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Abstract 

The present paper explores a new modular floor prototype to be used in emergency houses. The prototype is 

composed of a frame structure made of glass-fiber-reinforced polymer (GFRP) tubular pultruded profiles, a slab 

made of sandwich panels with a polyurethane (PU) foam core and GFRP skins, and a tailored connection system 

that provides integrity between assembled components. A series of experimental tests are carried out including 

flexural tests on a single panel, on two and three connected panels, and on the assembled floor prototype. The 

behaviour of the panels is analysed when they are not considered part of the GFRP framed structure, namely the 

failure mechanisms and the efficiency of the proposed connection system between the panels. The performance 

of the floor prototype to support typical load conditions of residential houses is also assessed. Additionally, an 

analytical model was used to deeper study the behavior of the developed sandwich panels, connection system 

and the modular floor prototype.  

Keywords: emergency house; composite materials; GFRP pultruded profiles; sandwich panels; GFRP skins; PU 

foam core 

1. Introduction 

One of the major concerns after a natural disaster is settling down surviving communities in shelters or 

temporary houses. This issue remains difficult to manage despite decades of experience. Availability of 

temporary housing is crucial since it allows people to quickly restart their daily activities such as school, 

working and cooking 
1-3

. Even though there are different sorts of temporary buildings made of steel, wood and 

plastic 
4-6

, many of these temporary dwellings do not offer a basic level of security and protection for its 
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occupants, and/or result in very complex and expensive solutions. Nowadays, a clear trend is observed in the 

industrial manufacturing and prefabrication of temporary building towards. This modern method of construction 

leads to achive tangible benefits in terms of faster construction, improved quality and reduced wasting resource 

material 
7
. 

Lightness is a key factor when proposing a material/structural system for a temporary building because, after a 

natural disaster, accessibility to roads is usually limited. Thus, low weight prefabricated components are very 

convenient for packing, shipping, unpacking and assembling 
8
. Taking this into account, sandwich panels made 

mainly by GFRP pultruded profiles and sandwich panels may constitute excellent options in the field of 

temporary buildings. Sandwich panels and pultruded profiles are lightweight elements with very good 

mechanical performance, being able to be manufactured and rapidly assembled in modular sections. 

Typically sandwich panels are composed of two thin and stiff outer faces separated by a thick and low density 

core material. These panels offer various advantages, such as high strength and stiffness to weight ratio, 

immunity to corrosion, and a low thermal and acoustic conductivity 
9-13

. Likewise, pultruded GFRP profiles 

show a series of promising advantages, such as relatively low production costs, low maintenance, high 

durability, immunity to corrosion and high strength 
14-17

. Accordingly, sandwich panels have been efficiently 

used in several structural applications, such as cladding 
18

, facades 
19, 20

, roofing 
21, 22

 and walls 
23, 24

.  

In the scope of this work the mechanical behaviour of a modular floor prototype, developed to be used in 

temporary emergency houses, is assessed. The proposed basic unit system is capable of covering an area of 

approximately 9 m
2
. Three sandwich panels, made of GFRP skins and PU foam cores, were used for configuring 

the enclosed floor surface, while GFRP tubular pultruded profiles formed the skeleton of the system. Elements 

were adequately interconnected upon assembly, constituting a floor system and providing a diaphragm 

behaviour 
25

. In addition, the fitting connection system was designed for an easy and fast assembling and 

disassembling of the connected elements. 

The prototype is analysed through a series of experimental and analytical studies. In a first stage, the flexural 

behaviour of a single panel, and systems formed by two and by three connected panels are experimentally 

assessed under serviceability limit state (SLS) and ultimate limit state (ULS) conditions. The tests with the 

systems of panels have also the purposes of analyzing the efficacy and contribution of the connection between 

panels, by studying the transference of loads from one panel to the adjacent ones. Furthermore, ultimate capacity 

of a single floor panel and its corresponding failure mechanism system is experimentally assessed. In a second 
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stage, an experimental program is conducted to evaluate the performance of the developed basic floor unit 

prototype as a structure designed to support serviceability and ultimate load conditions in residential houses. 

Finally, analytical studies are carried out to contribute for a deeper assessment of the failure mode of sandwich 

panels, the influence of the ribs placed inside the panels, the efficiency of the connections, and the behaviour of 

the floor prototype.  

2. Prototype description 

2.1 Concept and geometry 

The designed temporary building house was composed of a single-story building with a rectangular area of 

about 6.0 × 3.0 m
2
, formed by connecting two blocks of about 3.0 × 3.0 m

2
 and a height of about 3.0 m. Fig. 1 

shows a plan and three lateral views, as well as a photo of the built prototype. This temporary building house 

was developed in the scope of the R&D project named ClickHouse. 

 

(a)                                                     (b) 
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                       (c)                                                                                     (d) 

 

Fig. 1. Modular system schematic view: (a) Prototype built; (b) Plan view; (c) south view; (d) east view. 
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The floor module of the building is depicted in Fig. 2 and was composed of two main components: (i) a frame 

structure formed by tubular GFRP pultruded profiles with a cross section of 120×120 mm
2
 and a wall thickness 

of 8 mm (Fig. 2a), and (ii) the pavement constituted by three sandwich panels formed by two outer GFRP skins 

of 5 mm thickness and a core of PU foam (Fig. 2b). For the sake of decreasing segment’s variation in the 

manufacturing process, the same profile was used in both beams and columns of the frame. 

The panels presented an overall thickness of 70 mm, a width of 1000 mm and a length of 3000 mm. A U-shape 

GFRP pultruded profile with a cross section of 60×55 mm
2
 and a wall thickness of 5 mm (U60×55×5) was 

adhesively bonded to the GFRP skins and the PU foam core during the manufacturing process, on the outer side 

of each panel, enabling the connection of each panel to the other elements of the prototype, such as beams and 

other panels (see Fig. 2c). For increasing the flexural stiffness of the panel, two additional U60×55×5 profiles 

were installed in the interior of each panel (see Fig. 2c). PU foam blocks with a thickness of 60 mm and nominal 

density of 48 kg/m
3
 were used to form the sandwich panel core, providing the required thermal isolation. These 

blocks were bonded to the GFRP skins with a polyester resin. 

