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Abstract

The pressing necessity for the construction sector to achieve decarbonization has thrust steel-CLT (cross-laminated timber)
composite flooring systems into prominence as an avant-garde amalgamation of sustainability and structural advancement. This
review rigorously evaluates the capacity of these hybrid systems to harmonize the carbon-sequestering potential of CLT—which
sequesters 135% of its mass in CO,—with the unparalleled tensile strength of steel, realizing a 60% reduction in embodied
carbon and accommodating spans of 12 meters. Nevertheless, their implementation is obstructed by paradoxical issues: the
absence of standardized assessments for human-induced vibration thresholds, transport emissions undermining sequestration
benefits, and fragmented design regulations inflating expenses by 15-20%. Utilizing global case studies—from Amsterdam’s
Haut Tower to prototypes at the University of Warwick—this review integrates advancements in bio-hybrid materials (such as
self-healing timber coatings), Al-enhanced design methodologies, and policy frameworks (for instance, the EU’s Timber
Covenant). Significant findings indicate that demountable steel-CLT connections facilitate 90% material reuse, while
Al-optimized grain orientation enhances vibration damping by 25%. However, financial impediments such as $20-30/sq.ft cost
premiums and regional shortages of CLT remain prevalent. By advocating for carbon pricing mechanisms, localized supply
chains, and interdisciplinary educational initiatives, this review establishes steel-CLT systems as a feasible foundational element
for carbon-neutral urban development, dependent upon the resolution of technical, economic, and cultural disparities.
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1. Introduction

With the construction industry responsible for nearly 40% beneficial due to their longevity, they come at a high carbon
of the global carbon footprint, the field faces an inevitable  investment—concrete creates 8% of worldwide carbon emis-
need for infrastructural growth alongside mitigation [1]. sions [2]. Alternatively, cross laminated timber (CLT) can be
While steel-concrete floors are aesthetically and structurally ~ the answer: this engineered wood product acts as a "carbon
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vault," sequestering 1.35 tons of carbon dioxide for each cubic
meter created [3]. Therefore, integrating timber into flooring
composite systems with steel beams can be the solution: the
tensile strength and ductility of steel combine with the re-
newability and carbon-negative contributions of timber [18].
Yet this integration is not without drawbacks. Proposed ex-
periments by Amsterdam’'s Haut Tower and an international
team at Warwick University found efficiency of steel-CLT
systems with composites and constructions from 40% dead
load reduction to 12-meter spans [4]. However, challenges
remain. Composite systems lead to low-frequency vibrations
[5] which may render lightweight floors uncomfortable for
occupants, and the carbon-negative title may not apply should
the timber need to be transported great distances with an
added carbon cost [6]. Finally, without a code to dictate de-
sign—Eurocode 5 only briefly mentions hybrid sys-
tems—engineers are left to conduct costly, time-consuming
testing based on their design considerations [7].

Table 1. The Steel-CLT Paradox.

Advantage Challenge Source
60% lower embodied Transport emissions negate [6]
carbon 29% savings
90% composite effi- Vibration thresholds lack [5]
ciency real-world validation
Demountable connec-  Policy gaps stall circular 8]
tions economy gains

2000s 2010s

Steel-CLT

CLT-Concrete

Steel-concrete

dominates hybrids emerge, systems rise,
but faces carbon limited by weight balancing strength
scrutiny and creep and sustainability

Figure 1. The Evolution of Composite Floors.

Figure 1 shows that the Conceptual timeline:
Steel-Concrete — CLT-Concrete — Steel-CLT.

1) 2000s: Steel-concrete dominates but faces carbon scru-
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tiny.

2) 2010s: CLT-concrete hybrids emerge, limited by weight
and creep.

3) 2020s: Steel-CLT systems rise, balancing strength and
sustainability.

This review seeks to untangle these contradictions. By
synthesizing advances in materials science, structural engi-
neering, and policy, the author addresses three core questions:

1) Can steel-CLT floors truly reconcile carbon neutrality
with structural reliability in high-rise designs?

2) How can Al-driven tools and bio-hybrid materials re-
solve lingering issues like vibration and fire safety?

3) What policy levers—from carbon taxes to educa-
tion—could accelerate adoption in lagging markets like
the U.S. and UAE?

The stakes are high. With urban populations projected to
double by 2050 [9], the construction sector must pivot swiftly.
Steel-CLT systems, if optimized, could cut the embodied
carbon of urban buildings by 50% while enabling faster,
modular construction [4]. Yet, as this work reveals, their
success hinges on bridging divides—between innovation and
regulation, ambition and pragmatism, silicon and sawdust.

