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Abstract

A series of experimental tests carried out on apmsite prototype to be used as a floor module adfraargency
house is presented in this paper. The prototypgodses a frame structure formed by GFRP pultrudediles,

and two sandwich panels constituted by GFRP skidsagpolyurethane foam core that configures ther fitab.

The present work is part of the project “ClickHeus Development of a prefabricated emergency hpiasetype
made of composites materials” and investigatesfehsibility of the assemblage process of the pypmtand
performance to support load conditions typical efidential houses. Furthermore, sandwich panelslace
independently tested, analysing their flexural oese, failure mechanisms and creep behaviour. @ettaiesults
confirm the good performance of the prototype taubed as floor module of an emergency housing, avigbod
mechanical behaviour and the capacity of beingspraried to the disaster areas in the form of variow weight
segments, and rapidly installed. Additionally, finielement simulations were carried out to asdessstress
distributions in the prototype components and tuate the global behaviour and load transfer m@shaof the

connections.

Keywords. emergency house; composite materials; GFRP pulirpdgfiles; sandwich panels; GFRP skins; PU
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1. INTRODUCTION

Typically, after a natural disaster, the surviviogmmunities are accommodated in temporary dwelliiogs
recovery [1]. Availability of temporary housingdsucial since it allows people to quickly commeticeir daily
activities such as school, working and cooking [1-43the field of temporary houses design, on¢hefcritical
aspects is the use materials with high functionaperties and low price. Different types of tempgraouses are
currently available, most of which are made ofllst@eod and plastics [4—6]; however, many of thieseporary
dwellings do not offer a basic level of securitylgmotection for its occupants, and/or result inneomplex and
expensive solutions. As an alternative to the tabkanaterials, the use of composite sandwich Eaffe
configuring the enclosure surfaces of the house ghass fibre reinforced polymers (GFRP) pultrybeafiles for
forming the main structural elements (beams andnons) present a series of advantages, being atke aame

time able to fulfil any requirements.

It is interesting to note that building industr&tion through prefabrication lead to a reductiorihe cost of
buildings and to the improvement of the manufaomirguality [7-9]. Moreover, after a natural disaste
accessibility to the roads is limited, so low weighthe prefabricated dwellings components isrg eenvenient
requisite for their transport [10]. The compositéution herein proposed uses GFRP profiles andvg@hdpanels
and fits very well into this trend, as it is capabf being prefabricated, transported to the désamtea and easily
assembled. Likewise, pultruded GFRP composite lpoShow a series of promising advantages sucbvas |
production costs, low maintenance, high durabéitg immunity to corrosion and high strength [11-Rfcently,
sandwich panels have been increasingly used intatal applications due to some main features agdts high
strength and stiffness to weight ratio, its immyné corrosion, and a low thermal and acoustic cetidity [15—
19]. In the past, efficiency of using sandwich gdarfeas been proved in several structural applinat&uch as

cladding [20], facades [21,22], roofing [23] andliw§24].

In this paper, a floor residential module prototgh@.64 x 2.64 rhis introduced, composed of GFRP profiles and
sandwich panels of GFRP skins and a polyurethadg fg&m core. An experimental programme is condilitte
evaluate the performance of this prototype, designesupport serviceability and ultimate load cdindis of
residential houses. Additionally, sandwich panedstasted in four-point and three-point bendingstés analyse
their flexural behaviour. Furthermore, failure mastsms and long-term behaviour (creep) are alsestigated
on small scale specimens obtained from cuttingattiginal panels. Finally, in order to better undansl the
behaviour of the floor residential module prototyfieite element simulations were performed. Thisnerical

modelling was also used to perform a parametridystu



This study was undertaken within the project “®Htouse — Development of a prefabricated emergencgéd
prototype made of composites materials” that ammdetvelop a prefabricated house using compositermak to
be used as an emergency dwelling in disaster acegsist as a temporary building, taking into aattothe
necessity of providing dignified standard of livingcluding fundamental facilities like water, diecity and

sewage to dislocated people.

2. PROTOTYPE DESCRIPTION
2.1 Concept and geometry

The proposed prefabricated modular prototype ismettically represented in Fig. 1. In this stagthefstudy, for
the sake of simplicity, effects of roof and waller& not taken into account. Thus, the study wiliiaénly focused

on the floor slabs.
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Fig. 1. Schematic of the modular prototype: (a) fubtotype; (b) prototype without walls and roof.

