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Abstract

Movable guardrail systems are increasingly used in work zones, reversible lanes, and
temporary traffic operations; however, evidence on their crashworthiness, material perfor-
mance, and operational reliability remains dispersed across multiple design typologies and
regulatory frameworks. This PRISMA-compliant systematic review synthesizes 78 studies
involving full-scale crash tests, validated finite-element simulations, field performance eval-
uations, and compliance evaluations under MASH, EN 1317, NCHRP 350, and AS/NZS
3845.1. The findings indicate that modular rigid barriers reliably achieve TL-3/TL-4 perfor-
mance when joint alignment and foundation conditions are properly controlled; semi-rigid
steel systems provide a practical balance between containment capacity and redeployability,
but remain sensitive to post spacing and connector detailing; and flexible polymer sys-
tems are best suited for short-duration, low-speed applications. Material-focused research
highlights the advantages of UHPC section refinement, high-strength steels, and hybrid
FRP–metal configurations in enhancing energy absorption without exceeding occupant-risk
thresholds. Across studies, connection integrity consistently emerges as the dominant
factor governing redirection stability and working-width performance. Field evaluations
confirm satisfactory operational performance in constrained environments, while life-cycle
assessments identify refurbishment intervals and mass-related logistics as major cost con-
tributors. This review provides an integrated, evidence-based synthesis and a structured
engineering foundation for advancing next-generation movable barrier designs, testing
protocols, and deployment strategies.

Keywords: movable guardrail systems; crashworthiness; MASH; EN 1317; finite element
analysis; working width performance; connection integrity; modular barriers; impact
dynamics

1. Introduction
Roadside safety barriers are among the most effective engineering countermeasures

for mitigating severe and fatal crash outcomes [1]. Empirical evaluations across multiple
jurisdictions consistently demonstrate that appropriate selection and deployment of median
and roadside barriers substantially reduce occupant injury risk [2], reinforcing their function
as tertiary protection elements within the safe system framework [3,4].

Contemporary road networks increasingly demand dynamic and flexible protection
solutions due to construction staging, geometric constraints, reversible lane operations, and
temporal imbalances in traffic flow [5]. These operational requirements have stimulated

Machines 2026, 14, 306 https://doi.org/10.3390/machines14030306

https://crossmark.crossref.org/dialog?doi=10.3390/machines14030306&domain=pdf&date_stamp=2026-03-12
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-7138-8722
https://orcid.org/0009-0006-6428-0787
https://orcid.org/0000-0002-9920-0808
https://doi.org/10.3390/machines14030306


Machines 2026, 14, 306 2 of 31

widespread interest in movable and reconfigurable barrier systems that are capable of rapid
deployment, retrieval, and redeployment without compromising safety performance [6].
Evidence from crash testing programs, validated numerical simulations, and field deploy-
ment studies shows that well engineered movable barriers can achieve containment and
redirection performance that is comparable to conventional fixed systems [7,8].

Movable guardrail systems, including portable, mobile, temporary, and increasingly
automated configurations, are now deployed across work zones, tunnels, bridge decks,
and reversible lanes [9–11]. Specialized barrier configurations engineered for constrained
environments such as tunnels and bridges have demonstrated H4b-class containment
(CL = 725 kJ) with a working width as low as W2 (0.74 m), enabling installation within
70 cm of tunnel walls [12]. Deformation assessment methodologies developed specifically
for deployed barriers in these environments support post-impact condition evaluation
without requiring lane closure [13]. Unlike fixed installations, these systems must balance
crashworthiness with operational efficiency, repeated-use durability, ease of transport, and
predictable life-cycle costs. Relevant evidence remains distributed across experimental
crash testing (primarily under frameworks such as MASH and EN 1317), validated finite
element studies, field observations, and agency design guidelines [14–16]. This review
synthesizes these diverse sources to provide an integrated engineering perspective on
performance, design tradeoffs, and future research priorities.

1.1. Background and Motivation

Real-world roadway operations increasingly demand safety solutions that are both re-
locatable and resilient to repeated deployment cycles, particularly in work zones, reversible
corridors, and geometrically constrained environments. Recent advances in computer
vision and machine-learning-based inspection technologies have significantly improved
the detection of barrier deterioration and structural distress, enabling more reliable and
timely maintenance interventions [17–20].

In parallel, advances in materials engineering, particularly ultra-high-performance
concrete (UHPC), fiber-reinforced polymer (FRP) composites, and high-strength steels
(HSS), have demonstrated enhanced impact resistance, favorable strength-to-weight char-
acteristics, and improved durability compared with conventional barrier materials [21–24].
These developments align well with the functional requirements of movable and modular
barrier systems, where reduced weight, transportability, and resistance to repeated loading
are important design considerations.

Equally important are innovations in connection and interface mechanisms, including
pin and loop joints, bolted flanges, and interlocking geometries, which govern load trans-
fer capacity, global deflection, post-impact stability, and overall crashworthiness [25,26].
Together, these technological developments underscore the need for a multidisciplinary
synthesis that links design choices, material behavior, connection mechanics, crash perfor-
mance, and real-world operational outcomes.

1.2. Research Gaps

Despite technological progress, several critical gaps remain that hinder optimal design,
standardization, and deployment strategies:

1. Cross-standard comparability: Differences in impact conditions, evaluation metrics,
and vehicle classes across EN 1317, MASH, NCHRP 350, and AS/NZS 3845 complicate
harmonized certification and comparative analysis [5,27].

2. Design and material parameters for repeated deployment: While tests on UHPC, FRP,
hybrid composites, and advanced joint systems show promising results, systematic
evaluation under repeated redeployment cycles is lacking [28–30].
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3. Numerical model validation: Finite-element studies face limitations in boundary
conditions, soil–structure interaction modeling, and validation breadth, restricting
confidence in simulation-driven design optimization [31].

4. Field operations and durability: Empirical data on installation efficiency, reusability
cycles, mechanical stability, maintenance needs, and long-term deterioration remain
fragmented and largely case-specific [9].

5. Economic viability: Life-cycle cost evidence for movable barriers is scarce; existing
frameworks such as NCHRP 869 and MAP 21 CBA are rarely applied specifically to
these systems [32,33].

6. Digital integration and automation: AI-enabled inspection and automated de-
ployment technologies show potential but lack standardized performance assess-
ment [20,34].

To address these gaps, this review adopts a PRISMA-aligned methodology to system-
atically assemble and evaluate multimodal evidence while aligning engineering insights
with standardization and policy requirements.

1.3. Objectives and Research Questions

This systematic review pursues six core objectives grounded in internationally recog-
nized crash testing standards, advanced material systems, and validated numerical and
field evaluation methods:

O1. Benchmark the crashworthiness and working width performance of movable barriers
evaluated under established standards, including MASH, EN 1317, NCHRP 350, and
AS/NZS 3845.1.
O2. Synthesize the influence of connection systems, anchorage configurations, and ad-
vanced materials (UHPC, FRP, HSS) on the impact response, energy absorption, and
redeployment durability.
O3. Assess the maturity, assumptions, and limitations of finite element validation frame-
works across varying boundary conditions, soil–structure interactions, and material models.
O4. Characterize the field deployment performance with respect to installation efficiency,
reusability cycles, mechanical stability, and maintenance requirements in real-world opera-
tional contexts.
O5. Examine life-cycle cost profiles and economic viability, relative to conventional fixed-
barrier alternatives.
O6. Identify the research priorities for next generation movable systems, including stan-
dard harmonization, sustainability assessment, ITS integration, and automated inspection
technologies.

These objectives are operationalized through six research questions (RQ1–RQ6), ad-
dressing system performance, structural design, numerical modeling, operational behavior,
economics, and future research directions.

1.4. Scope and Structure

This review synthesizes evidence from four primary sources:

Full-scale crash tests conducted under established protocols, including MASH, EN 1317,
NCHRP 350, and AS/NZS 3845.1, which report impact severity indices, structural defor-
mation profiles, and vehicle trajectory outcomes [8,27].
Validated finite element models developed using LS-DYNA, ABAQUS, and ANSYS, with
emphasis on sensitivity to boundary conditions, soil properties, material models, and
vehicle parameters [35,36].
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Field deployment studies documenting the installation procedures, mechanical stabil-
ity, reusability cycles, and operational performance of movable systems in real-world
environments [37].
Agency design guidelines addressing material specifications, connection detailing, instal-
lation requirements, and system certification processes [3,16].

The review excludes permanently installed barriers, non-modular cable systems, and
impact attenuators that do not provide lateral containment. The integrated synthesis
is structured to support engineers, researchers, policymakers, and standards commit-
tees in evaluating current movable barrier technologies and identifying pathways for
future development.

