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M. Fujishima, T. Miura & H. Nakamura
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A. Robens-Radermacher, J.F. Unger, A. Mezhov & W. Schmidt

Experimental study on effect of winter curing conditions on mechanical properties of 
concrete 1201
F.L. Li, W.L. Lu, W.Q. Peng, Y.D. Tang & L.F. Xu

Hygro-thermo-chemo-mechanical coupled discrete model for the self-healing in Ultra High 
Performance Concrete 1209

A. Cibelli, L. Ferrara & G. Di Luzio

Crack healing under sustained load in concrete: An experimental/numerical study 1217

G. Di Luzio, A. Cibelli, S.M.J. Al-Obaidi, S.M.I. Radwan, M. Davolio, L. Ferrara,  
R. Wan-Wendner & Y. Wang

Homogenized mesoscale discrete model for coupled multi-physical analysis of concrete 1225

J. Eliáš & G. Cusatis

Early-age cracking in concrete slabs with FRP reinforcement 1233

J.E. Bolander, H. Roghani & A. Nanni

Toward distinguishing the chemical, physical, and wetting-drying sulfate attack on concrete 1241

I.A.N. Omrani, M. Koniorczyk & D. Bednarska

MS15: Deconstruction and reuse of steel and lightweight metal structures
Organizers: M. Kuhnhenne & P. Kamrath

Requirements for gutting and demolition cost index 1249

H. Kesting & M. Helmus

Numerical determination of the wrinkling stress of steel polyurethane sandwich panels for 
reuse scenarios 1257
K. Janczyk & M. Kuhnhenne

Allowable strength estimation of vertical members used for system scaffolds considering 
reusability 1265
N.G. Jang, J.H. Won, S.S. Ko, J.K. Bong & D.H. Chung

Limits of reuse of steel 1270
P. Kamrath

The deconstruction of a steel based single story hall 1278
P. Kamrath

On the development of regulations for the increased reuse of steel structures 1287
H. Bartsch, F. Eyben, J. Voelkel & M. Feldmann

RFID-based traceability system for constructional steel reuse 1295
P. Hradil, K. Jaakkola & K. Tuominen

Environmental and economic impact of steel industrial buildings made of reclaimed elements 1303
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xv



MS16: Assessment of existing masonry arch bridge infrastructure
Organizers: M. Gilbert, G. Cardani, T. Boothby & D. Coronelli

Optimal strengthening of masonry arch bridges with externally bonded reinforcing layers 1315
M. Bruggi & A. Taliercio

Static and seismic assessment of Ponte delle Capre, a masonry arch bridge 1323
F. Casarin, S. Bellin, M. Mocellini & R. Fabris

Damage accumulation in the structural life and assessment of masonry bridges 1331
T.E. Boothby & D. Coronelli

Three-dimensional limit analysis of barrel arch bridges 1338
D. Coronelli & M.C. Giangregorio

The reinforced arch method for the life of the ancient bridge of Omegna 1344
L. Jurina, E.O. Radaelli & D. Coronelli

Numerical investigation of 3D response characteristics of masonry bridges by detailed 
mesoscale masonry models 1352
M.S. El Ashri, S. Grosman, L. Macorini & B.A. Izzuddin

Experimental investigation of the effect of masonry infill on the performance of masonry 
arch bridges 1360

S. Amodio, M. Gilbert & C.C. Smith

Multi-fidelity modelling of masonry arch bridges under traffic loading 1368

S. Grosman, Q. Fang, L. Macorini & B.A. Izzuddin

Analysis of masonry arch bridges using multi-scale discontinuity layout optimization 1376

L. He, N. Grillanda, J. Valentino, M. Gilbert & C.C. Smith

The role of history in the structural assessment of a multi-span masonry arch bridge 1384

G. Zani, P. Martinelli, G. Cardani & M. di Prisco

Stochastic load-carrying capacity assessment of brick masonry arch bridges 1392

B. Liu, I.B. Muhit & V. Sarhosis

New UK guidance for the assessment of masonry arch bridges 1400
M. Gilbert, C.C. Smith & S. Amodio

MS17: Recent advance in seismic protection systems: Design, modeling and testing 
strategies of traditional and innovative solutions
Organizers: A. Pavese & M. Furinghetti

Prestressed lead damper for seismic protection of structures 1411

V. Quaglini, C. Pettorruso, E. Bruschi & M. Sartori

Nonlinear analysis of base isolated buildings with curved surface sliders including 
over-stroke displacements 1419
F.C. Ponzo, A.D. Cesare & N. Lamarucciola

Effects of wear on the friction coefficient of a curved surface slider 1427
V. Quaglini, E. Bruschi, E. Çavdar, G. Özdemir, V. Karuk & U. Özçamur
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M. Marra & S. Silvestri
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Vulnerability assessment of bridges within the Italian highway network 1458
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M. Furinghetti

Inverse design of isolated structures using predicted FEMA P-58 decision variables 1481
H.G. Pham & T.C. Becker

Seismic behaviour of building using damage-avoidance shearwall hold-downs 1489
L. Budi

MS18: Safety and maintenance of masonry arch bridges: diagnostic,  
monitoring, modelling, risk analysis and retrofit interventions
Organizers: F. Cannizzaro, N. Cavalagli, C. Chisari, B. Pantò, F. Scozzese, P. Zampieri & M. Zizi

Preliminary investigation on the response sensitivity of masonry arch bridges subjected to scour 1499

F. Scozzese, A. Dall’Asta & E. Tubaldi

A methodology to derive scour fragility functions for masonry arch bridges 1507

G.D. Di Dieco, M. Pregnolato & A.R. Barbosa

Experimental modal analysis and finite element model updating of a historical masonry arch 
bridge 1515
M. Morici, V. Nicoletti, G. Leoni & F. Gara

Influence of site effects on the seismic vulnerability of masonry arch bridges 1523
Ö. Saygılı & J.V. Lemos

Computational strategy for the design of monitoring for masonry arch bridges using DIC 
procedures 1530
S. Grosman, Q. Fang, L. Macorini & B.A. Izzuddin

Influence of uncertain mechanical parameters on the load-bearing capacity of multi-span 
masonry arch bridges 1538

M. Zizi, C. Chisari & G. De Matteis

Simplified analysis on multiring masonry arch bridges 1546

R. Piazzon, P. Zampieri & C. Pellegrino

Effects of changing temperature in the vibration-based model updating of a masonry bridge 1552

