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This study develops the Transport Fabric Framework as an applied planning approach for
improving mobility resilience in constrained urban fabrics. Rather than proposing a new Space
Syntax metric, the framework translates configurational diagnosis and disruption testing into
movement-role reassignment and comparative evaluation. The Old City of Najaf was selected
because its religious centrality, compact morphology, and limited expansion opportunities
generate concentrated movement pressure around the historic core. Geographic Information
System (GIS) and DepthmapX were used to model the vehicular access network, test closure
of a high-choice link and disruption of a critical transition node, and compare a structural
alternative with the Transport Fabric scenario. The assessment combined configurational
indicators, Choice Concentration, Redundancy, and observed peak-hour traffic volumes. Field
counts supported the diagnosis: high-choice links recorded 2020 veh/h, critical transition nodes
1480 veh/h, and alternative routes 1100 veh/h. The Transport Fabric scenario increased Mean
Connectivity from 2.10 to 2.25, Integration from 0.67 to 0.69, Local Integration from 0.76 to
0.80, and Redundancy from 1-2 to 3—4, while reducing Choice Concentration from 2.5 to 1.6
without increasing Network Density. The findings demonstrate a measurable, field-supported
procedure for reorganizing movement without physical network expansion.

1. INTRODUCTION

Many religious cities face complex mobility pressures

reorganization and comparative evaluation in Old Najaf.
Using Geographic Information System (GIS) and
DepthmapX, the study compares baseline, disrupted,

because dense urban fabrics, limited expansion opportunities,
and concentrated movement demands operate within the same
constrained spatial setting. In such contexts, road widening or
capacity-based interventions may improve local conditions,
but they do not resolve the deeper problem of movement
concentration within a limited number of network elements [1-
6]. Recent Baghdad-based studies have also shown that urban
mobility problems are strongly associated with parking
demand and with the difficulty of implementing planning
interventions in complex urban fabrics [7, §].

The Old City of Najaf, represents a clear case of this
challenge. Its compact historic structure, central religious
function, and daily and pilgrimage-related flows create a
movement system that is highly sensitive to disruption,
especially around the vehicular access zones regulating
movement toward the historic core [9-11].

Although Space Syntax and transport-resilience studies are
useful for diagnosing network structure and disruption
sensitivity, fewer studies clarify how such diagnosis can be
translated into an operational planning intervention in
constrained historic fabrics. In this study, the Transport Fabric
Framework is introduced not as a new metric and not as a mere
relabeling of Space Syntax, but as an applied planning
framework that transforms configurational diagnosis and
disruption testing into a structured process of movement-role
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Figure 1 presents the overall research methodology adopted
in the study.

2. THEORETICAL FRAMEWORK
2.1 Urban mobility systems as a spatial-functional system

In modern planning thought, urban mobility systems are
more than just a system of roads or infrastructure that allows
the movement of people and vehicles; they are spatial—
functional systems whose performance is shaped by the
relationship between network structure, the spatial distribution
of activities, and the organizational capacity of the network to
facilitate movement throughout the urban system [6]. As a
result, it is no longer adequate to analyze the efficiency of a
mobility system solely in terms of flow volume or movement
speed. Mobility should not be regarded as a transport issue
alone; rather, the analysis of movement should be understood
as part of the structure of the city as a whole.

2.2 Resilience of urban mobility systems

Resilience has emerged as an important concept in the
evaluation of urban mobility systems. Because it shifts the
analytical focus from measuring performance under normal
conditions to assessing the ability of the system to maintain
functionality under disruption, collapse, or interruption [12].
As such, a resilient mobility system does not have to be the
one with the highest capacity; rather, it must be able to absorb
disturbances, redistribute movement, and reduce dependence
on critical parts of the system while preserving reasonable
accessibility even when interruption occurs. One recent study
has reinforced this idea by arguing that transport network
resilience is best assessed through a combination of evaluation
methods based on connectivity, redundancy, and network
response to disruption, rather than through independent
performance measures alone [12]. This is important in historic
cities, where the physical constraints of the existing urban
fabric limit opportunities for physical expansion and require
the reorganization of movement routes and options in order to
maintain the network’s internal capacity to function
effectively.

2.3 Spatial network reading of urban movement

Spatial network analysis gives a diagnostic reading of urban
movement by examining how the configuration of links,
nodes, and segments shapes accessibility and through-
movement within the network [13, 14]. In this regard, Space
Syntax is used in this study as a configurational diagnostic and

interpretive tool rather than as the planning intervention itself.
Its indicators, including connectivity, global integration, local
integration, and choice, help identify where movement
potential is concentrated, how strongly particular elements
structure access, and where dependence on governing routes
becomes pronounced [15-19].

Many recent studies have also shown that configurational
analysis can support scenario-based assessment of disruption
and accessibility pressures in historic urban areas [20-24].
However, while this type of analysis is effective in diagnosing
configurational conditions, it does not by itself determine how
movement roles should be reorganized once vulnerability has
been identified. This distinction is important for the present
study, because the proposed framework uses configurational
diagnosis as an input for defining planning actions, rather than
treating diagnosis as the final output of the study.

2.4 From urban transport to the Transport Fabric
Framework

Most urban transport research addresses mobility through
operational efficiency, congestion, or capacity, but they do not
always provide a clear planning procedure for reorganizing
movement once movement dependence has been identified
[11]. This limitation becomes more evident in historic cities,
where spatial constraints restrict expansion and where
movement functions must be managed within a sensitive and
already formed urban fabric.