The modular building floor prototype is comprisefdiwo main components: the frame structure (columng
beams) and the slab that is composed of two sahdwamels. The sandwich panel contains an interior
polyurethane (PU) foam core enclosed by two GFRi®%ssRhe core and the skins have different funstiavhile
skins bear the bending loads, the core deals hétktiear loads, stabilises the skins against mgcatd wrinkling,

and provides thermal and acoustic isolation.

Fig. 2 shows the frame structure of the prototypleich is constituted by four GFRP beams suppontefbur
short columns. Tubular GFRP pultruded short elemaiith cross section of 120 x 120 rhand a wall thickness
of 8 mm are used as columns; for the sake of dsicrgaegments variation in the manufacturing predbe same
profile was used for the perimetral beams. In Bjg schematic view of the two floor sandwich pangdepicted.
Sandwich panels presented an overall height of i) aawidth of 1200 mm and a length of 2400 mm. B t
contour of the panel a GFRP pultruded profile (686 x 5) was adhesively bonded for its easy cotimet¢o

the supporting elements (see Fig. 3 — section CC).
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Fig. 4. Connections details: (a) beam—column; (bxtm—panel; (c) panel—panel.

2.2. Assembly process

The assembly process is expected to be conductadrbgxperimented workers in disaster areas. indbintext,
an assessment of the prototype assembly was cawietd analyse the feasibility of the process. &ksembly
process is started by placing the four columnkéirtspecified positions (Fig. 5a), and connectivegn with three
beams (Fig. 5b). The installation of the last béapostponed to the end of assembly process irr todacilitate
the introduction of the floor panels. Hence, thetratage of the assembly process is the instatiaifahe first
sandwich panel, by handling and mounting it aldregylieam—panel connections; as can be seen indsigabel
is sliding along the tubular profiles fixed to theams. Once the first panel is in its final positiand the panel-
panel connector is mounted (Fig. 5d), the seconélga installed in a similar way (Fig. 5e). Fiyalto complete
the assembly process, the final beam is placed poisition (Fig. 5f). All this procedure is penfiegd in less than
2 h by three persons without any special equipnentlencing that the prefabricated prototype maguigbly
assembled by non-experimented workers in a shoidgef time, and without the need of any speaiall and

equipment, which are normally scarce in a disastea.

3. EXPERIMENTAL PROGRAM

The following subsections provide details of th@ermental programme in terms of material charszéon,
test specimen, setups and procedures. The testcaseied out in the Laboratory of the Structuraliflon of the

Civil Engineering Department of the University ofro (LEST).

3.1. Material characterization

Both GFRP profiles and sandwich panel GFRP skingwharacterised by performing tensile tests adegrit

ASTM D3039 [25]. Several tensile specimens with @lisions of 250 x 25 x5mhwere extracted from the
profiles, as well as from the sandwich panel skinthe longitudinal and transverse directions. $peas were
mounted in the universal testing machine, withip distance of 150 mm, and monotonically loadedwithead

displacement rate of 2 mm/min up to failure.



(d) (e) (f)

Fig. 5. Assembly process: (a) columns placemettching the beams to the columns; (c) firstgdan
mounting; (d) sliding the first panel to its cortguosition; (e) second panel installation; (f) iakation of the

final beam.

PU foam core mechanical properties were evaluatederucompression and shear. Flatwise compression
properties of PU foam were determined accordingS®M C365-03 [26]. Compression tests were perforimed
prism-shape coupons with the dimensions of 70 x 30 mn¥ under displacement control in a universal testing
machine. Shear properties of PU core was deternanedrding to ASTM C273-00 [27] standard. Five cangp
with the dimensions of 720 x 50 x 60 rhmere tested. The tests were performed in a uravégsting machine

with displacement control at a speed of 0.5 mm/min.

3.2. Static and dynamic studies on the assembleiype

As previously referred, the lightweight prototypasadesigned to be the floor element of a residdmiase, and

therefore it was necessary to analyse its perfocmarhen submitted to the serviceability verticalds.