2. Materials and Methods
2.1. Systematic Review Protocol

This systematic review was conducted following the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines, ensuring methodolog-
ical rigor, transparency, and reproducibility [38]. The review protocol was predefined in
accordance with PRISMA-P guidance to minimize selection and reporting biases [39].

Quality assessment and search reliability procedures were adapted from a combination
of general and engineering-oriented systematic review frameworks. Principles of the
systematic review methodology, including automated search evaluation, were informed by
previous studies [40] and domain-specific SLR practices for engineering and management
research [41–43]. Specifically, structured guidance for review planning and reporting [42],
and frameworks for evidence synthesis, study selection, and methodological appraisal
within applied engineering contexts [41,43], were applied.

This integrated approach enabled transparent study identification and selection, min-
imizing bias through predefined inclusion and exclusion criteria, as well as reliable and
reproducible search strategies that were evaluated for consistency and coverage. Rigorous
quality assessment procedures were applied, leveraging both general systematic review
principles and engineering-specific adaptations, while heterogeneous evidence, including
experimental, numerical, and field-based studies, was systematically synthesized.

Recent developments in systematic-review methodology highlight that automation
and semi-automation tools can support, but not replace, expert-driven screening and
data-extraction workflows. Evidence from established reviews shows that text-mining and
machine-assisted processes may improve efficiency in the identification and prioritization of
studies, provided that human oversight is retained to ensure methodological transparency
and validity [44]. In this review, automation tools were used only to complement manual
screening, with all eligibility decisions made by the authors.

2.2. Formulation of Research Question and Review Protocol

The research question was formulated using a structured PICO framework (population–
intervention–comparison–outcome) to ensure engineering-oriented scoping, methodologi-
cal transparency, and reproducibility. This framework enabled systematic delineation of
the relevant roadway environments (population), the range of movable and automated
guardrail systems (intervention), conventional fixed barrier configurations used as bench-
marks (comparison), and the safety and operational performance metrics examined in the
literature (outcomes).

Outcome categories, including containment levels, working width classifications,
vehicle redirection behavior, occupant risk indices, deployment efficiency, reusability cycles,
life-cycle cost, and numerical model validation, were defined based on prior experimental
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and computational research [31,45]. The complete PICO mapping guiding this review is
presented in Table 1.

The review protocol was predefined in accordance with the PRISMA 2020 guidelines
(Figure 1), encompassing database selection, search strategies, inclusion and exclusion
criteria, screening procedures, data extraction, quality appraisal, and synthesis approaches.
Following title and abstract screening, 1411 records were excluded, and 312 full-text articles
were subsequently assessed for eligibility.

Figure 1. PRISMA 2020 flow diagram summarizing the identification, screening, eligibility assessment,
and final inclusion of studies on movable guardrail systems. From an initial 2847 records, 78 studies
met all predefined criteria and were included in the qualitative synthesis.

Table 1. PICO framework for systematic review scope.

Element Definition

Population
(P)

Roadway environments and traffic-management contexts, including
highways, work zones, urban arterials, bridges, tunnels, and reversible
lanes.

Intervention
(I)

Movable, mobile, portable, temporary, and automated guardrail
systems.
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Table 1. Cont.

Element Definition

Comparison
(C) Conventional fixed roadside and median barrier systems.

Outcomes
(O)

Safety-performance metrics (containment, redirection effectiveness,
vehicle stability, occupant-risk indices), structural behavior under
impact, compliance with standardized testing protocols, operational
efficiency, deployment feasibility, and life-cycle cost analysis [45].

2.3. Literature Identification and Search Strategy

A comprehensive literature search was conducted across five major scientific
databases—Scopus, Web of Science Core Collection, IEEE Xplore, ScienceDirect, and Google
Scholar (top 500 results per query)—and all were searched for the period 1970–2026. Full
institutional access was provided through the library of Edith Cowan University (ECU),
ensuring comprehensive retrieval across subscription-based and open-access sources. Ad-
ditional records were identified using Publish or Perish (Version 8; Harzing.com, Mel-
bourne, Australia), which facilitated systematic Google Scholar harvesting and citation
analysis to capture the gray literature and conference proceedings that are not indexed in
primary databases.

Supplementary sources included government and agency reports (FHWA, NHTSA,
TRB, NCHRP, Austroads, Highways England), technical standards bodies (AASHTO, CEN,
SAE, ISO), specialized research center publications (Texas A&M Transportation Institute,
SWOV, CEDR), and industry testing facility reports.

A single unified Boolean search string was applied consistently across all databases,
combining the controlled vocabulary with free-text keywords to capture studies on movable
barrier systems, crash testing frameworks, and numerical modeling approaches:

(“movable guardrail” OR “portable barrier” OR “mobile barrier*” OR “temporary
barrier*” OR “relocatable guardrail*” OR “work zone barrier*” OR “reversible lane bar-
rier*” OR “automated barrier*” OR “zipper barrier*”) AND (“crash test” OR “impact test”
OR “safety performance” OR “containment level” OR “vehicle redirection” OR “MASH”
OR “EN 1317” OR “NCHRP 350” OR “AS/NZS 3845” OR “finite element analysis” OR
“numerical simulation” OR “LS-DYNA”)

The same search string was applied to each database without modification, with
only interface-specific syntax adaptations where required by the platform. No language
restrictions were applied; however, all studies included in the final synthesis were published
in English or had a peer-reviewed English translation available. Temporal filters were set
to capture publications from 1970 onwards to include foundational NCHRP 350-era studies
alongside contemporary MASH and EN 1317 evaluations. Search strings were developed
in accordance with established methodological recommendations [38,40,41,46]. Table 2
summarizes the number of records retrieved from each database.

The review protocol was predefined and approved under ECU Research Ethics (REMS
No. 2024-06050-HASHEMITABA). The protocol was not registered in an external public
registry, as existing registries such as PROSPERO primarily support health-related sys-
tematic reviews. Screening and selection followed the PRISMA 2020 guidelines [38] and
established systematic review protocols in engineering research [42,47].
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Table 2. Databases searched and records retrieved.

Database Database
Coverage *

Search Period
Applied Records Retrieved

Scopus 1996–Present 1970–2026 847
Web of Science Core
Collection 1970–Present 1970–2026 623

IEEE Xplore 1980–Present 1970–2026 512
ScienceDirect 1990–Present 1990–2026 865
Google Scholar
(via Publish or Perish) 1970–Present 1970–2026 top 500 per query **

Total (before deduplication) 2847
* Notes: The search–query structure followed established practices in roadside barrier safety and modeling
research [40–42]. Supplementary standards and agency sources included AASHTO/MASH, EN 1317, AS/NZS
3845.1, and Austroads guidelines. The search coverage reflects the temporal scope applied; actual indexed content
varies by database. ** Google Scholar results were screened for records not captured by primary databases; overlap
with indexed sources was managed during deduplication.

2.4. Inclusion and Exclusion Criteria

A two-stage screening process (title/abstract review, followed by full text assessment)
was applied, using predefined inclusion and exclusion criteria. Compliance with recognized
crash testing standards and the availability of quantitative performance data were treated
as essential requirements [4,15,16,32,46–51]. The criteria ensured that the included studies
provided empirically grounded evidence through full-scale crash tests, validated numerical
simulations, or field deployment evaluations that were relevant to movable barrier systems.

2.5. Study Selection

The initial database search retrieved 2847 records. After deduplication using Mendeley
Reference Manager (Version 2.143.0; Elsevier, Amsterdam, Netherlands), 1723 unique
records remained. Two reviewers independently screened titles and abstracts based on the
predefined inclusion and exclusion criteria. The inter-rater reliability was high (Cohen’s
κ = 0.87), indicating substantial agreement according to the established thresholds [52]. Of
the 1723 screened records, 1411 were excluded at the title and abstract stage, which was
primarily due to irrelevance to movable or temporary barrier systems, absence of empirical
crash testing or numerical simulation data, or focus on fixed permanent infrastructure. The
remaining 312 records proceeded to full-text assessment, applying engineering-specific
eligibility criteria covering full-scale crash tests, validated numerical simulations, field
deployment studies, and operational safety metrics. A total of 78 studies satisfied all criteria
and were included in the qualitative synthesis.

Common reasons for exclusion at the full-text stage included insufficient methodolog-
ical detail, use of non-standard or unvalidated testing procedures, lack of quantitative
performance metrics, or lack of relevance to movable barrier systems.

