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A B S T R A C T   

Lightweight sandwich panels offer a prominent solution for the rehabilitation of timber floors. 
This paper addresses the development of a solution capable of continuous production for a foam- 
filled steel web sandwich panel for floor rehabilitation. The newly designed flooring solution is 
tested in full-scale quasi-static flexural campaigns. The tests validate the analytical design’s 
compliance with Ultimate limit state (ULS) and Serviceability limit state (SLS) requirements. 
Furthermore, the flexural behaviour is compared with analytical predictions for thin-walled 
members according to the effective width method, described in Eurocode 3. Different effective 
cross-section design assumptions are assessed to allow an accurate prediction of the panel’s 
response.   

1. Introduction 

Over the last decades, the reduction of environmental impacts and the development of technological innovations towards a more 
sustainable industry have been a growing concern worldwide. Within this context, changes to the construction industry are of key 
importance, since this sector is accountable for approximately 50% of all raw material extracted globally and generates 45–65% of the 
total amount of waste deposited into landfills [1,2]. In Europe, it is estimated that this sector is responsible for 50% and 40% of energy 
and raw material consumption, respectively [3]. 

The sustainable development of building solutions stands out as one of the main factors to currently drive the decision-making 
throughout the construction industry [3,4]. This involves making modifications, substitutions, or extensions to foster sustainable 
features on different constructive practices, addressed both for new engineering works as for the rehabilitation of existing buildings 
[5]. In fact, rehabilitation of old buildings is a growing concern at European level, since around 40% of the existing European buildings 
are dated before 1960, from which a substantial part was constructed with masonry and timber solutions [6,7]. In terms of structural 
performance, these buildings have already exhausted their nominal service life (50 years) requiring major maintenance and/or 
intensive rehabilitation procedures [7,8]. 

One key factor when dealing with the rehabilitation of masonry building concerns degraded flooring systems. The most common 
flooring system found in this kind of buildings are timber floors [9]. The simple replacement for a similar timber floor may not be the 
most suitable solution, as this system may not be able to attain current structural performance specifications or may require frequent 
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maintenance procedures to avoid excessive deformations over time [9–11]. 
In this context, the use of prefabricated structural elements arises as a highly prospective solution to contribute towards a more 

sustainable construction, especially due to the mitigation of environmental impacts by providing: i) savings on the construction time; 
ii) effective management of waste; and iii) simplicity of construction techniques [4,12–15]. In recent years, interest in prefabricated 
lightweight sandwich panels has increased due to their high stiffness-to-weight ratio [16]. A typical sandwich panel is composed of two 
thin skins with a low-density core between them [17]. Usually, the skins are made of fibre-reinforced polymers (FRP) or steel [18,19], 
and the core made of cellular foams or balsa wood [18,20]. 

Currently, most applications of steel sandwich panels are left to secondary elements or non-structural purposes. This is due to the 
sensitivity of thin-walled steel elements to premature buckling and instability phenomena, which can considerably compromise their 
structural safety [15,21–25]. Nevertheless, the innate high bending stiffness of sandwich panels can be associated with techniques to 
increase their buckling shear strength (such as the use of vertical webs or thin-walled joists, shear connectors or reinforced with 
concrete or composite elements) and therefore lead to their application in primary structural elements [21,26–34]. 

As a primary lightweight structural solution, one of the most promising applications for sandwich panels includes flooring decks 
used as modular constructive systems, since transport requirements imposes weight restrictions [35]. Ryu et al. (2018) [36] developed 
a sandwich panel-based flooring system composed by steel plates infilled with a high-density synthetic polymeric material, and the 
incorporation of a wire mesh for strengthening flexural strength under fire conditions (placed between the interface of the bottom steel 
plate and the core) and hollow core balls for reducing the polymer weight were assessed. All tested panels exhibited a satisfactory 
post-peak ductile behaviour and structural integrity under flexural loading [36]. Park et al. (2022) [37,38] have investigated the 
vibration response and the fire-resistance of steel-polymer sandwich panels used as flooring solutions. Besides an adequate fire and 
functional performance, the research revealed that the panels can also be incorporated with phase-change-materials into the polymeric 
core to enhance their thermal and fire performance [37]. 

Recently, several researchers have also developed flooring solutions comprising fibre-reinforced-polymers (FRPs) as face material, 
in association with several different core materials. Abdolpour et al. (2016) [39] investigated the use of GFRP sandwich panels infilled 
with PUR foam on the development of lightweight floor modules applicable in emergency dwelling in disaster areas [39]. Zhao et al. 
[40] investigated the mechanical behaviour of sandwich panel decks composed by glass-fibre-reinforced polymer (GFRP) and hybrid 
PUR foam core, in which different densities of PUR foam were used in association as core material to increase the shear capacity of the 
conceived flooring solution [40]. Similar strategy had already been used by Keller et al. (2008), but for GFRP sandwich panels used for 
a roofing application in Switzerland [41]. 

In this sense, a lightweight floor system built from sandwich panel arises as an interesting alternative for the rehabilitation of 
masonry buildings in old constructions [18,42–44], once it does not add significant dead load to the structure [16,45]. Therefore, the 
seismic response of these buildings, known to be vulnerable to extreme events, would remain unchanged or even improved, since the 
target of the panels is to keep similar levels of inertial forces and diaphragm stiffness as the previously existing timber floors [10,46, 
47]. 

This work falls within the scope of the Lightslab Research and Development project, that aims at the development of an alternative 
flooring system to current solutions, such as reinforced concrete and composite slabs, for application as a structural element in modular 
construction and on the rehabilitation of degraded timber floors. The main objective of the project is to conceive a cost-competitive 
lightweight system, based on cold-formed-steel sandwich panels, that allows greater efficiency and simplification of construction 
technology and ease of incorporation of installations (e.g. electrical, communications, water). Furthermore, this system is not sub
jected to biological attacks, and allows a direct and easy mechanical connection to existing masonry structures using steel angles which 
ease installation and maintenance procedures. 