P. Borlenghi, A. Saisi & C. Gentile

Numerical approaches to assess the load capacity of FRCM strengthened masonry bridges 1560

D. Santinon, P. Zampieri, C. Pellegrino, D. Ricci, F. Iodice, A. Vecchi & F. Iacobini

3D collapse mechanisms of masonry bridges subjected to horizontal actions 1567

L. Niero, P. Zampieri & C. Pellegrino

xvii



Near-collapse deformed configuration of masonry arch bridges 1574
G. Stagnitto & P. Zampieri

Safety checking at point and section level of masonry arch bridges 1582
G. Stagnitto, R. Siccardi, M. Ghioni & P. Zampieri

Discrete Macro-Element structural assessment of a railway masonry arch bridge subjected to 
pier settlements 1590
D. Rapicavoli, F. Cannizzaro, S. Caddemi & I. Caliò

SPECIAL SESSIONS

SS1: Climate change effects on life-cycle safety, reliability, and risk of structures and 
infrastructure systems 
Organizers: F. Biondini, Z. Lounis & M. Ghosn

Framework for life-cycle tsunami risk assessment considering sea-level rise effects due to 
climate change 1601
A.K. Alhamid, M. Akiyama, K. Aoki, S. Koshimura & D.M. Frangopol

Life-cycle design of concrete highway bridge decks under climate change 1609
H. Shirkhani, Z. Lounis & J. Zhang

Climatic design data for buildings and infrastructure under changing climate in Canada 1617
H. Shirkhani & Z. Lounis

Life-cycle structural reliability of RC bridge piers under corrosion in a changing climate 1625

G.V. Nava, L. Capacci, F. Biondini & L. Casti

Risk based life-cycle planning for flood-resilient critical infrastructure 1634

S.S. Palic, I. Stipanovic, E. Ganic, M. Kosic, A. Anzlin, M. Bacic, M.S. Kovacevic & K. Gavin

Equitable climate adaptation framework for levees 1642

A. Mohammed & F. Vahedifard

SS2: SHM for life-cycle informed management of degrading structures
Organizers: M.P. Limongelli, P. Gardoni, S. Thöns & D. Lu

Integration of information quality assessment in bridge resilience management 1653

N. Makhoul & M.P. Limongelli

Optimum inspection scheduling of steel storage tanks based on past ultrasonic thickness 
measurements 1661
S.A. Faroz, M.S. Khan & S. Ghosh

The role of life-cycle civil engineering practices in smart and sustainable cities 1669
M.D. Lepech, A.S. Kiremidjian & K.H. Law

Value of information under random decision, model, and measurement errors 1677
Z.Y. Mir Rangrez, J. Ghosh, S. Ghosh & C. Caprani

A review on low-cost sensors compatible with open-source platforms used for life-cycle 
monitoring of civil structures 1685
M. Komary, S. Komarizadehasl, J. Turmo, F. Lozano, J.A. Lozano-Galant & X. Ye
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On the utilization of multiple information for the integrity management of deteriorating 
systems 1693
G. Costa, M.P. Limongelli & S. Thöns

SS3: Monitoring of structures for informed decision making
Organizers: A. Strauss & D.M. Frangopol

Recent progress developing a rating framework for evaluating SHM for bridge scour 1705
P.J. Vardanega, G. Gavriel & M. Pregnolato

Predicting the usefulness of monitoring information for structural evaluations of bridges 1713
N. Bertola & E. Brühwiler

Monitoring and data informed approaches for the condition assessment of existing 
structures 1721

E. Apostolidi, M.F. Granzner, A. Strauss & R. Geier

A novel low-cost inclinometer sensor based on fusion technology for structural health 
monitoring applications 1729
M. Komary, A. Alahmad, S. Komarizadehasl, J. Turmo, J.A. Lozano-Galant & Y. Sun

Sensor monitoring for engineering structures: Applications to tunnels 1737

A. Strauss, F. Sattler, B. Täubling-Fruleux, C. Seywald, H. Neuner, V. Kostjak &  
D.M. Frangopol

Digital twins for bridges – concept of a modular digital twin based on the linked data 
approach 1745

T. Zinke, S. Reymer, S. Kosse, P. Hagedorn, M. König, F. Wedel, S. Schneider, S. Marx, 
S. Nieborowski & S. Windmann

SS4: Artificial intelligence-based life-cycle management of infrastructure systems
Organizers: Y. Dong, D.M. Frangopol & X. Lei

Sustainability-informed intelligent management of aging civil infrastructure systems with 
emphasis on bridge networks 1755
X. Lei, Y. Dong & D.M. Frangopol

Meta-learning method for efficient time-variant reliability analysis of deteriorating 
structures 1763
T. Gao, J. Cheng, Y. Liu, M. Cheng & D.M. Frangopol

Optimization of sewer flushing programs: A deep reinforcement learning approach 1770
A. Keshvari Fard & X.-X. Yuan

Carbon emission reduction in railway maintenance using reinforcement learning 1778
J. Sresakoolchai & S. Kaewunruen

Intelligent monitoring and control method of the life-cycle cable-stayed bridge with 
steel-concrete composite beam 1786

G.W. Yao, G.F. Zhang, S.Y. Li, Y.F. Wu, E.G. Jiang & Y.D. Zhu

Integrating unstructured data analytics and BIM to support predictive maintenance 1794

S. Sobhkhiz & T. El-Diraby
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SS5: Concrete damage assessment using coda waves
Organizers: C. Gehlen, E. Niederleithinger, J. Timothy & T. Kränkel

Ultrasonic monitoring of large-scale structures - input to engineering assessment 1805
N. Epple, C.A. Sanchez-Trujillo & E. Niederleithinger

A new technique to detect altered stresses in tendons early 1813
N. Sträter, F. Clauß, M.A. Ahrens & P. Mark

Comparison of structural analysis results with coda wave interferometry measurements 1821
S. Grabke & K.-U. Bletzinger

About the separation of impacts on coda waves in concrete 1827
F. Diewald

A virtual lab for damage identification in concrete using coda waves 1834
G. Vu, G. Meschke, J.J. Timothy & E.H. Saenger

The hydration of cement paste: Thermodynamics driven multi-scale modeling of elastic 
properties and coda wave interferometry based monitoring 1842
E. Jägle, J.J. Timothy, F. Diewald, T. Kränkel, C. Gehlen & A. Machner