2.6. Data Extraction, Quality Appraisal, and Contextual–Technical Coding

To ensure transparency and reproducibility, the review workflow was structured into
three tightly integrated stages: structured data extraction, quality appraisal, and dual-axis
contextual–technical coding. These stages were applied consistently to each included
study and documented using standardized forms. The overall procedure aligns with
PRISMA 2020 reporting guidance and established systematic review frameworks adapted
for engineering research [42,43]. Data extraction, coding, and thematic classification were
supported by NVivo Release 12.6 (QSR International, Melbourne, Australia). Statistical
summaries were compiled using Microsoft Excel for Microsoft 365 (Version 16.0, Build 2508,
Microsoft Corporation, Redmond, WA, USA), and figures were generated using GraphPad
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Prism (Version 10.0.0, GraphPad Software, San Diego, CA, USA), and SigmaPlot (Version
14.5, Systat Software, San Jose, CA, USA).

• Data extraction
For each eligible study, detailed metadata were extracted, including bibliographic
information (authors, year, venue, DOI), study design (experimental, numerical,
field, hybrid, or review), barrier characteristics (typology, material system, struc-
tural configuration), and testing parameters (applicable standard, vehicle class, impact
speed and angle). Performance outputs, such as containment outcomes, working
width, and occupant risk indices, were also systematically recorded, along with
deployment context (road environment and jurisdiction), key contributions, and
author-reported limitations.
The complete extraction schema is provided in Supplementary Materials Table
S1_MetaData, including an exemplar row illustrating summarization at the theory–
engineering interface [6,10,27].

• Quality appraisal
Establishing explicit and comprehensive quality-assessment criteria is widely recom-
mended in systematic evidence-evaluation practice [53]. Accordingly, methodological
rigor and reporting adequacy were assessed using a 16-criterion appraisal rubric
adapted and expanded from the Critical Appraisal Skills Programme (CASP) frame-
work and related evidence-synthesis guidance. The rubric was tailored to the specific
context of engineering and impact-performance studies and encompassed the clarity
of research aims, methodological transparency, adequacy of experimental or numerical
design, definition and control of variables, data availability, stated limitations, repli-
cability, contextual relevance, analytical appropriateness, coherence between results
and interpretation, balance of discussion, venue quality, citation currency, author
credibility, and overall contribution or innovation.
Each criterion was scored on a three-level scale (high/medium/low) and normalized
to a composite 0–3 index. Studies were classified as high (≥2.3), moderate (1.5–2.2), or
low (<1.5). The full scoring results and justification for borderline cases are provided
in Supplementary Materials Table S2_QualityAppraisal. This appraisal framework is
consistent with methodological approaches that are widely applied in engineering-
focused SLRs [40–42].

• Contextual and technical coding
To integrate full-scale crash testing, validated numerical simulations, and field-
deployment evidence, each included study was classified using a structured two-
dimensional coding framework, consistent with established SLR methodologies in
engineering and evidence-synthesis research [42,47].
The context dimension captured the operational environment (e.g., expressway work
zones, reversible lanes, bridges and tunnels), geographic setting, jurisdictional factors,
and whether real-world deployments or field trials were reported.
The technical dimension characterized barrier typology, referenced standards (e.g.,
MASH, EN 1317, AS/NZS 3845.1), impact-testing conditions (vehicle class, im-
pact speed and angle), key performance indicators (containment level, work-
ing width, occupant-risk indices), and design-specific attributes such as the ma-
terial system, connection mechanisms, and structural configuration, alongside
study-reported limitations.
These coded dimensions are provided in Supplementary Materials Table S3_Context-
Application and Supplementary Materials Table S4_TechnicalFocus and are used
throughout Sections 3.2–3.8 to support structured comparative synthesis and cross-
study interpretation.
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• Integration with the main synthesis

The coded fields enabled:

1. Aggregation of safety performance outcomes by barrier typology;
2. Analysis of how material and design choices influence containment and working

width behavior;
3. Assessment of the maturity of numerical validation frameworks, relative to crash

testing evidence;
4. Mapping of field deployment data to regulatory and economic considerations.

This integrated approach provides a structured basis for the narrative synthesis in
Sections 3 and 4 and aligns with the standards and sources cited throughout the manuscript.

3. Results
3.1. Coding Study Characteristics and Distribution

This systematic review included 78 peer-reviewed studies on movable, temporary,
and modular roadside barrier systems, spanning full-scale crash testing, numerically
validated finite element simulations, and field deployment evaluations. Multi-label clas-
sification across the methodological domains reveals that 45 studies involved full-scale
crash testing, 36 employed finite element analysis (FEA), 16 reported field deployment
assessments, and 27 applied combined methods such as crash testing integrated with FEA
for model validation.

Geographic attribution, based strictly on the study or test location or the jurisdiction
of the applied crash-testing standard, shows that the 78 included studies originated from
North America (n = 32), Europe (n = 9), Asia (n = 29), Australia/New Zealand (n = 5),
and a small group of non-regional or laboratory-only studies classified as International
(n = 3). Table 3 provides a comprehensive summary of all coded study characteristics, while
Figure 2 visualizes the three primary distribution dimensions of research methodology,
geographic origin, and testing standard to facilitate cross-study comparison.

A clear temporal increase in publication activity was observed, with 8 studies (10%)
published prior to 2010, 18 (23%) during 2010–2015, 27 (35%) during 2016–2020, and 25
(32%) between 2021 and 2026.

Across publication venues, 52 studies (67%) appeared in peer-reviewed journals, 14
(18%) in conference proceedings, and 12 (15%) in technical or agency reports. Testing
standards used for crash evaluation, rather than those merely referenced, comprised MASH
(n = 19), EN 1317 (n = 8), NCHRP 350 (n = 2), and AS/NZS 3845.1 (n = 0).

Although AS/NZS 3845.1 is the primary regulatory framework for road safety barriers
in Australia and New Zealand, full-scale crash test reports conducted explicitly under this
standard are rarely published in peer-reviewed outlets. The absence of AS/NZS-based
crash evaluations in the final dataset therefore reflects a limitation of the published evidence
base, rather than the review methodology.

Barrier typologies clustered into modular rigid systems, semi-rigid steel barriers, and
flexible polymer systems. A quality appraisal using a 16-item rubric classified 54 studies
(69%) as high quality, 18 (23%) as moderate, and 6 (8%) as low.
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Table 3. Characteristics of included studies (n = 78).

Characteristic Category Studies (n) Percentage

Methodology *

Crash testing 45 58%
Numerical simulation (FEA) 36 46%
Field deployment 16 21%
Combined methods 27 35%

Geographic Origin

North America 32 41%
Europe 9 12%
Asia 29 37%
Australia/New Zealand 5 6%
International (non-regional) 3 4%

Testing Standard

MASH 19 24%
EN 1317 8 10%
NCHRP 350 2 3%
AS/NZS 3845.1 0 0%

Barrier Typology
Modular rigid 34 44%
Semi-rigid steel 26 33%
Flexible polymer 18 23%

Publication Type
Peer-reviewed journals 52 67%
Conference proceedings 14 18%
Technical/agency reports 12 15%

Quality Rating
High 54 69%
Moderate 18 23%
Low 6 8%

* Multi label coding; totals exceed n = 78.

 
(a)  (b)  (c) 

Figure 2. Distribution of included studies (n = 78) by: (a) research methodology; (b) geographic origin;
and (c) testing standard used for crash evaluation. Note: Studies may employ multiple methodologies
and testing standards; counts in panels (a,c) may therefore exceed n = 78, and not all studies cite a
specific standard.

3.2. Barrier Design Characteristics Identified in the Literature
3.2.1. Barrier Typologies

The synthesis of the 78 included studies reveals three dominant families of movable
barrier systems, modular rigid, semi-rigid steel, and flexible polymer configurations, with
each exhibiting distinct structural behaviors and operational trade-offs [54,55]:

• Modular rigid systems (n = 34; 44%)
Modular rigid barriers typically comprise precast concrete or prefabricated steel units
evaluated under established crash-testing standards such as MASH, EN 1317, and
NCHRP 350. Recent TL-4 assessments of rubber mounted single slope movable sys-
tems further demonstrate the compliant structural performance and stable vehicle
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redirection [7]. Evidence from full-scale crash tests consistently highlights the critical
role of joint detailing, module alignment, and base/interface conditions in governing
global deflection and vehicle trajectory control. When these elements are properly
engineered, modular rigid systems reliably satisfy the TL-3/TL-4 requirements.
Operationally, installation tolerances, particularly at joints and anchorage/footing
interfaces, are repeatedly noted as being essential for achieving reproducible crash-
worthiness [16,48].