The response of the prototype under flexural loads assessed by applying a uniform distributed,load
representing a characteristic live load of 2 kRlilmaccordance with Eurocode 1 [28]. The structusis manually
loaded and unloaded employing filler bags (20 kgaath) in two layers, each one of 12 bags, resguittia uniform
distributed load of 1 kN/Aper layer. Loading and unloading operations weréopmed fast to avoid any potential
creep effect. Table 1 schematically representsldading and unloading sequences of the four tésts. 6
illustrates different phases of these tests. Maimigparrangement is shown in Fig. 7: seven LVDT&§{D7) with

a stroke ranging from 25 mm to 50 mm were placethatbottom surface of the slabs’s prototype, fauthe



beams (D1-D4), and three in the panels (D5-D7inaasure vertical deflections, while eight TML PRR-B1-
3L strain gauges (S1-S8) were bonded to the be@rmar{d S8) and panels (S1-S6) to register thetlatigal

and transverse strains during the loading process.

Fig. 6. Distinct phases of the performed tests.
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Fig. 7. Instrumentation layout for static testdlire assembled prototype: Positions of LVDTs (Bili7) and

strain gauges (Sj, j = 1-8).

3.3. Full scale flexural test on single sandwicmels

Once the previous tests were performed, sandwicklpavere removed from the assemblage, and thgmibie
independently tested under a flexural service I@dekse tests are illustrated in Fig. 8, and wergdaoted in
accordance with ASTM C393 [30], following two loadhemes: (i) four-point bending test, and (ii) €apmint

bending test.



Table 1. Loading/unloading phases schemes.
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Fig. 8. Schematic representation of the sandwialepflexural test under service loads: (a) foursptddending

test; (b) three-point bending test (all units inlimetres).

The tests were designed in order to introduce aqmar bending moment in the sandwich panel as theiqus
tests with uniformly distributed load. To apply pbioads that introduce a maximum bending momeuivedent
to the characteristic live load of 2 kNgnthe panels were subjected to a load of 2.75 kd\5ah kN for three-point

and four-point bending tests, respectively. Regaydihe panel’s support conditions, one of the suppadlowed



free sliding of the panel, while the other introddginned support conditions. A tubular steel feadif 50 x 50
x5mn? cross section was fixed at each ends of the sahdpédnels, and a steel roller with a diameter ofr32
was placed inside that tubular profile in ordeatiow free rotation of the panel ends. The monatdoad was
applied by a hydraulic jack, and transferred topheels by means of longitudinal IPE 100 profilathvsteel
rollers of 20 mm of diameter welded at their bottfmmge. A load cell of 300 kN with a precision@D5% was
used to measure the load, while deflections inptmels were monitored under supports, midspanratahited

sections by LVDTs with a measuring stroke of 100.mm

3.4. Small scale tests on sandwich panels

After carrying out the previous tests (full scalexfiral test on single sandwich panels), small ispes were
extracted from the tested sandwich panels witlptivpose of conducting a series of flexural andgtests. The

following subsections provide details of test spemis, setup and procedure.

3.4.1. Small scale flexural tests on sandwich panel

One-way static behaviour of sandwich panels umtlore was investigated according to ASTM C393 ded
[29]. Four-point bending tests were carried ouhwiite following two groups of specimens: (i) withend GFRP
‘U’ profile (P1U and P2U), and (ii) without thatgfile (P1 and P2). The first group of specimend{Rhd P2U)
were tested under a shear span of 300 mm, beingehe span 1150 mm and width of 350 mm (Fig. 9ag
supports were designed in a similar way to the deeeribed in previous section (i.e., by placingelsroller
inside a tubular steel profile). For the secondugrof specimens (P1 and P2), shear span and paidtswere
300 mm and 350 mm respectively, but the clear spas limited to 900 mm. In this case, supports were

materialised by steel rollers placed at both emdkeuthe specimens (Fig. 9b).
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Fig. 9. Test setup for four-point bending testdaifrilure of specimens: (a) with GFRP ‘U’ profiif1U and

P2U); (b) without GFRP ‘U’ profile (P1 and P2) (alinits in millimetres).