SS6: Life-cycle redundancy, robustness, and resilience indicators for aging  
structures and infrastructure systems under multiple hazards
Organizers: F. Biondini & D.M. Frangopol

Financial risk assessment of flexible infrastructure systems 1853
N. Acuña-Coll & M. Sánchez-Silva

Time-dependent assessment of corrosion impact on R/C members 1861
M. Calò & G. Gabbianelli

Resilience-based optimal management of aging bridge networks under mainshock-aftershock 
sequences 1869
L. Jafari, L. Capacci, F. Biondini & M. Khanmohammadi

Risk-based optimal life-cycle maintenance of post-tensioned concrete bridges considering 
accuracy of inspection methods in structural model updating 1877

M. Taeby, A.B. Mehrabi & K. Lau

Seismic safety assessment of “Palácio do Itamaraty” at Brasília reliability-based 1885

P.Q Rodrigues, J.C. Pantoja & P.S.T. Miranda

SS7: Bridge weight-in-motion systems and applications to structural health monitoring
Organizers: S. Mustafa & D. Cantero

Bridge weigh-in-motion to support SHM 1895

D. Cantero

Bayesian-based bridge influence line identification and uncertainty estimation 1903

S. Mustafa, I. Yoshida & H. Sekiya

Bridge weigh-in-motion: Feedback on various types of bridges 1911

F.B. Cartiaux, V. Le Corvec, J. Semiao & A. Brouste
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Estimation of remaining fatigue life of railway bridges using measurements from the WIM 
system 1919
M. Zakharenko, G.T. Frøseth & A. Rönnquist

Bridge-weigh-in-motion by strain of transverse stiffener and heavy-truck traffic 
characteristics in Fukuoka area, Japan 1927

E. Yamaguchi, Y. Furusato, R. Nakamura & K. Horiuchi

Deep sensor-fusion approach to vehicle detection on bridges using multiple strain 
sensors 1935
H.T. Vuong, A. Takasu & T.P. Doan

SS8: Performance, safety, and cost of civil infrastructure in a life-cycle context
Organizers: Y. Li, P. Yuan, Y. Dong & D.M. Frangopol

Masonry design for extended life-time usage by implementing joint behaviour 1945
T. Molkens, J. Smits, S.V. Hout & R. Meuleman

Data-driven life-cycle risk assessment of bridge networks using Bayesian network 1953
M. Cheng & H.O. Gao

Risk-based life-cycle loss assessment using statistical moments 1961

Y. Zhang & Y. Li

Effects of high temperature on web crippling strength of lean duplex stainless steel tubular 
sections 1967
Y. Cai, C.-C. Lee, S.-L. Mak, L. Wang & F. Zhou

Risk-based fatigue assessment of orthotropic steel decks 1975
J. Heng, Y. Dong, C. Baniotopoulos & S. Kaewunruen

Life-cycle management of offshore wind deteriorating structures under ship collision 
accidental events 1983
P. Salazar L., J. Morán A., P. Rigo & P.G. Morato

SS9: Risk-based prioritization and monitoring of bridges for road infrastructure  
management in Lombardy region, Italy
Organizers: F. Biondini, M.P. Limongelli, C. Gentile & M. Belloli

Static monitoring of a masonry arch bridge: Evaluating the effects of changing 
environment 1993

P. Borlenghi, C. Gentile, M. D’Angelo & F. Ballio

Structural health monitoring of bridges based on GNSS 2001

S. Bianchi, L. Capacci, M. Anghileri, F. Biondini, G. Rosati, G. Cazzulani, S. Barindelli & 
S. Caldera

Remote monitoring of a concrete bridge through InSAR and GNSS measurements 2009

O. Lasri, P.F. Giordano, M. Previtali & M.P. Limongelli

How to prioritize bridge maintenance using a functional priority index 2017

M. Arena, G. Azzone, V.M. Urbano, P. Secchi, A. Torti & S. Vantini
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SS10: Deterioration modeling of concrete, rebar, steel and bond performance
Organizers: X. Gao, X. Ren & J. Li

Analysis of mechanical behavior of bond between plain rebar and concrete 2027
X. Gao, Y. Yu, C. Su & J. Li

Residual bearing capacity of corrosion-damaged reinforced concrete columns with annular 
cross sections 2035
Y. Jiang, H.-P. Chen & W.B. Li

Steel liner corrosion and its effects on the leak-tightness of the nuclear containment structure 2043
X.B. Li, X.Y. Wu & J.X. Gong

Influence of combined corrosion of carbonation and cyclic loading on reinforced concrete 
beams 2051

L.X. Zhu, Z.J. Zhou, Y.Q. Tian & C.R. Chen

SS11: BRIDGE|50: Experimental testing and model validation for life-cycle design and  
assessment of RC/PC bridges
Organizers: F. Biondini, F. Tondolo, S. Manto & C. Beltrami

Large-scale experimental testing of 50-year-old prestressed concrete bridge girder 2061

P. Savino, A. Quattrone, D. Sabia, B. Chiaia, F. Tondolo, M. Anghileri, F. Biondini & 
G. Rosati

Experimental tests for mechanical characterization of prestressed concrete bridge deck beams 2069

M. Anghileri, G. Rosati, F. Biondini, P. Savino & F. Tondolo

Experimental campaign for corrosion assessment of 50-year-old PC deck beams 2077

M. Carsana, E. Redaelli, D.O. Valoti & F. Biondini

Experimental validation of nonlinear finite element analysis of PC bridge deck beams based 
on the results of full-scale load tests 2085
M. Anghileri & F. Biondini

Dynamic response of PC bridge beams under different damages 2093
D. Sabia, A. Quattrone, P. Savino & F. Tondolo

SS12: Exploiting digitalization in the intervention planning for transportation infrastructure
Organizers: B.T. Adey, S. Moghtadernejad, S. Chuo & H. Mehranfar

Decentralized control-based intervention policies for road networks 2103
Y. Nakazato, D. Mizutani & T. Nagae

Efficient early estimates of bridge interventions: Costs, required possession times and 
associated failure risks 2112
H. Mehranfar, B.T. Adey, S. Chuo & S. Moghtadernejad

Estimation of bridge component condition states with varying data availability 2120
S. Chuo, B.T. Adey, H. Mehranfar & S. Moghtadernejad

State-of-the-art in the use of responsive systems for the built environment 2128
J. Suo, C. Martani, A.G. Faddoul, S. Suvarna & V.K.T. Gunturu
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Digital twins in construction practice – A use case driven implementation based on existing 
theory 2136
T. Zinke, C.P. Schimanski, D. Schäfer, M. Rowsell & R. Schumann

