.5 0.0012 0.454 

R03 — Coordination and commu-

nication failure 

R13 — Regulatory and legal 

uncertainty 
0.0693 2478.0 0.0015 0.435 

R01 — Cost escalation and overrun 
R13 — Regulatory and legal 

uncertainty 
0.0714 3249.0 0.0056 0.386 

3.5. Bootstrap Rank Uncertainty and Priority Tiers 754 

The entire set of paired scores for each respondent was retained using participant-vector bootstrap resampling (B 755 

= 5,000; fixed seed = 20260809). Table 16 shows the main respondent-level criticality estimate and its percentile 756 

confidence interval, median and 95% rank interval, first-place and Top-3 selection probabilities, and prespecified 757 

dominance-based tier for each risk. All rows and figure panels maintain the primary CI order. Complete bootstrap 758 

scores, ranks, dominance probabilities and tier-construction records are presented in Supplementary Data S6.  759 

Political and security instability (R08) was the top ranked risk with CI = 0.5243 (95% bootstrap CI [0.4835, 760 

0.5647]), median bootstrap rank of 1 (95% interval 1–5), P(Rank = 1) = 51.7%, and P(Top 3) = 89.2%. R01 ranked 761 

second (CI = 0.5173; P(Top 3) = 75.6%) and R03 ranked third (CI = 0.5151; P(Top 3) = 76.6%). Beyond these 762 

leading factors, Figure 12 shows that the intervals overlapped substantially, supporting uncertainty-aware report-763 

ing rather than a deterministic rank cut-off.  764 

Only three directed relationships satisfied both pre-specified dominance conditions: R08 > R13, R01 > R13, and 765 

R03 > R13 (Dₐᵦ = 1.000 for each, Holm-adjusted paired contrasts significant). The iterative non-dominated-front 766 

algorithm assigned 14 risks to Tier 1 and R13 alone to Tier 2 (CI = 0.4459; median rank = 15; 95% rank interval 767 

13–15; P(Top 3) = 0%). The direct visual evidence for this tier structure is shown in Figure 13. R08, R01 and R03 768 

can be reported as the executive Top 3 with their selection probabilities, Tier 1 as the primary scientific classifi-769 

cation. 770 

Table 16 Bootstrap uncertainty, rank-selection probabilities, and priority tiers. 771 

Panel A. Criticality estimates, confidence intervals, and priority tiers 772 

Rank 
Risk 

code 
Normalized risk factor CIᵢ 95% bootstrap CI Priority tier 

1 R08 Political and security instability 0.5243 [0.4835, 0.5647] 1 

2 R01 Cost escalation and overrun 0.5173 [0.4812, 0.5528] 1 

3 R03 
Coordination and communication 

failure 
0.5151 [0.4796, 0.5499] 1 

4 R07 
Planning, scope, and schedule defi-

ciencies 
0.5017 [0.4642, 0.5401] 1 

5 R04 
Capability and management-system 

weakness 
0.4989 [0.4646, 0.5337] 1 

6 R05 
Resource, equipment, and mainte-

nance constraints 
0.4939 [0.4570, 0.5309] 1 

7 R11 Design and technical deficiencies 0.4919 [0.4542, 0.5288] 1 

8 R10 Approval and permitting delays 0.4827 [0.4474, 0.5192] 1 

9.5 R02 Contractual and risk-allocation issues 0.4818 [0.4468, 0.5165] 1 

9.5 R06 
Land, site, and environmental con-

straints 
0.4818 [0.4433, 0.5179] 1 

11 R09 Demand and market risk 0.4747 [0.4367, 0.5114] 1 

12 R15 Corruption and unethical practices 0.4741 [0.4330, 0.5128] 1 

13 R14 Tax and tariff changes 0.4693 [0.4318, 0.5067] 1 

14 R12 
Government intervention and com-

mitment risk 
0.4671 [0.4287, 0.5052] 1 

15 R13 Regulatory and legal uncertainty 0.4459 [0.4101, 0.4814] 2 

Panel B. Bootstrap rank selection and dominance relationships 773 

Risk code Median rank 95% rank interval P(Rank = 1) (%) P(Top 3) (%) Dominance relationship 

R08 1 [1.0, 5.0] 51.7 89.2 Dominates R13 
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Risk code Median rank 95% rank interval P(Rank = 1) (%) P(Top 3) (%) Dominance relationship 

R01 2 [1.0, 7.0] 25.8 75.6 Dominates R13 

R03 3 [1.0, 6.0] 17.1 76.6 Dominates R13 

R07 5 [1.0, 10.0] 2.6 25.2 No joint relation 

R04 5 [2.0, 11.0] 1.6 16.0 No joint relation 

R05 6 [2.0, 12.0] 0.5 7.5 No joint relation 

R11 7 [3.0, 12.0] 0.6 7.0 No joint relation 

R10 9 [4.5, 14.0] 0.0 0.6 No joint relation 

R02 9 [5.0, 14.0] 0.0 0.4 No joint relation 

R06 9 [4.0, 14.0] 0.0 0.7 No joint relation 

R09 11 [6.0, 14.0] 0.0 0.0 No joint relation 

R15 11 [5.0, 15.0] 0.0 0.8 No joint relation 

R14 12 [6.0, 15.0] 0.0 0.2 No joint relation 

R12 13 [7.0, 15.0] 0.0 0.0 No joint relation 

R13 15 [13.0, 15.0] 0.0 0.0 Dominated by R01, R03, R08 

 774 

Fig. 12 Criticality estimates and bootstrap rank uncertainty. Respondent-level criticality estimates and bootstrap rank uncer-775 

tainty of the Saudi PPP risk factors. Panel A reports CIᵢ with 95% percentile bootstrap intervals; Panel B reports median boot-776 

strap ranks with 95% rank intervals; and Panel C reports P(Top 3) and P(Rank = 1). 777 
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 778 

Fig. 13 Bootstrap rank probabilities and dominance-based priority tiers. Bootstrap rank probabilities and dominance-779 

based priority-tier structure. Panel A displays integer-rank probability mass; tied bootstrap positions are apportioned equally 780 

for this heatmap, while summary ranks use average ranks. Panel B displays Dₐᵦ = P(CIₐ > CIᵦ) + 0.5P(CIₐ = CIᵦ), with out-781 

lined starred cells marking Dₐᵦ ≥ 0.95 plus a Holm-significant paired contrast. 782 

3.6. Literature–Market Evidence Alignment 783 

Agreement between corrected study-level recurrence (Fᵢ) and respondent-level market criticality (CIᵢ) was positive 784 

but not statistically significant under the prespecified label-permutation test. Spearman's ρs was 0.400, and the 785 

two-sided test based on 100,000 permutations yielded p = 0.1403. Participant-vector bootstrapping (B = 5,000) 786 

produced a median ρs of 0.379 and a 95% percentile interval of [0.067, 0.594]. The bootstrap interval conditions 787 

on the fixed literature scores and quantifies participant-sampling uncertainty in market ratings, whereas the per-788 

mutation test evaluates factor-label concordance across only 15 risks. Accordingly, the evidence indicates incom-789 

plete positive alignment but does not reject the null of no label-wise concordance at α = 0.05. 790 

To interpret convergence and divergence without reintroducing literature recurrence into a single primary score, 791 

Fᵢ and CIᵢ were converted to tied-rank percentiles Lᵢ and Eᵢ, respectively. The prespecified threshold τ = 0.50 792 

separated high from low evidence on each axis. Table 17 reports the corrected coordinates and alignment class for 793 

every factor. Complete factor values, all 100,000 permutation statistics, all 5,000 participant-bootstrap correlations, 794 

and IPS sensitivity outputs are provided in Supplementary Data S7. 795 

Table 17 Literature–market concordance and risk-factor alignment. 796 ۱܍܌ܗ૚ Fᵢ Lᵢ CIᵢ Eᵢ Alignment class 

R08 9 0.357 0.5243 1.000 Saudi / emerging risks 

R01 11 0.929 0.5173 0.929 Core risks 

R03 11 0.929 0.5151 0.857 Core risks 

R07 9 0.357 0.5017 0.786 Saudi / emerging risks 

R04 11 0.929 0.4989 0.714 Core risks 

R05 10 0.679 0.4939 0.643 Core risks 

R11 9 0.357 0.4919 0.571 Saudi / emerging risks 

R10 8 0.071 0.4827 0.500 Saudi / emerging risks 

R02 10 0.679 0.4818 0.393 
Established but context-moderated 

risks 

R06 10 0.679 0.4818 0.393 
Established but context-moderated 

risks 

R09 8 0.071 0.4747 0.286 Secondary risks 
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 ૚ Fᵢ Lᵢ CIᵢ Eᵢ Alignment class܍܌ܗ۱