Loads were applied by a hydraulic jack and wereitooed using a load cell of 200 kN with a precisafr0.05%.
A steel spreader IPE-beam profile and steel rollen® used to transfer the load to the panels.tiuatdilly, rubber
pads were placed between the specimens and tHedters to avoid any indentation failure [30—3%fertical
displacements were recorded by five LVDTs withralst ranging from 25 mm to 50 mm, placed on thepeuis,
mid-span and under loaded sections. Moreover, s were instrumented in tension and compresgios s
with TML PFL-30-11-3L strain gauges, placed atititersection of the midspan section of the specimigm its

longitudinal axis.

3.4.2. Small scale creep tests on sandwich panels

Similar to the flexural test, two panels with ardéBFRP ‘U’ profile (P3U) and without that profil®8) were
prepared to study creep behaviour of sandwich paBglecimens were tested in bending for a peri@b8fdays

(6312 h) to assess flexural viscoelastic behavasuwell as long term shear deformation of PU.

Four-point bending tests were carried out with slagne test setup configurations described in theiqus
subsection, except the loading conditions (seelfy. A total load of 1.7 kN was applied. This lcamresponds
to 24% of its ultimate strength. Vertical displa@ts were measured by using three mechanical diadey
displacement indicators, with 0.01 mm of precisibhese dial gauges were placed underneath of GER&MD
skin of the panels, under the loading points arileatnid-span of the panels. These panels wereglaa climate
chambering room for the total duration of the teéth controlled temperature and humidity. Averégmperature

and relative humidity registered were 21 + 0.5 A@ 60%, respectively.

300 WF9TSE 275iw00
(a) (b)
Fig. 10. Test setup for creep test: (a) panel with@FRP ‘U’ profile (P3); (b) panels with GFRP ‘\profile

(P3U) (all units in millimetres).
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4, RESULTSAND ANALYSIS
4.1. Material characterization

The tests carried out on GFRP profiles coupons shdimearelastic behaviour until failure. All ofethttested
specimens failed in a brittle manner, being théufailocated on the middle part of the specimemsmFthe
performed tests an elastic modulus (E) of 28.10 @iftaa coefficient of variation (CoV) of 5.20% wabtained,

whereas for the case of the ultimate tensile sthe(m) of 327.10 MPa (CoV = 8.60%) was attained.

From the tensile tests conducted on the GFRP #kivess observed that the skin material also preseatlinear-
elastic behaviour until failure. Similar to what svabserved in the GFRP profiles characterisatidintha
specimens failed in a brittle manner in their médeight with the failure surface located perpeuldity to the
specimen’s longitudinal axis. From the performestigean elastic modulus (E) of 9.60 GPa (CoV = 7.Aaf
10.30 GPa (CoV = 8.01%) were obtained for the ltutdjnal and transversal directions respectivelyerghs for
the case of the ultimate tensile strengit),(values of 117.00 MPa (CoV = 10.40%) and 116.98aMCoV =

24.70%) were attained for the longitudinal and skeamsal directions respectively.

The compression tests showed the typical nonlityeafithe PU foam core with three distinct partee tinear
elastic branch that is followed by a plastic platedth nearly constant stress, and continues watinean-hardening
branch at large deformation stage [34], which cgpomds to the progressive densification of the riztf85].
From the performed tests an elastic modulus (B).1® MPa (CoV = 9.01%) was obtained, whereas ferctse
of the ultimate compressive strength)( a value of 0.30 MPa (CoV = 10.02%) was attaitehust be mentioned

that values for compression corresponded to teebiranch (linear elastic part).

Regarding the shear tests, PU foam core couponslgiear elastic behaviour until failure, which wattle with
the formation of failure surfaces at an angle afrhye45°. From the performed tests a shear mod@y®f 3.15
MPa (CoV = 12.07%) was obtained, whereas for tlse cd the ultimate shear strength)(a value of 0.15 MPa

(CoV =10.02%) was attained.