SS13: Strengthening and rehabilitation of steel bridges
Organizers: X. Jiang, X. Qiang & Z. Lv

Numerical analysis of weld throat crack of rib-to-deck reinforced by bonding angle 
steel 2147

Z.L. Lv, X. Jiang, X.H. Qiang, H.L. Wu & J.M. Ding

Flexural behavior of prestressed concrete beams strengthened with external CFRP 
tendons 2154
L.L. Chen, X.H. Qiang, X. Jiang & P. Liu

Rehabilitation of cracked diaphragm cutouts in steel bridge using Fe-SMA 2162
Y.P. Wu, X.H. Qiang, X. Jiang, H.L. Wu & J.M. Ding

Numerical study on the mechanical behavior of Fe-SMA/steel hybrid joints based on 
cohesive zone modeling 2170
Y. Shu, X.H. Qiang, X. Jiang, Q.L. Zhang & H.L. Wu

Full-scale experimental study on strengthened riveted gusset joints 2178
S. Wang, Q. Su, B. Liu, X. Jiang, L. Chen & C. Zhang

SS14: Data management and analysis for predictive maintenance of aging infrastructure
Organizers: F. Schmidt, M. Rasol & L.F.M. Sanchez

Weather condition effect on the road surface friction: A preliminary assessment based on 
sensor data 2187

M. Rasol, F. Schmidt & S. Ientile

Prediction of recovery time of infrastructure functionalities after an earthquake using 
machine learning 2195

B. Derras & N. Makhoul

Condition assessment and management protocols for concrete infrastructure affected by 
internal swelling reactions: Challenge and research needs 2203
R. Medeiros, A. Bergmann & L.F.M. Sanchez

The efficiency of laboratory test procedures for assessing field performance of concrete 
against Alkali-Aggregate Reaction (AAR) 2211
A. Bergmann, R. Medeiros & L.F.M. Sanchez

Digital twins for civil infrastructure: A case study on the Clifton suspension bridge 
(Bristol, UK) 2219

M. Pregnolato, S. Gunner, E. Voyagaki, R. de Risi, G. Gavriel, P. Tully, N. Carhart,  
T. Tryfonas & C. Taylor

SHM analysis for damage detection using time series analysis methods 2227

F. Schmidt, F. Chabi & J.-F. Bercher
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SS15: Reinforced concrete-to-concrete interfaces: experiments and modelling
Organizers: V. Palieraki & S. Cattaneo

Effect of size on the shear strength between old to new concrete interface 2237
S. Cattaneo & M. Scamardo

Experimental behavior of interfaces with anchors to thin overlays 2245
E. Oikonomopoulou, V. Palieraki, E. Vintzileou & G. Genesio

Calculation of the interface resistance in RC construction using different codes 2253
V. Palieraki, E. Vintzileou & S. Cattaneo

Performance-based design of new concrete walls for building seismic rehabilitation 2261
S.M. Alcocer & B. Moctezuma

Composite action in tunnel linings by use of shear connectors in concrete  
interfaces 2269
K. Mitroulis, N. Mellios, P. Spyridis & K. Bergmeister

SS16: Risk-informed life-cycle management of bridges
Organizers: I. Venanzi, M.P. Limongelli & U. Alibrandi

SHM-informed management of bridges in a life-cycle perspective 2279
L. Ierimonti, F. Mariani, I. Venanzi & F. Ubertini

Integration of MCDM-based regional flood hazard indexing with the Cerema guidelines for 
risk assessment of riverine bridges 2287

M. Loli, G. Kefalas, S. Dafis, S.A. Mitoulis & F. Schmidt

Assessment as to the best strategies for the maintenance of existing bridges 2295

A. Contardi & G. Pasqualato

The possibility of data integration of drive-by monitoring and direct bridge  
monitoring 2303

M. Miyagi, R. Shin, E. Mudahemuka & K. Yamamoto

SS17: BIM-based sustainability considerations in infrastructure construction
Organizer: M. König

Potential of holistic asset information management 2313

A. Buttgereit, M. Block, D. Gogolin & S. Gomolluch

Towards environmental design decision-making for infrastructure planning using 
parametric BIM 2321
J. Hofmeyer, K. Forth, S. Esser & A. Borrmann

BIM-based EPD adaption in the context of ecological sustainability and municipal 
infrastructures 2329
J. Maibaum, M. Block, M. König & A. Wachsmann

Element approach for BIM-based life-cycle modeling of bridges 2337
M. Müller, T. Zinke & T. Ummenhofer
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SS18: Optimization of inspection, monitoring and maintenance strategies for existing  
concrete structures
Organizers: R. Caspeele, W. Botte, G. Lombaert & A. Strauss

Inspection and assessment of PT structures: Results from application to an existing bridge 2347
I. Mazzatura, S. Caprili, W. Salvatore, J.R. Casas, M. Gammino, F. Ferrari & A. Piscini

Non-destructive and partially destructive test locations in RC structures: A combined spatial 
optimisation and Bayesian updating approach 2355
S. Karmakar, S. Ghosh, D. Saha & S.A. Faroz

FL decision system to choose the best maintenance strategy depending on condition 2363
F. Binder, N. Hlebec, U. Schneck & A. Strauss

Probability-based service life design of repair mortar overlay in case of chloride-induced 
depassivation risk 2371

K. Van Den Hende, S. Helderweirt, W. Botte, S. Matthys, R. Caspeele & G. Lombaert

Early detection of corrosion in reinforced concrete using ultrasonic-guided waves 2379

N. Habbaba, S. Mustapha & Y. Lu

The use of corrosion rates for the identification of damaged zones in a football stadium and 
efficacy of surface inhibitors as repair method 2387

C. Andrade, J.J. Muñoz & J.R. Rosell

SS19: Sustainability of steel production chain
Organizers: H. Gervasio & M.M. Sesana

Net-zero and lightweight steel technologies for the construction sector: Overview and case 
studies in Italy 2397
M.M. Sesana

Life-cycle assessment of light steel frame buildings: A systematic literature review 2405
G. Marrone, M. Imperadori & M.M. Sesana

Building life-cycle assessment considering different structural materials 2413
J.H. de Paula Filho, M. Charlier & M. D’Antimo

Optimised steel structures for a low carbon future 2421
M. D’Antimo

The contribution of low carbon steel to the decarbonization of the building sector 2429
H. Gervasio, L. Simões da Silva & M. D’Antimo