GFRP material was selected for the skins over traditional materials, such as steel 
26, 27

or concrete, mainly due to 

its impunity to corrosion and higher strength/lightness ratio. The GFRP skins were produced with the hand-

layup technique, using dry glass fibres impregnated with an isophthalic polyester adhesive. Multiple plies of 

glass fabrics were used in the process, comprising two different types of mat: chopped strand mat (CSM) and 

bidirectional woven fabric mats (BWFM). Each skin had five layers disposed symmetrically towards its middle 

surface (CSM-300 gr/m
2, CSM-450 gr/m

2, CSM-450 gr/m
2
 + BWFM-500 gr/m

2, CSM-450 gr/m
2, CSM-300 

gr/m
2
) impregnated with adhesive. The weight of the sandwich panel was around 70 kg, which facilitates its 

transportation and on-site installation. 

The connections were designed for an easy and fast assembling / disassembling of the prototype, and assure 

continuity as much as possible between connected elements in order to mobilize efficiently their strength 

capacity (see Details 1 to 3 of Fig. 2). For beam-panel connections, the aforementioned U-shape GFRP profiles 

placed on the edges of the sandwich panels were attached to a GFRP squared tubular profile of 50 mm edge and 

5 mm of thickness that was mechanically and adhesively bonded to the GFRP beam (see Detail 2 in Fig. 2). 

Finally, for panel to panel connection, a similar approach as that followed for beam-panel connection was used, 

by attaching the U-shape GFRP profiles to two GFRP squared tubular profiles (also of 50 mm edge and 5 mm of 
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thickness) that were mechanically and adhesively connected together in order to form a rectangular tubular of 

100 mm  50 mm (see Detail 3 in Fig. 2). 
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Legend: (1) GFRP beam; (2) GFRP column; (3) GFRP square profile; (4) steel profile; (5) GFRP skin; (6) 

GFRP U profile; (7) PU foam core; (8) steel bolt 

 

Fig. 2. Schematic presentation of the floor prototype: (a) frame structure; (b) frame structure and sandwich floor 

panels; (c) cross section a-a (all units in mm). 

2.2. Assembly process 

The floor prototype was developed for disaster areas where special tools and equipment, as well as 

experimented workers, are scarce. Consequently, these issues were also considered in the design process of the 

prototype. 
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Fig. 3 shows a general view of the process needed to assemble the floor of the developed prototype. The process 

starts by placing the four columns in their positions (note that for the floor test proposed in this paper, short 

columns with approximately 1/3 of the real height were used), and then connecting three of them by beams 

(Figs. 3a and 3b). Afterwards, the three sandwich panels were installed. Panels were handled and mounted along 

the beam-panel connections (Fig. 3c), placing the panel to panel connectors after positioning the first and the 

second panels (Fig. 3d). After assembling the third panel, the last beam of the frame was installed and connected 

(Fig. 3e) - fixing ropes were used along the process for facilitating the adjustment of the panels. Fig. 3f shows 

the floor prototype after has been assembled, which required less than 2 hours and three people without any 

special equipment and skills. 

 

Fig. 3. Stages of the assembling process: (a) placing columns; (b) connecting beams to the columns; 

(c) mounting panels along beam-panel connection; (d) placing panel-panel connector; (e) installing the last 

beam; (f) final prototype. 

3. Experimental programme 

The following subsections provide details on the experimental programme conducted in terms of material 

characterization, test specimen, setup and procedures. All tests were carried out in the Laboratory of the 

Structural Division of the Civil Engineering Department at University of Minho, Portugal (LEST). 
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3.1. Material characterization 

Both GFRP profiles and sandwich panel GFRP skins were characterized by performing tensile tests according to 

ASTM D3039 recommendations 
28

. Five tensile specimens with dimensions of 250255 mm
3
 were extracted 

from the profiles, and from the sandwich panel skins in both longitudinal and transverse directions. Tensile tests 

were conducted in a universal testing machine, with a grip distance of 150 mm, and monotonically loaded up to 

failure, with a head displacement rate of 2 mm/min (Fig. 4a). 

 

Fig. 4. Material characterization test setups: (a) GFRP tensile test; (b) PU compressive test; (c) PU tensile test; 

(d) PU shear test; (e) pull off test; (f) epoxy tensile test. 

Mechanical properties of the PU foam core were evaluated under compression, tension and shear tests. Flatwise 

compression properties of the PU foam were determined according to the ASTM C365-03 recommendations 
29

, 

by testing five prism-shape coupons of 70×70×50 mm
3
 (Fig. 4b). Tensile properties of the PU foam were 

evaluated according to ASTM C297/C 297 M-04 prescriptions 
30

, by testing five coupons of 70×70×50 mm
3
 

adhesively bonded to the flange of steel T-section (Fig. 4c). For the shear testing, five cubic specimens with a 

dimension of 120×120×120 mm
3
 were prepared. The specimens were bonded to four metallic plates and 

mounted in the universal testing machine where a tension load was applied along one side of the setup (Fig. 4d). 

The applied load was transferred into the plates that were encasing the specimen. Comprehensive information 

about this test can be found elsewhere 
31

. 

Tensile bond strength of the adhesive joint between GFRP skin and PU foam core was measured by pull-off 

tests based on ASTM 1583-04 recommendations 
32

. Five cores were drilled on GFRP skins with a diameter of 
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50 mm and a core depth of about 10 mm. Aluminium disks were adhesively glued to the GFRP skin. Tensile 

force was applied to the disks with a head displacement rate of 0.2 mm/min (Fig. 4c). 