In this study, the Transport Fabric Framework is introduced
as an applied planning framework for constrained historic
fabrics. It is not proposed as a new Space Syntax metric, nor
as a relabeling of existing configurational analysis. Rather, it
uses configurational diagnosis and disruption testing as the
analytical basis for planning action. Operationally, the
framework links four sequential steps: diagnosing movement-
dependence patterns, testing disruption response, reassigning
movement roles across available routes, and evaluating the
reorganized condition against disrupted and structural-
alternative scenarios. Within the scope of this study, this
procedure is applied to the vehicular access system regulating
movement toward the sensitive historic core of Old Najaf.

2.5 Theoretical value of Transport Fabric

The theoretical value of the Transport Fabric Framework
lies in its role as a procedural link between diagnosis and
intervention. Space Syntax identifies where integration,
choice, and dependence are concentrated, while resilience-
oriented assessment examines how the system responds when
critical elements are disrupted.

Table 1. Conceptual and procedural distinction between existing approaches and the Transport Fabric Framework

Simple Combination of

Comparison Traditional Space Syntax General Transport- Space Syntax and Transport Fabric
Aspect Studies Resilience Models pace Sy . Framework in This Study
Resilience Analysis
Diagnose spatial Assess network . .
> . . . . Translate diagnosis and
configuration and movement response to disruption, Combine configurational disruption response into a
Main purpose potential through indicators performance loss, diagnosis with disruption P P

such as integration, choice,
and connectivity

Where are accessibility and
through-movement potentials
concentrated?

Main analytical
question

recovery capacity, or
redundancy

How does the network
perform when
disruption occurs?

planning procedure for

assessment .
movement-role reassignment

Which movement elements
should have their roles
reduced, supported, or
redirected to improve

Which configurationally
important elements are
vulnerable under
disruption?




Type of output

Intervention
logic

Treatment of
alternatives

Relevance to
constrained

Configurational indicators
and spatial maps

Mainly diagnostic; it
identifies spatial relations but
does not define how
movement should be
reorganized
Alternative routes may
appear indirectly through
network configuration
Useful for reading
configuration, but not
sufficient alone for

Resilience measures,
performance-loss
patterns, redundancy, or
recovery indicators

Mainly evaluative; it
measures response but
does not necessarily
define spatial planning
roles
Redundancy may be
measured as an
indicator of resilience

Often general and not
specific to the spatial

Combined diagnosis of
centrality and disruption
sensitivity

Identifies weakness but
may remain at the level of
analysis

Alternatives may be
identified but not assigned
a clear planning role

Useful diagnostically, but
may remain a method-

resilience?

A structured planning
sequence: diagnosis —
disruption testing — route-
role reassignment —
comparative evaluation
Defines how movement roles
are redistributed among
access zones, transition
nodes, vehicular corridors,
and alternative routes
Alternative routes are
explicitly activated as part of
the reorganization scenario
Designed for contexts where
expansion is limited and
movement must be

intervention in sensitive
historic cores

historic fabrics

hierarchy of historic
religious cities

combination rather than a

planning framework reorganized within the

available route structure

Unlike general resilience models, which mainly evaluate
performance loss, recovery capacity, or redundancy after
disruption, the Transport Fabric Framework uses disruption
results to define a planning response: which movement
elements should have their roles reduced, which alternative
routes should be activated, and how the reorganized condition
should be compared with both disrupted and physical-
intervention scenarios.

The Transport Fabric Framework does not replace either
Space Syntax or resilience assessment. Rather, it connects
them within a planning sequence that guides how movement
roles can be redistributed across sensitive access zones,
transition nodes, vehicular distribution corridors, and
alternative routes. In this sense, the novelty of the framework
lies not in producing new indicators, but in converting
configurational and disruption-based diagnosis into a
structured planning logic for movement-role reassignment and
comparative evaluation in constrained historic fabrics. This
procedural conversion from diagnosis to intervention is the
principal distinction between the proposed framework and a
simple combination of existing methods.

Table 1 summarizes the conceptual and procedural
distinction between existing approaches and the Transport

Fabric Framework.

2.6 Interpretive framework for improvement in network
indicators

The indicators in this study are not treated as universal
threshold values. Because urban networks differ in size,
morphology, spatial hierarchy, and functional context.
Therefore, the evaluation is based on comparative change
across the baseline, disrupted, structural-alternative, and
Transport Fabric conditions rather than on fixed normative
standards.

In this interpretive framework, increases in indicators like
Mean Connectivity, Mean Integration (Rn), and Local
Integration (R3) are considered positive when they indicate
stronger segment connection, improved global accessibility,
and better local cohesion. Mean Choice is treated differently:
an increase is not automatically interpreted as an improvement
unless it is accompanied by lower Choice Concentration and
higher Redundancy because higher Choice may also indicate
stronger dependence on a limited number of governing
movement elements.