Within this paper, critical aspects regarding the development of a solution, capable of continuous production, of an innovative 
foam-filled steel web sandwich panel are assessed. Furthermore, an experimental characterization of the flexural response of the 
conceived panels was carried out. Additionally, a brief description of the analytical design of the sandwich panel will be presented, and 
in a final stage, compared to the obtained results for the full-scale tested prototypes. 

Fig. 1. Initial cross-section proposal of the cold-formed-steel sandwich panel [48].  
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2. Conception and analytical design of the cross-section 

Within this research, a cold-formed-steel based sandwich panel (Fig. 1) was conceived and designed [48] to be used as a modular 
flooring solution and for the replacement of degraded timber floors, in applications such as the rehabilitation of masonry construction. 
The sandwich panel has a top and bottom face sheet that are made of cold-formed steel (CFS) sheets with nominal thickness of 1 mm. 
The vertical webs are also CFS C-sections and Z-sections. The cavities between the webs are filled with polyurethane foam (PUR) with a 
nominal density of 40 kg/m3. Although several experimental and analytical studies suggest that the presence of a cellular core en
hances the local instability resistance of the sandwich panels [24,49,50], the design of the flooring system was conducted in a con
servative approach, disregarding the foam mechanical contribution. Therefore, the panel was assumed as a hollow built-up 
cold-formed-steel (CFS) cross-section. The overlapping parts of the flanges and face-sheets were considered jointed in the adhesive 
area’s mid-line. The overhanging part of the flanges was regarded as an outstand element, whereas the part between the web and the 
adhesive mid-line was regarded as an internal element [48]. Such definitions are necessary to calculate the slenderness and 
cross-section area reduction due to local buckling. According to the Euler-Bernoulli beam formulation, the structural model adopted is 
a simply supported beam with a fixed span length and subjected to a uniformly distributed load, as detailed in Annex A. 

Although the use of built-up CFS sections is currently accelerating due to the growing use of CFS elements in general construction 
applications [51], building codes in general do not provide information on the design of CFS built-up section members. Thus, several 
researchers have proposed and validated different methods to conduct their design. According to Xu et al. [52], the flexural capacity of 
a built-up box section subjected to concentric loading may be obtained by application of the superposition method, in which the sum of 
the capacity of the individual members yields the strength of the entire built-up section [52]. Li et al. [53] compare the prediction of 
the flexural resistance of a built-up box beam bending about its weak axis against experimental results. The effective width method 
(EWM) described in the Eurocode 3 [54] is used to predict the flexural strength by considering an equivalent simplified box section. 
The technique is deemed reliable for cross-sections with a width-to-thickness ratio not greater than 100 [53]. Yao et al. [55] conducted 
a comparison between the experimental flexural strength of a built-up box section bending about its strong axis and the analytical 
prediction obtained through the EWM as described in the American and Chinese building codes (AISI S100–2016 and GB 50018-2002, 
respectively [56,57]). The former is considered too conservative, while the latter is unconservative [55]. Regarding the deflection 
prediction at the Serviceability limit state (SLS), Ye et al. [58] compare the results of the flexural tests on back-to-back built-up channel 
sections with analytical predictions obtained by different methods. Considering the gross-cross-section properties leads to an un
derestimation of the deflection of about 8%. On the other hand, the interpolation method of the Eurocode 3 is deemed the most 
reliable, with a slight overestimation of the vertical deflection [54,58]. 

The resistance verifications for the proposed sandwich panel flooring solutions to the design actions at the Ultimate limit state 
(ULS) were performed for the most typical failure modes of thin-walled CFS profiles. These include bending moment analysis 
considering buckling due to local instability of the individual plates and shear buckling of the panel webs. The effective width method 
(EWM), described in Eurocode 3 – Parts 1–3 and 1–5 was used to estimate the load-bearing capacity of the sandwich panel [54,59]. 
This method adopts an iterative procedure to determine an equivalent area of all the plates of the cross-section accountable for the 
ensued longitudinal stresses after local buckling of the steel occurs. Thus, it allows for the calculation of the load-bearing capacity of 
the panels with respect to bending moment (MRd) and shear (VRd), according to Equation (1) and Equation (2). 

MRd =
Weff × fy

γM0
(1)  

VRd =
nw × hw × tw × fbv

γM0
(2)  

where Weff, hw, tw and nw are geometrical parameters related to the cross-section (effective section modulus, height of the webs, 
thickness of the webs and number of webs, respectively) and fy, and fbv represent the nominal value of the yield strength as prescribed 
by the Eurocode 3 Part 1–3 and the shear strength considering buckling, respectively [54]. γM0 is a partial factor for the resistance of 
the cross-section, set as 1.00 for the current application [54]. The obtained load-bearing capacity is then compared with the ULS load 
action combination, determined according to EN 1990 and EN 1991-1-1, and described in detail in Annex A [60,61]. With regards to 
Serviceability limit state (SLS) verification, the coding establishes a maximum deflection of the structure when subjected to SLS load 
combination (δmax) as a ratio of the clear span length (L), as shown in Equation (3) [54]. Additionally, the Eurocode 3 establishes a 
maximum deflection due to variable actions (δ2), as shown in Equation (4) [54]. Further details are reported in Annex A. 

δmax ≤
L

250
(3)  

δ2 ≤
L

300
(4) 

The Portuguese National Annex in NP EN 1993-1-1 require verifications against excessive vibrations if the vertical deflection (δmax) 
is higher than 28 mm [62]. For the current application, since the maximum studied span length is 5.0 m, the fulfilment of Equation (3) 
imposes that the deflections may not be higher than 20 mm, which correspond to a more stringent limit for the SLS deflection and 
therefore allows disregarding the verifications against vibrations. 