Finally, the tensile behaviour of the polyester resin (adhesive material used to glue GFRP skin to PU foam core) 

was assessed by performing direct tensile tests, according to ASTM D638 prescriptions 
33

. The samples were 

cast in dog-bone mould shapes and cured following the standard recommendations. Specimens were tested in a 

universal testing machine at a displacement rate of 2 mm/min (Fig. 4f). 

3.2. Single sandwich floor panel: tests under uniformly distributed loading  

Four full-scale floor sandwich panels (hereafter designated by FP1 to FP4) were tested under a uniform load to 

evaluate their structural performance as a single panel. Following the UNHCR  recommendation 
34

 for an 

emergency house, a uniform load of 1.6 kN/m
2
 was selected to be as the load value in SLS. That load was 

increased 1.5 times to evaluate their response under ULS conditions, as traditionally defined in the Eurocodes.  

The panels were tested with a clear span of 2700 mm, and supports were materialized by placing a steel roller 

with a diameter of 50 mm under both panel ends. Both supports allowed free rotation and one of them also 

permitted longitudinal sliding (roller support), while the other was fixed in the longitudinal direction (pinned 

support). Load was manually applied by using cement bags of 20 kg each. In a first step (SLS loading 

configuration) 16 cement bags were disposed in two layers, representing a uniform distributed load of 

1.6 kN/m
2
. In a second step eight extra bags were added to attain a loading level corresponding to ULS 

conditions. Loading operations were performed as fast as possible to avoid any potential creep effect. The 

cement bags were distributed as uniformly as possible on the panels, but gaps between bags were assured to 

avoid any arch effect.  

Vertical displacement was measured by means of a Linear Variable Differential Transformers (LVDT) placed at 

the intersection of the specimen’s midspan section with its longitudinal axis. The panels were also instrumented 

in the tension skin (bottom skin) with a strain gauge bonded at a distance of 10 mm from the centre of the panel 

to avoid any interference with the LVDT. 

3.3. Single floor sandwich panel: tests up to failure 

The static behaviour of one-way full scale sandwich panel up to its failure was investigated by executing a four-

point bending test according to the ASTM C393 recommendations 
35

. The panel was tested with a shear span of 
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850 mm, and supports were materialized as already described for the single panels submitted to a uniformly 

distributed load. 

Hydraulic jack was used to apply a monotonic load up to the failure of the specimen. The load was transferred to 

the panel by means of a longitudinal spreader HEB 200 with a length of 2000 mm, and two IPE 100 profiles 

with steel rollers of 20 mm of diameter welded at their bottom flange. A load cell of 300 kN (with a precision of 

0.05%) was used to register the load applied. Rubber pads were placed between the panel and the steel rollers to 

avoid any indentation failure 
36-39

. Fig. 5a shows the test setup configuration. 

Vertical displacements were recorded by five LVDTs with a stroke ranging from 25 mm to 50 mm, placed under 

loaded sections (D4 and D5) and at mid-span (D1 to D3). Moreover, six strain gauges were bonded on the 

bottom skin (S1 to S3) and on the top skin (S4 to S6) at the midspan section of the specimen (see Fig. 5b). 

5
0

0
5

0
0

S1/S4

S2/S5

S3/S6

D3

D2

D1

D5D4

S: strain gauge and D: LVDT

S1-S3 on bottom skin and S4-S6 on top skin

150 850 500 500 850 150

 

(a)                                                                       (b) 

Fig. 5. Single panel four-point bending test: (a) test setup; (b) instrumentation (all units in mm). 

  

3.4. Flexural response of connected sandwich panels  

After have been submitted to uniformly distributed load, the three floor panels (FP) described in Section 3.2 

(FP1 to FP3) were also tested (Fig. 6a) in a two-by-two connection configuration (FP1 with FP2 and FP2 with 

FP3). Each pair was connected together by the GFRP tubular rectangular profiles of 100×50×5 mm
3
 cross 

section previously mentioned, in order to resemble the arrangement of the floor prototype (see Fig. 2c). A test 

with the three panels (Fig. 6b) connected together (FP1, FP2 and FP3) was also carried out. All these tests were 

undertaken under a four-point bending configuration with a shear span, a flexural span and a clear span of 

850 mm, 1000 mm and 2700 mm, respectively, and according to ASTM C393 recommendations 
35

. The support 

conditions were similar to those adopted previously in the single panel tests.  
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Fig. 6. Connected panel flexural tests: (a) two connected panels; (b) three connected panels; (c) connection 

study; (d) instrumentation for two connected panels; (e) instrumentation for three connected panels (all units in 

mm). 

The load was transferred to the panels by means of a frame formed by a 2000 mm long metallic HEB 200 

profile, to which was attached (welded) two transverse HEB 200 profiles with a length equal to the width of the 

connected panels (i.e. 2000 mm for the case of two panels and 3000 mm for the case of three panels). Two 

cylinder steel bars of 50 mm diameter were placed between the panel and the load transfer frame in order to 

apply a line load. A monotonically increase load was applied by a hydraulic jack on the panels until reaching a 

magnitude of 10.3 kN and 15.4 kN for the case of two and three connected panels, respectively. These load 

levels correspond, in terms of load (maximum bending moment), to an equivalent uniform load for ULS 

(2.4 kN/m
2
) in a four-point bending test configuration. A load cell of 300 kN with a precision of 0.05% was 

used to measure the load applied. 
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To assess the effectiveness of the connection in distributing the load amongst the connected panels, an 

additional test with three connected panels was conducted by applying the load only on the central panel (see 

Fig. 6c). This test configuration followed exactly the setup previously indicated, but in this case, the length of 

the steel cylinder placed under the HEB profiles was only 1000 mm, therefore the load is exclusively applied on 

the central panel. 