SS20: Advances in performance and life-cycle design of green structural  
materials for a more sustainable environment
Organizers: B. Belletti, P. Bernardi & A. Sirico

Use of coarse recycled concrete aggregates and vitrified MSW ash in eco-concrete design 2439

P. Plaza, C. Medina, A. Sirico, B. Belletti, P. Bernardi & J. Sánchez

Vitrified beads as aggregate replacement for sustainable cementitious materials 2447

B. Belletti, P. Bernardi, S. Ravasini, A. Sirico, D. Milanese, C. Sciancalepore, M. Malavasi & 
A. Cortese
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Mechanical strength and environmental sustainability of EAF concrete 2455
F. Faleschini, D. Trento, M.A. Zanini, C. Pellegrino, V. Ortega-López & A. Santamaria

Sustainable design of lightened reinforced concrete flat slabs in coastal environment 2463
A.J. Sánchez-Garrido, I.J. Navarro & V. Yepes

SS21: Durability of reinforced concrete structures and infrastructures under changing  
climate conditions
Organizers: S. Kessler, F. Marsili, P. Croce & F. Landi

Exploratory analysis of the impact of natural hazards on road infrastructure in the 
Philippines 2473
M. Adarne, A. Amir & M. Henry

Prediction of R.C. bridge deterioration under changing environmental conditions 2481
F. Landi, P. Croce, F. Marsili & S. Kessler

Life-cycle assessment of R.C. bridge components based on cluster analysis and stochastic 
process 2489

F. Marsili, S. Keßler & F. Landi

Corrosion effects of RC bridges considering the climate change impact 2497

M. Zucca, M.L. Puppio, F. Mistretta, F. Landi, P. Formichi & P. Croce

SS22: Life-cycle and sustainability of precast concrete structures
Organizers: B. Dal Lago, H. Rodrigues & P. Negro
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K. Petroutsatou, T. Vagdatli, M. Voutsis, P. Panetsos & Z. Barmpa

Powder wastes from concrete recycling as a sustainable source of calcium carbonate mineral 
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Preface

Structures and infrastructure systems need to comply with the continuously increasing demand 
from societal, political, economic, and environmental needs associated with aging, deterioration 
processes, and other multiple natural and human-made hazards affecting civil infrastructure 
facilities. To respond to these needs, civil engineering is undergoing a profound change towards 
a life-cycle-oriented design and maintenance philosophy where the system performance is con
sidered as time-dependent and the desired levels of target performance are addressed over the 
entire life-cycle taking into account the effects of aging and deterioration processes, time-variant 
loadings, and maintenance and repair interventions, among others. This transition is at the 
heart of civil engineering and is promoting and guiding a considerable amount of research and 
relevant advances in the fields of modeling, analysis, design, inspection, monitoring, repair, 
maintenance, and rehabilitation of deteriorating civil engineering systems. To support this pro
cess, after a series of International Workshops on Life-Cycle Analysis and Design of Civil 
Engineering Infrastructure Systems, IALCCE - The International Association for Life Cycle 
Civil Engineering was created in 2006 (https://www.ialcce.org).

IALCCE covers all aspects of life-cycle assessment, design, maintenance, rehabilitation and 
monitoring of civil engineering systems. The objective of the Association is to promote inter
national cooperation in the field of life-cycle civil engineering for the purpose of enhancing 
the welfare of society. Currently, IALCCE includes over 800 individual members from 66 
countries and over 30 collective members. Seven International Symposia have been organized 
since the foundation of IALCCE. The inaugural IALCCE Symposium was held in Varenna, 
Lake Como, Italy, in June 2008, under the auspices of Politecnico di Milano. Following 
IALCCE 2008, a series of Symposia have been organized in Taipei, Taiwan (IALCCE 2010), 
Vienna, Austria (IALCCE 2012), Tokyo, Japan (IALCCE 2014), Delft, The Netherlands 
(IALCCE 2016), Ghent, Belgium (IALCCE 2018), and Shanghai, China (IALCCE 2020). 
These events have been very successful, both technically and academically, and IALCCE Sym
posia have become established events in the field of life-cycle civil engineering. It was therefore 
considered fruitful to continue this landmark series and celebrate the 15th Anniversary of 
IALCCE Symposia where they were initiated by bringing together recent advances and cut
ting-edge research in the field of life-cycle civil engineering and related topics at the Eighth 
International Symposium on Life-Cycle Civil Engineering (IALCCE 2023), held at Politecnico 
di Milano, Milan, Italy, 2-6 July, 2023 (https://ialcce2023.org).

IALCCE 2023 has been organized on behalf of IALCCE under the auspices of Politecnico di 
Milano. The interest of the international civil engineering community in the activities covered 
by IALCCE has been confirmed by the significant response to the IALCCE2023 call for 
papers. In fact, over 750 abstracts from more than 50 countries were received by the Sympo
sium Secretariat, and approximately 70% of them were selected for final publication as tech
nical papers and presentation at the Symposium within mini-symposia, special sessions, and 
general sessions. Contributions presented at IALCCE 2023 cover recent advances and cutting- 
edge research in the field of life-cycle civil engineering, including emerging concepts and 
innovative applications related to life-cycle design, assessment, inspection, monitoring, repair, 
maintenance, rehabilitation, and management of structures and infrastructure systems under 
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uncertainty. Major topics covered include: life-cycle safety, reliability, risk, resilience and sus
tainability, life-cycle damaging processes (aging of structures, deterioration modeling, durable 
materials, earthquake and accidental loadings, fatigue and damage, fire and high temperat
ures, marine and severe environments, structure-environment interaction, global warming and 
climate change effects), life-cycle assessment and design (design for durability, failure analysis 
and risk prevention, structural robustness, lifetime structural optimization, long-term per
formance analysis, performance based design, service life prediction, uncertainty modeling, 
value of information, life-cycle structural safety, time-variant reliability, functionality and 
resilience, risk and sustainability), life-cycle monitoring, maintenance, and management 
(damage identification, field testing and proof loading, health monitoring, inspection and 
evaluation, robotic and aviation-based techniques, BIM techniques, maintenance strategies, 
rehabilitation techniques, strengthening and repair, structural integrity, asset management, 
infrastructure resilience, risk-based prioritization), life-cycle performance of special structures 
(bridges and viaducts, high-rise buildings, hydraulic structures, off-shore structures, precast 
systems, roof systems, runway and highway pavements, tunnels and underground structures), 
life-cycle cost of structures and infrastructure systems (decision making processes, human fac
tors, life-cycle cost models, project management, risk-lifetime analysis and optimization, 
whole life costing), and life-cycle-oriented computational tools (artificial intelligence methods, 
evolutionary procedures, heuristic techniques, mathematical optimization, soft-computing 
methods, survival models and simulation), among others.