Table 2. Interpretive framework for the direction of improvement in the adopted network indicators

Indicator Direction of Improvement in

Basis for Evaluation Planning Meaning

This Study
When it rises after intervention Stroneer direct connection amon
Mean Connectivity Increase 1 compared with the disrupted & £
o network segments
condition
. When global. accessibility is Better overall accessibility within
Mean Integration (Rn) Increase 1 restored or improved after
- . the movement system
intervention
Local Integration (R3) Increase 1 . When local ac.cess1b111t.y Stronger local cohfeswn within the
improves after intervention fabric
Interpreted together with Improvement depends on whether
Mean Choice Conditional Choice Concentration and through-movement becomes less
Redundancy dependent on governing elements
. . . When'lt declines after' More balanced distribution of
Choice Concentration Decrease | intervention compared with
. - through-movement
the disrupted condition
Redundancy Increase 1 When the number of viable Stronger rerouting capacity under

alternative routes increases disruption

In this case, the indicators are understood as a connected set
rather than as isolated measures. A decrease in Choice
Concentration indicates a more balanced distribution of

through-movement, while an increase in Redundancy
indicates stronger rerouting capacity under disruption. This
combined reading supports the procedural logic of the
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Transport Fabric Framework by linking diagnosis, disruption
response, movement-role reassignment, and comparative
evaluation. In this way, the indicators do not only describe
network conditions, but also provide the basis for assessing
whether the proposed reorganization produces a measurable
improvement over the disrupted and structural-alternative
scenarios.

Table 2 presents the interpretive framework used to define
the direction of improvement in the adopted network
indicators.

3. STUDY AREA AND METHODOLOGY
3.1 Study area

The suitable case for applying the Transport Fabric
Framework is Old City of Najaf. Its compact form the large
volume of movement generated by its role as a pilgrimage
destination and its spatial and regulatory constraints together
make it a highly challenging environment in which
conventional forms of expansion are often ineffective [25].
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Figure 2. Location of the Old City of Najaf within Iraq and Najaf Governorate (2025)

The historic centre of the Old Najaf encompasses the area
adjacent to the Holy Shrine; however, movement to this area
is not limited to the core itself. Since many people also travel
from the transitional and outer areas on their way to the Holy
Shrine, these areas are also included in the analysis. Therefore,
the study area is defined on the basis of the actual movement
field rather than only the classic morphological boundary of
the Old City [26]. Figure 2 shows the location of the Old City
of Najaf within Iraq and Najaf Governorate.

3.2 Methodological design

This methodological process was constructed as a
sequential workflow aimed at investigating the possibility of
improving mobility resilience in Old City of Najaf by
reorganizing movement roles instead of expanding physical
space. The research design utilizes the applied logic of the
Transport Fabric Approach. In particular, network diagnosis
occurs first, then testing of disruptions, and comparison of the
proposed reorganization to alternatives.

The first step involved setting the boundary of the study area
and building up the road network database using GIS.
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Topological corrections were made to the road network by
eliminating discontinuities, testing for connectivity of
segments, also validating the node-link relationships.

In stage two, a configurational network analysis was
conducted through the use of the DepthmapX program. The
axial and angular segment models were created for the
calculation of Mean Connectivity, Mean Integration (Rn) and
Local Integration (R3), and Mean Choice indicators. These
indicators helped to establish the base status of the movement
system, also identified elements with higher configurational
importance.

The disruption of network operation was evaluated in the
third phase using two scenarios, which included the blocking
of a high-choice link and the failure of a key transition point.
This phase of the simulation was chosen since the sample
scenarios depict the major types of movement dependency in
the study area and provide insight into the effect of removing
controlling factors on access and connectivity.

In the fourth phase, the capacity of the movement system
was examined using GIS Network Analyst to analyze
alternative routes from selected movement nodes and to
examine redundancy. This stage helped us understand whether



or not there were enough alternative routes within the system
to compensate for any disruptions.

The fifth stage constructed two scenarios for comparison.
The first one was a structural alternative represented by adding
a physical connection at the critical-node location. The other
was the Transport Fabric scenario which was based on
movement-role reassignment by reducing dependence on
highly loaded elements and activating available alternative
routes.

In the last phase, the four conditions were compared against
each other based on the same set of indicators. The comparison
allowed to determine if the restructuring achieved significant
benefits in terms of increased connectivity, integration,
movement concentration, and rerouting. Targeted field traffic
volumes were taken later for verification purposes based on
the operational indicator of observed movement pressure.
Figure 3 illustrates the methodological workflow followed in
applying the Transport Fabric Framework.

1. Study Area Definition and Network Preparation

Define the study boundary of Old Najaf and prepare the road-network database in GIS,

L including topology correction and network verification %)

) 4
2. Configurational Network Analysis

Generate axial and angular segment models in DepthmapX and calculate Mean Connectivity,
Mean Integration (Rn), Local Integration (R3), and Mean Choice,

\

A\
3. Baseline Condition and Disruption Testing

Establish the baseline network condition and test two disruption scenarios:

L closure of a high-choice link and failure of a critical transition node )

J/

) 4
4. Redundancy Analysis and Alternative Routes

Use GIS Network Analyst to identify viable altemative routes and assess
Redundancy within the movement network.

) 4

5. Scenario Construction

Construct two intervention scenarios: a structural altemative and the
Transport Fabric scenario based on movement-role reassignment

\J

6. Comparative Evaluation and Field Validation

Compare the baseline, disrupted, structural-alternative, and Transport Fabnic conditions
using the same indicators, and support the results with targeted field traffic counts

Figure 3. Methodological workflow of the Transport Fabric Framework application

3.3 Data and analytical tools

The analysis was based on the 2025 spatial road-network
records of the study area gated from Najaf Planning
Directorate and the Municipality of Najaf. The data were
entered into GIS and topologically corrected by removing
discontinuities and duplicate segments and by verifying node—
segment connections. This step was necessary to ensure that
the network model was suitable for configurational analysis
and scenario testing.