R15 9 0.357 0.4741 0.214 Secondary risks 

R14 8 0.071 0.4693 0.143 Secondary risks 

R12 9 0.357 0.4671 0.071 Secondary risks 

R13 10 0.679 0.4459 0.000 
Established but context-moderated 

risks 

The corrected classification identified four Core risks (R01, R03, R04, and R05), four Saudi/emerging risks (R08, 797 

R07, R11, and R10), three Established but context-moderated risks (R02, R06, and R13), and four Secondary risks 798 

(R09, R15, R14, and R12). R08 combined the highest market percentile (Eᵢ = 1.000) with a lower literature per-799 

centile (Lᵢ = 0.357), whereas R13 combined a high literature percentile (Lᵢ = 0.679) with the lowest market per-800 

centile (Eᵢ = 0.000). These contrasts support separate interpretation of the two evidence dimensions despite the 801 

absence of statistically significant overall concordance. 802 

 803 

Fig. 14 Literature–market evidence alignment. Corrected literature–market evidence alignment of the 15 Saudi 804 

PPP risk factors. The horizontal axis reports the Saudi market percentile Eᵢ and the vertical axis reports the litera-805 

ture recurrence percentile Lᵢ; dashed lines show the prespecified τ = 0.50 split. The corrected tied-rank concordance 806 

was ρs = 0.400 (100,000-permutation p = 0.1403; participant-bootstrap 95% CI [0.067, 0.594]). No primary com-807 

posite score was used. 808 

As visualized in Figure 14, the quadrant structure preserves literature and market evidence as distinct analytical 809 

dimensions. No primary composite score was calculated, thereby avoiding double counting because the 15 ques-810 

tionnaire factors had already been shortlisted from the literature base. 811 

3.7. Subgroup Differences and Robustness of Risk Rankings 812 

Subgroup inference used the respondent-level criticality index and controlled the 15 risk-wise tests within each 813 

grouping variable by the Benjamini-Hochberg procedure (Table 18, Panel A; Figure 15A). Direct PPP experience 814 

was associated with six FDR-significant differences (R01-R05 and R12; q = 0.00484-0.0331), all indicating higher 815 

criticality among directly experienced participants (r_rb = 0.204-0.296). The strongest contrast was R01 (U = 816 

6419.5, q = 0.00484, r_rb = 0.296; bootstrap 95% CI [0.139, 0.443]). PPP-infrastructure experience alone yielded 817 
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no FDR-significant risk (minimum q = 0.213). Years of experience differentiated 10 risks (epsilon_H^2 = 0.035-818 

0.057), whereas PPP knowledge differentiated all 15 (epsilon_H^2 = 0.057-0.187). The largest knowledge effect 819 

occurred for R02, H(4) = 41.409, q = 3.32e-7, epsilon_H^2 = 0.187. Dunn-Holm comparisons localized 12 con-820 

trasts across nine risks for experience duration and 65 contrasts for knowledge. All subgroup tests, BH-FDR values, 821 

effect estimates, and eligible Dunn-Holm comparisons are provided in Supplementary Data S8. 822 

The full risk order was unchanged after excluding the 21 straightliners (ߩρₛ = 1.000; maximum rank change = 0). 823 

Relative to the primary ranking, correlations remained high for the direct-PPP, combined PPP-infrastructure, and 824 

highest-confidence cohorts (ߩρₛ = 0.858, 0.886, and 0.903, respectively), and was 0.972 under product-of-means 825 

scoring (Table 18, Panel B; Figure 15B). The primary Top 3 set (R08, R01, and R03) was preserved in all scenarios 826 

except the highest-confidence cohort, where R05 replaced R03 (Jaccard = 0.50). The largest movements were R10 827 

in the direct-PPP cohort (five ranks), R12 in the combined PPP-infrastructure cohort (4.5 ranks due to tied ranks), 828 

and R05 in the highest-confidence cohort (four ranks). All 14 primary Tier 1 factors were retained in every scenario; 829 

the n = 39 cohort expanded Tier 1 to all 15 factors, reflecting greater rank uncertainty rather than stronger evidence 830 

of equivalence. Subgroup findings therefore characterize heterogeneity but do not replace the full-sample priority 831 

inference. All six scenario scores, ranks, and stability metrics are provided in Supplementary Data S9. 832 

Table 18 Subgroup effects and robustness of risk-priority rankings. 833 

Panel A. FDR-controlled subgroup comparisons 834 

Grouping vari-

able 
Test and group sizes BH-FDR result across 15 risks 

Minimum q 

(risk) 

Effect-size and post-hoc 

summary 

Direct PPP ex-

perience 

Mann-Whitney U 

78 direct vs 127 other 

6/15: R01, R02, R03, R04, R05, 

R12 

0.00484 

(R01) 

r_rb = 0.204-0.296; all six 

were higher in the direct-PPP 

group. Largest: R01 = 0.296. 

PPP-infrastruc-

ture experience 

Mann-Whitney U 

87 yes vs 118 no 
0/15 after BH-FDR 

0.2131 

(R01) 

Largest |r_rb| = 0.198 (R01); 

not FDR-significant. 

Years of profes-

sional experi-

ence 

Kruskal-Wallis H (df = 

4) 

41 / 60 / 44 / 30 / 30 

10/15: R01, R02, R03, R04, 

R05, R06, R07, R08, R10, R13 

0.0245 

(R03) 

epsilon_H^2 = 0.035-0.057; 

12 Dunn-Holm contrasts 

across 9 risks. 

Self-reported 

PPP knowledge 

Kruskal-Wallis H (df = 

4) 

35 / 24 / 73 / 44 / 29 

15/15: all risk factors 
3.32e-07 

(R02) 

epsilon_H^2 = 0.057-0.187; 

65 Dunn-Holm contrasts. 

Largest: R02 = 0.187. 

Panel B. Rank stability against the primary respondent-level criticality ranking 835 

Scenario n 
Spearman ࣋ρₛ 

Maximum rank 

change 

Top-3 

Jaccard 

Primary Tier 

1 retained 

Scenario 

Tier 1 n 
Executive Top 3 

Primary 205 1.000 0 (reference) 1.00 14/14 (100%) 14 R08 / R01 / R03 

No straightliners 184 1.000 0 (all unchanged) 1.00 14/14 (100%) 14 R08 / R01 / R03 

Direct PPP 78 0.858 5 (R10) 1.00 14/14 (100%) 14 R01 / R03 / R08 

PPP + infrastruc-

ture 
64 0.886 4.5 (R12) 1.00 14/14 (100%) 14 R01 / R08 / R03 

Highest confi-

dence 
39 0.903 4 (R05) 0.50 14/14 (100%) 15 R08 / R05 / R01 

Product of means 205 0.972 2 (R08) 1.00 14/14 (100%) 14 R01 / R03 / R08 
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 836 

Fig. 15 Subgroup effects and robustness of risk priorities. Subgroup effects and robustness of Saudi PPP risk priorities across 837 

prespecified analytical scenarios. Panel A1 reports rank-biserial effects for binary comparisons with 95% group-stratified 838 

participant-bootstrap intervals (B = 5,000); positive values indicate higher respondent-level criticality in the experienced 839 

group. Panel A2 reports epsilon-squared for years of experience and PPP knowledge. Filled markers survived BH-FDR at q < 840 

0.05; Dunn contrasts were Holm-adjusted. Panel B traces tied criticality ranks across the six scenarios; highlighted lines iden-841 

tify the primary executive Top 3 and factors moving by at least four ranks. 842 

3.8. Qualitative Findings from Open-Ended Responses 843 

Of the 205 valid respondents, 81 (39.5%) supplied nonblank open-ended text. Screening identified 124 blank en-844 

tries and excluded 54 of the 81 submitted responses as blank-equivalent, yes/no-only, courtesy, comprehensiveness, 845 

or off-topic statements. This left 27 substantive responses (13.2% of the full sample; 33.3% of nonblank submis-846 

sions). Segmentation yielded 49 meaning units, 35 distinct open codes, and 12 final themes. Participant-level prev-847 

alence in Table 19 and Figure 16A therefore uses Nq = 27; repeated mentions by one respondent do not increase 848 

a theme's count. 849 

Leadership, workforce competence, and decision authority was the most prevalent theme (n = 10, 37.0%), followed 850 

by institutional commitment and administrative/contracting continuity (n = 7, 25.9%). Liquidity/payment/macro-851 

economic exposure and political/security/operational continuity were each mentioned by four participants (14.8%), 852 

while technology/cybersecurity/obsolescence and demand realism/social license were each mentioned by three 853 