Life-Cycle of Structures and Infrastructure Systems collects the lectures and papers presented 
at IALCCE 2023. This Open Access Book contains the full papers of 514 contributions, 
including the Fazlur R. Khan Plenary Lecture, nine Keynote Lectures, and 504 technical 
papers from 45 countries. It provides both an up-to-date overview of the field of life-cycle 
civil engineering and significant contributions to the process of making more rational deci
sions to mitigate the life-cycle risk and improve the life-cycle safety, reliability, redundancy, 
robustness, resilience, and sustainability of structures and infrastructure systems exposed to 
multiple natural and human-made hazards in a changing climate. The Editors hope that this 
volume will serve as a valuable reference to all concerned with life-cycle of civil engineering 
systems, including students, researchers, practicioners, consultants, contractors, decision 
makers, and representatives of managing bodies and public authorities from all branches of 
civil engineering.

Fabio Biondini and Dan M. Frangopol 
Chairs, IALCCE 2023

Milan and Bethlehem, April 2023
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Life-cycle assessment of light steel frame buildings: A systematic 
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ABSTRACT: Light Steel Frame structures (LSF) have become one of the main competitors 
of traditional construction systems. The optimized material use, its lightness, and the timesav
ing in the construction phase, show the potential of this technology to reduce environmental 
impacts. The purpose of this study is to review and analyse the current literature on the appli
cation of the Life Cycle Assessment (LCA) methodology to LSF buildings and identify related 
gaps. A systematic literature review has been performed to query Web of Science and Scopus 
databases, highlighting methods, limitations, trends, and tools used to address LCA applied 
to LSF buildings. Although many efforts have been made to evaluate LSF buildings in com
parison with other construction solutions, a gap persists in performing whole LCA. Consider
ing the potential disassembly and reuse offered by LSF and the recyclability of steel, there is 
a need for future research focusing beyond the end-of-life stage.

1 INTRODUCTION

Climate breakdown, resource scarcity, ecological collapse, as well as economic uncertainties make 
the next years crucial to shape the conversion to a carbon-neutral construction sector. Considering 
the increasing number of net-zero energy buildings and the consequent optimization of the oper
ational energy emissions, within the next years, the building’s embodied energy is likely to become 
fundamental towards the accomplishment of sustainability goals (Gervásio et al. 2010).

The European Green Deal (European Commission 2020) aims to eliminate greenhouse gas 
emissions through the introduction of circular economy principles in energy-intensive indus
tries (i.e. steel, cement) enhancing the secondary use of materials, components and products 
(European Commission 2014). In this context, the steel industry plays an important role, since 
the largest amount of steel produced worldwide is used in construction, material efficiency is 
necessary. In reducing embodied energy, weight plays an important role (Mateus et al. 2013). 
Therefore, new lightweight building systems such as Light Steel Frame (LSF) have emerged as 
a promising solution for low-rise buildings.

In the last 20 years, there has been growing interest in LSF both for residential and indus
trial applications due to the main advantages offered compared to traditional construction 
techniques (Grubb et al. 1999, Abouhamad and Abu-Hamd 2019). LSF is an offsite construc
tion system which relies on the optimization of the shape in favour of the lightness, thus facili
tating the transportation and construction phases. Furthermore, the possibility to preassemble 
the profiles in panels and volumes offers construction time benefits. Moreover, as a dry con
struction system, it also has a great potential for circularity e recyclability.

Even though there is a general understanding of the cause-and-effect link between a building’s 
environmental performance and its energy needs, the same link is not immediate for embodied 
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energy. Hence, is necessary to provide benchmarking values also for the embodied energy (Ger
vasio et al. 2018). In recent years, many researchers have focused on building performance calcu
lation within a life-cycle perspective, investigating and comparing different types of buildings, 
construction materials, and techniques. Life Cycle Assessment (LCA) is a quantitative approach 
to measure and analyse products and processes’ environmental impacts. According to ISO 
14040/44:2006, the LCA methodology usually consists of four main steps: (i) goal and scope def
inition, (ii) life cycle inventory (LCI), (iii) life cycle impact assessment (LCIA), (iv) interpretation 
of results. EN15978 regulates the application of LCA in construction works considering environ
mental, economic, and social aspects of sustainability.

Besides some review articles have been published concerning LCA applied to LSF buildings, 
they usually followed the traditional review approach. Therefore, a shared and recognized meth
odology to perform the review is needed. Considering the growing reputation of offsite construc
tion systems and particularly LSF both in the scientific community and in the construction 
market as a reliable system in terms of environmental impacts and sustainability assessment 
(Smith and Quale 2017, Buzatu et al. 2020, Tavares, Soares, et al. 2021, Thirunavukkarasu et al. 
2021) the purpose of this work is to give an overview and interpretation of the existent literature.

Through a systematic literature review, the studies on LCA methodology applied to LSF 
buildings are investigated, understanding methods, highlighting limitations, tools, and trends, 
thereby enabling practitioners and researchers to gain knowledge on the already researched 
areas and identifying existent literature gaps. The paper is organized as follows: the second sec
tion presents the research questions and the process followed for the systematic literature 
review. The third section introduces the review of the selected works, highlighting the methodo
logical choices in performing LCA. The paper concludes with a discussion of the main findings 
in the fourth section, identifying literature gaps and suggesting future research directions.

2 METHODOLOGY

This study contributes to the existing literature by synthesising previous scientific works about 
the application of LCA methodology to LSF buildings through a systematic literature review. 
Xiao and Watson (2019) recognise the need to perform a systematic literature review to find 
the current state and gaps of the topic through the breadth and deep analysis of the existing 
high-quality literature. In this paper, the systematic review follows the methodology found in 
the literature, which consists of four main steps: the definition of the scope and research ques
tions, the definition of inclusion and exclusion criteria and a synthesis of the findings.