• Semi-rigid steel systems (n = 26; 33%)
Semi-rigid steel systems, including demountable W-beam and three-beam configura-
tions, offer a balance between containment performance and redeployability. Their
structural response is highly sensitive to post spacing, rail height, and connector
torque, with numerous studies documenting the direct effects on containment capac-
ity and working width behavior [26,54,56,57]. The use of high-strength steels can
further reduce the system mass while preserving TL-2/TL-3 performance envelopes,
benefiting transportability and the repeated deployment cycles [58].

• Flexible polymer systems (n = 18; 23%)
Flexible polymer barriers, typically water, sand, or foam-filled, are widely deployed in
low-speed or short-duration applications. Reported performance ranges from TL-1
to TL-2, with foam core or foam fill configurations shown to mitigate sloshing effects
and substantially improve energy absorption efficiency, relative to purely water-filled
modules [59]. Experimental evidence further indicates that polymer foam cores within
interlocking composite assemblies enhance specific energy absorption and promote
stable crushing progression under impact loading [60]. Several commercially deployed
portable barrier systems in this category have been evaluated under controlled crash-
test and field conditions in active work zones, providing empirical validation for
short-duration TL-3 applications [9,61].

• Cross-standard and field relevance
Across typologies, reported performance claims and application envelopes are strongly
anchored in formal testing protocols and deployment guidance frameworks [9,15,48,50,62].

Collectively, these studies demonstrate that the movable barrier performance is gov-
erned not only by material and structural configuration but also by installation quality,
connection integrity, and compliance with standardized crash-testing procedures. Beyond
component-level joints, transition regions between barrier systems have been identified as
being critical to maintaining redirection performance under standardized impacts [63].

In addition to conventional typologies, recent advances in roadside safety engineering
have introduced a class of novel barrier systems that were specifically developed for
geometrically constrained environments such as tunnels, bridge decks, and narrow urban
corridors. These designs depart from traditional portable and semi-rigid systems through
the use of high-performance materials, refined anchorage concepts, and optimized cross-
sections that enable high containment levels with minimal working width. A key example
is the NDBA concrete barrier [12], which achieved EN 1317 H4b-level containment with a
working width as low as W2 (0.74 m) across two consecutive TB81 impacts on the same
structure: a performance level rarely observed in portable or modular configurations.
These solutions highlight the potential for advanced barrier geometries to provide stable
redirection in confined spaces where installation offsets are significantly limited.

Complementing these structural innovations, recent research has also introduced
systematic deformation-estimation methodologies to support post-impact evaluation and
maintenance planning. Instead of relying solely on full-scale testing or static measurements,
these approaches integrate geometric profiling, displacement-prediction models, and dy-
namic response parameters to quantify barrier deformation under standardized loading.
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Analytical formulations developed for longitudinal safety barriers [13] offer a structured
means of estimating impact-induced deflection based on moment distribution, section flex-
ibility, and support conditions, providing a practical framework for assessing the residual
capacity without requiring lane closures. Incorporating such methods into movable-barrier
applications can enhance rapid post-impact assessment, particularly in work zones and
reversible corridors where barriers undergo frequent handling and redeployment.

3.2.2. Connection Systems

Connection detailing is a primary determinant of movable barrier system response,
governing load transfer across modules, global deflection, vehicle redirection, and post-
impact stability. Across the literature, three connection families dominate—pin and loop,
bolted flanges, and interlocking profiles—each offering distinct advantages and limitations.
Although all three can satisfy regulatory performance envelopes when designed and
installed correctly, their operational characteristics differ markedly in terms of installation
speed, load capacity, stiffness, fatigue performance, and repeatability. Full-scale evaluations
demonstrate that properly engineered joints enable modular rigid systems to meet TL-
3/TL-4 requirements, whereas inadequate bearing, poor fit-up, or misalignment at joints
frequently initiate sequential connection failures [7,8].

• Pin and loop connections
Pin and loop connections are widely employed in applications requiring rapid de-
ployment and tool-light assembly, particularly in short-duration work zones. When
manufacturing tolerances are properly maintained and bearing stresses are adequately
controlled, the reviewed studies report consistent load-transfer behavior and high
repeatability. However, the synthesized evidence indicates that degradation in as-
sembly quality, especially under oblique impact conditions or low-friction surface
scenarios, is associated with localized distress in the pin or eye components and may
contribute to progressive joint failure [7]. Collectively, the available literature suggests
that connection reliability is highly sensitive to assembly precision, indicating that
installation control may be as critical as the nominal structural capacity in determining
the impact performance.

• Bolted flanges
Bolted interfaces offer superior stiffness and load capacity characteristics, making them
suitable for TL-3/TL-4 applications and installations with constrained footprints. Their
performance, however, is highly sensitive to bolt torque, fit-up quality, and QA/QC
practices. Recent full-scale tests demonstrate that improper torqueing or uneven
clamping can induce premature connector failure, increase global system deflection,
and compromise lateral stability. These findings underscore the vulnerability of semi-
rigid steel systems to connection design deficiencies [54,56,57].

• Interlocking profiles
Mechanical interlocks enable tool-free assembly at intermediate installation speeds
and reduce the need for loose hardware. Their performance depends strongly on
dimensional accuracy, engagement length, and fit-up quality. Even small geometric
deviations can alter effective stiffness, influence working width behavior, and affect
vehicle exit trajectories during impact events [26,54].

• Design implications

Insights from crash testing, numerical simulations, and synthesis studies point to
several consistent design implications:

1. Connection detailing should be treated as a primary design variable for all movable
systems;
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2. Measurable QA/QC requirements, particularly for alignment, torque, and clamping,
are essential;

3. Post spacing, rail height, base friction, and joint stiffness must be calibrated as an
integrated system, and transition detailing has been shown to strongly influence
containment and redirection effectiveness [63];

4. Redeployment protocols should explicitly include inspection and retightening procedures.

Across the literature, the consensus is clear: connection integrity, not panel mass,
dominates real-world crash performance and governs whether movable barrier systems
achieve their intended containment and redirection functions [7,54].

3.2.3. Material Selection and Optimization

The reviewed literature identifies several material strategies and system-level optimiza-
tion approaches for enhancing the performance of movable barrier systems, as synthesized
in Table 4. These approaches primarily focus on reducing mass, improving energy ab-
sorption characteristics, and increasing durability without compromising compliance with
standardized impact testing requirements.

1. High-strength steels (HSS)
Across the included studies, the substitution of conventional barrier steels with high-
strength steels consistently yields significant mass reductions, typically in the range
of 15–35%, while maintaining TL-2/TL-3 crash performance levels, if connection
detailing and post spacing are properly calibrated [16,54,58]. HSS is widely utilized in
semi-rigid systems with demountable posts, where strict QA/QC practices for torque
and spacing are essential.
Recent material characterization research further demonstrates that incorporating
stress-state-dependent failure criteria for AASHTO M180 steels substantially improves
the fidelity of finite element (FE) models used for guardrail simulation and design [23].
In parallel, new lightweight HSS barrier concepts have achieved compliant TL-3
performance while reducing the overall system mass, improving transportability, and
facilitating repeated redeployment: attributes that are especially advantageous for
movable barrier applications [24].

2. Ultra-high-performance concrete (UHPC)
UHPC modules leverage ultra-high compressive strength (≥120 MPa) and steel fiber-
reinforcement to achieve thinner sections and reduced mass while maintaining or
enhancing crashworthiness. Optimized UHPC barrier designs demonstrate TL-3/TL-
4 compliance and exhibit excellent durability, impact resistance, and damage tolerance
under repeated loading [28,55,64]. Successful implementation, however, requires care-
ful verification of joint anchorage and section detailing to ensure structural continuity
and impact load transfer.

3. Fiber-reinforced polymers (FRP/CFRP)
FRP materials offer high specific strength and corrosion resistance, with energy ab-
sorption characteristics that can exceed those of conventional steel in specific load-
ing configurations, making them attractive for lightweight crash mitigation applica-
tions [29,65,66]. Hybrid metal–FRP systems have demonstrated containment perfor-
mance within TL-2/TL-3 envelopes in validated studies, whereas stand-alone FRP
configurations are generally limited by stiffness constraints; connection detailing and
interlaminar failure mitigation remain critical design considerations [29,67].

Broader composite crashworthiness studies highlight progressive crushing, laminate
tailoring, and foam core integration as key mechanisms enhancing energy absorption
efficiency and crushing stability [68–70]. Foam-filled composite sandwich configurations
significantly improve energy dissipation behavior and stabilize crushing progression [60,71].
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Recent guardrail-specific evaluations confirm that well designed CFRP-based modules
achieve stable redirection and predictable dynamic energy absorption [72], supported by
field-validated finite element simulations of assembled median guardrail systems demon-
strating robust crashworthiness performance [73].