(11.1%). The remaining themes were reported by one or two participants. Nine themes matched or contextually 854 

extended at least one of the 15 questionnaire risks; three were classified as emergent candidates: quality and safety 855 

assurance, technology/cybersecurity/obsolescence, and institutional memory/interagency knowledge continuity. 856 

The qualitative findings were translated into proposed controls and KRIs (Table 19; Figure 16B) but were not used 857 

to recalculate CI values, quantitative ranks, or dominance tiers. No independent second-coder matrix, achieved 858 

double-coded proportion, or reconciliation log was available in the locked study files; Cohen's kappa was therefore 859 

neither calculated nor claimed for this results section. The full screening, coding, prevalence, mapping, and agree-860 

ment-status audit is provided in Supplementary Data S10. 861 

Table 19 Qualitative theme prevalence and framework implications. 862 

Theme n % 

Matched 

question-

naire 

factor(s) 

Interpre-

tive class 

Framework action / KRI impli-

cation 
Illustrative quotation 

T01. Leadership, 

workforce compe-

tence, and decision 

authority 

10 37.0 R04 

Contex-

tual ex-

tension 

Delegated authority and compe-

tence matrix; KRIs: qualified-role 

coverage and decision-turnaround 

time. 

“The absence of a real 
leader for such partner-

ships is a major risk.” 
[Q131] 

T02. Institutional 

commitment and ad-

ministrative/con-

tracting continuity 

7 25.9 
R12; R02; 

R10; R03 

Contex-

tual ex-

tension 

Continuity and change control; 

KRIs: award-to-signature days, 

leadership turnover, and unap-

proved changes. 

“The project may be 
awarded while the con-

tract remains unsigned for 
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Theme n % 

Matched 

question-

naire 

factor(s) 

Interpre-

tive class 

Framework action / KRI impli-

cation 
Illustrative quotation 

more than a year.” 
[Q028] 

T03. Liquidity, pay-

ment, and macro-fi-

nancial exposure 

4 14.8 
R01; R12; 

R14 

Contex-

tual ex-

tension 

Payment and macro-financial safe-

guards; KRIs: delay days, liquidity 

cover, and inflation/FX variance. 

“Financial support and 
delayed payments.” 

[Q032] 

T12. Political, secu-

rity, and operational 

continuity 

4 14.8 R08; R05 

Contex-

tual ex-

tension 

Security and supply-continuity 

plan; KRIs: stoppage days, alerts, 

and critical-material lead time. 

“Political or security in-
stability directly affects 

access to project materi-

als.” [Q159] 

T07. Technology, 

cybersecurity, and 

obsolescence 

3 11.1 
No direct 

match 

Emergent 

candidate 

Technology, cyber, and upgrade 

plan; KRIs: unsupported assets, 

patch compliance, and incidents. 

“There is a risk that tech-
nology becomes obsolete 

over time.” [Q114] 

T08. Demand real-

ism and social li-

cence 

3 11.1 R09 

Contex-

tual ex-

tension 

Independent demand validation 

and engagement triggers; KRIs: 

forecast error, complaints, and fee 

opposition. 

“Local-community re-

sistance may have a me-

dium-to-high impact.” 
[Q103] 

T04. Regulatory 

volatility and sus-

tainability compli-

ance 

2 7.4 
R13; R14; 

R06 

Contex-

tual ex-

tension 

Regulatory/sustainability register; 

KRIs: high-severity changes and 

overdue compliance actions. 

“Sudden legislative and 
regulatory changes may 

impose unexpected costs.” 
[Q051] 

T05. Quality and 

safety assurance 
2 7.4 

No direct 

match (clos-

est: R11/R05) 

Emergent 

candidate 

Independent quality/HSE assur-

ance; KRIs: NCR closure time, 

audit findings, and safety inci-

dents. 

“Quality and safety can 
affect both schedule and 

project cost.” [Q091] 

T06. Environmental 

and climate resili-

ence 

2 7.4 R06 

Contex-

tual ex-

tension 

Climate and environmental con-

trols; KRIs: permit status, hazard 

exceedances, and adaptation clo-

sure. 

“Natural disasters and 
climate change.” [Q103] 

T09. Procurement 

integrity and con-

tractor-market qual-

ity 

2 7.4 
R15; R04; 

R02 

Contex-

tual ex-

tension 

Integrity screening and bidder-

quality controls; KRIs: bid disper-

sion, contractor health, and com-

plaints. 

“Execution price wars 
damage small contractors 

and increase market con-

centration.” [Q174] 

T10. Planning and 

schedule discipline 
1 3.7 R07 Existing 

Time-bound baseline and stage 

gates; KRIs: schedule variance, 

missed milestones, and forecast 

drift. 

“A specific completion 
time and a future plan are 

needed.” [Q115] 

T11. Institutional 

memory and inter-

agency knowledge 

continuity 

1 3.7 

No direct 

match (clos-

est: R03/R04) 

Emergent 

candidate 

Common data environment and 

lessons repository; KRIs: com-

pleteness, retrieval time, and re-

use. 

“Failure to preserve in-
frastructure plans or pro-

ject history weakens fu-

ture development.” 
[Q169] 
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 863 

Fig. 16 Qualitative theme prevalence and framework mapping. Prevalence and framework mapping of themes derived from 864 

the open-ended responses. Panel A reports participant-level prevalence among the 27 substantive respondents, with each par-865 

ticipant counted once per theme. Panel B maps themes to the existing 15-risk register or to an emergent-risk watchlist and 866 

then to framework actions and KRIs. Emergent qualitative candidates were retained for framework enrichment and future 867 

empirical assessment; they were not inserted into criticality scores, quantitative ranks, or dominance-based priority tiers. 868 

3.9. Proposed Saudi PPP Risk Governance Framework 869 

The integrated analytical outputs were translated into the Proposed Evidence-Based Saudi PPP Risk Governance 870 

Framework and its associated operational governance register. The dominance-based procedure identified a 14-871 

factor Tier 1 non-dominated set. R13 (regulatory and legal uncertainty) remained in Tier 2 but was retained within 872 

the complete 15-risk register to ensure comprehensive lifecycle monitoring. Within Tier 1, the executive attention 873 

set comprised R08, R01, and R03, with respondent-level CI values of 0.524, 0.517, and 0.515 and bootstrap Top-874 

3 probabilities of 89.2%, 75.6%, and 76.6%, respectively. 875 

Table 20 presents the Tier 1 risks in descending order of the primary respondent-level CI and distinguishes the 876 

locked analytical evidence from the proposed governance specifications. For each risk, the framework identifies 877 

the active lifecycle stages, one accountable functional owner for each active risk-stage, supporting actors, contrac-878 

tual allocation, prevention–mitigation–contingency controls, key risk indicators, trigger thresholds, escalation 879 

routes, and post-control residual-risk review. The open-ended findings further informed the framework’s emphasis 880 

on delegated authority, institutional continuity, liquidity and payment safeguards, political-security continuity, 881 

quality assurance, technology resilience, and institutional memory. The complete 15-risk proposed governance 882 

register is provided in Supplementary Table S11. 883 

Figure 17 presents the populated framework as an integrated six-stage lifecycle governance system. It links the 884 

retained risk factors to stage-specific accountability, risk-specific three-layer response controls, early-warning in-885 

dicators, trigger thresholds, and a common escalation pathway from the accountable risk owner to executive or 886 

external decision-makers. Following any trigger breach or material change in control effectiveness, the framework 887 

requires a project-specific post-control reassessment, residual-risk re-rating, and a dated update to the master gov-888 

ernance register. 889 

Table 20 Proposed operational governance specifications for Tier 1 risks. 890 

Panel A. Analytical priority evidence and proposed lifecycle accountability and contractual allocation 891 

Risk factor Priority evidence Lifecy-

cle 

stage(s) 

Accountable 

owner 

Supporting actors Contractual allocation 

 

R08 

Political and se-

curity instability 

Tier 1 | rank 1 CI 

0.524 (95% CI 

0.484-0.565) Fi=9 

| Saudi/emerging 

 

L1-L6; 

event-

driven 

 

Contracting-au-

thority security and 

resilience lead 

 

SPV; EPC/O&M 

contractors; security 

agencies; insurers; 

critical suppliers 

 

Shared: public side bears de-

fined political/change-in-law 

and force-majeure relief; pri-

vate side manages site secu-

rity and continuity controls. 
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Risk factor Priority evidence Lifecy-

cle 

stage(s) 

Accountable 

owner 

Supporting actors Contractual allocation 

 

R01 

Cost escalation 

and overrun 

 

Tier 1 | rank 2 

CI 0.517 (95% CI 

0.481-0.553) 

Fi=11 | Core 

 

L1-L5 

 

Authority commer-

cial lead (L1-L2) - 

SPV commercial 

director (L3-L5) 

 

Cost consultant; 

EPC/O&M contrac-

tors; procurement; 

finance; lenders 

 

Private for controllable deliv-

ery and operating costs; 

shared/indexed for specified 

inflation, currency, authority 

change, and compensation 

events. 