2. Structural Innovations

Steel-CLT composite floors are the wave of the future for
construction—melding the tensile properties of steel with the
lightweight, dimensional quality of CLT—but relative to the
successful compound for an evolving structure, much is to be
learned for vibration and connection response over time.
Below are conclusions of advancement and needed research
after studying testing and real-world application highlights.

2.1. Composite Action and Span Efficiency

The ability to span longer distances is enhanced, thanks to
the combination of steel tension force and the lightweight
components of CLT. University of Warwick researchers fab-
ricated post-tensioned steel-CLT composite beams that span
12 meters with 90% composite action—exceeding steel and
concrete systems by 30% compliance [4]. Major contributions
include:

1) Shear Connectors: Self-tapping screws, tested by Au-
burn University, improved load-slip resistance by 15-20%
compared to traditional bolts, enabling demountable
designs [10].

2) Hybrid Beams: Osaka Metropolitan University’s
H-shaped steel beams with CLT panels reduced midspan
deflection by 25% under live loads [11].
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Table 2. Load-Bearing Metrics of Composite Systems.

System Max Span (m) Composite Efficiency  Key Innovation Source
Steel-Concrete 8-10 60-70% N/A [7]
Steel-CLT (Post-Tensioned) 12-40 ft 85-90% Post-tensioned cables [4]
CLT-Concrete Hybrid 6-8 75-80% Shear keys with epoxy [5]

2.2. Tackling Vibration Serviceability

Lightweight floors excel in sustainability but falter in vi-
bration control. Human-induced vibrations—from footfalls to
gym activities—remain a critical barrier. [5] Found that
steel-CLT floors often exceed the 1 kN deflection limit,
risking occupant discomfort in office spaces.

I T T
Tuned Mass Resilient Reinforcement
Damper Interlayer

Figure 2. Vibration Mitigation Strategies. (Conceptual diagram
based on [15]).

1) CLT Grain Alignment: Parallel grains boost stiffness but
amplify vibrations; perpendicular grains dampen reso-
nance by 25%.

2) Damping Layers: Rubber or cork inserts between steel
and CLT reduce peak accelerations by 30% [16].

However, standardized protocols for vibration assessment

are scarce. The University of Washington’s Health Sciences
Building, which applied Wood Works’ design guide, re-
ported discrepancies between predicted and actual vibration
spectra, underscoring the need for calibrated FE models
[12].

2.3. Seismic Resilience and Ductile Connections

Seismic performance hinges on connection systems. Con-
ventional steel connectors risk brittle failure, but innovations
like friction dampers and bio-based adhesives are shifting the
paradigm.

Case Study: SOFIE Project

Italy’s SOFIE project tested 7-story CLT-steel structures
under seismic loads. While timber walls withstood shaking,
irreversible damage at connections (e.g., screw pull-out)
highlighted the need for ductile solutions [13]. Auburn Uni-
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versity’s bio-epoxy connectors, inspired by mussel adhesive
proteins, improved energy dissipation by 40% while allowing
disassembly [10].

Table 3. Seismic Performance of Connectors.

Energy Dissipa-

Connector Type tion Reusability  Source
Traditional Bolts Low No [11]
Friction Dampers High Yes [5]
Bio-Epoxy Adhe- ) erate Partial [10]

sives

2.4. Fire Safety and Thermal Behavior

CLT’s charring layer provides inherent fire resistance, but
hybrid systems demand steel reinforcements. WSP’s CSCF
system integrates gypsum encapsulation, achieving 60-minute
fire ratings while adding 8-12% to costs [4]. Auburn Univer-
sity’s blast tests on timber-concrete composites revealed that
CLT’s low thermal conductivity slows heat transfer, a trait
adaptable to steel-CLT systems [10].

2.5. The Role of Al and Digital Tools

Generative design tools are revolutionizing hybrid systems.
ETH Zirich’s Al-driven parametric models optimized CLT
grain alignment for vibration control, cutting material waste
by 18% [17]. Similarly, Clemson University’s “Digital Twin”
platform simulates long-term creep effects, predicting stress
redistribution over 50-year life spans [16].

3. Sustainability and Carbon Paradoxes

Steel-CLT composite floors are often lauded as a “green
revolution” in construction, yet their environmental promise
is tangled in contradictions. While CLT’s ability to sequester
1.35 tons of CO; per cubic meter positions it as a carbon sink
[3], the full lifecycle of these systems reveals trade-offs that
demand scrutiny.
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3.1. The Carbon Calculus: Savings vs. Hidden
Costs

Embodied Carbon Reduction: Replacing steel-concrete
floors with steel-CLT hybrids slashes embodied carbon by
60%, as shown in WSP’s CSCF system [4]. For example, a
12-story building using CLT-steel floors can avoid 2,400 tons of
COx—equivalent to 500 cars off the road for a year [6].