Table 4. Compact synthesis of material families, performance characteristics, and design considerations.

Material Family What the Literature Shows Typical Application Window Caveats/Requirements

HSS

Demonstrates 15–35% mass,
reduction relative to conventional
steels, while maintaining TL-2/TL-3
performance when joint and post
design are properly calibrated [54,58].

Semi-rigid steel systems;
demountable post
configurations.

Corrosion protection required
(galvanizing/powder coating);
strict QA/QC for bolt torque and
post spacing [16].

UHPC

Very high compressive strength
(≥120 MPa) enables thinner sections,
reduced mass, and compliant
TL-3/TL-4 behavior with enhanced
durability [28,55,64].

Modular rigid units;
geometrically constrained
corridors.

Higher material cost offset by
durability and section reduction;
joint anchorage and detailing
must be verified.

FRP/CFRP

High specific strength and 2–3×
higher specific energy absorption
than steel; hybrid FRP–metal systems
validated at TL-2/TL-3, standalone
FRP at TL-1/TL-2 [29,65,73].

Lightweight/rapid
deployments; hybrid retrofits.

Deflection and working width
control depend on joint stiffness;
environmental durability and
interlaminar failure resistance
require qualification.

Sustainability

Recycled/bio composite concepts
show comparable performance when
optimized; lower embodied impacts
for recycled UHPC/steel and
mass-reduced designs [74,75].

Program-level planning and
procurement frameworks.

Incorporate LCA/LCCA;
establish end of life strategies for
recyclability and disposal.

3.2.4. Sustainability Considerations

The reviewed literature identifies several material strategies and system-level opti-
mization approaches for enhancing the performance of movable barrier systems. These
approaches primarily focus on reducing mass, improving energy absorption characteristics,
and increasing durability without compromising compliance with standardized impact
testing requirements. Evidence from sustainability-focused studies indicates that optimized
bio-composites and recycled material variants can match the structural and crashworthy
performance of conventional systems. Life-cycle assessment and full cost accounting
suggest that recycled UHPC/steel hybrids and mass reduced designs offer meaningful
reductions in embodied environmental impacts [74,75]. End-of-life considerations, such
as recyclability, material recovery, and composite disposal, remain important factors for
program-level decision making and procurement frameworks.

3.3. Testing Methodologies and Validation Approaches

A diverse set of testing and evaluation methodologies was identified across the
78 included studies. Of these, 45 conducted full-scale crash tests, 28 employed finite
element analysis (FEA), and 23 reported field deployment evaluations. Seventeen studies
implemented combined approaches. Representative examples include [8,27] for full-scale
evaluations and [6,76,77] for movable median and assembled portable systems.

Several studies have expanded the evaluation of portable concrete barriers under
MASH TL-3 criteria, examining tied-down anchorage systems [78], box-beam stiffened
profiles [79], vertical anchor configurations [80], gap-spanning hardware [81], and low-
deflection retrofit systems [82,83]. Numerical investigations have further clarified the
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deflection behavior and connection performance of portable concrete barriers subjected to
vehicle impact [84].

Testing practices varied across jurisdictions. North American studies primarily refer-
enced the MASH framework [48]. European investigations relied on the EN 1317 series,
including EN 1317-1 for terminology and classification criteria [14] and EN 1317-2 for
performance categories and test procedures [49]. Studies from Australia and New Zealand
cited AS/NZS 3845.1 [15], supported by Austroads guidelines [85,86] and the AASHTO
Roadside Design Guide [3]. Earlier evaluations of contraflow and median-transfer sys-
tems demonstrate the long-standing use of movable barrier technologies in dynamic lane
management applications.

Commonly reported performance metrics included structural adequacy, occupant
risk indices such as THIV and ASI, a vehicle exit trajectory, and the working width.
These consistent reporting practices facilitated cross-study comparison. Composite and
polymer-based systems increasingly referred to ASTM material standards alongside
crash-testing protocols.

Full-scale evaluations highlight clear typology-dependent performance trends. Mod-
ular rigid systems have achieved MASH TL-3/TL-4 and EN H2–H4b compliance when
joint integrity and base friction were maintained. Semi-rigid steel systems exhibited sensi-
tivity to parameters such as post spacing, embedment depth, and connector performance.
Flexible and polymer-based configurations displayed greater variability due to differences
in ballast strategies and module geometry. Recent studies of hybrid and composite sys-
tems (e.g., [6,29,87–89]) identified recurring failure mechanisms, including insufficient joint
capacity, ballast instability, and installation misalignment.

FEA remained a central analytical methodology. Validated models successfully re-
produced key crash-test outputs, including lateral displacement, exit angle, deceleration
histories, and energy-absorption profiles. Advanced models incorporated soil–structure
interaction, post embedment behavior, and section geometry effects, all of which strongly
influence global system deflection and load transfer. Recent investigations further ex-
tended the simulation capability through optimization-oriented design studies, laboratory-
supported material calibration [90], MASH-consistent flare-rate analyses for single-slope
barriers [91], and full-scale field-test-driven development of high-performance portable
systems [92]. LS-DYNA-based guidelines for concrete barrier modeling provide additional
standardized procedures for finite element analysis [93,94].

Multiple studies emphasized the importance of mesh-sensitivity evaluation, strain-
rate-dependent material models, and appropriate failure criterion selection, particularly
for thin-walled steel and composite components. Uncertainty analyses demonstrated that
variations in material parameters and boundary conditions were major contributors to sim-
ulation variance. Optimization-oriented FEA studies further expanded this analytical space;
for example, parametric evaluations of roller-barrier configurations showed that geometric
refinement and stiffness tuning can improve energy absorption and redirection stability.

Overall, the reviewed methodologies demonstrate that FEA provides an efficient and
experimentally aligned platform for evaluating movable barrier performance. However,
model accuracy remains sensitive to the soil modeling fidelity, material calibration, and
connection detailing. Consistently across methods, connection design, material-specific
performance limits, and installation tolerances emerged as the primary determinants of
system behavior. Remaining methodological gaps include long-term durability assessment,
integration of automated deployment and inspection technologies, and harmonization
across testing standards.

Despite these advances, several limitations recur across FEA-based studies. Soil–
structure interaction is frequently simplified using fixed or pinned boundaries, which do
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not capture the lateral compliance or energy dissipation characteristics of real foundation
soils; studies that explicitly include soil confinement and post embedment generally re-
port stronger agreement with full-scale deflection profiles. Material constitutive modeling
remains a related challenge: high-rate impact behavior in concrete and steel requires strain-
rate-sensitive formulations, yet some studies employed quasi-static properties, potentially
underestimating energy absorption. Validation practices also varied: while most studies
confirmed agreement in the lateral displacement or exit angle, fewer independently vali-
dated occupant risk indices, such as THIV and ASI or post-impact geometry. Without these
secondary validations, confidence in simulation-driven design decisions remains limited.
Collectively, these challenges underscore the need for standardized FEA benchmarking
protocols for movable barrier systems, covering boundary condition assumptions, material
model selection, and multi-output validation criteria [35,84,93–95].

3.4. Safety Performance Outcomes

Safety performance was evaluated across all barrier types. Modular rigid systems
showed the highest containment capability and the most consistent redirection perfor-
mance. Semi-rigid steel systems were observed to perform consistently, whereas flexible
and polymer-based configurations generally exhibited larger working widths and greater
deflections. Empirical and simulation studies of modular, assembled, and composite bar-
rier systems consistently reported occupant-risk indices within regulatory limits when
installation quality and test-level requirements were satisfied [6,25,30,96].

Key determinants of superior safety performance included structural detailing, connec-
tion integrity, and material selection. Studies highlighted the contribution of high-strength
steels, hybrid systems, and advanced composite solutions to improved containment, re-
duced vehicle trajectory deviation, and enhanced energy absorption behavior. These
findings were consistently supported by validated full-scale crash tests and numerical
analyses [31,70,89]. At the network level, empirical studies of real-world crashes similarly
report barrier-type effects on injury severity distributions [97].

3.5. Operational Deployment Evidence from Field Studies

Twenty-three studies reported field deployment evidence in work zones, reversible
lanes, and special event operations. Modular rigid and semi-rigid steel systems were most
frequently deployed, with installation effort and stability varying according to site condi-
tions. Field observations documented reductions in intrusions and sideswipe incidents,
consistent with the trends identified in controlled crash test studies.