The instrumentation used for monitoring these tests is depicted in Figs. 6 (d and e). Ten and fifteen LVDTs 

(with a stroke ranging from 25 mm to 50 mm) were used in the two and three connected panels, respectively, for 

measuring the vertical deflection of the panels in their loaded and mid-span sections. Strain gauges positioned 

on both skins (top and bottom), at the midspan of the specimen were used to measure the strains developed in 

GFRP skins.  

3.5. Loading test on the modular prototype  

After the prototype has been built by assembling its components according to the description in Section 2.2, its 

structural behaviour was evaluated under a uniform load of 1.6 kN/m
2
 in SLS and 2.4 kN/m

2
 in ULS. These 

values, as already indicated, correspond to UNHCR recommendations for temporary buildings. The loading 

arrangement was materialized by using a swimming pool of circular area and 6.25 m
2
 as illustrated in Fig. 7a.  

The monitoring system adopted for this test is displayed in Fig. 7b. Eleven LVDTs (D1 to D11) with a stroke 

ranging from 25 mm to 50 mm were placed at the bottom of the prototype to measure vertical deflection, while 

15 strain gauges (S1 to S15) were positioned on the bottom surface of the beams and panels to register the 

strains during the loading process.  

4. Results and analysis 

4.1. Material characterization  

Table 1 summarizes the results of the material characterization tests conducted on the different components of 

the floor prototype, listing the values obtained for the maximum tensile stress in the longitudinal ( max,L ) and 

transverse ( max,T ) directions, elastic modulus in the longitudinal (
LE ) and transverse (

TE ) directions for both 

the GFRP profiles and skin. The maximum compression, tension and shear stress for the PU foam, and its 

longitudinal (E) and transverse (G) elasticity modulus in compression are also provided in this table.  
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The specimens of GFRP profiles and skins presented tensile linear-elastic behaviour up to failure, which took 

place in a brittle manner in their middle part, having the rupture surface progressed perpendicularly to the 

specimen axis.  
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Fig. 7. Prototype test setup: (a) loading procedure; (b) monitoring system (all units in mm). 

 

The PU foam under compression developed a linear elastic stress-strain response, followed by a plastic plateau 

with nearly constant stress, and a final strain-hardening stage at relatively large strain level due to the increase of 

stiffness caused by the large experienced deformation, which is a typical behaviour for this type of foams 
40, 41

. 

The response of the PU foam in shear was linear-elastic until failure, with the formation of failure surfaces at an 

angle of nearly 45. The PU foam coupons submitted to tension also presented a linear elastic behaviour up to 

failure, with a slight strain hardening in the last loading stage. 
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In the pull-off tests, a tensile strength of 0.5 MPa (CoV = 18.7%) was obtained. The failure has occurred in the 

PU foam core. No failure was detected in the interface between GFRP and the PU foam core. Since the ultimate 

tensile strength of the PU foam core was quite close to the tensile strength obtained in the pull-off tests 

(0.5 MPa), it is confirmed the rupture was caused by the attainment of the tensile capacity of PU foam.  

 

4.2. Single sandwich floor panel: tests under uniformly distributed loading 

The registered midspan deflections and midspan strains for tested panels FP1-FP4 under uniformly distributed 

load are shown in Figs. 8 (a and b), respectively. The application of the load in two steps, corresponding to SLS 

(1.6 kN/m
2
) and ULS (2.4 kN/m

2
) load conditions is fully recognizable in the graphs by the abrupt increase of 

midspan deflection (and strain) after the stabilization stage at the end of the SLS loading process (SLS_L). As 

can be seen, a full recovery of the deflections and strains took place after the total unloading phase, which 

evidences that for the considered load levels the panels have presented an elastic behaviour. Moreover, Fig. 8 

shows that, the values for both deflections and strains registered were very similar in the four tested panels, 

revealing a manufacturing process of high repeatability. 

The Italian standard CNR can be used to verify the performance of sandwich panels under SLS 
42

. According to 

this standard, the maximum long-term deflection registered for the quasi-permanent loading, Quasi , (equal to 

30% of the service load) should be less than L/250. The Quasi  considering creep effects is determined from the 

following equation: 

Quasi SLS Creep                (1) 



14 

 

where SLS  is the deflection in SLS loading conditions,   is the proportion of quasi-permanent loading in 

respect to the SLS loading (i.e. 30%), and Creep  is the estimated coefficient due to creep effects. Based on creep 

tests previously carried out by the authors on similar panels 
43

, a value of 2.52 was obtained for Creep  (this value 

takes into account a service life of 5 years). Considering the average experimental deflection value obtained 

under SLS (7.5 mm), Eq. (1) gives a value of 5.7 mm for the maximum deflection expected to be registered in 

long-term, which is lower than the limit recommended by CNR code 
42

 (L/250 = 2700/250 = 10.8 mm), and 

therefore the panels fulfilled the deflection serviceability requirements. 

Under ULS loading conditions the average of the maximum bottom tensile strains recorded at midspan was 

491 microstrains (), which is a value significantly lower than the ultimate tensile strain of GFRP skins 

obtained experimentally (12188 ). 
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Fig. 8. Results of single sandwich floor panel tested under uniformly distributed load: (a) midspan deflection 

(D2) versus time; (b) strain (S2) versus time. 

4.3. Single sandwich floor panel: tests up to failure 

The load-deflection relationship of the single panel tested up to failure under a four-point bending configuration 

is depicted in Fig. 9a. The panel failed at a maximum load of 28.5 kN, at which the midspan deflection was 

61.0 mm. The panel exhibited a linear behaviour up to failure, which was also attested by the strain gauges 

measurements plotted in Fig. 9b. The maximum tensile strain measured at midspan in both bottom and top skins 

was around 2600 microstrains. 
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Fig. 9. Single panel tested up to its failure: (a) load versus deflection; (b) load versus strain. 