The corrected network was further imported into
DepthmapX program to create axial/angular segment models.
Four different configurational measures were obtained using
this program, namely: Average Connectivity, Average
Integration (Rn), Local Integration (R3), and Average Choice.
Average Connectivity calculates the average number of direct
connections between segments; Average Integration (Rn) is a
measure of global integration; Local Integration (R3) is a
measure of local coherence, while Average Choice is a
measure of movement through the system.

Two further measures were utilized to back up the
comparative evaluation. Choice Concentration was calculated
as a derived indicator, to measure the degree to which through-
movement is concentrated in a limited group of segments.
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Redundancy was calculated using GIS Network Analyst by
identifying viable alternative routes between selected
movement points under each analysis scenario. Together,
these indicators allowed the study to evaluate connectivity,
accessibility, movement concentration, and rerouting capacity.
The Measure of Connectivity is defined as

_ XL Ci
B n

MC (1)

where, Ci: the number of direct connections of segment i, n:
the total number of segments in the network.

Choice Concentration was defined as a derived indicator
expressing the degree to which through-movement is
concentrated within a limited number of elements. It was
calculated as:

_ Top10 Choice

= 2

MEAN CHOICE
where, Top10: Choice denotes the mean Choice value of the
top 10% of segments, and Mean Choice: denotes the overall
network mean. Higher values indicate stronger concentration
of through-movement in a limited number of links or nodes,



whereas lower values indicate a more balanced movement
distribution.

Alternative routes provided when a governing element fails
is measured by redundancy. For the purpose of calculating
redundancy, the number of possible alternative paths between
chosen pairs of critical nodes and access nodes is determined
through GIS Network Analyst. Redundancy was calculated on
the basis of the number of possible alternative routes for the
movement between selected critical movement points. An
alternative route could be defined as viable only if it did not
go through the disrupted element and stayed functional
according to the rules of movement. The result was presented
in numerical terms based on the number of alternatives, i.e.,
1-2 and 3-4 alternative routes. Table 3 summarizes the
analytical tools, procedures, and outputs adopted in the study.

Table 3. Analytical tools, procedures, and outputs adopted in

the study
Analytical
Tool / Methodological Role Main Outputs
Procedure
Preparing the spatial
rizigigorlt{odzﬁbase’ Corrected network
ceting topo’ogy, database; node—
GIS removing discontinuities
. segment structure;
and duplicate segments, .
o Network Density
and verifying node—
segment connections
Producing axial and Mean Connectlylty;
angular segment models Mean Integration
DepthmapX . (Rn); Local
for configurational . .
analysis Integration (R3);
Mean Choice
Identifying viable .
GIS Network alternative routes Reduqdancy,
alternative route
Analyst between selected R
. availability
movement points
Network response
Testing the closure of a under disruption;
Disruption high-choice link and the changes in
testing failure of a critical accessibility,
transition node connectivity, and
rerouting capacity
Derived Calculating movement .
e . Choice
indicator concentration from .
) . Concentration
analysis Choice values
Constructing the Structural-
. . alternative
Scenario structural alternative and o
modelling the Transport Fabric condition,
. Transport Fabric
scenario .
condition
Supporting the Observed traffic
Targeted confi rgrt)ionalgdia nosis volume (veh/h) at
field traffic st 28 critical links,
with an operational ..
counts critical nodes, and

Comparative
evaluation

traffic indicator

Comparing baseline,
disrupted, structural-
alternative, and
Transport Fabric
conditions using the
same indicators

alternative routes

Direction and

magnitude of

improvement
across scenarios

3.4 Analytical boundaries and unit of analysis

This analysis mainly concentrated on the vehicle movement
system that controls the flow of traffic towards the historical
center of Old Najaf. The inner zone in which the Holy Shrine

is located was considered a sensitive pedestrian center since
access to vehicles here is prohibited. The reason for this was
that the logic of movement in this zone was not similar to that
in the adjacent road networks. Therefore, the quantitative
analysis involved only the transition and outer zones of the
vehicle layers.

The unit of analysis was taken as road network segment in
relation to access nodes also transition nodes, and alternative
paths. It is chosen due to the nature of indicators adopted for
the study, namely: Mean Connectivity, Mean Integration (Rn),
Local Integration (R3), Mean Choice, Choice Concentration,
and Redundancy. This study does not seek ways to penetrate
into the religious core through more vehicles, but rather to
assess how traffic flows within the core can be redirected.

3.5 Analytical procedure and validation indicators

The selection of the scenario was determined by the analysis
performed on the baseline configurational model. The
selection of the high-choice link was done because the link
constituted one of the most significant through-links in the
vehicular access system. The selection of the critical transition
node was done because it connected several governing links
and would impact continuity, accessibility, and rerouting in
the case of disruption. It should be noted that neither of the
selected scenarios was chosen arbitrarily but due to its
configurational and functional significance.

Two scenarios were designed after performing two
disruption tests. The structural alternative solution was the first
scenario in which a physical link was added to the critical node
position, after which the topology of the network was
reprocessed. On the other hand, the Transport Fabric solution
was designed in terms of moving role reassignment, in which
there was no dependence on heavily utilized links.