Once the scope of the work has been defined, the authors designed three research questions: 
‘What are the methodological choices made to perform an LCA of LSF buildings?’ and ‘What 
is the environmental performance of LSF buildings?’, ‘What promising opportunities for 
future research can be identified?’. To answer the research questions, the authors queried two 
frequently used databases – Scopus and Web of Science. To gather and analyze a significant 
and high-quality sample of papers, different spelling (i.e. cold-formed” OR “coldformed” OR 
“cold formed”) and different terms (i.e. cold formed, light steel frame, light gauge) have been 
used. The search string and the inclusion and exclusion criteria are shown in Table 1.

Table 1. Construction of the search string and criteria used for the articles’ selection.

Search string Inclusion criteria Exclusion criteria

– Keywords: (“cold-formed” OR “cold
formed” OR “cold formed” OR “light 
steel” OR “LSF” OR “light gauge”)

– AND (“Life cycle” OR “LCA” OR 
“Environmental impact”)

– Search in: title, abstract, keywords
– Document type: articles and review art

icles (Peer-reviewed)

– Articles/review articles 
investigating the building 
sector

– Articles/review articles 
investigating environmental 
LCA of LSF buildings

– Full text not available
– Articles not published 

in peer-reviewed 
journals

– Articles not written in 
English
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The databases’ query was executed on 18 December 2022. The literature identification process 
retrieved 49 articles from SCOPUS and 42 articles from Web of Science, a total of 91 articles. 
After removing 34 duplicate articles, 57 articles remained for the abstract screening phase.

Through the abstract reading, the relevance of each article within the search objectives has been 
evaluated with the inclusion and exclusion criteria. Accordingly, 28 articles were out of scope and 
related to other disciplines (i.e. metallurgy, chemistry, structural engineering) thus leaving 31 art
icles for full-text analysis. Once the full-text reading has been completed, the criteria have been 
applied again: 3 articles were not readable, while 10 articles were investigating LSF buildings but 
environmental LCA. Since the 10 articles don’t meet the criteria, they were not included in the 
deep review. The remaining 18 articles were analysed to identify the methodological choices made 
in performing LCA on LSF buildings, considering the first three phases of LCA according to ISO 
14040/44:2006. A schematization of the methodology used to narrow down the number of articles 
from 91 to the final sample of the 18 deeply reviewed papers is presented in Figure 1.

The papers have been analysed to identify methodological choices in performing LCA on 
LSF buildings to enable researchers and practitioners to gain insights into previously 
researched areas and identify research gaps. The data have been collected in a comprehensive 
table divided according to the first three steps of the LCA.

3 LIFE CYCLE ASSESSMENT OF LIGHT STEEL FRAME BUILDINGS

With the rapid growth of LCA studies in the building sector, also review papers have been pub
lished to summarize the progress. Although, the review articles published concerning LCA applied 
to LSF buildings follow a traditional reviewing approach. In this section, the results of the system
atic literature review of the 28 identified articles are presented to address the search objectives. 
Among the 28 reviewed articles, 18 works are related to the application of environmental LCA to 
LSF buildings; the remaining articles are not concerning the specific topic, although they are con
sidered relevant for the reviewed literature body. Within these 10 works identified, Soares et al. 
(2017) published a traditional literature review highlighting key advantages and drawbacks of LSF 
in terms of energy efficiency and thermal performance. Many studies focused on Life Cycle Energy 
Assessment, Gervásio et al. (2010) published a parametric study on different insulation levels of 
a residential LSF building, confronting operational and embodied energy. The study highlighted 
that in 16 years the operational energy can overcome the embodied one. On the same page, Santos 
et al. (2014), focused on the LSF operational energy by optimization of thermal bridges and 
improvement of thermal inertia, thus addressing “life-cycle design”. Other works focused on the cal
culation of Life Cycle Cost or the adoption of multidimensional methods, acting on the life cycle’s 
risks (Zeynalian et al. 2013, Çelik and Kamali 2018, Abouhamad and Abu-Hamd 2019, Sen et al. 
2021, Noorzai et al. 2022). Also considering the structural performances, Lu (2016) and Usefi et al. 
(2021) addressed the sustainability assessment of LSF.

Figure 1.  Flow chart for the identification of the reviewed articles according to inclusion/exclusion criteria.
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Considering the 18 articles related to the application of LCA to LSF buildings, the analysis 
follows the first three main steps of the methodology suggested by ISO 14040/44:2006. The 
main methodological choices described in the reviewed papers in performing LCA have been 
synthesized in Table 2. First, the goal and scope definition is presented, highlighting the type 
of building, the type of study performed, the lifespan, the geographical location, the functional 
equivalent/unit and the system boundaries. Then, the tools and databases used to create the 
inventory of input and output flows (LCI) have been highlighted: we found that there isn’t 
a harmonized inventory data collection methodology. Lastly, the choices about the environ
mental impact assessment (LCIA) are reported. According to this structure, the results are 
presented in the following paragraph.

3.1  Goal and scope definition in the reviewed literature

Within the body of reviewed literature, two types of studies have been identified (i) a baseline 
study (non-comparative) used to assess individual project performances, (ii) a comparative 
study to compare the environmental performances of different construction systems. On one 
hand, some methodological choices are shared across the literature, but many others are dif
ferent and need to be deepened. There is a general agreement on the selection of 50 years life
span of the building, only one study proposes 90 years. Among the 18 works, the residential 
building is the most investigated. Considering the building locations, many areas of the world 
have been covered. Some studies addressed the buildings’ environmental impacts in different 
scenarios and locations (Tavares et al. 2019, Tavares, Gregory, et al. 2021).

In performing LCA, the definition of the life cycle stages included in the system boundaries is 
fundamental and can affect the results. According to EN15978, the life cycle stages are: (i) product 
stage (A1-A3), which includes the provision of materials, products and energy; (ii) construction 
(A4-A5), which includes transport to the building site and installation; (iii) use (B1-B7) includes 
also maintenance, repair, replacement, refurbishment and operational energy and water use; (iv) 
end-of-life (EoL)(C1-C4), includes deconstruction/demolition, transport to waste processing and 
disposal; (v) benefits and loads beyond the system boundaries (D), this module allows to take into 
account the net impacts and benefits of reuse, recovery or recycling after demolition.