 

R03 

Coordination and 

communication 

failure 

Tier 1 | rank 3 CI 

0.515 (95% CI 

0.480-0.550) 

Fi=11 | Core 

 

L1-L6 

 

PPP project direc-

tor / designated in-

terface manager 

 

Contracting author-

ity; SPV; 

EPC/O&M contrac-

tors; advisers; af-

fected public entities 

 

Shared through a binding 

RACI, interface obligations, 

decision service levels, and a 

common issue-resolution 

protocol. 

 

R07 

Planning, scope, 

and schedule de-

ficiencies 

Tier 1 | rank 4 CI 

0.502 (95% CI 

0.464-0.540) Fi=9 

| Saudi/emerging 

 

L1-L4 

 

Authority PMO 

(L1-L3) - SPV pro-

gramme director 

(L4) 

 

Design team; EPC 

contractor; cost con-

sultant; independent 

engineer; permitting 

leads 

 

Public side retains baseline 

scope and authority depend-

encies; private side bears de-

livery planning and schedule 

performance after close. 

 

R04 

Capability and 

management-sys-

tem weakness 

Tier 1 | rank 5 CI 

0.499 (95% CI 

0.465-0.534) 

Fi=11 | Core 

 

L1-L6 

 

Lead organization's 

project director, 

with contracting-

authority PPP 

PMO oversight 

 

HR/workforce leads; 

technical advisers; 

SPV; contractors; 

independent assur-

ance 

 

Each party bears capability 

risk within its organization; 

contract sets minimum com-

petence, key-person, substi-

tution, and assurance require-

ments. 

 

R05 

Resource, equip-

ment, and 

maintenance 

constraints 

Tier 1 | rank 6 CI 

0.494 (95% CI 

0.457-0.531) 

Fi=10 | Core 

 

L3-L6 

 

SPV asset and 

O&M director 

 

EPC/O&M contrac-

tors; suppliers; lo-

gistics; authority 

contract manager; 

insurers 

 

Private for supply, equipment 

availability, spares, and 

lifecycle maintenance; relief 

limited to expressly defined 

public or force-majeure 

events. 

 

R11 

Design and tech-

nical deficiencies 

Tier 1 | rank 7 CI 

0.492 (95% CI 

0.454-0.529) Fi=9 

| Saudi/emerging 

 

L2-L4 

 

SPV design man-

ager 

 

EPC designer; inde-

pendent engineer; 

authority technical 

team; operator; spe-

cialist reviewers 

 

Private for design integration 

and fitness for purpose; pub-

lic side retains output-speci-

fication and authority-di-

rected change risk. 

 

R10 

Approval and 

permitting delays 

 

Tier 1 | rank 8 

CI 0.483 (95% CI 

0.447-0.519) 

Fi=8 | 

Saudi/emerging 

 

L1-L4 

 

Contracting-au-

thority permits and 

interagency-inter-

face lead 

 

Relevant regula-

tors/municipalities; 

SPV; designers; en-

vironmental and 

utility leads 

 

Public for sovereign approv-

als and authority-caused de-

lay; private for complete, ac-

curate, and timely applica-

tions and compliance evi-

dence. 

 

R02 

Contractual and 

risk-allocation is-

sues 

Tier 1 | rank 9.5 

CI 0.482 (95% CI 

0.447-0.516) 

Fi=10 | Estab-

lished but context-

moderated 

 

L1-L6 

 

Authority commer-

cial/legal lead (L1-

L3) -> contract 

manager (L4-L6) 

 

PPP unit; SPV; legal 

and technical advis-

ers; lenders; insur-

ers; dispute board 

 

Allocate each risk to the 

party best able to control it; 

record relief, compensation, 

sharing, insurance, step-in, 

and dispute mechanisms ex-

plicitly. 

 

R06 

Land, site, and 

environmental 

constraints 

Tier 1 | rank 9.5 

CI 0.482 (95% CI 

0.443-0.518) 

Fi=10 | Estab-

lished but context-

moderated 

 

L1-L4 

and L6 

 

Authority land/en-

vironment lead 

(L1-L3) -> SPV 

HSE/site-interface 

lead (L4/L6) 

 

Land agencies; mu-

nicipalities; environ-

mental regulator; 

communities; 

 

Public for title, access, and 

disclosed pre-existing con-

straints; private for site man-

agement and compliance 
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Risk factor Priority evidence Lifecy-

cle 

stage(s) 

Accountable 

owner 

Supporting actors Contractual allocation 

designers; independ-

ent engineer 

after handover; shared for de-

fined unknown conditions. 

 

R09 

Demand and 

market risk 

 

Tier 1 | rank 11 

CI 0.475 (95% CI 

0.437-0.511) 

Fi=8 | Secondary 

 

L1-L3 

and L5 

 

SPV commer-

cial/revenue direc-

tor, with authority 

affordability over-

sight 

 

Demand adviser; 

operator; lenders; 

tariff authority; 

stakeholder-engage-

ment team 

 

Private or shared according 

to tariff/availability structure 

and control capacity; avoid 

blanket transfer where de-

mand is materially policy-de-

pendent. 

 

R15 

Corruption and 

unethical prac-

tices 

Tier 1 | rank 12 CI 

0.474 (95% CI 

0.433-0.513) Fi=9 

| Secondary 

 

L2-L6 

 

Authority integrity 

officer (L2) -> 

SPV compliance 

officer (L3-L6) 

 

Procurement; inter-

nal audit; legal; con-

tractors; lenders; 

competent oversight 

bodies 

 

Each party bears responsibil-

ity for its own conduct; con-

tract preserves audit, disclo-

sure, suspension, step-in, ter-

mination, and recovery 

rights. 

 

R14 

Tax and tariff 

changes 

 

Tier 1 | rank 13 

CI 0.469 (95% CI 

0.432-0.507) 

Fi=8 | Secondary 

 

L2-L5 

 

SPV finance and 

tax director 

 

Authority commer-

cial lead; tax advis-

ers; lenders; tariff 

regulator; legal 

counsel 

 

Private for ordinary tax com-

pliance and forecast risk; 

shared/public relief only for 

expressly defined discrimina-

tory or general change-in-law 

events. 

 

R12 

Government in-

tervention and 

commitment risk 

Tier 1 | rank 14 CI 

0.467 (95% CI 

0.429-0.505) Fi=9 

| Secondary 

 

L1-L6 

 

Contracting-au-

thority senior re-

sponsible owner 

(SRO) 

 

Sponsor minis-

try/entity; PPP unit; 

treasury/finance; 

contract manager; 

SPV; lenders 

 

Public for authorized com-

mitments, approvals, pay-

ments, and public-side 

changes; private for its own 

compliance and performance 

obligations. 

Panel B. Proposed control, monitoring, escalation, and residual-risk specifications 892 

Risk factor Response actions: prevention; 

mitigation; contingency 

KRI Trigger thresh-

old 

Escalation rule Residual-

risk review 

 

R08 

Political and se-

curity instability 

 

P: Political-security horizon scan; 

route, workforce, and critical-sup-

ply continuity planning. 

M: Alternative logistics and sourc-

ing; work resequencing; insurance 

and timely relief notices. 

C: Incident command, business-

continuity activation, safe suspen-

sion, and controlled restart. 

 

Security-re-

lated lost 

workdays or 

critical-supply 

interruption 

 

Any site clo-

sure, >=3 cumula-

tive lost work-

days, or critical-

supply interrup-

tion >7 days. 

 

Immediate noti-

fication to the 

SRO/crisis 

committee; con-

tractual notice 

within 1 busi-

ness day; recov-

ery plan within 

48 hours. 

 

Re-rate af-

ter every 

event and 

monthly 

while ele-

vated; re-

start only 

within the 

approved 

project tol-

erance. 

 

R01 

Cost escalation 

and overrun 

 

P: Reference-class estimate; infla-

tion/currency scenarios; quantified 

contingency and cost baseline. 

M: Value engineering, hedging, 

procurement packaging, and strict 

change control. 

C: Release approved contingency, 

rebaseline, and resolve eligible 

compensation events. 