Besides the structural verifications, the design of the panel was also conducted to ensure an adequate thermal and acoustic 
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functional response. In this regard, a metaheuristic genetic algorithm was adopted, to pursue for design solutions that attain structural, 
and a fraction of functional requirements set by building codes (which will be complemented by additional insulation layers on the 
final solution), minimizing cost, mass, and carbon-footprint of the flooring system [48]. This algorithm thoroughly assessed different 
cross-section geometries considering a fixed clear span length of 5.0 m, by varying the following factors: i) total thickness of the panel, 
thickness of the steel face sheets; ii) width of the web flanges; iii) number of intermediary webs and iv) density of the polyurethane 
foam used as core material. The technical details regarding the implementation of the genetic algorithm, a comprehensive description 
of the effective width method (EWM) used to estimate the load-carrying capacity of the panels and the obtained optimized solutions for 
each one of the targets are fully reported in Ref. [48]. The optimal cross-section architecture obtained after the optimization campaign 
is shown in Fig. 2. 

3. Practical aspects of the manufacturing process 

The manufacturing process of the optimized sandwich panel flooring system in a continuous production line consists of the 
following steps: i) slitting of the steel coil which will be used as a bottom face sheet of the panels; ii) placement and fixing of the C and 
Z-shaped vertical elements (webs) to the bottom face sheet of the panel (Fig. 3a); iii) slitting of the steel coil that will be used as upper 
face sheet of the panels (Fig. 3b); iv) application of the polyurethane-based structural adhesive to the top face of the webs (Fig. 3c); v) 
injection of the liquid polyurethane (PUR) into the bottom face sheet, which polymerizes and cross-links expanding into a foam that 
fills the cavity constrained by the webs, creating a strong bond between the steel elements and the foam core (Fig. 3d); vi) placement 
and adhesively bonding of the upper face sheet to the webs; vii) subjecting the panels to a brief curing process (42 ◦C for 7 min, directly 
after foaming), to ensure that the foam expands uniformly and adheres tightly to the steel sheets and enhance the bonding of the 
polyurethane-based adhesive [63,64]; viii) cutting and trimming of the panel into the desired length (Fig. 3e). The final aspect of the 
sandwich panels at the end of the production line is shown in (Fig. 3f). 

The main practical challenges associated with the implementation of a continuous production line for such panels are related to the 
placement and fixing of the C and Z-shaped vertical webs to the bottom face sheet (step ii), which, due to their slenderness (and 
consequent low rigidity), are prone to misalign, deform and buckle during their assembling and/or injection of the liquid PUR (Fig. 4a). 
Eventual misalignments and deformations represent a huge setback for the panels, once initial imperfections can contribute to pre
mature yielding of the thin-walled CFS members, which have their failure primarily governed by local instability phenomena [58,65, 
66]. Furthermore, with current production machines the intermediary vertical elements (Z-shaped webs) at the cross-section of the 
panel affect the formation and stabilization of the PUR foam, leading to the occurrence of voids and heterogeneities in the core 
(Fig. 4b). Although these issues could be solved by the manual assembling and foaming of the sandwich panels or with major mod
ifications on the production line, this would lead to a significant reduction on the efficiency of the productive process, which 
considerably compromises the economic feasibility of the flooring solution. 

Therefore, an alternative geometric design was conceived to tackle these problems (Fig. 5a). In this configuration, there is no need 
to position and fix any type of C or Z-shaped profiles on the panel faces, since the webs consist of lateral reinforcements (stiffeners) 
obtained by folding the lower steel face sheet, which was also conceived to ensure a better fit between adjacent panels. The width of the 
panels, in this version (0.5 m), would necessarily have to be smaller than the width of the prototypes previously designed in the project 
(1.0 m), which, on the other hand, mitigates the need for intermediary webs and thereupon contributes to a more homogeneous 
stabilization of the PUR foam core. For the alternative geometric cross-section, the sandwich panels were designed for a clear span of 
4.0 m, which although smaller than the clear span considered in the optimization campaign (5.0 m) described in section 2, still 
correspond to the average span length identified in old masonry buildings across Portugal and Europe, as illustrated in Fig. 6b [48,67]. 
Furthermore, the panel can still be easily adapted for higher span lengths by incrementing its nominal thickness of the built-up CFS 
elements or its overall height, if required for specific applications [68]. 

Considering that in a first stage the production of this prototype took place manually, the lower steel face-sheet had to be previously 
shaped to the intended configuration (Fig. 5b), using a profiling bending machine, and then inserted directly into the production line 
for foaming and adhesive joining of the top face sheet (Fig. 5c). 

Having in mind the future objective of automating the production process, changes would have to be made to the profiler to fold the 
sheets unwounded directly from the coils. From a practical point of view, with the adoption of the profilers to obtain the desired shape 
for the face sheet of the panel, the continuous production of this flooring solution with adequate dimension consistency and quality 
control is deemed highly feasible. A schematic of a 3D representation for the possible application of the developed flooring solution is 

Fig. 2. Sandwich panel cross-section obtained with genetic algorithm [48].  
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shown in Fig. 6a, whereas the cross-sectional view of the sandwich panel system is shown in Fig. 6b. 

4. Experimental program 

After the successful manufacture of the prototypes shown in Fig. 5, six panels with 2.0 m length were produced for a preliminary 
experimental campaign, carried out with the following objectives: i) assess the flexural response of the flooring solution and verify the 
analytical design compliance with Ultimate limit state and Serviceability limit state requirements; ii) identify failure modes and their 
propagation; iii) evaluate the mechanical behaviour of adhesively connected adjacent panels. Within this campaign, the panels were 
tested in a four-point bending configuration, whereby two tests were carried out in individual panels and two more tests were per
formed in sets of two adhesively jointed panels (slabs). 