All of scenarios were analyzed using identical procedures
for GIS and DepthmapX program along with identical
indicators: Mean Connectivity, Mean Integration (Rn), Local
Integration (R3), Mean Choice, Choice Concentration, and
Redundancy. The comparative analysis included the original
situation, disrupted link, disrupted node, structural alternative,
and Transport Fabric scenario. This made sure that the
difference noticed was due to the scenarios being compared
and not due to any difference in modeling techniques or
indicators used.

4. RESULTS AND DISCUSSION

The outcomes are presented in accordance with the scenario
progression defined in the methodology section. Firstly, the
baseline network state and reaction to link and node
disruptions are discussed. Secondly, the analysis of the joint
indicators provides insight into the primary mobility
dependency pattern. Thirdly, the targeted field traffic volumes
are used as an operational indicator to determine whether the
analytical critical nodes are indeed carrying more field traffic
volumes. Finally, the assessment of the Transport Fabric
scenario performance takes place, followed by comparing the
performance of the two scenarios through the same indicators.

4.1 Baseline network condition and disruption response

Figures 4 and 5 present the baseline spatial distribution of
Choice and Global Integration in the study-area network,
while Figures 6 and 7 show the network condition after the



closure of the selected high-choice link and the disruption of
the critical transition node. The corresponding quantitative
results are summarized in Table 4.

Under the baseline condition, the network recorded Mean
Connectivity = 2.34, Mean Integration (Rn) = 0.70, Local
Integration (R3) = 0.82, Mean Choice = 0.347, Network

Density = 2.40, Choice Concentration = 2.5, and Redundancy
= 1-2. These values indicate that the network has measurable
connectivity and integration, but through-movement is
concentrated in a limited number of routes, while alternative
route availability remains low.
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Figure 7. Network condition after disruption of the critical node

After the closure of the selected high-choice link, Mean
Connectivity decreased from 2.34 to 2.10, Mean Integration
(Rn) from 0.70 to 0.67, and Local Integration (R3) from 0.82
to 0.76. Network Density remained unchanged at 2.40,
Redundancy remained at 1-2, and Choice Concentration
remained at 2.5. This indicates that link closure reduced
connectivity and accessibility, but did not improve movement
distribution or increase route alternatives.
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After the disruption of the critical transition node, Mean
Connectivity decreased to 1.98, Mean Integration (Rn) to 0.65,
and Local Integration (R3) to 0.73. Choice Concentration
increased from 2.5 to 2.6, while Redundancy remained at 1-2.
Compared with the link-closure scenario, node disruption
produced a stronger decline in network performance and a
higher concentration of through-movement.



Table 4. Baseline network condition and disruption-response indicators

After Link

Indicator Baseline Condition . . After Node Disruption Result Reading
Disruption
Connectivity decreased after both
Mean Connectivity 2.34 2.10 1.98 disruptions, with a stronger decline after
node disruption
Mean Integration (Rn) 0.70 0.67 0.65 Global aCCGS.Slblllt[y decreaged under both
disruption scenarios
Local Integration (R3) 0.82 0.76 0.73 Local cohesion declined after link and
node disruption
Network Density 2.40 2.40 2.40 Total network extent remained unchanged
Mean Choice 0.347 0.349 0.346 Mean through-movement potential
changed only slightly
Choice Concentration 2.5 2.5 2.6 Movement goncentratlon P ers1.sted apd
increased slightly after node disruption
Redundancy 12 122 12 Alternative route availability remained

limited

4.2 Indicator-based diagnosis of movement dependence

The results in Table 4 refer that the main issue is not related
to the physical extent of the network, since Network Density
remained unchanged at 2.40 across the baseline and disruption
scenarios. The clearer change appears in the decline of Mean
Connectivity, Mean Integration (Rn), and Local Integration
(R3), together with persistent low Redundancy and high
Choice Concentration.

Under the baseline condition, Choice Concentration
recorded 2.5, while Redundancy remained limited to 1-2.
After node disruption, Choice Concentration increased to 2.6,
and Redundancy remained unchanged. This indicates that
disruption did not lead to a more distributed movement
pattern; instead, it increased dependence on the remaining
routes.

Table 5. Result-based diagnosis of movement dependence

Diagnostic . . Result-Based
8 Indicator Evidence .
Aspect Reading
Choice Concentration = Through-
Through- . . .
movement 2.5 in the baseline movement remains
. condition and 2.6 after concentrated in a
concentration . . ..
node disruption limited set of routes
. The network has
. Redundancy remained .
Limited few viable
. at 1-2 across the .
rerouting . . . alternatives when a
. baseline and disruption .
capacity governing element

scenarios C
is disrupted

Mean Connectivity
decreased from 2.34 to
2.10 after link

Network continuity

Connectivity is more affected by

sensitivity disruption and to 1.98 th;:%e ?}ziuzlt(l)znre
after node disruption Y 4
Mean Integration (Rn) o

Global decreased from 0.70 to Global accessibility

weakens under
both disruption
scenarios

0.67 after link
disruption and to 0.65
after node disruption
Local Integration (R3)
decreased from 0.82 to
0.76 after link
disruption and to 0.73
after node disruption

accessibility
reduction

Local movement
relations become
weaker after
disruption

Local cohesion
reduction

The node-disruption scenario had a greater impact than the
link-closure scenario. Mean Connectivity decreased to 1.98

after node disruption compared with 2.10 after link disruption,
while Mean Integration (Rn) decreased to 0.65 compared with
0.67. These findings indicate that the critical transition node
has a stronger role in maintaining continuity and accessibility
than the selected high-choice link. Table 5 presents the result-
based diagnosis of movement dependence derived from the
baseline and disruption analysis.