Table 4. Carbon Footprint Comparison.

Embodied

Carbon Se- Net Carbon
Sy i uestration Impact
(kgcOzmz 9 P
Steel-Concrete 245 0 +245
Steel-CLT
Hybrid 98-120 135 -15t0-35
CLT-Concrete 180-210 85 +95-125

Sources: [6]

The Transport Dilemma: CLT’s sustainability erodes when
shipped long distances. Transporting European CLT to the
UAE emits 252-270 kgCO2/m= negating 29% of carbon
savings [13]. Localized production using fast-growing species
like Sitka spruce could cut transport emissions by 30% [3].

3.2. Circular Economy: Promise and Pitfalls

CLT’s biodegradability and steel’s recyclability suggest
strong circular potential. Demountable screw connections,
tested at Auburn University, enable 90% material reuse [10].
However, epoxy-based adhesives or fire-resistant coatings
complicate recycling, reducing circularity gains by 40% [5].

R

)

Production Construction End-of-Life
(A1-A3) (A4-A5) (C1-C4)
Demountable systems
reclaim 90 % of
gative em Emissions spike materials; bonded
due to CLT from transport and systems yield 50%

sequestration steel fabrication

Figure 3. Life Cycle Stages of Steel-CLT Systems. (Adapted from
[6D).

1) Production (Al1-A3): Negative emissions
kgCO2/m=rdue to CLT sequestration.

2) Construction (A4-A5): Emissions spike (+98 kgCO2/m=

(-135
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from transport and steel fabrication.
3) End-of-Life (C1-C4): Demountable systems reclaim 90% of
materials; bonded systems yield 50%.

3.3. The Fire Safety Paradox

CLT’s charring layer provides 60-75 minutes of fire re-
sistance, but hybrid systems often require gypsum encapsu-
lation or steel reinforcements, adding 8-12% to embodied
carbon [4]. Auburn University’s tests on timber-concrete
composites showed CLT’s low thermal conductivity delays
heat transfer, a trait exploitable in steel-CLT designs [10].

3.4. Policy Gaps and Regional Disparities

Table 5. Regional Sustainability Challenges.

Region Strength Weakness Policy Impact
EU EN 15978 LCA Few CLT mills ~ +15% material
standards raise costs premiums
USs Buy Clean Act No federal CLT  +20-30% pro-
incentives codes ject delays
- . . 0 .
Japan Seismic-ready Timber quality ~ +12% retrofit

designs variability costs

Sources: [8]; [12]

The EU’s Timber Construction Covenant, mandating 20%
timber use in public projects by 2025, contrasts starkly with
the UAE’s lack of CLT-focused policies [13].

3.5. Resolving the Paradoxes

1) Localized Production: Incentivize regional CLT mills to
cut transport emissions.

2) Bio-Based Materials: Mycelium insulation or cellulose
fire retardants could replace carbon-intensive additives
[15].

3) Policy Alignment: Harmonize LCA metrics globally to
reflect regional sourcing and construction practices.

4. Barriers to Adoption

Steel-CLT composite floors offer a compelling vision of
sustainable construction, yet their real-world adoption is
hamstrung by a web of technical, economic, and cultural
hurdles. Below, the author unpacks these challenges,
grounding analysis in regional case studies and hard data.

4.1. Regulatory Fragmentation and Code Gaps

The lack of globally harmonized design codes forces en-
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gineers to improvise. For instance, Eurocode 5 provides scant
guidance for steel-CLT systems, leading to project-specific
testing that inflates costs by 15-20% [7]. In the UAE, where

no local CLT production exists, reliance on European imports
adds 4.91 tons of CO; per 10 tons of CLT due to transport
[13].

Table 6. Regional Regulatory Challenges.

Region Code Status Key Barrier Impact on Cost
EU Partial Eurocode 5 adoption Limited CLT mills +15%
us No federal CLT codes Project delays for approvals +25%
Japan Rigid seismic codes Timber quality variability +12%

Sources: [8]; [12]

4.2. Economic Hurdles: Costs and Supply
Chains

Upfront Costs: Steel-CLT floors face “sticker shock,” with
initial expenses $20-30/sq.ft higher than steel-concrete sys-
tems [4]. While lifecycle savings exist (e.g., 60% lower
maintenance), developers often prioritize short-term budgets.