The jointed panels were bonded using an epoxy structural adhesive (S&P Resin 220 HP), applied on the surfaces to be bonded after 
mechanically treating the latter with sandpaper and cleaning with acetone. The jointed panels were properly attached using ratchet 
tie-down straps and left to cure for 72 h at room temperature prior to removal of the straps and initiation of the experimental campaign. 
To assure an efficient load distribution among the two connected panels, a thin layer of bitumen-based polyester putty was applied for 
the rectification of the load application zones. 

For the tests, the panels were placed over a pin and a roller supports, to reproduce a simply supported configuration with a clear 
span of 1.80 m length and a shear span of 0.60 m, and metallic spreader I-beams were used to uniformly distribute the force from the 
actuator within the two loading zones. The test setup is shown in Fig. 7. 

Throughout the test, the deflections were measured using RDP-ACT-Series LVDTs positioned under the loaded section (75 mm 
range, with linear error of ±0.075 mm) and at midspan cross-section (100 mm range, with linear error of ±0.1 mm). Furthermore, two 
auxiliary bars were attached to the lateral faces of the sandwich panels at the support areas, and LVDTs were installed on it to measure 
the vertical deflection disregarding eventual displacements which may occur on the panels due to the settlement of the supports. 
Additionally, Tokyo-Measuring PFL10-11 strain gauges (SG) were placed at the top and bottom face sheet of the sandwich panels 
(gauge length of 10 mm, gauge factor of 2.12 and transverse sensitivity of ±0.5%). A schematic of the lateral view of the 

Fig. 3. Example of the manufacturing process of the prototype sandwich panel: a) placement of vertical elements (webs); b) bottom and top face sheet on production 
line; c) adhesive on top of web and uncoil of upper face sheet; d) injection of the liquid PUR compound that forms the foam; e) placement of panel in packaging line for 
cutting/trimming; f) final aspect of the manufactured panel. 
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instrumentation used on the tests in represented in Fig. 8a, whereas the cross-section for both the individual and jointed panel con
figurations are shown in Fig. 8b and c, respectively. Data was collected throughout the entire tests at a frequency of 4 Hz. All the tests 
were conducted at the Structures Laboratory of the Civil Engineering Department at University of Minho, in quasi-static monotonic- 

Fig. 4. Practical challenges observed on manufacturing trials of prototypes with C and Z-shaped elements as webs: a) buckling/misalignments on the webs; b) voids in 
the PUR foam core. 

Fig. 5. Geometry of the alternative prototype: a) geometric dimensions; b) cold-formed-steel built-up cross-section; c) panel after core foaming and bonding of 
face sheets. 
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instantaneous loading up to failure, under displacement control at a rate of 1.8 mm/min applied using an AEP-TC4 force transducer 
load cell (nominal load of 200 kN ± 0.3 kN). 

5. Experimental results & discussion 

As mentioned before, two experimental campaigns were performed to assess the flexural behaviour of the developed sandwich 
panels: a) single panels; b) jointed panels. The obtained results are shown and thoroughly discussed for each of these sets within the 
following subsections. 

5.1. Single panel flexural test 

As reported in section 4, two sandwich panel prototypes were tested under quasi-static four-point bending tests. The evolutions of 
force versus average midspan deflection and strain measurements, respectively, are shown in Fig. 9a and b. The average of the vertical 
displacements measured by the two LVDTs installed on the auxiliary bars and located at midspan were considered for the calculation of 
the midspan deflection shown in Fig. 9a, in order to monitor the bending component of the panel deflection disregarding settlements 
and deformations at the support regions. 

In general, the panels exhibited a consistent behaviour in terms of flexural stiffness, with a slight difference of strain evolution. 
From the beginning of the test, the strains evolved linearly both at the top and bottom face sheets of the panel, which correspond to 
compressive and tensile zones, respectively. Then, with the onset of local instability phenomena, non-linearities are observed in the 
evolution of strains. Specifically at the top face sheet, the initiation and progression of wrinkling causes the maximum compressive 

Fig. 6. Schematic of potential application of the flooring solution: a) 3D representation; b) cross-sectional view of the sandwich panel system.  

Fig. 7. Test setup used on flexural four-point-bending tests.  
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strain to be recorded before the ultimate load. The onset of this phenomenon can be prematurely triggered and intensified by eventual 
initial geometric imperfections in the tested specimens. After this stage, strain gauges recorded the elongation of the steel member, 
with a transition from negative to positive strain measurements. 

For the bottom face sheet, the tensile strain evolution starts with a linear response, followed by a non-linear branch until peak load 
is reached. After peak load, the strains still increase within negative values until the support zones are considerably affected by plastic 
deformation phenomena, reaching values from 0.7 to 0.9 mε followed by a strain decrease. This range of strains correspond to the onset 
of non-linearities observed within the tensile characterization of CFS coupons for the assessment of their engineering properties, re
ported in detail in Ref. [69]. 

As expected, in a first stage both panels have shown a linear elastic behaviour, followed by a nonlinear branch due to plastic 
deformation resulting from the wrinkling of the upper face sheet of the panels. In both tested panels, wrinkling was followed by 
progressive deformations on the vertical element of the web adjacent to the upper face sheet on the loading zone. 

Fig. 8. Schematic of instrumentation used on four-point bending test: a) lateral view of overall test setup; b) single panel cross-section; c) jointed panels cross-section.  