Fig. 10 depicts the failure mode evolution observed on the tested panel at different loading stages. Localized 

debonding between GFRP compression skin (top skin) and PU foam core was the predominant failure mode of 

the panel. This failure occurred in the region of pure bending moment, between the two lines of loading, and 

was caused by a very high out-ward tensile stress between skin and core, as a result of attaining the maximum 

PU tensile stress 
44

. 

(a)

(b)

(c)

 
 

Fig. 10. Single panel tested up to its failure: (a and b) failure mode evolutions; (c) final failure mode 

This phenomenon, known as local instability or wrinkling failure mode of a sandwich panel, leads to a sudden 

outward buckling of the GFRP skin in the compression side where the buckling wavelength is short. The 

initiation of wrinkling failure mode is schematically shown in Fig. 10a. It was experimentally observed that, at 

the beginning, the length of the debonded part was equal to the PU thickness. This observation confirmed 

previous information mentioned by other authors about the debonded length, referring that it could be equal to 
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the PU thickness 
45-47

. Thereafter, the debonded part propagated to the centre of the panel (Fig. 10b), and finally 

the sandwich panel presented an overall instability (Fig. 10c).  

A failure load of 28.5 kN was reached in the tested panel, which is much higher than the ULS load (5.1 kN). 

These load levels correspond, in terms of load (maximum bending moment), to an equivalent uniform load for 

ULS (2.4 kN/m
2
) in a four-point bending test configuration. This result is totally in accordance with the 

behavior of typical sandwich panels 
19, 41

, which are commonly designed for mainly fulfilling service loads, 

being their failing state usually far from the theoretical ultimate state. 

4.4. Flexural response of connected sandwich panels  

The load versus midspan deflection in two and three connected floor sandwich panels is depicted in Fig. 11a, 

while the load versus strains measured on the bottom skin is depicted in Fig. 11b. In the system formed by two 

connected panels (FP1-FP2 and FP2-FP3), the plotted midspan deflection and strain were computed as the 

average deflection/strain of the D2, D7/S1, S4 (see Fig. 6d) placed at the center of each panel. In the system 

formed by three connected panels, the plotted midspan deflection and strain directly corresponds to the 

measured deflection/strain of the D7/S4 (see Fig. 6e) placed at the center of the middle panel. The midspan 

deflection measured for the considered loads level was 10.6 mm and 10.4 mm for two and three connected 

panels, respectively, being the corresponding maximum load 10.3 kN and 15.4 kN, respectively. 
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Fig. 11. Flexural behaviour of connected panels: (a) load versus midspan deflection; (b) load versus strain. 

Figs. 12 (a and b) present the deflection along the transverse direction of the midspan section of the systems 

formed by two and three connected panels. As can be observed, deflection at center of the connected panels was 

smaller than other points, having the highest deflection been measured in the free edges of the system formed by 

the connected panels. In the case of two connected panels, this fact can be justified by the presence of the 
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connection profile at the middle of the panels, which considerably increases the stiffness of this zone. Similarly, 

in the case of three connected panels, the connection profiles used for joining the panels are internal stiffeners, 

leading the middle panel has less deflection.  
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Fig. 12. Measured deflection in connected panels: (a) two panels; (b) three panels; (c) three panels with load 

only in the middle panel. 

 

The effectivity of using the proposed connection system for distributing flexural loads is well demonstrated in 

Fig. 12c, which shows the deflection along the transverse direction of the midspan section of the systems formed 
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by the three connected panels when only the central panel is loaded (see Fig. 6c). The obtained results reveal 

that, as expected, the highest deflection occurred in the central panel since it was the loaded one. However, the 

lateral panels have also deflected significantly, even their free edge, which evidences that the proposed 

connection system has the ability to appropriately transfer flexural loads. 

Long-term deflection of connected panels (
Quasi ) was also estimated with Eq. (1), by also assuming for   and 

Creep  the values already considered, namely, 0.3 and 2.52, respectively. For the two and three connected panels 

a value, respectively, of 5.4 mm and 5.3 mm was obtained for 
Quasi , which fulfils the serviceability limit 

requirement recommended by CNR 
42

 (2700/250 = 10.8 mm). Moreover, the maximum strain measured in the 

two and three connected panels for the ULS load was 334  and 426 , respectively. These strains are 

significantly lower than the ultimate strain measured in GFRP skins material characterization (12188 ).  

4.5. Loading test on modular prototype 

For a more comprehensive analysis of the results obtained in the test with the floor prototype, it was verified 

opportune to group the results measured in LVDTs and strain gauges. The arrangement of these groups takes 

into account the structural symmetry conditions in order to determine the average results in each group. Hence, 

regarding to LVDTs (all subsequent LVDTs names are related to Fig. 7b), Group DI corresponds to the LVDT 

placed at the centre of the middle panel (D4). Group DII consists of the LVDTs placed at the middle of the 

interior edges of the panels (D2-D3 and D5-D6). Group DIII are composed of the LVDTs placed at the centre of 

the lateral panels (D1 and D7). Group DIV is formed by the LVDTs disposed in the transverse beams (D10 and 

D11). Group DV corresponds to the LVDTs placed on the longitudinal beams (D8 and D9). Similarly, for the 

case of strain gauges, the results were collected in the following seven groups (Fig. 7b): Group SI (S12 and 

S13), Group SII (S4), Group SIII (S2 and S6), Group SIV (S1 and S7), Group SV (S14 and S15), Group SVI 

(S9) and Group SVII (S8 and S11). Table 2 lists average values registered for each of the mentioned groups at 

the end of the test (i.e. for a load applied equal to the ULS conditions), while the registered deflection-time and 

strain-time relations are depicted in Fig. 13. 

The end of the loading operation corresponds to the instant when the measured entity remained almost constant. 