4.3 Field traffic-count validation and operational
comparison

Field traffic counts were used to support the configurational
diagnosis with an observed operational traffic indicator. Since
the main issue in the study is movement concentration on a
limited number of links and transition nodes, peak-hour traffic
volume was used as the main operational measure. Similar
Baghdad-based traffic studies have used observed movement
density and travel-time reliability measures to support
operational evaluation of urban corridors and central urban
areas [27, 28].

Six observation points were selected directly from the
analytical results: two high-choice links, two critical transition
nodes, and two alternative routes. The high-choice links were
selected because they represented the strongest through-
movement concentration.

The critical transition nodes were selected because they
connected several governing routes and influenced movement
redistribution. For these nodes, traffic counts were recorded on
the main approach segments representing the operational
pressure on each node. The alternative routes were selected
because they represented less concentrated paths with
potential rerouting function. The survey was conducted during
the Thursday evening peak hour from 7:00 to 8:00 PM, and all
observations were recorded in vehicles per hour (veh/h).
Figure 8 shows the spatial distribution of the field traffic-count
points. Table 6 presents the field traffic-count validation of the
analytically selected movement elements.

The point-based observations explain a clear operational
gradient. The high-choice links recorded the highest volumes,
with 2190 and 1850 veh/h. The critical transition nodes
recorded intermediate but still high values, with (1550) and
(1410) veh/h. The alternative routes recorded the lowest
values, with (1140) and (1060) veh/h. This pattern is consistent
with the configurational diagnosis, because the elements
identified as analytically dominant also carried the highest
observed movement pressure.
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Figure 8. Spatial distribution of field traffic-count points in the study area

Table 6. Field traffic-count validation of analytically selected movement elements

. Observed
ObserYatlon Mode:l-Bas.ed Selection Criterion Volume Operational Reading
Point Classification
(veh/h)
Critical Link A ngh-chowe lm}( / Selected from the links with the strongest 2190 Highest observed traffic .load
high concentration through-movement role among the surveyed points
. Lo Selected to verify whether high-choice .
Critical Link B ngh-chowe lm}( / concentration is reflected in observed 1850 High traffic load on a
high concentration concentrated route
movement pressure
Critical Node Critical transition Selectf':d because It connects seyeral High transitional pressure on
governing routes within the vehicular 1550 .
A node the main approach segment
access system
Critical Node Critical transition Selected to test the operational role of ant} nued 1mp0}*t ance In
L 1410 receiving and redistributing
B node nodal redistribution
movement
Alternative . Selected as a less concentrated route with Lower obse'rved !qad
Alternative route . . . 1140 compared with critical
Route A potential rerouting function
elements
. Selected to test whether an alternative
Alternative . Lower observed pressure and
Alternative route route can support part of rerouted 1060 . .
Route B rerouting potential
movement
Table 7. Group-based operational comparison of observed traffic volumes
Operational . Average Observed Comparison with . .
Group Included Points Volume (veh/h) Alternative Routes Operational Meaning
. . e Confirms that the analytically dominant
High-choice links Critical LL]:::;(]AB’ Critical 2020 83.6% higher links also carry the highest operational
load
Critical transition Critical Node A, o) 1 Conﬁrms.the operatlgnal sensitivity of
.. 1480 34.5% higher transition nodes in movement
nodes Critical Node B R
redistribution
Alternative Route A Indicates lower current load and
Alternative routes ¢ 1100 Reference group potential support for rerouted

Alternative Route B

movement

To make the validation more explicit, the six observations

2118

were grouped into three operational categories: high-choice



links, critical transition nodes, and alternative routes. This
group-based comparison is presented in Table 7.

The group-based comparison provides direct operational
evidence for the model results. High-choice links carried
83.6% more observed traffic than alternative routes, while
critical transition nodes carried 34.5% more observed traffic
than alternative routes. Therefore, the proposed Transport
Fabric scenario is not based only on configurational indicators;
it is also supported by observed field traffic volumes. The
elements selected for reducing dependence are the same
elements carrying the highest real traffic pressure, while the
alternative routes show lower current loads and greater
potential to support movement redistribution.

Accordingly, the field validation addresses two issues: it
strengthens the methodological rigor of the field survey by
explaining how and why the observation points were selected,
and it provides a real operational comparison between model-
based classifications and observed traffic volume. This
validation does not claim to replace a full traffic simulation or
Level of Service (LOS)-based assessment; rather, it provides
a targeted operational check that is directly aligned with the
study’s focus on movement concentration and redistribution.

4.4 Transport fabric scenario evaluation

The Transport Fabric scenario was tested after the
disruption analysis and field validation. Figure 9 illustrates the
spatial logic of the scenario, in which movement roles are

reassigned by reducing dependence on highly loaded elements
and activating viable alternative routes within the available
route structure. Table 8 presents the indicator changes after
applying the Transport Fabric scenario.