Fig. 9. Measurements during single panels flexural test: a) force versus average midspan deflection; b) force versus strain evolution.  
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For panel SP1 test (Fig. 10), after wrinkling started to occur (Fig. 10a), plastic deformations were also triggered in one of the 
support regions, which gradually progressed until the complete crushing of the vertical elements of the web adjacent to the bottom face 
sheet of the panel due to shear buckling (Fig. 10b). It is worth noticing that, although the bottom part is stiffer than the upper face sheet 
of the panels, the indentations (stiffeners) on the bottom face reduce the contact area between the support and the panel, which can 
contribute to a higher concentration of stresses and consequent strains on the surroundings of this contact area. Moreover, the edges of 
the top face sheet at the cross-section are composed by an overlapping region with the web cores, which improves the stiffness of the 
top part of the panel. Finally, a high concentration of plastic deformation also took place on the webs due to shear stress concentration 
at one of the loading zones (Fig. 10c). 

In panel SP2 (Fig. 11), nonlinearities also initiated with the wrinkling of the upper face sheet on the edges of both loading 
application zones (Fig. 11a), then, deformation appeared on the vertical elements of the webs adjacent to the upper face sheet 
(Fig. 11b), which occurs at the ultimate load and thereupon leads to the initiation of the load decrease. This phenomenon was more 
accentuated in one of the loading zones, causing shear buckling throughout the entire web and ending with the formation of a plastic 
hinge at the fully deformed web with a tilted aspect (Fig. 11c). For panel SP2 no major deformations were noticed at the support 
regions. 

Comparing the aspect of both tested panels at the end of the tests (Figs. 10c and 11c) it is noticeable that in SP1 the plastic de
formations were distributed between one of the loading zones and the opposite support, while in panel SP2, plasticity mostly occurred 
within the region of a single loading zone. This aspect reflects on the overall load (and consequent strain/plasticity) distribution, which 
is highlighted by the tilted aspect of the spreader beam at the end of the test on panel SP2, as a consequence of the formation of a plastic 
hinge in one of the loading zones (Fig. 11c). 

5.2. Jointed panel flexural test 

The flexural response of two sets of adhesively jointed panels was also tested in quasi-static four-point bending tests. Although the 

Fig. 10. Evolution of flexural test on SP1: a) wrinkling of the upper face sheet; b) shear buckling at vertical elements of web at the support; c) buckling of the web at 
loading zone. 
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failure modes observed on these tests were also related with local instabilities on the face sheets and excessive deformations due to 
shear buckling of the webs (at the loading zones but specially at the supports), the panels exhibited a different force versus average 
midspan deflection and strain evolutions, as shown in Fig. 12a and b, respectively. 

Initially, the strains gauges recorded an increase of compressive and tensile strains within the top and bottom steel elements 

Fig. 11. Evolution of flexural test on SP2: a) wrinkling of the upper face sheet; b) shear buckling on the web at loading zone; c) formation of plastic hinge.  

Fig. 12. Measurements for jointed panels flexural test: a) force versus average midspan deflection; b) force versus strain evolution.  
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respectively. With regards to strain evolution and failure modes, as for the individual tests, in both sets of jointed panels the nonlinear 
behaviour initiated with the wrinkling of the upper face sheet. Nevertheless, for set of panels DP1, wrinkling (Fig. 13a) was firstly 
triggered in one of the panels, which led to an uneven distribution of strain among the jointed sandwich panels, noticed specially for 
the top face sheet. This aspect reveals that the two panels were not equally affected by instability phenomena. Consequently, plastic 
deformation occurred both at the loading zone and at the supports in one of the jointed panels, which were already initially damaged 
when deformations started to occur on the loading zones and supports of the next. This uneven strain distribution is evidenced by the 
behaviour presented by SG1, which approximately at 25 kN already started to exhibit non-linearities due to local buckling, while SG2 
preserved a linear response up to more than 50 kN, as shown in Fig. 12b. Although SG4 stopped recording at approximately 60 kN of 
load (possibly due to detachment or damage on the strain gauge cables), the two strain gauges placed on the bottom face sheet of the 
panels have shown a consistent strain evolution throughout the loading of the panels for set DP1. 

In other words, in terms of failure progression set of panels DP1 behaved as two individual sandwich panels rather than as a jointed 
slab. Nevertheless, the tested prototype still exhibited an adequate structural response, preserving its full load-bearing capacity even 
after intense plastic deformations. In fact, the load-bearing capacity of the panel kept slightly increasing throughout the entire test, 
even after progressive crushing of the vertical webs adjacent to the bottom face sheet at the supports (shown for each of the supports in 
Fig. 13b and c). This aspect may be related to the non-occurrence of prominent buckling failure at the webs on the loading zones, which 
as observed for the individual tests, corresponds to a sudden drop on the load-bearing capacity of the panels. 

For set of panels DP2, after wrinkling of the upper face sheet, plastic deformation also started to occur at the webs adjacent to the 
bottom face sheet in one of the support regions (Fig. 14a). Concomitantly to the deformation and posterior crushing of this support 
area, plasticity also progressively evolved through the elements of webs adjacent to the upper face sheet at the opposite loading zone of 
the panel, as shown in Fig. 14b and c. Although at the end of the test both supporting regions were deformed, the crushing of the 
vertical elements at the webs only took place in one of the supports. For the set of panels DP2, the load and plasticity phenomena were 
distributed in a more homogeneous way, as can be observed by the compatible behaviour shown by the strain gauges (Fig. 12b) 
specially at the top face sheet of the panels. Although a slight difference was noticed on the behaviour of SG3 and SG4 for this set, both 
placed at the bottom face, this aspect did not visually affect the failure evolution between the panels throughout the test. 