Considering the non-comparative approach, both a whole case study building and a single com
ponent have been analysed. Both Tuca et. al (2012) and Zygomalas and Baniotopoulos (2014) 
focused on a whole building, one calculating the impact of the maintenance process and the other 
highlighting the type of environmental impact caused by LSF, which mainly affects natural 
resources and human health. In the last years, Liu et al. (2022) addressed a new demountable and 
modular LSF wall, highlighting the environmental impact advantages of a reusable module. High
lighting the benefits associated with recycling and reuse, Abouhamad and Abu-Hamd (2020) 
included in the analysis also the module D, finding that Global Warming Potential (GWP) is 
reduced by 15.4% while the embodied primary energy is reduced by 6.22%, accordingly, the envir
onmental impacts of LSF are considerably lower than conventional construction systems. Using 
the same case study building, Abouhamad and Abu-Hamd (2021) proposed a new framework to 
facilitate the decision-making process in selecting sustainable design alternatives.

Recycled steel is used in the production of new steel thus, the relevance of module D in steel 
buildings is confirmed by many comparative studies. Vitale et al. (2018) calculated that LSF 
has a better environmental performance than reinforced concrete and brick wall buildings, 
considering the profiles’ recovery the performance can increase up to 24%. On the same page, 
Dani et al. (2022) published a comparative study in New Zealand between LSF and timber 
frame buildings. Using a cradle-to-cradle approach, the authors showed that when module 
D is considered, LSF has lower emissions: the difference is 1.69 kg CO2 eq/m2/year.

Many comparative studies showed the environmental advantages of timber frames in differ
ent applications and locations when module D is excluded (Gong et al. 2012, Rodrigues and 
Freire 2014, Crafford et al. 2017, Li et al. 2021). Broadly speaking, the literature agrees on the 
better environmental performance of LSF among traditional construction systems. For 
example, some studies highlighted the environmental advantages of LSF when compared to 
masonry buildings (Iuorio et al. 2019, Bianchi et al. 2021, de Oliveira Rezende et al. 2022). 
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Also, the comparison between hot-rolled steel and LSF in a portal frame of industrial build
ings performed by Johnston et al. (2018) highlighted the better economic and environmental 
performances of LSF, which allows 33% of steel savings.

Besides the comparison with different construction materials, the potential of LSF as 
a prefabricated construction system has been addressed by Tavares, Soares, et al. (2021): pre
fabricated construction has a lower environmental impact (except for abiotic depletion for 
LSF) compared to conventional construction systems. The comparative studies analysed, in 
summary, show that LSF represents a good alternative to traditional construction systems.

3.2  Life cycle inventory in the reviewed literature

The uncertainty of LCA results occurs also when the inventory phase is performed because of 
the missing foreground data. Addressing the LCI phase, it must be highlighted the complexity 
of the data collection of the material flows through the system boundaries. Most of the studies 
gathered data with the help of well-known databases, such as EcoInvent or databases already 
included in the LCA tools used to perform the analysis. In some contributions also Environ
mental Product Declarations (EPDs) have been used as a data source.

Many studies contributed to the LCA literature through primary data collection directly from 
manufacturers. In performing an LCA, different calculation tools are used to address the environ
mental impacts. From the literature, it can be observed that in the first publications, the main tool 
used is SimaPro while in the last years, the increasing sensitivity on the topic allowed the spread of 
new simplified tools specialized in building applications, often connected with BIM instruments.

3.3  Life cycle impact assessment in the reviewed literature

In all the studies analysed, the environmental impacts calculated and considered are different. 
Among others, the entire body of reviewed literature focused on the calculation of the GWP. 
Although, as many parametric studies highlighted, when performing an LCA it is appropriate 
to give a complete overview of the performances in all the impact categories, especially in com
parative studies. Highlighting a better or worst performance between different materials con
sidering only one specific environmental impact category can lead to misleading conclusions.

4 CONCLUSIONS

This systematic literature review has provided an overview of the key methodological choices 
made by researchers in performing environmental LCA on LSF buildings. In this section, 
some observations on the reviewed literature are made and research gaps are identified, thus 
providing guidelines for future research that can contribute to the progress of the scientific 
debate on the topic. The following propositions mirror the main conclusions of our analysis:

– The review has shown that there is a lot of effort invested in comparative studies. Although, 
they are not performed considering the same boundary conditions (i.e. different building lay
outs). In some cases, critical information in goal and scope definition is completely absent;

– The results obtained by different studies are not comparable because they have been conducted 
with different methodologies, also considering the location. Concerning this, there is a need to 
develop georeferenced and structured data related to the specific construction system;

– The calculations may vary significantly depending on the data collection, geographical 
location, scope, and methodology used. These items should not be used to compare results 
between buildings out of the same scope;

– The comparative studies aim to demonstrate the better environmental performance of 
a construction technology compared to another. In doing so, some fundamental features 
of LSF such as recyclability and durability are often not considered;

– In comparative studies, different assets of the system boundaries lead to different results. 
According to the potential recyclability, further developments are needed to assess the 
LCA of LSF buildings with a cradle-to-cradle approach which also considers module 

2410



D. The potential recyclability of structural elements is fundamental in net-zero buildings 
since they contain up to 60% of the total embodied energy (Berggren et al. 2013). There
fore, the cradle-to-gate analysis should be revised considering also the new European pol
icies on the minimum recycled content;

– Further experimental studies with realistic data and coherent methods are needed to 
implement and develop reliable and georeferenced benchmarking in different scenarios.

Considering the above, generical statements about the use of specific materials based on not har
monized methodologies and not related to a specific scenario should be revised. Nonetheless, the 
construction market, asks the scientific community for guidance and comparisons between different 
construction materials using the right KPIs. In response to this need, the authors are investigating 
an embryonic project (ARCADIA - ENEA) developed at the Italian level on some material supply 
chains focused also on the construction of a materials database. In conclusion, the authors want to 
turn the reader’s attention to three main future research directions, LSF durability, its potential use 
in recladding applications and the need to perform the whole LCA.

Steel durability is rarely considered in comparative studies, especially when steel is com
pared to wood. In this regard, the authors consider it fundamental to deepen the LCA of LSF 
through the exploration of different end-of-life scenarios considering that the lifespan of steel 
is higher than the building’s one. The matrix of the scenarios should be recalibrated with 
meticulous work of sensitivity analysis.

According to the authors’ experience, future research in the application of LCA to LSF 
buildings can be done considering the potential application in buildings’ recladding. The 
authors believe that the application in this context could highlight the LSF benefits among 
other solutions. Lastly, few studies addressed the potential of LSF also in terms of economic 
sustainability. Given the advantages of this construction technology, further research is sug
gested in developing multicriterial methods to perform a whole LCA of LSF, addressing all 
the various aspects of sustainability.
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