Both deflection-time and strain-time relationships revealed that the floor prototype developed a linear behaviour 

for the entire applied loading process. The higher deflection registered in the centre of the middle panel (LVDT 

of Group DI) was expected since this corresponds to the centre of the floor, in the panel that was mainly 
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supported only by two edges. Conversely, since the lateral panels were supported along three edges, the 

deflection in the centre of these panels (Group DIII) were much smaller. The deflection in the groups DI and 

DIII indicates the floor panels presented a two-way bending behaviour, in longitudinal (parallel to the direction 

of the connection between panels) and transverse directions, being bending in the longitudinal direction more 

pronounced than in transverse direction. Confirmation of difference in the load transmission on the panels may 

be also seen by comparing results of the fourth and fifth groups of LVDTs, whose analysis showed that the load 

was not distributed equally by all beams: transverse beams registered nearly a triple deflection of that measured 

in longitudinal beams.  
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Fig. 13. Floor prototype flexural performance: (a) deflection versus time; (b) strain versus time. 
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Furthermore, strains registered on the transverse beams (Group SI) were higher than other measured strains 

(Group SV). This demonstrates that the load was not uniformly distributed, but transverse beams carried out 

more load than longitudinal beams, in which the average strain recorded was 30% lower. Comparing the strain 

measured in the strain gauge located in the centre of the middle panel in longitudinal direction (Group SII), with 

those recorded in the strain gauge placed in the middle of the other two panels, also in longitudinal direction 

(Group SIV), a difference of nearly 65% was registered. This result is equivalent to what was observed with 

deflections, and is explained by the support conditions, since middle panel supported on two opposite edges, 

while exterior ones behaved as panels mainly supported on three edges. Because of this, a similar result is 

obtained when comparing gauges in transverse direction (Strains - Group SVI and Strains - Group SVII).  

The long-term maximum deflection of the prototype may be estimated considering the experimental results and 

using Eq. (1). For this purpose, and for the deflection corresponding to the ULS condition (2.4 kN/m
2
), 

deflection registered on the transverse beams (13.8 mm) should be subtracted from the deflection registered in 

the middle panel (33.4 mm), resulting a value of 19.6 mm. Substituting this value in Eq. (1), an estimated long-

term deflection of 9.9 mm is obtained. Taking into account that in the prototype the length of panels is equal to 

3000 mm, the estimated value fulfils the deflection criterion recommended by CNR 
42

 (L/250=12.0 mm). As in 

the other conducted tests, the GFRP strains were significantly lower than the ultimate strain measured in 

coupons of GFRP skins. 

5. Analytical assessment 

In the following subsections the flexural behaviour of the tested panels is estimated by applying available 

theoretical formulations, and using the properties of the constituent materials recorded experimentally.  

5.1. Failure mode of the single sandwich floor panel 

Interaction between GFRP skin and PU foam core can be treated using Allen’s formula by invoking the concept  

of Winkler hypothesis 
45

. In that model the GFRP skin is modelled as infinitely long strut supported on an 

elastic medium (the core of the panel). Two kinds of stresses can be developed: interfacial stress ( in ), and 

critical wrinkling stress (
cr ) 

44, 47, 48
. Interfacial stress is defined as: 

20.07 ( )in cf E                (2) 
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where   depends of the core thickness (
ct ) and half-wave length of l  is given by ct

l


  , 

cE  is the elastic 

modulus of the PU foam. ( )f  is a function of the core Poisson’s ratio (
c ) and  . The value of ( )f   depends 

on skin wrinkling mode. Three cases of skin wrinkling modes were defined 
45

: Case I - represents a sandwich 

panel in which wrinkling occurred in the compression skin; Case II - deals with antisymmetric wrinkling; and, 

Case III - considers symmetric wrinkling. In this research Case I was considered the most appropriate since only 

one face skin was debonded. Accordingly, Eq. (3) was proposed for this purpose as: 

   

     
2 32 2

3- sinh cosh 12
( ) ( )

1 3- sinh - 1

c c

c c c

f
    


     

     
  
      

         (3) 

Debonding occurs when the interfacial tensile strength (
in ) exceeds the tensile strength of the PU foam core. 

Regarding the critical wrinkling stress, it is determined by the following equation: 

2

2( )
12

c f

cr c f

f c

E E
t f t

t t


 

  
       
   

         (4) 

where 
ft  and 

fE  are the thickness and the elastic modulus of the GFRP skin, respectively. 

The previous equations were applied to the single panel tested under the four-point bending configuration (see 

Sections 3.3 and 4.3). In the experimental program it was observed that, the length of the debonded part was 

equal to the PU thickness. Based on this, interfacial tensile stress, 
in , was obtained by a value of 0.77 MPa 

using Eqs. (2) and (3). A comparison of this value with the maximum tensile strength of PU foam core (
ct ) 

experimentally determined (see Table 1) of 0.49 MPa reveals the separation between PU foam core and GFRP 

skin was caused by the attainment of the tensile capacity of the PU. 

From Eq. (4) a critical wrinkling stress (
cr ) of 62.6 MPa was determined for the GFRP skin. Based on strain 

values measured in S5 (Fig. 5b), a compressive stress value of 25.1 MPa was calculated on the GFRP skin (the 

value was computed assuming the modulus of elasticity experimentally recorded). Comparing the experimental 

and the theoretical values for the critical wrinkling stress, it can be observed that, these two values differ by a 

factor of nearly 2.5. This stress relation was also found in previously performed tests 
44, 49, 50

. Due to lack of 

predictive performance of Eq. (4) an empirical expression 
44

 was proposed as expressed by Eq. (5): 

1/3 2/30.42cr f cE E             (5) 
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By applying this equation, a critical wrinkling stress of 25.5 MPa was obtained, which is a value quite close to 

the one obtained experimentally (25.1 MPa), demonstrating the good predictive performance of Eq. (5). 