Supply Chain Bottlenecks:

1) Only 70 CLT producers operate globally, creating de-

pendency on European imports [3].

2) Specialized labor for precision connections inflates costs.

In Australia, timber-trained workers command 30% higher
wages than concrete crews [6].

A Higher
costs

Lower emissions but
limited availability —
Higher costs

Imported CLT

Lower ernissions

Cheaper but negates
29% carbon savings
(Almeida et al., 2022)

Higher
costs

Local vs. Imported CLT
Figure 4. The Cost-Emissions Trade-Off.

4.3. Technical and Performance Skepticism

Fire Safety Myths: Despite CLT’s charring resistance, in-
surers often levy 20% higher premiums on steel-CLT build-
ings due to misconceptions [12].
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Moisture Sensitivity: CLT’s hygroscopic nature reduces
screw withdrawal strength by 25% in humid climates, deter-
ring use in tropical regions [10].

Vibration Anxiety: A 2023 survey found 68% of architects
avoid steel-CLT floors over vibration concerns, despite ad-
vances in damping technologies [5].

4.4. Industry Perception and Knowledge Gaps

Education Deficit: Only 12% of U.S. contractors feel “very
confident” working with CLT, citing unfamiliarity with hy-
brid systems [14].

Legacy of Failure: Early CLT projects in the Netherlands,
plagued by moisture damage, still haunt industry perception.
One engineer noted, “Nobody wants to be the se-
cond-generation guinea pig” [13].

Table 7. Bridging the Knowledge Gap.

Initiative Impact Challenge
CLT Toolbox Streamlines desian Low adoption due to
(UK) g complexity

Trained 500+ con-
tractors

Auburn University

Workshops Limited scalability

Lack of
post-occupancy data

Haut Tower Case
Study

Proves high-rise
viability

4.5. Policy Misalignment and Incentive
Shortfalls

Subsidy Paradox: In the UK, burning timber for energy is
subsidized, while using it in construction is taxed—a policy
clash undermining CLT adoption [8].
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CARBON prODUCTION | EDUCATION [+ ADOPTION
TAXES INCENTIVES

Step 1: Step 2: Step 3: Stopt

Tax embodied  Fundregional Mandate timber Mograte

carbon in CLT mills education in timber

concrete/steel  (eg.BC's engineering education
Timber First curricula in engineering
Program boosted curricula
production by 40%)

Figure 5. Policy Levers for Change.

5. Future Pathways

The journey toward mainstreaming steel-CLT composite
floors demands bold innovation, policy courage, and a cul-
tural shift in construction practices. Below, the author chart
actionable pathways to overcome barriers, leveraging
emerging technologies and lessons from global pioneers.

5.1. Al-driven Design and Digital Twins

Generative Al is poised to revolutionize hybrid floor sys-
tems. ETH Ziirich’s parametric models, which optimized CLT
grain alignment for vibration control, reduced material waste
by 18% while boosting damping ratios by 25% [15]. Similarly,
digital twins—virtual replicas of buildings—enable real-time
monitoring of long-term creep and moisture effects. Clemson
University’s pilot project flagged stress concentrations in
steel-CLT joints before physical construction, slashing retrofit
costs by 12% [16].

Table 8. AI'’s Role in Steel-CLT Innovation.

Tool Application Impact Challenge
Gengratlve Optimizes 20% faster High .
Design connector desian cvcles computational
(Fusion 360) layouts gncy costs

Machi . R .

achine Predicts 50-year ec_iuces Requires decades
Learning creen behavior maintenance by of data
Models P 30%
Blockchain — Ensures sus- -, “green-  Limited industry
Supply tainable timber . .

: . washing” risks adoption

Tracking sourcing
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5.2. Material Breakthroughs: From Lab to Site

Bio-Hybrid Materials:

1) Mycelium Insulation: Grown from fungi, it offers fire
resistance while sequestering 0.5 kgCO2/kg [3].
Self-Healing Timber: Microcapsules of bio-resinin CLT
panels repair cracks caused by moisture, restoring 90%
of initial strength [10].

2) 3D-Printed Connectors: Osaka’s H-shaped steel beams
with 3D-printed titanium joints reduced weight by 15%
and improved load distribution [11].

Layer 1:

Mycelium insulation
for fire/thermal
buffering.

Layer 2:
CLT with self-healing
resin capsules.

Layer 3:
3D-printed connector
optimized via Al

Figure 6. Next-Gen Materials.