Reversible lane applications, including the Golden Gate Bridge movable median sys-
tem, demonstrated sustained operational safety when combined with coordinated control
protocols [98–100]. Similar contraflow operations employing zipper truck technology have
been documented in Canada, confirming the transferability of movable median concepts
to alternative deployment platforms [101]. Work zone guidelines such as Caltrans DIB 91
and evaluations of mobile systems like ArmorGuard provided additional procedural and
empirical support [9,61]. Specialized designs addressing site-specific challenges, such as
concrete median barriers adapted for flood-prone environments, further illustrate the range
of operational conditions under which movable barrier systems have been evaluated [102].
For special events and contraflow operations, performance was influenced by the traffic
demand, geometry, barrier placement, and traffic control measures.

3.6. Movable and Retractable Roadside Safety Systems

Movable and retractable systems support dynamic traffic management and maintain
a crashworthy performance under standardized test conditions. Applications include
temporary work, reversible lane operations, and urban corridors, subject to variable de-
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mand [11,48,54]. Full-scale crash testing and validated FEA studies indicate that systems
designed to MASH TL-3/TL-4 can achieve containment and energy absorption behavior
that is comparable to fixed barriers when post spacing, rail height, joint design, and material
selection are appropriately controlled [6,8,10].

Lightweight composite and hybrid materials reduce structural mass while preserving
or improving impact performance. Recent studies report stable behavior under standard-
ized impacts for CFRP/BFRP components and hybrid composite–metal systems [29,67,103].

Retractable systems such as bollards and movable lane dividers improve access control
and separation in urban conditions. Experimental and simulation-based evaluations show
reductions in peak forces and decelerations due to energy-absorbing designs [25,30,96,104].
Developments in smart lane management systems, including connected/automated con-
trols and computer vision-based inspection, enable real-time condition assessment and
proactive maintenance [20,34,105]. Prototype software-based automated systems have
been developed to control movable barrier repositioning across traffic lanes in response to
real-time demand [106].

Design validation in these studies integrates full-scale crash tests, FE simulations,
and, in selected cases, life-cycle assessments. Relevant crashworthiness indicators include
impact speed tolerance, global deflection, working width, and post failure performance.
Sensitivity analyses addressing impact angle and material or mesh modeling guide de-
sign decisions. Automated inspection and monitoring approaches support maintenance
planning in operational environments.

3.7. Economic and Life-Cycle Cost Evidence from the Literature

Only a small subset of studies (approximately eight) reported quantitative economic
evaluations. Most analyses focused on reversible lane deployments or work zone appli-
cations. Capital costs depend on the system typology and automation level. Transfer
machine-based movable median systems require higher initial investment, while portable
or semi-portable systems have lower procurement and deployment costs [107]. State-level
unit cost datasets provide additional benchmarks for deployment and procurement cost
estimation; for example, recent cost-per-mile summaries from Arkansas DOT offer indica-
tive ranges for barrier installation and roadway safety treatments [108], complementing the
life-cycle cost analyses reported in the peer-reviewed literature [74].

Life-cycle cost drivers include routine inspection, connector refurbishment, and re-
pair after impacts. Automated systems add maintenance requirements for mechanical
components and transfer equipment, with uncertainties arising from limited long-term per-
formance data. Life-cycle assessment and full-cost accounting studies show that material
and refurbishment decisions significantly influence total cost of ownership [74,109].

Formal economic assessments generally follow standardized frameworks, including
the FHWA Work Zone Road User Cost methodology [33] and NCHRP guidance on work
zone countermeasures [32,107]. Safety benefits are typically monetized using comprehen-
sive crash cost values, based on the KABCO injury severity classification system (K = Fatal,
A = incapacitating injury, B = non-incapacitating injury, C = possible injury, O = no in-
jury), while environmental externalities commonly reference the U.S. EPA Social Cost of
Greenhouse Gases [75]. Recent methodological advances in guardrail-specific life-cycle
assessment provide improved frameworks for incorporating greenhouse gas externalities
into life-cycle cost analyses [36]. Reported benefit–cost ratios are highly sensitive to baseline
traffic volumes, geometric constraints, crash exposure, and discount rates, making them
inherently site-specific, rather than directly transferable across projects.
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3.8. Regulatory Compliance and Standards Assessment

This section examines how regulatory standards and compliance frameworks were
applied within the reviewed studies. Rather than restating the standards themselves, the
analysis focuses on how experimental, numerical, and field investigations operationalized
requirements from MASH, EN 1317, NCHRP 350, and AS/NZS 3845.1. Studies demon-
strated varying degrees of adherence to these frameworks through test-level selection,
reporting of performance indices, and documentation of installation or deployment condi-
tions that were relevant to compliance evaluation.

3.8.1. Standards Compliance Across Reviewed Studies

Across the reviewed literature, regulatory compliance was most frequently docu-
mented in relation to the crashworthiness evaluation of movable and portable barrier
systems. North American studies predominantly referenced the Manual for Assessing
Safety Hardware [48] and associated implementation guidance for evaluating structural
adequacy, occupant-risk metrics, and working-width requirements. For example, Ref. [7]
conducted a full-scale MASH TL-4 crash evaluation of a rubber-mounted single-slope
movable barrier, demonstrating compliance with the required impact performance criteria.

European studies consistently applied the EN 1317 framework, particularly empha-
sizing test-condition fidelity, such as vehicle mass classes, impact angles, and approach
speeds. Ref. [27] systematically examined compliance with EN 1317 impact configura-
tions and demonstrated how variations in impact geometry influence containment and
redirection effectiveness.

In work zone contexts, laboratory-based compliance assessments were extended to
field-relevant deployment scenarios. Ref. [45] evaluated portable concrete barrier systems
under MASH TL-3 conditions within active work zones, showing that crashworthy be-
havior observed in controlled testing translated into acceptable safety performance under
exposure to real traffic.

Reversible-lane installations and movable median guardrails were also evaluated
under the established regulatory frameworks. Ref. [6] conducted crash performance test-
ing of a newly developed movable median guardrail, confirming that conformity with
standardized impact protocols was essential for achieving stable redirection, minimized
occupant acceleration, and post-impact system stability.

Across all included studies, regulatory references were derived from either the formal
standards (e.g., MASH, EN 1317, AS/NZS 3845.1) explicitly cited within the research or the
compliance criteria directly employed in the reported crash tests.

A representative illustration of inter-standard divergence is the treatment of test-
vehicle mass and impact speed requirements used to classify containment levels. Under
MASH, Test Level 3 (TL-3) specifies a 2000 kg passenger vehicle at 100 km/h and an
8000 kg single-unit truck at 80 km/h, whereas the corresponding EN 1317 classes T3/H2
apply a 1500 kg car at 110 km/h and a 10,000 kg bus at 70 km/h. This misalignment
means that a semi-rigid steel barrier meeting MASH TL-3 structural-adequacy criteria
may not satisfy EN 1317 H2 occupant-risk thresholds (ASI ≤ 1.4, THIV ≤ 33 km/h) under
comparable impact configurations. As a result, direct equivalence between standards is
difficult to establish, creating practical challenges for mutual recognition, procurement, and
international deployment (Figure 3).
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Figure 3. Comparison of test-vehicle mass and impact speed requirements under MASH TL-3 and
EN 1317 T3/H2.

3.8.2. Identified Standards Gaps and Emerging Challenges

Despite broad alignment with the existing regulatory frameworks, several studies
identified structural limitations in applying the current standards to modern movable and
intelligent roadside safety systems. A recurring gap concerns the absence of explicit testing
guidance for dynamically reconfigurable, automated, or robotically deployed barrier sys-
tems. While conventional static crash configurations are well prescribed in MASH and EN
1317, no existing standard addresses system behavior during movement, retraction, mech-
anized deployment, or in-motion transitions, as reported in studies evaluating movable
guardrails and automated repositioning platforms [6,7].

The growing incorporation of intelligent sensing and automated inspection technolo-
gies introduces additional regulatory challenges. Ref. [19] demonstrated the reliability of
computer-vision-based guardrail inspection systems, but noted the absence of formally
defined performance criteria for sensor-based structural-condition assessment within the
existing barrier standards. Neither MASH nor EN 1317 currently specifies thresholds,
calibration requirements, or acceptance criteria for data-driven monitoring systems.

Overall, the literature indicates that the current standards are robust for evaluating the
static crash performance of movable barriers but remain underdeveloped for addressing
dynamic operation, automation, and cyber-physical integration. Future standardization
efforts should therefore prioritize harmonized testing protocols for movable systems un-
der operational conditions, along with formal integration of intelligent monitoring and
automated inspection technologies into regulatory compliance structures.

This section relies exclusively on how standards were operationalized within experimen-
tal, numerical, and field studies, not on the direct content of policy documents themselves.