 

Estimate-at-

completion 

variance and 

contingency 

burn 

 

Forecast 

cost >5% above 

approved budget, 

or >50% of con-

tingency used be-

fore 50% physical 

progress. 

 

Commercial 

change board 

within 5 busi-

ness days; esca-

late to SRO and 

lenders when 

tolerance or 

covenant head-

room is ex-

ceeded. 

 

Monthly 

and at 

every stage 

gate; re-rate 

after each 

approved 

material 

change. 

 

R03 
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Risk factor Response actions: prevention; 

mitigation; contingency 

KRI Trigger thresh-

old 

Escalation rule Residual-

risk review 

Coordination 

and communica-

tion failure 

P: Integrated RACI/interface ma-

trix, common data environment, de-

cision rights, and meeting cadence. 

M: Cross-party interface work-

shops, single issue log, and time-

bound action closure. 

C: Executive interface board, dis-

pute-avoidance referral, and coordi-

nated recovery plan. 

Critical deci-

sions or inter-

faces overdue 

>=3 critical 

items >10 busi-

ness days over-

due, or one unre-

solved depend-

ency blocks a 

milestone. 

Interface board 

within 2 busi-

ness days; steer-

ing committee if 

unresolved after 

5 business days. 

Fortnightly 

during L2-

L4 and 

monthly 

during L5-

L6; re-rate 

after mate-

rial inter-

face fail-

ures. 

 

R07 

Planning, scope, 

and schedule de-

ficiencies 

 

P: Stage-gate scope freeze, inte-

grated master schedule, dependency 

logic, and schedule-risk analysis. 

M: Critical-path recovery, rese-

quencing, resource leveling, and 

controlled scope decisions. 

C: Approved rebaseline, targeted 

acceleration, and deployment of 

schedule contingency. 

 

Schedule per-

formance in-

dex and criti-

cal-path slip-

page 

 

SPI <0.90 for two 

reporting periods, 

or critical-path 

slippage >30 cal-

endar days. 

 

Recovery board 

within 5 busi-

ness days; SRO 

if forecast com-

pletion exceeds 

contractual tol-

erance. 

 

Monthly 

and at stage 

gates; re-

rate after 

every ap-

proved re-

baseline. 

 

R04 

Capability and 

management-

system weakness 

 

P: Competency matrix, critical-role 

coverage plan, delegated authority, 

and minimum key-person criteria. 

M: Targeted recruitment, training, 

coaching, and temporary expert 

augmentation. 

C: Replace or supplement under-

performing teams and appoint inde-

pendent project-management sup-

port. 

 

Qualified crit-

ical-role cov-

erage and crit-

ical vacancy 

duration 

 

<90% of critical 

roles filled, or any 

critical vacancy 

remains open >30 

calendar days. 

 

PPP PMO capa-

bility review; 

sponsor-ap-

proved replace-

ment or aug-

mentation plan 

within 10 busi-

ness days. 

 

Monthly 

role-cover-

age review 

and re-rat-

ing at each 

lifecycle 

handoff. 

 

R05 

Resource, equip-

ment, and 

maintenance 

constraints 

 

P: Lifecycle asset plan, critical-

spares policy, supplier due dili-

gence, and preventive-maintenance 

programme. 

M: Alternative suppliers, expedited 

logistics, condition-based mainte-

nance, and backlog recovery. 

C: Emergency spares, temporary 

equipment, service-continuity 

mode, and recovery mobilization. 

 

Critical-spare 

cover and 

overdue pre-

ventive-

maintenance 

backlog 

 

Critical-spare 

cover <30 days, 

or >10% of 

scheduled preven-

tive maintenance 

overdue. 

 

SPV COO 

within 2 busi-

ness days; au-

thority contract 

manager when 

service KPIs are 

threatened. 

 

Monthly, 

after major 

break-

downs, and 

before 

handback 

condition 

reviews. 

 

R11 

Design and tech-

nical deficien-

cies 

 

P: Independent design reviews, 

constructability checks, BIM/inter-

face coordination, and design-

freeze gates. 

M: Time-bound design correction, 

technical-query closure, and con-

trolled design change. 

C: Independent redesign/remedia-

tion, hold-point activation, and af-

fected-work recovery. 

 

Major design 

non-conform-

ances and late 

design ap-

provals 

 

>=3 major design 

NCRs open >30 

days, or a critical 

design pack-

age >20 business 

days late. 

 

Design assur-

ance board; no-

tify independent 

engineer and 

authority tech-

nical lead 

within 5 busi-

ness days. 

 

At every 

design gate 

and 

monthly 

during con-

struction; 

re-rate after 

major NCR 

closure. 

 

R10 

Approval and 

permitting de-

lays 

 

P: Integrated permit register, early 

authority engagement, submission-

quality gate, and dependency calen-

dar. 

M: Rapid query closure, dedicated 

interagency working group, and 

work resequencing. 

 

Critical permit 

milestone 

slippage 

 

A critical permit 

is >20 business 

days overdue, or 

threatens the criti-

cal path by >10 

days. 

 

Permits board 

within 5 busi-

ness days; SRO 

if unresolved af-

ter 10 business 

days. 

 

Fortnightly 

until criti-

cal approv-

als close 

and at each 

affected 

stage gate. 
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Risk factor Response actions: prevention; 

mitigation; contingency 

KRI Trigger thresh-

old 

Escalation rule Residual-

risk review 

C: Interagency escalation, alternate 

approval route where lawful, and 

contractual relief/recovery plan. 

 

R02 

Contractual and 

risk-allocation 

issues 

 

P: Bankable allocation matrix, mar-

ket sounding, lender review, and 

clause-to-risk crosswalk. 

M: Joint risk workshops, clarifica-

tion log, early-warning notices, and 

controlled contract changes. 

C: Dispute-avoidance board, medi-

ation/adjudication route, and conti-

nuity protections during resolution. 

 

Unresolved 

high-severity 

allocation or 

claim issues 

 

Any high-severity 

allocation issue 

remains open at 

bid/financial-

close gate, or >20 

business days 

during delivery. 

 

Joint commer-

cial board; then 

contractually 

defined dispute-

avoidance 

mechanism and 

SRO. 

 

At every 

gate and 

monthly 

while a ma-

terial claim 

or ambigu-

ity remains 

open. 

 

R06 

Land, site, and 

environmental 

constraints 

 

P: Title/access due diligence, sur-

veys, EIA and climate screening, 

permit plan, and stakeholder en-

gagement. 

M: Remediation, resettle-

ment/stakeholder actions, design 

adaptation, and compliance-action 

closure. 

C: Alternate access/design, stage-

gate hold, emergency environmen-

tal response, and contractual relief 

where eligible. 

 

Unsecured 

parcel/permit 

or overdue 

high-severity 

environmental 

action 

 

Any critical par-

cel/permit is not 

secured by its 

stage gate, or a 

high-severity ac-

tion is >30 days 

overdue. 

 

Land/environ-

ment taskforce 

within 5 busi-

ness days; gate 

hold or relief 

notice when the 

milestone is en-

dangered. 

 

Monthly 

and at 

land/per-

mit/de-

sign/hand-

back gates; 

re-rate after 

material en-

vironmen-

tal events. 

 

R09 

Demand and 

market risk 

 

P: Independent demand validation, 

downside scenarios, willingness-to-

pay testing, and social-engagement 

plan. 

M: Service/pricing adjustments, de-

mand-management measures, tar-

geted engagement, and cost align-

ment. 

C: Activate contracted revenue-

sharing/support mechanism or re-

structuring review where trigger 

conditions are met. 

 

Actual de-

mand or reve-

nue variance 

from the ap-

proved base 

case 

 

>10% below the 

approved base for 

two consecutive 

reporting periods, 

or any financing-

covenant breach. 

 

Commercial re-

view; notify au-

thority and 

lenders when a 

support or cove-

nant trigger is 

reached. 

 

Quarterly 

during op-

eration and 

after tariff, 

service, or 

demand 

shocks. 

 

R15 

Corruption and 

unethical prac-

tices 

 

P: Integrity due diligence, conflict 

declarations, segregation of duties, 

e-procurement, and whistleblowing 

channels. 

M: Independent review, enhanced 

approvals, control remediation, and 

supplier re-screening. 

C: Suspend the affected pro-

cess/party, preserve evidence, in-

vestigate, report as required, and 

activate step-in/termination rights. 

 

Substantiated 

integrity 

breach or un-

resolved high-

risk due-dili-

gence red flag 

 

Any substantiated 

breach, or a high-

risk red flag unre-

solved for >10 

business days. 

 

Immediate au-

dit/ethics com-

mittee escala-

tion and notifi-

cation to com-

petent authori-

ties when le-

gally required. 