5.2. Effects of the U-shape GFRP profiles in the single sandwich panels 

First-order Shear Deformation Theory (FSDT) may be employed to evaluate flexural performance of a single 

sandwich panel. In this theory, some hypotheses are assumed, such as considering the panel components are 

formed by isotropic materials, and assuming perfect bond between constituent components. Besides, the total 

deflection of the sandwich panel (
Total ) can be estimated by considering the simultaneous contribution of 

bending and shear deformation: 

Total b s                                             (6) 

where 
b  and 

s  are the deflections due to the bending and shear, respectively. Eq. (6) could be expressed in 

the following form: 

0 0

L L

u L u L

Total

M M V V
dx

EI kGA
                (7) 

where the first and second terms of the right part of this equation provide the deflection due to bending and 

shear, respectively. In Eq. (7) the 
uM  (

uV ) and 
LM  (

LV ) are the bending moments (shear forces) due to a unit 

load and the actual load, respectively. 

By developing Eq. (7) in terms of providing the midspan deflection of a sandwich panel subjected to a uniform 

loading, it is obtained: 

4 25

384( ) 8 ( )

s s

Total

eq

qL qL

EI K GA
                          (8) 

where q , sL , ( )eqEI , ( )GA  and K are the uniform distributed load, span length, equivalent flexural stiffness, 

shear stiffness and shear correlation factor, respectively. The coefficient K was assumed equal to 1.0 in this 

study 
51

. For the present sandwich panel, the equivalent flexural stiffness is obtained by the following equation: 

 
23

33( ) 2 ( ) 2
6 2 2 12

c Uf f

eq f f u c u u c u

t nEt t
EI bE t b t b t t t
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     (9) 
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where b  is the width of the panel, n  is the number of the U-shape GFRP profiles (both located in the interior 

of the panel and at the edges), and 
UE , 

ut , 
ub  are the Young’s modulus, thickness and width of those profiles, 

respectively.  

 In Table 3 is compared the midspan deflection obtained from Eq. (8) and measured experimentally. A very 

good agreement between experimental and analytical values is observed, showing an adequate precision of 

FSDT in estimating the total deflection of the sandwich panels.  

 

Fig. 14 shows the influence of the number of U-shape GFRP profiles (n) on the midspan deflection of the 

sandwich panel, having been adopted values of n varying from 0 to 4. As can be observed, when deflection is 

computed for a panel without U-shape GFRP profile (n = 0) and for a panel with one U-shape GFRP profile (n = 

1), a sudden decrease in the deflection of nearly 42% takes place. By using more than one U profile, the total 

deflection tends to decrease almost linearly with the increase of the number of GFRP profiles. Moreover, the 

relative contribution of bending (M) and shear (V) on the total deflection (indicated on the top right corner of 

Fig. 14) shows that the contribution of the shear deformation decreases with the increase of the number of GFRP 

profiles applied. When GFRP are not applied (n=0) the contribution of bending and shear for the total 

deformation is 60% and 40%, respectively, while when 4 GFRP profiles are adopted this relative contribution is 

97% and 3%. Thus, for the panel designed, the dominate deformation is flexural and not shear, since four U-

shape GFRP profiles were used in each panel (two interior and two at edges) that are working as ribs, providing 

high shear stiffness (GA) to the panel. 
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Fig. 14. Influence of the number of U-shape GFRP profiles on the total midspan deflection of the sandwich 

panel. 

The load-deflection behaviour of the tested single sandwich panel under four-point bending test configuration 

was also analytically determined by using FSDT and considering the same assumptions. Eq. (10) gives the total 

deflection for a four-point load configuration,  

 

2 2

4
8 6

s

Total PBT

eq

LPa a Pa

EI KGA
 

 
   

 
        (10) 

where P  is the applied line load, 
sL  is the span (equal to 2700 mm), a  is the shear span (equal to 850 mm), 

 
eq

EI  is the equivalent flexural stiffness determined according to Eq. (9) (159.3 kN·m2
), and GA  is the shear 

stiffness (6147.4 kN). By adopting these values, a midspan deflection of 62.0 mm was calculated, which is in 

good agreement with the experimental result, since the difference is 1.6 %.  

5.3. Efficiency of the proposed connection system between panels 

The Eqs. (9) and (10) were also applied to predict the midspan deflection of the connected panels (see 

Sections 3.4 and 4.4), and the results are presents in Table 4, which also include the flexural and shear stiffness 

values. Additionally, analytical results of a unique slab (a slab formed by the same number of U-shape GFRP 

profiles as the connected panels but assuming continuity between the panels) with the same dimensions and 

configuration of the connected panels were obtained in order to evaluate the efficiency of the proposed 

connection.  

The results of Table 4 indicate an acceptable predictive performance for the analytical expressions, since a 

relative difference of 2.2 % and 2.4 % for the, respectively, two and three connected sandwich panels, was 
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obtained. Comparison of analytical values between connected panels and a unique slab shows that using the 

proposed connection system results in decreasing the midspan deflection in 7.2% and 9.5% for two and three 

panels, respectively. This is the consequence of the influence of using the connector profile (see Fig. 2c), which 

increases the flexural stiffness and shear stiffness of the connected panels.  

 

5.4. Residential modular prototype  

As demonstrated in Section 5.2, for the present solution of sandwich panels, the contribution of shear 

deformation for the total deflection is marginal. Hence, neglecting shear effects in the evaluation of the total 

deflection of the modular prototype seems perfectly acceptable. Accordingly, the classical laminate plate theory 

(CLPT) can be used to analytically predicte the floor prototype deformational behaviour. 

The prototype was considered to be subjected to an uniform distributed load. In addition, it was considered that 

the sandwich panels were subjected to two kinds of support conditions: (i) the exterior panels (FP1 and FP3 – 

see Fig. 7) were considered as simply supported panels along three edges, while the other edge of these panels 

was assumed free of any displacement restriction, (ii) middle panel (FP2 – see Fig. 7) was considered as a panel 

supported along only two edges, being the other two edges free of any displacement restriction. 