As seen in previous tests, the onset of wrinkling is influenced by the presence of geometric imperfections. The propagation of this 
phenomenon influences the evolution of failure mechanisms as the load increases during the tests. The different strain and failure 
evolution observed especially at the compression zones led to the lower ultimate load observed for set of panels DP1, when compared 
to set of panels DP2. This variability is related to an inefficient compatibility of deformations by the connection for set of panels DP1, 
highlighted by the different behaviour exhibited by the strain gauges placed on the upper face sheet each of the connected panels. 

Fig. 13. Evolution of flexural test on DP1: a) wrinkling and initiation of plastic deformation at the supports; b) crushing in one of the webs at the support region and 
evolution of plasticity on the opposite; c) shear crushing of webs at both supports. 
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Besides the eventual presence of initial imperfections, parameters such as the effective thickness of the adhesive connection may be 
associated to the variability in the results. 

Despite the differences identified on the jointed panel tests, the flexural load-carrying capacities obtained for both sets are higher 
than 2 times the experimental strength observed for a single panel, as shown in Fig. 12a, showing some beneficial synergic effects. 
Likewise, on the connected panels a smaller decay on the flexural stiffness after initiation of local buckling was noticed (specially for 
set of panels DP2). This indicates that an efficient panel-to-panel connection can contribute to a more compatible strain distribution 
and postpone the evolution of failure due to instabilities throughout the CFS members. These aspects are also related to the intersection 
of the two jointed webs at the middle of the cross-section, which act as a less slender CFS thin-walled member (since it has twice the 
thickness of a single web), and therefore is less susceptible to premature yielding due to local instability phenomena. Moreover, both 
sets of jointed panels exhibited a satisfactory load-carrying preservation after damage due to progressive plasticity. 

6. Comparison of experimental results and analytical design 

According to the Eurocode 3 Part 1–3 [54], the ultimate load-carrying capacity of the sandwich panel (FULS) is determined using the 
EWM. FULS can be obtained from the bending moment resistance of the cross-section (MRd), as explained in Annex A. Table 1 compares 
the measured and calculated load-carrying capacity of the tested panels. The experimental ultimate load-carrying capacity of the panel 
(FEXP) is 1.40 times the analytically predicted value. Other researchers showed that the ratio between the predictions based on the 
EWM and the experimental flexural resistance of hollow built-up CFS box section is generally about 1.0 [52,53,55]. Therefore, the 
bending stresses ensued throughout the test are deemed properly transferred between the two CFS face sheets. Furthermore, the 
obtained results emphasize that neglecting the contribution of the PUR foam led to a conservative flexural strength prediction. 

The analytical deflection estimated for SLS loading combination can also be compared with specific deflections measured directly 
on the flexural tests. Furthermore, the bending stiffness of the sandwich panels can be used to verify the effective width assumption, 
which postulates that a fraction of the cold-formed-steel cross-section should be reduced proportionally to the level of compression in 
the flanges and in the webs. The analytical calculations conducted to allow these comparisons are detailed in Annex A. In Fig. 15 the 
experimental results obtained for the single panels are plotted, as well as the maximum predicted force estimated by the analytical 
design for ULS and the equivalent SLS load level, both determined according to Eurocode 3 [54]. 

Therefore, in an attempt to quantify the contribution of the PUR foam to the structural performance of the CFS built-up members, 
three methods are considered for the estimation of the deflection at the SLS: i) Method 1 considers the gross cross-section properties 
along the length of the beam; ii) Method 2 considers the effective cross-sectional determined at the maximum stress level along the 
beam span; iii) Method 3 considers the variation of the effective second moment of inertia by using an interpolation between the gross 
cross-section properties and the effective properties determined at the maximum stress level. 

Fig. 14. Evolution of flexural test on DP2: a) wrinkling and plastic deformations at one of the supports; b) shear crushing at the web of a support and initiation of 
plasticity at the opposite loading zone; c) buckling of the web at loading zone. 
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Method 1 relies on the PUR foam being sufficiently rigid to prevent local instabilities in the plate elements of the cross-section. The 
yield stress in the extreme compression fibre of the sandwich panel is reached assuming an elastic distribution of stresses in the cross- 
section (see Fig. 16a). 

Method 2 does not take into consideration the contribution of the PUR foam. Therefore, it assumes that local instabilities will occur 
before the cross-section develops its elastic moment resistance. These local instabilities cause an uneven stress distribution across the 
width of the plate elements. To address this issue, an iterative procedure is used to penalise the cross-section area until a compatible 
stress field and effective area are achieved (see Fig. 16b). 

Method 3 follows the guidelines set out in Eurocode 3 Part 1–3 [54], which doesn’t consider the impact of the PUR foam. However, 
the bending stress variation that causes local buckling is accommodated by calculating the effective cross-section properties at the 
midspan cross-section, where the maximum stress occurs, and interpolating them with the gross cross-section properties. 

In summary, three methods are considered to evaluate the bending stiffness of the sandwich panel cross-section. Method 1 is the 
least conservative, as it assumes that the sandwich panel cross-section is equivalent to a hot-rolled steel section that can develop its full 
elastic moment resistance. On the other hand, Method 2 is the most conservative, as it assumes that the sandwich panel cross-section is 
equivalent to a CFS built-up member without filling. Method 3 represents an intermediate state between the previous two methods. 
The predicted bending stiffness in accordance with each of these hypotheses is also represented in Fig. 15. 

Table 2 provides a comparison between the measured and calculated deflection at the SLS load level (δSLS) and elastic flexural 
stiffness (K) of the sandwich panels. The value of δSLS is determined from the load-displacement curve at the SLS load level, which is 

Table 1 
Comparison between ULS analytical design and experimental results.  

Specimen [− ] MEXP [kN⋅m] FEXP [kN] FULS [kN] FULS/Fexp [− ] 

SP1 9.22 30.73 22.22 1.38 
SP2 9.42 31.39 22.22 1.41 
Avg 9.32 31.06 22.22 1.40  

Fig. 15. Comparison of predicted SLS deflection and ULS load-carrying capacity based on analytical design and experimental results obtained for single panels.  