 

Continuous 

event moni-

toring, 

quarterly 

assurance, 

and re-rat-

ing after 

every sub-

stantiated 

case. 

 

R14 

Tax and tariff 

changes 

 

P: Tax/tariff baseline, scenario test-

ing, contractual change-in-law defi-

nition, and compliance calendar. 

M: Permitted pass-through, hedg-

ing, cost efficiency, and financ-

ing/covenant management. 

C: Issue contractual notice, activate 

relief/renegotiation route, and reas-

sess affordability and bankability. 

 

Unmitigated 

tax/tariff 

change effect 

on annual cost 

or revenue 

 

Modeled ef-

fect >=2% of an-

nual operating 

cost/revenue, or 

any financing-

covenant breach. 

 

Finance/com-

mercial board 

within 10 busi-

ness days and 

change-in-law 

notice within 

the contractual 

period. 

 

Quarterly 

and after 

every en-

acted or 

probable 

material 

change. 
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Risk factor Response actions: prevention; 

mitigation; contingency 

KRI Trigger thresh-

old 

Escalation rule Residual-

risk review 

 

R12 

Government in-

tervention and 

commitment risk 

 

P: Commitment register, govern-

ance charter, approval calendar, 

payment-security arrangements, 

and succession protocol. 

M: Continuity/change-control pro-

tocol, dependency tracking, and ac-

celerated payment/approval resolu-

tion. 

C: Steering escalation, spon-

sor/treasury intervention, and con-

tractual compensation-event pro-

cess where applicable. 

 

Overdue pub-

lic approval, 

payment, 

guarantee, or 

committed de-

pendency 

 

Payment/ap-

proval >30 calen-

dar days late, or a 

critical commit-

ment is missed by 

its dependency 

date. 

 

Steering com-

mittee within 5 

business days; 

sponsor/treasury 

escalation under 

the governance 

charter. 

 

Monthly 

and after 

leadership, 

policy, or 

fiscal 

events; re-

rate at 

every 

handoff. 

 893 

Fig. 17 Proposed evidence-based Saudi PPP risk governance framework. Populated Proposed Evidence-Based Saudi PPP 894 

Risk Governance Framework. The six-stage lifecycle ribbon identifies the active stages for the 14 non-dominated Tier 1 fac-895 

tors; R13 is retained in the full register as a Tier 2 watchlist factor. Risk cards report evidence-locked rank and CI values 896 

alongside proposed stage owners, three-layer responses, KRIs, trigger thresholds, escalation routes, and residual-risk review. 897 

The lower band shows the common trigger-based escalation and post-control reassessment loop. Governance fields and nu-898 

merical triggers are proposed, project-adaptable specifications; residual risk is to be reassessed using project-specific post-899 

control data. 900 

4. Discussion 901 

4.1. Principal Findings and Contribution 902 

This study connected four analytical tasks that are frequently treated separately in PPP risk research: evidence 903 

normalization, context-specific stakeholder assessment, uncertainty-aware prioritization, and operational govern-904 

ance translation. The corrected evidence architecture began with an auditable 43-source corpus, distinguished the 905 

15-source item-level archive from the 14-source recurrence denominator, and retained the final disposition of all 906 



 

Page 37 

519 extracted statements. This separation is important because repeated expressions within one source should not 907 

be interpreted as independent evidence of recurrence. The approach therefore responds to the terminological het-908 

erogeneity and inconsistent units of analysis identified in previous PPP risk reviews [1–4]. 909 

The field assessment further demonstrated that identifying a frequently reported risk is not equivalent to establish-910 

ing its importance in a particular market. The 205-participant Saudi stakeholder sample produced locally grounded 911 

probability and impact assessments, while respondent-level pairing preserved the dependence between the two 912 

ratings. Bootstrap rank distributions, dominance probabilities, subgroup inference, sensitivity scenarios, and qual-913 

itative findings were then used to characterize what the ranking could and could not support. This represents a 914 

shift from a static risk list toward a traceable evidence-to-governance process, consistent with calls for integrated 915 

risk management, continuing ownership, and lifecycle-based allocation in PPP projects [9–12]. 916 

4.2. Interpretation of the Leading Saudi PPP Risks 917 

Political and security instability (R08) emerged as the highest-ranked risk, with CI = 0.5243, P(Rank = 1) = 51.7%, 918 

and P(Top 3) = 89.2%. This result indicates that Saudi stakeholders assigned substantial combined probability and 919 

impact to risks arising from political change, geopolitical exposure, security disruption, and related continuity 920 

concerns. The finding is consistent with research showing that political uncertainty can affect contractual confi-921 

dence, investment conditions, and the long-term performance of PPP arrangements [13]. It also complements ear-922 

lier Saudi evidence identifying institutional capability and ineffective risk-management implementation as mate-923 

rial concerns in independent water and power projects [14,15]. 924 

Cost escalation and overrun (R01) ranked second and had the highest mean probability, while coordination and 925 

communication failure (R03) ranked third and had the highest mean impact. Their positions are substantively 926 

plausible because PPP projects combine long contractual periods, multiple public and private organizations, com-927 

plex financing arrangements, and interdependent design, construction, and operational decisions. Financial-risk 928 

reviews have similarly emphasized the continuing importance of cost, financing, revenue, and payment exposures 929 

[2,16]. Integrated risk and operational-management studies also show that weak coordination can transmit local 930 

problems across organizational and lifecycle boundaries [3,8,9]. Accordingly, the leading risks should not be in-931 

terpreted as isolated events: political or security disruption may affect financing and supply conditions, while 932 

inadequate coordination may delay responses and intensify cost consequences. 933 

Capability and management-system weakness (R04) was among the most recurrent literature factors and remained 934 

a Core risk in the evidence-alignment classification. This supports the view that PPP performance depends not 935 

only on contractual allocation but also on the capacity of participating organizations to interpret obligations, ex-936 

change information, manage interfaces, and implement controls. Saudi construction research has likewise high-937 

lighted management capability and broader institutional barriers as important determinants of sustainable project 938 

performance [30,31]. The present findings therefore indicate that capability-building should be treated as a risk-939 

control requirement rather than as a general organizational aspiration. 940 

Regulatory and legal uncertainty (R13), by contrast, had the lowest stakeholder criticality despite relatively high 941 

literature recurrence. This result should not be interpreted as evidence that regulatory risk is absent. It may instead 942 

indicate that respondents perceived this risk as more familiar, formally allocated, or manageable than political, 943 

cost, coordination, and capability exposures. Risk taxonomies and allocation studies consistently recognize legal 944 

and regulatory conditions as fundamental PPP concerns [1,4,12]. The divergence observed here illustrates why 945 

literature frequency should remain analytically distinct from current market assessment. R13 was therefore re-946 

tained in the complete governance register and Tier 2 watchlist rather than being removed from monitoring. 947 

4.3. Ranking Uncertainty and the Meaning of the Priority Tiers 948 

Although the Friedman test detected statistically significant differences among the 15 paired criticality scores, 949 

Kendall’s W = 0.0157 indicated very limited overall separation. Only three of the 105 Wilcoxon comparisons 950 

remained significant after Holm correction, and each involved one of the three leading risks exceeding R13. These 951 

results show that statistical significance at the global level does not imply a sharply ordered hierarchy across all 952 

risks. The high response-consistency coefficients for probability and impact indicate consistent rating behavior, 953 

but they do not establish that the 15 risks represent a single latent construct or that their criticality values are widely 954 

separated. 955 

The bootstrap results provide a more informative interpretation. R08 had the greatest probability of occupying first 956 

place, but its 95% rank interval extended from 1 to 5. R01 and R03 also had substantial Top-3 probabilities, while 957 

confidence intervals for several factors overlapped. Consequently, the reported rank order should be understood 958 

as an evidence-based summary of central tendency rather than as a deterministic sequence that will reproduce 959 

exactly in every stakeholder sample or project. 960 

The assignment of 14 risks to the non-dominated Tier 1 set deserves particular attention. It does not mean that all 961 