Accordingly, Eqs. (11) and (12) are proposed for calculating the midspan deflection in panels FP1-FP3 (exterior 

panel) and FP2 (interior panel), respectively. Comprehensive information of the derivation methods can be 

consulted elsewhere 
45, 47, 52

. 

4

max 0.01302
( )eq

qL
w

EI
           (11) 

4

max 0.0071
( )eq

qL
w

EI
           (12) 

where q  is the uniform pressure load, L  is the length of the panel. From Eq. (11) a deflection at midspan of the 

middle panel (maximum deflection) of 18.7 mm was computed for a uniform load of 2.4 kN/m
2
 and a flexural 
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stiffness determined from Eq. (9). This value is close to the maximum slab deflection of 19.6 mm which 

experimentally was obtained. In the case of exterior panels, the maximum deflection was occurred at the middle 

span of the free edge, and resulted in a value of 10.2 mm, calculated based on Eq. (12). Experimental 

observations showed a deflection of 12.6 mm. Therefore, experimental results obtained in the exterior panels are 

also coherent with the analytical ones. The differences found can be explained by the fact that the continuity 

between panels were neglected in this assessment. 

Finally, load distribution factor ( LDF ) was evaluated to compute the working proportionality of the floor 

prototype in each longitudinal and transverse direction. This factor was assessed on the longitudinal and 

transverse GFRP beams according to Eq. (13). 

( )Lb LDF Lb Tb                (13) 

where 
Lb  and 

Tb are the experimentally measured beam deflection in ULS condition in the longitudinal and 

transversal direction directions respectively 

Since deflection values experimentally measured on the transverse and longitudinal beams was 13.8 mm and 

4.6 mm, respectively, the value of 
LDF  was calculated as 0.75 and 0.25 in transverse and longitudinal beams, 

respectively.  

6. Conclusion  

This paper has presented a novel modular prototype floor to be used as a part of an emergency house. The 

prototype consists of a skeleton of GFRP tubular pultruded profiles, and a floor formed by three sandwich 

panels with GFRP skins and a PU foam core. A fitting connection system is utilized to appropriately assemble 

the different components. The developed prototype is capable of being prefabricated and easily transported to 

the site, and rapidly installed. This functionality illustrates the high potentiality of this system to be used in 

prefabricated emergency houses. 

An experimental program has been conducted, studying the behavior of a single floor panel, two and three 

connected panels and the whole modular floor prototype, subjected to residential service and ultimate loads. 

Additionally, an analytical assessment has been developed to conduct a deeper study of the failure mechanisms, 

the influence of placing U-shape GFRP profiles inside the panels, the efficiency of the connections between 
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panels and the deformational behavior of the prototype. The following concluding remarks were drawn from 

this work: 

1. The prototype demonstrates a high potentiality to be integrated in the production lines for temporary 

residential building, and more specifically to be used in places with high demanding for habitation due to 

natural disasters. The assembly/disassembly process is simple and fast due to the lightness of the 

components and simplicity of the connections. 

2. For the considered load levels, typical of a building structure, the sandwich panels have presented a 

linear-elastic behaviour. Their maximum deflection under service loads, taking into account the creep 

effects, fulfils the requirement established by standards. 

3. The ultimate load carrying capacity of the sandwich panels was substantially greater than the design 

demand levels. The failure has occurred due to a local outward buckling, known as wrinkling. The failure 

has started when the outward tensile stress between the GFRP skin and PU foam core has attained the 

tensile strength of the PU. The debonding has propagated towards the centre of the panel, leading to a loss 

of integrity between GFRP skin and PU foam core. 

4. The behaviour of connected two and three sandwich panels has exhibited adequate flexural 

performances and has fulfilled the requirements in both SLS and ULS, in terms of deflection and strain. 

Moreover, the proposed connection system has demonstrated to be effective in transferring loads between 

the panels, guaranteeing deformation compatibility. 

5. The floor prototype has presented a flexural behaviour more predominant in one direction. However, 

beam-panel and panel to panel connectors contributed for the development of a certain level of transverse 

curvature, therefore the floor panels have behaved as a two-way spanning slab with load distribution factor 

of around 75% and 25% for the longitudinal and transverse supporting beams, respectively. The excellent 

performance showed by the proposed prototype, along with the fulfilment of long-term behaviour 

requirements, highlighted the potential capacity of the proposed system for being used as a temporary floor 

building. 

6. A theoretical prediction employing Winkler hypothesis and utilizing mechanical properties of the 

constituent materials were employed to evaluate the failure mode of single sandwich panel. Accordingly, 

two kinds of stresses, namely interfacial out-of-plane stress and critical wrinkling stress were evaluated. It 
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was shown that the interfacial out-of-plane stress between the PU foam core and the GFRP skins occur has 

exceeded the tensile strength of the PU foam, justifying the debonding of the top GFRP skin observed 

experimentally. The calculated critical wrinkling stress based on the proposed equations was in good 

agreement with the experimental measured values. 

7. The first-order shear deformation theory was employed to predict the deformational behavior of single 

sandwich panel, as well as connected sandwich panels. A very good agreement between the experimental 

and analytical values was observed. The importance of using U-shape GFRP profiles inside the sandwich 

panels as ribs for increasing the flexural stiffness of the panel was clearly observed. The analytical analysis 

has showed that when no U-shape GFRP profile is used the contribution of flexural and shear deformation 

for the total deflection of the panels is 60% and 40%, respectively. However, the contribution of the shear 

deformation for the total deflection of the panels has decreased significantly with the increase of the 

number of the U-shape GFRP profiles. For the four profiles per panel (the number used in the developed 

panels), the shear deformation contribution for the total deflection was reduced to 3%. Additionally, it was 

observed that using a connector in two and three connected panels resulted in decreasing middle span 

deflection when compared to a unique panel. 
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