Table 8. Indicator changes after the Transport Fabric

scenario
Indicator After Link After Transport
Disruption Fabric Scenario
Mean Connectivity 2.10 2.25
Mean Integration
0.67 0.69
(Rn)
Local Integration
(R3) 0.76 0.80
Network Density 2.40 2.40
Mean Choice 0.349 0.350
Choice
Concentration 25 1.6
Redundancy 1-2 34

The results show that the Transport Fabric scenario
improved the main accessibility and route-alternative
indicators. Mean Connectivity increased from 2.10 to 2.25,
Mean Integration (Rn) from 0.67 to 0.69, and Local
Integration (R3) from 0.76 to 0.80. Redundancy increased
from 1-2 to 3—4, while Choice Concentration decreased from
2.5 to 1.6. Network Density remained unchanged at 2.40.
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These changes indicate that the improvement was not
produced by adding network extent, but by redistributing
movement across available routes. The decrease in Choice
Concentration indicates a more balanced distribution of
through-movement, while the increase in Redundancy
indicates stronger rerouting capacity under disruption.
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The use of observed traffic volume (veh/h) provides a field-
based operational indicator that supports the configurational
diagnosis. Within the scope of this study, this validation is
sufficient to examine whether analytically dominant elements
also correspond to higher observed movement pressure in the
field.



4.5 Comparative evaluation with the structural alternative

The structural alternative was modeled by adding a physical
connection at the critical transition-node location. This
scenario was included to compare the effect of physical
addition with the effect of movement-role reassignment under
the Transport Fabric scenario. Figure 10 shows the location of
the structural intervention, and Table 9 presents a direct
comparison between the node-disruption condition, the

structural alternative, and the Transport Fabric scenario.

The structural alternative improved several indicators
compared with the node-disruption condition. Mean
Connectivity increased from 1.98 to 2.14, Mean Integration
(Rn) from 0.65 to 0.68, Local Integration (R3) from 0.73 to
0.78, and Redundancy from 1-2 to 2-3. Choice Concentration
also decreased from 2.6 to 2.20. These results indicate that
adding a physical connection produced a measurable
improvement after node disruption.
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Table 9. Direct comparison between the structural alternative and the Transport Fabric scenario

Indicator After Node Structural Transport Fabric Comparative Readin
Disruption Alternative Scenario P g
Mean 198 )14 295 Transport Fabric recorded a higher value than the
Connectivity ’ ’ ’ structural alternative by 0.11
Mean Integration 0.65 0.68 0.69 Transport Fabr.lc recorded a slight additional
(Rn) increase of 0.01
Local Integration Transport Fabric recorded a higher local
(R3) 0.73 0.78 0.80 integration value by 0.02
. Structural alternative increased density, while
Network Density 2.40 247 2.40 Transport Fabric did not
Mean Choice 0346 0347 0350 Mean Choice changed or}ly slightly across the
scenarios
Choice Transport Fabric produced a stronger reduction in
. 2.6 2.20 1.6 -
Concentration movement concentration
Redundancy -2 23 34 Transport Fabric produced a higher range of

available alternatives

The Transport Fabric scenario produced stronger results in
the same comparison. Mean Connectivity reached 2.25, Local
Integration (R3) reached 0.80, Choice Concentration
decreased to 1.6, and Redundancy increased to 3—4. The
difference is most evident in Choice Concentration and
Redundancy: The Transport Fabric scenario reduced
movement concentration more clearly and provided a higher
range of alternative routes than the structural alternative.
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Network Density provides an additional basis for
comparison. The structural alternative increased Network
Density from 2.40 to 2.47, whereas the Transport Fabric
scenario kept Network Density unchanged at 2.40. Therefore,
within the modeled scenarios, the Transport Fabric scenario
achieved stronger improvement in movement distribution and
rerouting capacity without increasing the physical extent of the
network.



4.6 Applied planning support tool

The Transport Fabric Framework was translated from the
comparison of the results and turned into a planning support
tool and this tool is not regarded as a universal evaluation
method or as a substitute for detailed traffic simulation. The
purpose of this tool is to organize the analysis of the chosen
indicators in different conditions, disrupted, structural-
alternative, and Transport Fabric conditions.

The tool has two functions. First, it helps identify whether
the studied movement system shows high movement
concentration, limited redundancy, and sensitivity to
disruption. Second, it supports comparison between a physical

structural alternative and a movement-role reassignment
scenario. In this way, the tool helps clarify whether
improvement results from adding physical network extent or
from redistributing movement across available routes.

The same indicator logic used in the analysis of this tool,
which higher Mean Connectivity value, Mean Integration
(Rn), and Local Integration (R3) indicate improved
accessibility and cohesion, lower Choice Concentration
indicates a more balanced distribution of through-movement;
and higher Redundancy indicates stronger rerouting capacity.
Figure 11 presents the preliminary interface of the planning
support tool.

Preliminary Transport Fabric Planning Support Tool

This interactive tool aids in the relative

(planning logic) when a structural disruption risk is driven and explores detailed analysis rather than

binary transport pathway or case exhibits a pattern of structural fragility suitable for a Transport Fabric logic-based and alternative transport fabric scenario performs

better than a structural alternative under the same indicator set.