4. Discussion
4.1. Synthesis of Principal Findings

This systematic review synthesizes evidence from 78 peer-reviewed studies evaluating
the engineering performance, regulatory compliance, and operational behavior of movable
guardrail systems. The collective findings demonstrate that when movable barriers are
designed and tested in accordance with recognized crash-testing frameworks, particularly
MASH, EN 1317, and AS/NZS 3845.1, they can achieve crashworthiness levels that are
comparable to conventional fixed systems while providing operational flexibility for work
zones, reversible lanes, and dynamically managed corridors.
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Across the literature, the dominant conclusion is that movable barriers constitute a
technically mature category of roadside safety infrastructure, especially for temporary
and reconfigurable applications. This maturity is most evident when structural detailing,
connection mechanisms, and deployment protocols are explicitly aligned with standardized
impact-testing requirements, as demonstrated in the empirical and full-scale evaluations
reported in [7] and the performance assessment of movable median systems in [6].

4.2. Design Performance and Structural Behavior
4.2.1. Material and Structural Performance

The experimental evidence indicates that rigid modular concrete systems remain
the most extensively validated typology for high energy containment. Full-scale MASH
TL-4 crash tests of rubber-mounted single slope barriers show that these systems satisfy
structural adequacy, occupant risk, and working width criteria, even under heavy vehicle
impacts. This demonstrates that the movable configuration does not diminish the inherent
crash performance compared with fixed concrete installations [7].

Validated finite element investigations further support these findings. Studies using
LS-DYNA, ABAQUS, and related platforms show close agreement between numerical
predictions and full-scale experiments in terms of deformation patterns, energy absorption
behavior, and vehicle trajectory outcomes [35]. These findings highlight the maturity of
current computational modeling and support its use for cost-efficient parameter exploration
and pre-prototype optimization.

4.2.2. Influence of Connection Integrity on Redirection Stability

Across the reviewed literature, connection systems consistently emerge as a criti-
cal structural component influencing the performance of movable barriers. Full-scale
evaluations demonstrate that joint behavior governs the load transfer, global system
deflection, and post-impact stability, often more directly than barrier mass or material
composition [7,55,76,77]. Numerical investigations further reinforce this conclusion. High-
resolution finite element models of assembled and movable guardrails indicate that con-
nector stiffness, shear capacity, and failure progression are dominant factors controlling
redirection stability [95]: a finding consistent with broader FE evaluations of guardrail and
bridge barrier crashworthiness [31,110]. Additional simulations show that movable me-
dian strip systems can be optimized to improve impact energy dissipation and redirection
performance, particularly under oblique loading conditions [10].

4.3. Testing Frameworks and Regulatory Compliance
4.3.1. Alignment with International Standards

The reviewed studies demonstrate consistent alignment with recognized crash testing
standards. North American research primarily relies on MASH [4,48] and performs full-
scale evaluations at TL-3 and TL-4 levels [7,45]. European studies adopt EN 1317, with
detailed analyses of how impact geometry, vehicle class, and speed influence containment
performance [27].

Collectively, the evidence indicates that movable barriers can satisfy internationally
accepted occupant risk criteria, including THIV, ASI, and PHD, when tested under ap-
propriate standardized configurations. These results support the suitability of movable
systems for both temporary and permanent installations.

4.3.2. Cross-Standard Limitations

Despite overall consistency, several studies highlight methodological inconsistencies
between major standards. Ref. [27] identifies the differences between MASH and EN 1317
in impact angles, vehicle mass assumptions, and performance classification thresholds.
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Ref. [27] notes the absence of equivalent definitions for working width across frameworks,
complicating the direct comparison of test results.

These discrepancies present challenges for international procurement, multi-jurisdictional
certification, and harmonized engineering assessment. The findings underscore the need
for coordinated efforts toward the global standard alignment.

4.4. Operational Safety and Field Performance
4.4.1. Work Zone Applications

Empirical field studies confirm that movable barriers can enhance safety in temporary
traffic environments. Ref. [45] reported a reduced intrusion risk and improved positive
protection for MASH-compliant portable concrete barriers in active work zones. However,
field performance remains strongly dependent on local conditions such as geometry, traffic
density, closure configuration, and enforcement levels. Movable barriers therefore function
as enabling components complementing broader traffic management strategies.

4.4.2. Reversible Lane Systems

Ref. [6] provides the most comprehensive evaluation of movable median guardrails
for reversible lane operations. Their full-scale testing shows consistent vehicle redirection,
controlled deflection, and stable post-impact alignment under standardized conditions.
These findings highlight the socio-technical nature of reversible lane operations, which de-
pend on coordinated lane control systems, driver information, and operational monitoring
in addition to barrier crashworthiness.

4.5. Intelligent and Automated Systems

Recent studies indicate a shift toward digitally supported barrier systems. Ref. [19]
demonstrate that computer vision-based inspection can achieve high accuracy in detecting
guardrail damage under field conditions. Such technologies offer promising pathways for
real-time monitoring and maintenance optimization.

However, none of the major regulatory frameworks explicitly incorporate sensor-based
assessment or automated system validation. This absence of formal requirements presents
a barrier to large-scale deployment of intelligent movable systems. Future frameworks will
need to address automated inspection, data-driven performance metrics, and integration
with connected vehicle and smart infrastructure ecosystems.

4.6. Economic and Life-Cycle Considerations

Economic evaluation remains limited within the reviewed literature, but the available
evidence indicates that movable barriers can be cost-effective in constrained corridors where
roadway widening is impractical. Studies by [7,45] highlight durability and redeployment
efficiency as being major contributors to life-cycle cost performance.

Operational findings consistently identify maintenance and connector refurbishment
as the primary recurring cost components. These observations reinforce the importance
of robust connection design, particularly for systems subjected to frequent redeployment
cycles or variable site conditions.

4.7. Comparison with Prior Reviews

Previous reviews of roadside safety infrastructure have predominantly focused on
conventional fixed barrier systems, with no prior synthesis offering a systematic evaluation
of movable or reconfigurable configurations. The present review addresses this gap by inte-
grating crash-testing evidence, validated finite-element analyses, regulatory assessments,
and field deployment findings within a unified PRISMA-compliant framework to provide
a comprehensive engineering perspective.
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In contrast to earlier reviews, which typically emphasized material selection or struc-
tural typology, the current analysis identifies connection performance and regulatory
alignment as the dominant determinants of real-world behavior for movable systems.

4.8. Research Gaps and Future Directions

Three major research gaps emerge from the review:

1. Dynamic operation standards
No current framework addresses behavior during barrier movement, automated
transfer, or fail-safe deployment transitions [6].

2. Long-term durability
Evidence beyond short-term testing remains scarce, particularly for composite, poly-
meric, or hybrid materials that are subject to environmental degradation.

3. Intelligent system regulation
Sensor-enabled monitoring and automated inspection systems lack formal perfor-
mance benchmarks or validation criteria [19].

Future research should emphasize the harmonization of international standards, de-
velopment of dynamic crash testing protocols, and creation of validated digital inspection
and automated operation frameworks.

4.9. Limitations of This Review

The findings of this review are constrained by the scope and availability of published
studies. Most research emphasizes engineering performance, rather than long-term op-
erational resilience, socio-economic impacts, or large-scale deployment outcomes. The
evidence base is concentrated in a small number of regions, primarily in North America,
Europe, China, and Australia, limiting the generalizability to diverse global contexts.

Heterogeneity in testing approaches, impact conditions, and performance metrics
prevented quantitative meta-analysis. As a result, the synthesis relies on narrative integra-
tion, rather than pooled statistical estimates. Beyond methodological heterogeneity, the
geographical distribution of the evidence base itself introduces a further layer of contextual
limitations. Studies from North America and Europe predominantly reflect regulatory
environments in which MASH and EN 1317 are well established, testing infrastructure
is mature, and published crash-test data are systematically archived. Findings derived
from these contexts may not transfer directly to regions where road geometries, vehicle
fleets, maintenance capacity, or governance structures differ substantially. In particular, the
performance characteristics of polymer and lightweight systems, which are more widely
used in lower-income settings, remain underrepresented in the reviewed evidence base.

5. Conclusions
5.1. Summary of Key Findings

This systematic review synthesized evidence from 78 peer-reviewed studies span-
ning full-scale crash tests, validated simulations, and field deployments. The principal
finding is that connection integrity, rather than barrier mass or material composition, is
the dominant determinant of real-world crash performance across all typologies. This
has direct implications for procurement specifications, installation quality control, and
redeployment protocols.