14 risks are equally critical or require identical resources. Instead, it means that the prespecified evidence did not 962 

establish stable directed superiority for most risk pairs under both the dominance and multiplicity-adjusted com-963 

parison rules. The large Tier 1 set is therefore an honest representation of limited statistical separation rather than 964 

a weakness to be corrected by imposing an arbitrary cut-off. The executive Top 3 and the scientific priority tiers 965 

serve different purposes: R08, R01, and R03 provide a concise management-attention set, whereas Tier 1 preserves 966 
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all risks that could not be shown to be dominated robustly. R13 remains monitored in Tier 2 and can still be 967 

escalated when its project-specific trigger is breached. 968 

4.4. Literature–Market Alignment and Stakeholder Heterogeneity 969 

The relationship between literature recurrence and Saudi market criticality was positive but not statistically signif-970 

icant under the prespecified label-permutation test (ρs = 0.400; p = 0.1403). This result suggests partial conver-971 

gence rather than either complete agreement or complete disconnection. Cost escalation, coordination failure, ca-972 

pability weakness, and resource-related risks were prominent in both evidence layers, whereas political and secu-973 

rity instability was more prominent in the Saudi stakeholder assessment than in the recurrence ranking. Conversely, 974 

regulatory and legal uncertainty received stronger support from the literature dimension than from current stake-975 

holder ratings. 976 

The participant-bootstrap interval and permutation result address different questions and should not be treated as 977 

contradictory. Participant-vector resampling conditions on the fixed literature scores and evaluates uncertainty 978 

associated with the stakeholder sample. The permutation test instead evaluates whether the observed matching of 979 

factor labels across only 15 risks is stronger than expected under random label assignment. The primary inference 980 

regarding literature–market concordance therefore remains the non-significant permutation result. The positive 981 

bootstrap distribution indicates that the observed direction was reasonably stable to participant resampling, but it 982 

does not establish general concordance across the broader universe of PPP risk factors. 983 

This distinction supports the decision not to combine literature and market percentiles into a new primary compo-984 

site score. Because the questionnaire factors were already derived from the literature base, adding literature recur-985 

rence again to market criticality could double count the same evidence. The quadrant classification instead retains 986 

both dimensions and makes their convergence or divergence visible. This approach is consistent with the broader 987 

literature showing that PPP risk salience varies by sector, delivery arrangement, national setting, and stakeholder 988 

position [5–8]. 989 

Subgroup findings further demonstrated that stakeholder experience influenced the level of assigned criticality. 990 

Participants with direct PPP experience reported significantly higher criticality for six risks, while years of expe-991 

rience differentiated ten risks and PPP knowledge differentiated all 15. These effects may reflect greater recogni-992 

tion of interdependencies, contractual exposure, or implementation difficulty among more experienced participants. 993 

However, PPP-infrastructure experience alone produced no FDR-significant differences. The results therefore do 994 

not support replacing the heterogeneous full sample with a narrowly defined subgroup. Instead, they indicate that 995 

experience should be retained as an interpretive dimension when applying the framework. 996 

The sensitivity analyses reinforce this conclusion. Excluding the 21 straightliners left the complete ranking un-997 

changed, and the primary order remained strongly correlated with rankings obtained from the direct-PPP, com-998 

bined-experience, highest-confidence, and alternative-scoring scenarios. The Top 3 was also preserved in all sce-999 

narios except the smallest highest-confidence cohort, in which R05 replaced R03. This isolated change is consistent 1000 

with increased sampling uncertainty at n = 39 rather than evidence that the full-sample ranking is unreliable. The 1001 

stability of Tier 1 membership across the scenarios provides further support for the distinction between a broad 1002 

scientific priority set and a more selective executive-attention set. 1003 

4.5. Qualitative Findings and Governance Translation 1004 

The open-ended responses added contextual detail without changing the quantitative hierarchy. Leadership, work-1005 

force competence, and decision authority was the most prevalent theme, followed by institutional commitment and 1006 

administrative or contracting continuity. These themes help explain why coordination, capability, and manage-1007 

ment-system risks remained prominent. They also extend the interpretation from identifying risk conditions to 1008 

considering whether organizations possess the authority, knowledge, continuity, and response capacity required to 1009 

manage them. 1010 

Three qualitative themes—quality and safety assurance, technology, cybersecurity and obsolescence, and institu-1011 

tional memory and interagency knowledge continuity—were classified as emergent candidates. Their identifica-1012 

tion is consistent with the growing importance of data-driven monitoring, digital procurement, process mining, 1013 

BIM-supported operation, and dynamic safety systems in construction and infrastructure management [32,34,39–1014 

42]. However, these themes were not inserted into the quantitative ranking because they were derived from only 1015 

27 substantive open-ended responses and were not assessed through the closed probability–impact instrument. 1016 

They are more appropriately retained as watchlist items for future measurement and project-specific review. 1017 

The Proposed Evidence-Based Saudi PPP Risk Governance Framework translates the combined findings into six 1018 

lifecycle stages and a common governance logic. Its principal contribution is not another numerical score, but the 1019 

connection of analytical evidence to ownership, contractual allocation, prevention, mitigation, contingency plan-1020 

ning, KRIs, trigger thresholds, escalation, and residual-risk reassessment. This is consistent with lifecycle-oriented 1021 

PPP risk planning and integrated management principles [9–12,43]. The framework also preserves analytical and 1022 

governance fields separately: CI values, ranks, uncertainty, tiers, and evidence classes are imported without re-1023 

weighting, while owners, controls, thresholds, and review periods remain explicit project-adaptable specifications. 1024 

The framework should therefore be used as a structured decision support and governance-register template rather 1025 

than as a universal prescriptive model. Its proposed thresholds must be calibrated to project sector, contractual 1026 
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structure, lifecycle stage, organizational risk appetite, and available control data. A risk outside the executive Top 1027 

3 may still require immediate escalation if its KRI breaches the approved project threshold. Conversely, a highly 1028 

ranked risk should not automatically receive additional resources when existing controls have demonstrably re-1029 

duced its residual exposure. 1030 

4.6. Strengths and Limitations 1031 

Several methodological features strengthen the credibility of the findings. First, the study distinguishes the full 1032 

evidence corpus, the item-level archive, the recurrence-eligible subset, the normalized register, and the question-1033 

naire shortlist. Second, every extracted statement retains a final disposition and traceable source relationship. Third, 1034 

the primary criticality index preserves respondent-level probability–impact pairing instead of relying only on a 1035 

product of aggregate means. Fourth, rank uncertainty is reported through participant-vector bootstrap resampling 1036 

and dominance probabilities. Fifth, literature and market evidence remain separate, avoiding double counting. 1037 

Finally, subgroup, response-quality, sample, and scoring sensitivity analyses were conducted without replacing 1038 

the prespecified primary analysis. 1039 

The study nevertheless has important limitations. The stakeholder survey used non-probability purposive recruit-1040 

ment, and the number of eligible invitees reached was unavailable; consequently, a conventional response rate 1041 

could not be calculated. Direct PPP participation was reported by 38.0% of respondents, and the highest-confi-1042 

dence subgroup contained only 39 participants. The results therefore represent the assessed Saudi stakeholder 1043 

sample and should not be generalized mechanically to every Saudi PPP sector, organization, or project. The cross-1044 

sectional self-reported design also captures perceived probability and impact rather than observed project loss data. 1045 

4.7. Practical and Research Implications 1046 

For Saudi public authorities and private partners, the results support a two-level management strategy. R08, R01, 1047 

and R03 form an executive-attention set requiring visible senior oversight, continuity planning, cost control, and 1048 

interface management. The wider Tier 1 set should remain subject to structured ownership and monitoring because 1049 

the evidence did not justify excluding most factors from enhanced attention. R13 and qualitative watchlist risks 1050 

should remain in the master register and be escalated whenever project-specific indicators show material change. 1051 

The results also indicate that PPP governance should emphasize organizational interfaces rather than treating each 1052 

risk as the responsibility of one isolated department. Political and security continuity, financing and payment safe-1053 

guards, coordination authority, capability development, information exchange, and technology resilience require 1054 

linked actions across public authorities, project companies, financiers, contractors, operators, and regulators. Con-1055 

tractual allocation should consequently be supported by measurable KRIs and escalation rules rather than being 1056 

treated as a one-time transfer of responsibility. 1057 

Future research should update the evidence corpus through a prospectively documented search and independent 1058 

coding process, administer the questionnaire to larger sector-stratified samples, and compare transport, water, en-1059 

ergy, housing, health, and education PPPs. Longitudinal project data should be used to examine whether changes 1060 

in KRIs predict delays, cost escalation, disputes, service interruptions, or residual-risk movement. Repeated stake-1061 

holder assessments could also determine whether the observed literature–market divergences persist as the Saudi 1062 

PPP market develops. Most importantly, the proposed governance register should be applied prospectively to real 1063 

projects, with ownership actions, trigger breaches, escalations, control completion, and residual-risk outcomes 1064 

recorded over time. Such evidence would determine whether the framework improves the timeliness, transparency, 1065 

and consistency of PPP risk governance. 1066 

5. Conclusions 1067 

This study developed an uncertainty-aware, evidence-based approach for prioritizing and governing public-private 1068 

partnership risks in Saudi Arabia. By linking a traceable literature-derived risk archive with stakeholder probabil-1069 

ity-impact assessment, bootstrap rank uncertainty, dominance-based tiering, subgroup and sensitivity testing, and 1070 

qualitative contextualization, the study moved beyond a simple ranked list toward an operational governance logic. 1071 