Figure 6 shows that the Conceptual diagram: Bio-insulated
CLT panel + 3D-printed steel connector.

a) Layer 1: Mycelium insulation for fire/thermal buffering.

b) Layer 2: CLT with self-healing resin capsules.

c) Layer 3: 3D-printed connector optimized via Al.

5.3. Policy Levers and Economic Incentives

Carbon Pricing: Taxing embodied carbon in concrete/steel
at $50/ton could make steel-CLT cost-competitive overnight
[6]. British Columbia’s Timber First Program, which subsi-
dizes CLT use, boosted local production by 40% in two years
[12].

Regional CLT Hubs:

1) EU: Expand the Timber Construction Covenant to

mandate 30% timber in public projects by 2030.

2) US: Federally fund CLT mills in the Pacific Northwest,

leveraging Sitka spruce plantations.
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Table 9. Policy Blueprint for 2030.

Train 10,000 specialists by 2030

Policy Region Target

Carbon Tax on Concrete Global $50-100/ton CO2
CLT Education Grants US/EU

Seismic Code Reform Japan

5.4. Education and Industry Collaboration

Curriculum Overhauls: Integrating steel-CLT design into
engineering programs is critical. Auburn University’s work-
shops trained 500+ contractors on hybrid systems, boosting
confidence by 45% [14].

Living Laboratories: Projects like Amsterdam’s Haut
Tower must publish post-occupancy data on acoustics, vibra-
tions, and disassembly ease. As one architect noted, “You
can’t sell sustainability without proof” [13].

5.5. Global Consortium for Standardization

A Steel-CLT Design Consortium merging EU, US, and
Japanese experts could harmonize codes, addressing gaps in:
1) Vibration Thresholds: Replacing the rigid 1 kN limit
with Al-calibrated comfort metrics [5].
2) Fire Safety: Certifying bio-based retardants as alterna-
tives to gypsum.

6. Conclusion

The steel-CLT composite floor system represents a signif-
icant advancement in sustainable structural design, offering a
compelling synthesis of material efficiency, load-bearing
capability, and carbon consciousness. With the potential to
reduce embodied carbon by up to 60%, span lengths exceed-
ing 12 meters, and the capacity for disassembly and reuse, this
system exemplifies a holistic response to contemporary con-
struction demands. The fusion of CLT’s carbon-Sequestering
properties and steel’s structural resilience offers a path toward
material longevity and adaptability in building systems.

However, several contradictions and limitations persist. The
ecological benefits of CLT can be offset by transportation emis-
sions; vibration performance requires meticulous calibration; and
inconsistencies in regulatory acceptance globally hinder wide-
spread implementation. These challenges indicate that the future
of this technology rests not only in technical innovation but also
in multidisciplinary integration—spanning engineering, policy,
and construction practice.

Steel-CLT flooring systems reflect a paradigm shift where

strength and sustainability are not in opposition but in synergy.

As urban expansion accelerates and climate imperatives in-

Allow ductile timber connections
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Expected Impact

Steel-CLT cost parity
Fill 80% labor gap
Cut retrofit costs by 15%

tensify, these hybrid systems serve as critical tools in rede-
fining urban architecture, embodying the shift toward resilient,
carbon-neutral development.

7. Recommendation

To fully harness the promise of steel-CLT composite systems,
coordinated action is essential. Advancements in material sci-
ence—such as ETH Ziirich’s 3D-printed bio-hybrid connectors
or Al-driven parametric design methods from institutions like
Auburn University—should be pursued to address performance
concerns and streamline fabrication processes. Simultaneously,
policy interventions such as British Columbia’s Timber First
Program and the EU Timber Covenant must be leveraged to
promote localized manufacturing, incentivize carbon accounta-
bility, and remove regulatory barriers.

Furthermore, cross-sector education and professional de-
velopment are crucial. Architects and engineers must be
empowered to understand and implement composite systems
as accessible, essential components of sustainable design.
Bridging current knowledge gaps will require revised curric-
ula, interdisciplinary training, and the active dissemination of
best practices across the industry.

Ultimately, the future of construction lies in strategic inte-
gration. Timber and steel, when combined intelligently, can
form the backbone of tomorrows built environment—one that
prioritizes ecological balance without compromising struc-
tural integrity. Now is the time to act—collaboratively, deci-
sively, and with a vision that extends beyond buildings to the
legacy they leave behind.

Abbreviations

Al Artificial Intelligence

TCC  Timber-concrete Composite
STC  Steel-timber Composite
WSP  WSP Global Inc

FE Finite Element

CLT  Cross Laminated Timber
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