Interpretive principle: the tool does not treat raw values as universal benchmarks. It reads indicator change ively across baseline, disruption,
and post-intervention conditions, consistent with the methodology of the study.
Case Diagnostic Logic Intervention Comparison
Case Context and Diagnostic Inputs Interpretive Output
City / Ca Urban Zone o s . .
e o ‘ @ The case strongly supports a Transport Fabric intervention logic.
old city of najaf historic core-transitional belt
Case Type Transport Fabric Suitability
Constrained historic fabric? Sensitive pedestrian core? C d final destination? e, .
Structural fragility case High
Yes v Yes v Yes v
Constrained historic fabri Confirmed
Fragility confirmed after Alt ive routes remain Movement concentration = el L
disruption? limited? remains high? Sensitive core + concentrated destination Confirmed
Yes v Yes v Yes v Fragility confirmed after disruption Confirmed
) 2 g . Connectivity declines after disruption Confirmed
Baseline and Disruption Indicators Global integraton (Rr) decines v
Baseline Mean Connectivit Di Mean Connectivity Baseline Mean Integration (Rn
e L Bgptat Hoan Cone ok o efogpalin (B4) Local integration (R3) declines Canfrmed
2.34 1.98 0.70 Choice concentration remains high Confirmed
Disrupted Mean Integration (Rn)  Baseline Local ion (R3) cal jon (R3) Redundancy remains fimited Confirmed
0.65 0.82 0.73 = Z
Planning Interpretation
Basefine Choice C Disrupted Choice C: Baseline Redundancy
Case: old city of najaf ~ historic | belt p
2.50 2.60 1‘2 Comparative indicator pattern The case combines constrained morphelogy, a
Disrupted Redundancy Casé Nots o Mean Connectiity: 2.34 - 1.98 (15.4% deciine) ﬁ:;:j;?ﬂ;“ﬂf:::ﬁfi:ﬁ”””"
¢ Moan Intogration (Rn): 0.70 — 0.65 (7.1% decline) 1 oement concentration, and fimited rercuting
1-2 e.g., concentrated access pressure near the shrine precinct 3 % .
* Local Integration (R3): 0.82 = 0.73 (11.0% decline) capacity.
* Choice Concentration: 2.50 — 2.60 Methodological note
: s e r ; This reading is comparative and case speciic. Itis
@ Run Diagnostic Logic s Reset o7 Raduiclancy: 1-2 -»1-2 intandsd to support planning interpretation rather

than to apply fxed universal thresholds.

Figure 11. Preliminary interface of the Transport Fabric planning support tool based on the baseline and critical-node disruption
values

5. CONCLUSIONS

In this study, the application of the Transport Fabric
Framework on the improvement of mobility resilience in the
Old city of Najaf has been investigated. The results show that
apart from the lack of movement capacity of the study area,
the major problem can be seen in the presence of excessive
movement through only a few numbers of governing links and
transit nodes, along with insufficient redundancies of the
routes. The Mean Connectivity, Mean Integration (Rn), and
Local Integration (R3) have been found to reduce during the
occurrence of disruption, while Choice Concentration has
remained high, and Redundancy of 1-2.

The validation and comparative assessment confirmed this
design choice with traffic counts during the peak hours. High-
choice links recorded the highest average volume, with 2020
veh/h, followed by critical transition nodes with 1480 veh/h,
while alternative routes recorded 1100 veh/h. This comparison
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shows that analytically dominant or sensitive elements also
carried higher observed movement pressure in the field, while
alternative routes showed lower current loads and potential to
support rerouting.

The Transport Fabric scenario achieved measurable
improvement across the indicators. Mean Connectivity
increased from (2.10 to 2.25), Mean Integration (Rn) from
(0.67 to 0.69), Local Integration (R3) from (0.76 to 0.80), and
Redundancy from (1-2) to (3—4), while Choice Concentration
decreased from 2.5 to 1.6. These enhancing were achieved
without increasing in Network Density. Which remained at
2.40. Therefore, the improvement resulted from reassigning
movement roles and activating available alternatives rather
than from expanding the physical extent of the network.

In comparison to the examined structure-based alternative,
the scenario of the Transport Fabric is better in terms of
enhancing mobility distribution, and rerouting capability
among the tested alternatives. Hence, an important



contribution of this research lies in demonstrating that
configurational assessment, vulnerability analysis, verification
using traffic counts in the field, and evaluation can form an
evaluative and quantitative method for the management of
historic fabric networks. The case of study area shows that the
approach helps formulate interventions to reduce reliance on
stressed elements and build alternative routes.

6. RECOMMENDATIONS

The mobility planning of historic cities must not be based
only on physical development and individual capacity based
approaches but must be measured using both a structural and
an operational perspective with consideration given to the
following parameters: Mean Connectivity; Mean Integration
Rn, Local Integration R3, Choice Concentration, Redundancy
and traffic flows. Such measures must be analyzed
comparatively among various situations: baseline, disruption,
and intervention.

Future interventions in Old city of Najaf and similar historic
fabrics cities must prioritize the re-organization of movement
roles within the existing network and that need distinguishing
between the pedestrian center, edge transition nodes, vehicular
distribution corridors, and alternative routes. Planning actions
should aim to reduce dependence on high-pressure links and
critical transition nodes, also strengthen local connectivity,
and activate lower loaded alternative routes capable of
supporting rerouted movement under disruption.

The field traffic count verification should be considered a
part of any future usage of the Transport Fabric Framework
because Selected traffic counts at links characterized by high
choice, important transition nodes, and alternative paths will
serve to confirm if the configurationally dominant linkages
also carry more traffic volumes, this helps connect the network
analysis with actual traffic conditions observed in the field.

Future research may develop the planning framework in this
study by linking it to a more advanced planning support tool
that is tied to GIS databases, field observations and movement
time series. Extensions of the framework could also include
other forms of disruption and varying pilgrimage conditions
and, where data are available, complementary operational
indicators such as travel time or simulation-based performance
measures.
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