The results identified political and security instability, cost escalation and overrun, and coordination and commu-1072 

nication failure as the executive Top 3 risks, while the dominance analysis showed that most risks should remain 1073 

under enhanced Tier 1 monitoring because statistical separation between many factors was limited. Regulatory 1074 

and legal uncertainty was retained as a Tier 2 watchlist risk rather than excluded from the governance register. The 1075 

proposed framework translates these findings into lifecycle ownership, contractual allocation, response controls, 1076 

KRIs, trigger thresholds, escalation routes, and residual-risk review. Its value lies in providing Saudi PPP decision-1077 

makers with a transparent and adaptable structure for connecting empirical risk evidence to practical governance 1078 

action. The framework remains proposed and should be refined through future project-level implementation, sec-1079 

tor-specific calibration, longitudinal KRI data, and independent external assessment across different Saudi PPP 1080 

sectors. 1081 
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   RII  P , i


   RII  I , i


    C  i j


   CI  i


   RI  i = 25  CI  i


    C  i j


   CI  i


   RI  i


    E 43 1


   RII  P , i =     ∑  j = 1  N    P  i j  5 N ,     i = 1 , … , k .


   RII  I , i =     ∑  j = 1  N    I  i j  5 N ,     i = 1 , … , k .


    C  i j =     P  i j   I  i j 25 ,     0 . 04 ≤   C  i j ≤ 1 . 00 .


   CI  i =  1  N   ∑  j = 1  N    C  i j =  1  25 N   ∑  j = 1  N    P  i j   I  i j .


   RI  i =  1  N   ∑  j = 1  N    P  i j   I  i j = 25  CI  i .


   CI  i PM =   =       P ‾  i     I ‾  i 25 ,       P ‾  i =  1  N   ∑  j = 1  N    P  i j ,       I ‾  i =   =  1  N   ∑  j = 1  N    I  i j


      P I ¯  i =       P ‾  i     I ‾  i +  Cov  N  (   P  i ,   I  i ) ,    CI  i −  CI  i PM =      Cov  N  (   P  i ,   I  i ) 25


   Cov  N


  N


   CI  i


    z  s i = 𝟏 { factor  i  occurs in study  s }


  𝛼 =   k  k − 1  ( 1 −     ∑  ℓ = 1  k    s ℓ 2    s  T 2 ) .


    C  i j


  k = 15


    R  i


  i


    t  j g


  g


  j


    Q 0 =  12  N k  ( k + 1 )   ∑  i = 1  k    R  i 2 − 3 N  ( k + 1 ) ,     C  F = 1 −     ∑  j = 1  N    ∑  g ​   (   t  j g 3 −   t  j g )  N  (   k 3 − k ) ,   Q =     Q 0    C  F


  Q


  𝟏 { ⋅ } = 1


  k − 1 = 14


  W =   Q  N  ( k − 1 ) ,     0 ≤ W ≤ 1 .


   (   k 2 ) =  (  15 2 ) =   15 × 14 2 = 105 .


    r  r b , a b =     W  a b + −   W  a b −    W  a b + +   W  a b − .


    W  a b +


    W  a b −


  a


  b


    𝒞  i  0 . 95 =    [   Q  0 . 025  {  CI  i  ∗  ( b ) } ,   Q  0 . 975  {  CI  i  ∗  ( b ) } ] ,    ℛ  i  0 . 95 =    [   Q  0 . 025  {   r  i  ∗  ( b ) } ,   Q  0 . 975  {   r  i  ∗  ( b ) } ]


    P  i  ( Rank  1 ) =  1  B   ∑  b = 1  B  𝟏 ​  (   r  i  ∗  ( b ) = 1 ) ,     P  i  ( Top  3 ) =    1  B   ∑  b = 1  B  𝟏 ​  (   r  i  ∗  ( b ) ≤ 3 )


    F  i =   ∑  s = 1  S    z  s i


    A  a b   ( b ′ ) = 𝟏 ​  (  CI  a  ∗  ( b ′ ) >  CI  b  ∗  ( b ′ ) ) ,     E  a b   ( b ′ ) = 𝟏 ​  (  CI  a  ∗  ( b ′ ) =  CI  b  ∗  ( b ′ ) ) ,     D  a b =  1  B   ∑  b ′ = 1  B   [   A  a b   ( b ′ ) +  1 2   E  a b   ( b ′ ) ]


  a


  b


    D  a b ≥ 0 . 95


  a


    𝐀 𝐧 𝐚 𝐥 𝐲 𝐭 𝐢 𝐜 𝐚 𝐥   𝐬 𝐭 𝐞 𝐩  𝟏


   CI  i


  a ≻ b


    D  a b ≥ 0 . 95


  a


   LP  i =     F  i  S × 100 ,                   S = 14


  ≤ 0 . 05


    𝜌  s = Cor [  Rank avg (   F  i ) ,  Rank avg (  CI  i ) ]


    p perm =   1 +   ∑  r = 1  M  1 ( |     𝜌  s  ( r ) | ≥ |   𝜌  s , obs | )  M + 1 , M = 100 , 000


   CI  95 % (   𝜌  s ) = [   Q  0 . 025 {     𝜌  s  ∗ ( h ) } ,   Q  0 . 975 {     𝜌  s  ∗ ( h ) } ] , h = 1 , … , B


    L  i =    Rank avg ↑ (   F  i ) − 1  m − 1


    E  i =    Rank avg ↑ (  CI  i ) − 1  m − 1


  𝜏


    H  L , i = 1 (   L  i ≥ 𝜏 ) ,   H  E , i = 1 (   E  i ≥ 𝜏 ) , 𝜏 = 0 . 50


    H  L , i


    H  E , i


    N rating = K × D = 15 × 2 = 30


    H  L , i


    H  E , i


    H  L , i


    H  E , i


    H  L , i


    H  E , i


   IPS  i ( w ) = w   E  i + ( 1 − w )   L  i , w ∈ { 0 . 30 , 0 . 50 , 0 . 70 }


    U 1 =   R 1 −     n 1 (   n 1 + 1 ) 2


    A 12 =     U 1    n 1   n 2 ,   r rb = 2   A 12 − 1 =   2   U 1    n 1   n 2 − 1


  H =  12  N ( N + 1 )   ∑  g = 1  G        R  g 2    n  g − 3 ( N + 1 )


    P  i j ,     I  i j ∈ { 1 , 2 , 3 , 4 , 5 } ,   i = 1 , … , 15 ;   j = 1 , … , 205


  C = 1 −     ∑  l = 1 L     t l 3 −  t l   N 3 − N ,  H c =  H C


    𝜀  H 2 = max { 0 ,     H c − G + 1  N − G }


    z  g h =       R ¯  g −     R ¯ h    [   N ( N + 1 ) C 12 (  1    n  g +  1    n h ) ]   1 2


    p  ( i ) BH =  min  j ≥ i { min [ 1 ,   m  j   p  ( j ) ] } , m = 15 , q = 0 . 05


      𝜌  s  ( a ) = Cor [  Rank avg (    CI  i base ) ,  Rank avg (     S  i  ( a ) ) ]


      𝛥 max  ( a ) =  max  i = 1 , … , 15 |     r  i  ( a ) −   r  i base |


      J  k  ( a ) =   |     T  k base ∩     T  k  ( a ) |  |     T  k base ∪     T  k  ( a ) | , k = 3


    n  t =   ∑  j = 1    N  q    A  j t ,   𝜋  t =   100   n  t    N  q


    L  i s = 1 ( i ∈   R  s ) , s = 1 , … , 6


    ∑  a = 1  A    O  i a s =   L  i s ,   O  i a s ∈ { 0 , 1 }


    n 0 =     z  1 − 𝛼 / 2 2 p  ( 1 − p )    e 2


    T  i t = 1 [   d  i (  KRI  i t −   𝜏  i ) ≥ 0 ] ,   d  i ∈ { − 1 , + 1 }


    𝜏  i


   RR  i t =     P  i t res   I  i t res 25


    E  i t = 1 [   T  i t = 1 ∨  RR  i t >   𝜆  i ∨   D  i t overdue = 1 ]


    𝐂 𝐨 𝐝 𝐞  𝟏


    𝐂 𝐨 𝐝 𝐞  𝟏
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