Fig. 16. Design method for the estimation of the sandwich panel’s deflection: (a) Method 1; (b) Method 2.  
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estimated using the prescribed load combination in the Eurocode 0, and for the current case represent a distributed load of 2.80 kN/m2 

[60]. The details of the load combination are given in Annex A. The elastic flexural stiffness is calculated by determining the slope of 
the load-displacement curve in the load interval between 20% and 40% of the ultimate load registered. The expressions for calculating 
the analytical deflections (δM1, δM2, and δM3) and stiffness (KM1, KM2, and KM3) based on the Euler-Bernoulli beam theory are provided 
in Annex A. 

The curve obtained from Method 1 in Fig. 15 shows that considering the gross cross-section properties leads to a small over
estimation of the vertical deflection at the SLS load level (about +6%). Ye et al. (2018) also compared the EC3 deflection predictions 
with the experimental deflection of a built-up box beam bending about its weak axis [58]. However, the study showed that considering 
the gross cross-section properties led to an underestimation of the deflection. Therefore, it may be concluded that the PUR foam is 
efficiently supporting the CFS face-sheet and contributing to uniformly distributing the bending stresses across the width of the 
cross-section. On the other hand, all assessed methods overestimate K for load level higher than the SLS. This may be due to the fact 
that the analytical model considers a perfect geometry. In the experiment, nonlinear geometrical effect may be already arising in the 
load range considered for the calculation of K. 

Indeed, the experimental flexural stiffness obtained from the tests was calculated within a range from 20% to 40% of the ultimate 
load measured on the test. The lower limit is to avoid capturing eventual adjustments and settlements that occur with the initiation of 
the test, while the upper is adopted to disregard eventual non-linearities and deformations that may occur due to early yielding or 
plasticity effects on the sandwich panels at higher loads. Nevertheless, premature plasticity due to instabilities is highly sensitive, and 
thereupon may be already taking place at a certain level within the considered load range. 

From the comparison between analytical predictions and the experimental results, Method 1 led to the smaller relative error on the 
estimation of the deflection within the SLS load level (+6.5% relative difference). Neglecting the stabilizing effect against buckling of 
the PUR foam results in much more conservative predictions. On the other hand, for load levels higher than the SLS load level, Method 
2 has yielded the most accurate predictions, despite being slightly unconservative (+12.3% relative difference). This may be due to 
several factors including the presence of initial geometrical imperfections. With regards to the method 3, as outlined in the Eurocode 3, 
it is addressed for loads within the SLS range, and for such is already not yielding accurate results, once the considered load level is 
significantly higher than the SLS in the case of a 1.8 m beam. 

7. Conclusions 

This paper identifies the main challenges related to the development of a solution capable of being implemented as a continuous 
production for a foam-filled steel web sandwich panel for floor rehabilitation applications. With the proposed system, it is expected to 
foster the use of lightweight modular solutions in the rehabilitation of degraded structures, thus contributing to a reduction of 
generated wastes and minimizing raw materials consumption. 

To tackle the industrial challenges identified during the manufacture of the panels, an alternative prototype for the flooring so
lution is conceived, and preliminarily assessed in a quasi-static flexural experimental campaign conducted on full-scale single and 
jointed panels. Hence, the obtained results are compared with the analytical design, to verify the fulfilment of both ULS and SLS 
requirements and the accuracy of the prescribed methods to predict the mechanical flexural response of the sandwich panels, as well as 
the mechanical contribution of the PUR foam core. 

With regards to the continuous manufacturing process, the fixing of intermediary C and Z-shaped profiles (as webs) into the bottom 
face sheet of the panels represented a critical step due to their slenderness and consequent low-rigidity. The following version of the 
prototype, with the lateral webs being part of the bottom face sheet, clearly proved improving the overall consistency and quality 
control, as well as homogenous foaming of the cellular core. 

When subjected to a four-point-bending test, the single panels (SP1 and SP2) started to deform due to wrinkling of the upper face 
sheet. Subsequently, with increasing load, the panels exhibited shear buckling of the vertical elements at the webs, specially at the 
support and the loading zone. At the end of the test, panel SP1 exhibited intensive plastic deformations distributed among one of the 
loading zones and the opposite support, while in panel SP2 plasticity was concentrated into a single loading zone, in which a plastic 
hinge was formed. 

For the adhesively jointed panels (DP1 and DP2) assessed in four-point-bending test, failure also initiated with the wrinkling of the 
upper face sheet. Nevertheless, the tested panels failed at different load levels and with different plastic deformation evolution. For set 
of panels DP1, the two panels failed separately, with plasticity occurring primarily in a single panel, which only in a second stage was 
transferred to the next one. For set of panels DP2, plastic deformations progressed in a more even way among the connected panels, and 
failure was concentrated within one of the webs and the opposite loading zone region due to shear buckling. Nevertheless, both panels 
have shown adequate load-carrying capacity, higher than the predicted based on the single experimental results, even after sustained 

Table 2 
Comparison between SLS analytical design and experimental results.  

δSLS [mm] Analytical prediction [mm] K [kN/mm] Analytical prediction [kN/mm] 

δM1 δM2 δM3 KM1 KM2 KM3 

0.20 0.21 (+6.5%) 0.26 (+31.9%) 0.24 (+21.7%) 11.8 16.5 (+40.4%) 13.2 (+12.3%) 14.2 (+20.9%) 

Note: δSLS and K represent the average of the obtained for the two single panels tested. The values between parentheses are the relative difference between experimental 
results and analytical prediction. 
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plastic deformation. The difference observed on the behaviour of both sets of jointed panels highlights the importance of dimensional 
consistency, in order to guarantee an efficient load distribution among adjacent panels. 