Material innovations, including UHPC, high-strength steels, and hybrid FRP configu-
rations, have demonstrated measurable gains in energy absorption and mass reduction.
However, these benefits are consistently contingent on adequate joint design and installa-
tion tolerances, reinforcing the primacy of connection performance.
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The literature also reflects a gradual shift toward digitally supported systems. Sensor-
based condition monitoring and machine learning inspection tools are beginning to appear
in the domain, though none have been formally incorporated into MASH, EN 1317, or
AS/NZS 3845.1 yet.

5.2. Implications for Engineering Practice

Barrier selection should align with operational context. Modular rigid systems are
suited for constrained, higher speed corridors; semi-rigid steel systems for medium-term
deployments; and flexible or polymer systems for short term urban locations requiring
rapid placement and retrieval. Selection should be informed by standardized test-level
evidence and supported by the deployment and operation guidelines.

Quality assurance remains critical. Joint detailing, anchorage conditions, and torque
control directly influence the load transfer, global deflection, and post-impact stability.
Agencies should enforce strict installation tolerances, verify conformity with relevant stan-
dards, and schedule periodic inspection and refurbishment in line with deployment cycles.

Economic assessment should use established appraisal frameworks such as FHWA
MAP 21 and Work Zone Road User Costs, supported by NCHRP guidance. Life-cycle
analyses show that material type and connection refurbishment strategies significantly
influence long-term ownership costs.

5.3. Priorities for Future Research

Several research needs emerge from this review:

• Durability and life-cycle performance: Multi-year field studies are required to un-
derstand in-service degradation mechanisms (e.g., UV exposure, freeze–thaw cycles,
connector fatigue, composite aging) and to develop predictive maintenance models.

• Standards harmonization and dynamic operation: Formal alignment across MASH,
EN 1317, and AS/NZS 3845.1 is needed, along with supplements addressing the
connection design, redeployment durability, and dynamic or in-motion crash behavior
of automated systems.

• Sustainability: Future work should assess the recyclability of FRP components, vali-
date bio-based composites, and incorporate comprehensive life-cycle greenhouse gas
analysis within circular economy frameworks (e.g., design for disassembly and design
for secondary material markets).

• Digital integration: Research should develop validated surrogate models for design
optimization, digital twin frameworks for monitoring and predictive maintenance, and
mechanisms that enable integration with CAV and connected infrastructure systems.

5.4. Contribution to Knowledge

This review makes four primary contributions.

1. First, it provides a comprehensive PRISMA-aligned synthesis integrating full-scale
crash tests, validated simulations, regulatory analysis, and field deployment evidence
for movable barriers.

2. Second, it offers actionable design guidance by demonstrating that connection in-
tegrity is the dominant factor governing system behavior.

3. Third, it aligns economic analysis with established work zone and life-cycle cost
accounting methodologies, supporting context-specific evaluation.

4. Fourth, it outlines a multidisciplinary research agenda spanning structural engineer-
ing, transportation systems, materials science, and data-driven asset management.
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5.5. Closing Statement

Movable guardrail systems represent a mature yet evolving category of roadside safety
hardware. When designed, tested, and deployed in accordance with recognized standards,
they offer crashworthy protection while enabling operational flexibility that fixed barriers
cannot provide. Realizing their full potential requires continued attention to connection
detailing, installation quality, and context-appropriate economic evaluation, along with
advances in sustainable materials, automated deployment, and data-enabled monitoring.
Addressing the identified gaps, particularly long-term durability, international standard-
ization, and circular economy integration, will support the development of optimized,
sustainable, and intelligent movable barrier systems for future transport networks.

6. Delimitations, Methodological Limitations, and Scope of the Review
This review was deliberately scoped to address the structural, material, and crashwor-

thiness performance of movable guardrail systems as evaluated through crash testing, finite
element analysis, and field deployment studies. Several boundaries were intentionally
drawn to maintain the analytical focus.

The review does not address the mechatronic, electronic control, or traffic management
systems used to operate and reposition movable barriers. Automated transfer machines,
lane control algorithms, real-time traffic-responsive deployment systems, and intelligent
scheduling software fall outside the structural and crashworthiness focus of this synthesis
and represent a distinct interdisciplinary domain that warrants dedicated review. Similarly,
permanently fixed barriers, non-modular cable systems, and impact attenuators with-
out a lateral containment function were excluded, as their design logic and performance
evaluation differ fundamentally from movable configurations. Studies not published in
peer-reviewed outlets or retrievable through the five searched databases were also not in-
cluded, which may introduce some publication bias toward compliance-confirming results.

Beyond these intentional delimitations, several methodological limitations also con-
strain the findings of this review. The synthesis depends on the availability and reporting
quality of the primary studies; variability in experimental designs, impact conditions, and
performance metrics introduced heterogeneity that prevented quantitative meta-analysis,
necessitating narrative integration rather than pooled statistical estimates. Most evidence
originates from regions with an established crash-testing infrastructure, primarily in North
America, Europe, and East Asia, which limits the generalizability to contexts with different
vehicle fleets, governance structures, or maintenance capacity. Finally, the absence of stan-
dardized benchmarking frameworks across publications restricted the ability to synthesize
results into unified performance indicators, reinforcing the need for harmonized evaluation
protocols across MASH, EN 1317, and AS/NZS 3845.1.

7. Future Research Directions and Policy-Relevant Implications
Future research on movable guardrail systems should move beyond isolated technical

evaluations and adopt more integrative and interdisciplinary analytical frameworks. While
existing studies provide valuable insights into structural behavior and mechanical perfor-
mance, there remains a considerable gap in understanding system-level impacts under
dynamic traffic conditions and evolving mobility paradigms.

One promising direction involves incorporating intelligent control technologies and
automation into movable barrier operations. Artificial intelligence and adaptive optimiza-
tion methods may support real-time lane allocation, congestion mitigation, and incident
response. However, these approaches require rigorous empirical validation to ensure
reliability, safety, and regulatory compliance.
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Emerging trends in connected and autonomous vehicle (CAV) systems also sug-
gest that future guardrail infrastructure must interact effectively with digitally mediated
traffic environments. The compatibility of movable barrier systems with intelligent trans-
portation systems (ITS) remains underexplored and represents an important avenue for
further investigation.

From a policy standpoint, equity and accessibility should be more explicitly inte-
grated into infrastructure planning. The current research provides limited insight into how
movable barrier deployment affects different user groups, particularly vulnerable road
users or communities with limited mobility alternatives. Addressing these dimensions
is necessary to align technological advancement with broader sustainability and social
inclusion objectives.

Environmental sustainability also represents a major research gap. Although material
durability and mechanical efficiency are frequently examined, comprehensive life-cycle
assessment frameworks that account for embodied carbon, recyclability, and long-term
maintenance impacts remain scarce. Future work should incorporate circular economy
principles to assess and improve the environmental performance of movable barrier systems
across their operational lifespan.
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Abbreviations
The following abbreviations are used in this manuscript:

AASHTO American Association of State Highway and Transportation Officials
AS/NZS Australian/New Zealand Standard
ASI Acceleration Severity Index (EN 1317 occupant risk metric)
CAV Connected and Autonomous Vehicles
CEN European Committee for Standardization (Comité Européen de Normalisation)
CFRP Carbon Fiber-Reinforced Polymer
EPA U.S. Environmental Protection Agency
EN 1317 European Standard 1317 (Road Restraint Systems)
FEA Finite Element Analysis
FHWA Federal Highway Administration (U.S.)
FRP Fiber-Reinforced Polymer
HSS High-Strength Steel(s)
ISO International Organization for Standardization
ITS Intelligent Transportation Systems

KABCO
Injury Severity Scale (K = Fatal, A = Incapacitating, B = Non-Incapacitating,
C = Possible Injury, O = No Injury)

LCA Life-Cycle Assessment
LCCA Life-Cycle Cost Analysis
LS-DYNA Explicit finite-element software widely used in guardrail crashworthiness research
MAP 21 Moving Ahead for Progress in the 21st Century Act (U.S.)
MASH Manual for Assessing Safety Hardware
NCHRP National Cooperative Highway Research Program
NHTSA National Highway Traffic Safety Administration (U.S.)
PHD Post-Impact Head Deceleration (EN 1317 occupant risk metric)
PICO Population–Intervention–Comparison–Outcome (framework)
PRISMA Preferred Reporting Items for Systematic Reviews and Meta-Analyses
QA/QC Quality Assurance/Quality Control
SAE SAE International (formerly Society of Automotive Engineers)
THIV Theoretical Head Impact Velocity (EN 1317 occupant risk metric)
TL-3/TL-4 Test Level 3/4 (e.g., MASH/EN 1317 context)
TRB Transportation Research Board
UHPC Ultra-High-Performance Concrete
V2I Vehicle to Infrastructure (communications)
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