The estimated load-carrying capacity of the sandwich panels according to EN 1991-1-3 represented approximately 70% of the 
ultimate load observed on the experimental single panel tests. Furthermore, even after progressive deformation the panels satisfac
torily preserve their load-carrying capacity, especially for the jointed panels. 

In terms of SLS, the average vertical deflection measured at midspan when subjected to equivalent SLS load combination 
(approximately 0.2 mm) is substantially smaller than the maximum prescribed on the building codes for the same span length (7.2 
mm). Moreover, disregarding the stabilizing effect of the PUR foam led to conservative predictions for the three assessed effective 
cross-sections. The most accurate estimation was obtained by accounting for the mechanical response of the gross cross-section 
(Method 1) of the sandwich panels (about +7% relative difference), whereas the Method 3 (described in the Eurocode) led to more 
conservative estimation (about +21% relative difference). In contrast, for load levels surpassing the SLS, although unconservative, 
Method 2 has proven to be the most precise, and led to the reasonably accurate prediction on the flexural stiffness of the panels (about 
+12% relative difference). 
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Annex A. 

This section provides further details on the calculation procedures used to estimate the sandwich panels’ structural performance. 
The sandwich panel was designed according to the structural model of a simply supported beam subjected to a uniformly distributed 
load, as shown in Figure A1. 

Fig. A1. Structural model adopted in the preliminary design stage.  

The final prototype load carrying capacity (FULS) for the support and loading conditions described above is obtained from the 
bending moment diagram equation as follows: 
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FULS =
8 × MRd

L2 (A1) 

FULS was designed to be greater than the fundamental combination for the ULS verification (quls) given by Ref. [60]: 

qULS = γg × Gk + γQ × Qk (A2)  

where Gk is the characteristic value of the permanent actions (including self-weight of the panel and additional 1.5 kN/m2 to account 
for the non-structural members, such as floor finishings), Qk is the characteristic value of the variable action for residential buildings 
(set as 2.0 kN/m2 for the current application), γG and γQ are the partial factors for the permanent actions and variable action, 
respectively. γG and γQ are set equal to 1.35 and 1.50 accordingly [60]. 

For what concerns the sandwich panel’s stiffness, the maximum vertical deflection at midspan (δmax) is given by: 

δmax =
q × L2

584 × E × Ieff
(A3)  

where q is the uniformly distributed load applied to the beam, and Ieff is the moment of inertia of the effective cross-section estimated 
according to the EMW. The vertical deflection of the sandwich panel was verified for the characteristic combination at the SLS (qSLS) 
given by Ref. [60]: 

qSLS =Gk + ψ0 × Qk (A4)  

where ψ0 is the factor for the characteristic value of the variable action for residential areas set equal to 0.7 [60]. 
The sandwich panel’s stiffness was designed to fulfil the requirements imposed on the vertical deflection of generic floors in the 

national annex of the transposed Portuguese version of the Eurocode 3 Part 1-1 [62]. The total vertical deflection (δmax) is the sum of 
the deflections due to the permanent actions (δ1) and due to the variable action for residential buildings (δ2). Since the bending stiffness 
of the sandwich panel depends on the stress level acting on it, two distinct Ieff shall be estimated for the different types of actions. 
Nevertheless, as a conservative hypothesis, both δ1 and δ2 were obtained considering the effective properties estimated considering the 
stress level corresponding to qsls. Furthermore, in the preliminary design stage, Ieff was estimated considering the most conservative 
hypothesis on the influence of the foam stiffening effect on the structural performance of the panel, namely Method 2, described in 
Section 6. 

To compare the result of the analytical design with the experimental results, it is necessary to adapt the analytical estimation to the 
structural model of the experimental setup. The flexural tests were conducted according to a four-point bending configuration, cor
responding to a simply supported beam subjected to two concentrated forces (F/2) applied at thirds of the span, as illustrated in 
Figure A2. 

Fig. A2. Structural model of the four-point bending flexural test.  

The estimation of the maximum bending moment (MEXP) obtained during the test is obtained according to the following equation: 

MEXP =
FEXP × L

6
(A5) 

The ultimate load-carrying capacity of the sandwich panel estimated according to the Eurocode 3 Part 1–3 [54] for the structural 
model of the four-point bending test is determined by substituting MEXP and FEXP for MRd and FULS, respectively, in Equation (A5). The 
equation is then rearranged as shown below: 

FULS =
6 × MRd

L
(A6) 

Regarding the validation of the analytical design of the sandwich panel stiffness, firstly, the SLS load level corresponding to the 
structural model of the flexural test (FSLS) is determined according to Equation (A6): 

FSLS = qSLS × L (A6) 

The experimental values of the deflection (δexp) may then be extracted from the load-displacement curve for the corresponding SLS 
load level. 

The analytical prediction of the vertical midspan deflection and the bending stiffness is carried out according to three different 
approaches described in detail in Section 6, namely Method 1 (KM1, δM1), Method 2 (KM2, δM2), and Method 3 (KM3, δM3). For a simply 
supported beam with two concentrated forces applied at thirds of the span, the midspan deflection can be calculated as follows: 
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δMi =
23 × F × L3

1296 × E × IMi
with i = 1, 2, 3 (A8) 

where IM1 is the moment of inertia of the gross cross-section, IM2 is the moment of inertia of the effective cross-section considering the 
stress level corresponding to FSLS, and IM3 is the moment of inertia of the effective cross-section using the interpolation method of the 
Eurocode 3 Part 1–3 [54]. Finally, the analytical prediction of the bending stiffness is obtained as follows: 

KMi =
1296 × E × IMi

23 × L3 with i = 1, 2, 3 (A9)  
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