4.2. Static tests on the assembled prototype

The measured deflection—time and strain—time a@iatiips in each carried out test are plotted in Fig The end
of each loading/unloading operation is recognisdyiéhe sudden change observed in the curves.cin tfee

presence of small deflections and strains at theoéeach of the loading/unloading phases is timsequence of
having three persons on the top of the panels dtinimloading/unloading procedures. Furthermoigjitteresting

to mention that once all the load was appliedfolie performed tests gave the same results in tefrdsflections
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and strains; thus, all tests can be considereduasatent, and differences between each one arelyrdiie to the

loading/unloading scheme.
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Based on the obtained deflections at the end afihgaprocess, four groups of LVDTs could be idéatif(see
Table 2). The first group includes the LVDT plagdhe middle of the two panels joint (D6 — see Big which
recorded a maximum value of about 16 mm. The segondp are those LVDTs placed at the centre otwe
panels (D5 and D7), which measured a value of atd2mm. The third group corresponds to the LVDIBs@d
on longitudinal beams (D2 and D4), i.e., those txeplaced perpendicularly to the panel-panel coiorefibeams
2 and 4), in which a deflection of approximatel§ mm was registered. Finally, the fourth group ¥f0Ts (D1

and D3) is related to those placed on transverambébeams 1 and 3), which recorded a value of 3 mm

Table 2. Maximum deflections (in mm) registered in the assked prototype subjected to a uniform load of
2 kN/n?.

Test Panelsjoint Middle of panels Longitudinal beams  Transverse beams
(D6) (D5 and D7) (D1 and D3) (D2 and D4)
Test 1 -16.49 -11.93 -3.46 -7.91
Test 2 -16.29 -11.48 -3.09 -7.56
Test 3 -16.41 -11.56 -3.03 -7.47
Test 4 -16.21 -11.44 -2.87 -7.49

Similarly, the strain gauges may also be groupdiyéngroups. The first group involves the straauges bonded
at the centre of the joint between the two panethé longitudinal direction (S5), which measurestrain value
of around 0.25 mm/m. The second group correspantfsose gauges placed in the longitudinal direciiotine
middle of the panels (S1 and S3), which recordedlae of nearly 0.17 mm/m. The third group commitdee
strain gauge located at the centre of the jointvbeh the two panels in the transverse directior), (&Bich
registered a value of 0.15 mm/m. The fourth groopsests of those gauges measuring transverse sstrathe
middle of the panels (S2 and S4), where a strdirevaf about 0.05 mm/m was recorded. Finally, ffib §roup
is comprised by those strain gauges placed in ttdlenof the two beams 4 and 2 (S7 and S8), whenexamum

strain of 0.35 mm/m was registered. Table 3 lisgsrhaximum values of strains registered in thegtype.

Table 3. Maximum strains (in mm/m) registered in the adsleoh prototype subjected to a uniform load of
2 kN/rr?.

Text Group one Group two Group three Group four Group fifth
(S5) (S1,S3) (S6) (S2,54) (S7,S8)
Test 1 0.23 0.13 0.13 0.05 0.35
Test 2 0.26 0.17 0.16 0.05 0.37
Test 3 0.26 0.14 0.14 0.05 0.38
Test 4 0.15 0.09 0.08 0.04 0.22

From the analysis of the displacements and thénstemme information can be extracted. Analysirggdtrains
recorded in the first and second groups of gaugbsa(id S1, S3), and in the third and fourth gr¢&gsand S2,

S4) it is verified that the level of strains regigtd in the centre of each panel is significaniffecent from the

13



level of strain recorded in the centre of the jdietween the two panels. This indicates that theelgsadid not
present one-way bending behaviour. Likewise, whampared the first and second groups of LVDTSs (Déirasf
D5 and D7) it is revealed that floor panels presért two-way bending behaviour, being the bendiagents in
longitudinal direction (i.e., where beams 2 and gtlwas support) higher than in the transverse timecThe
response of the panels implies that beam—panekotion was tight, assuring a high degree of corwvigcbf the
panel to the supports. Regarding to the third aitfi group of LVDTSs, their measurements show bestms 2
and 4 presented almost double deflection of beaarsd13, demonstrating the different load level gfarred by
the panels to these supporting beams. Furtherrf@dargest strains were recorded in beams 2 dtabdgroup
of gauges, S7 and S8). Finally, it should be refiras expected, for the load levels applied tetesy behaved

linearly, since after removing the loads negligitigplacements and strains were registered.

4.3. Full scale flexural test on single sandwicmela

Load versus midspan deflection for sandwich painedgrvice limit state under three point and foampbending
tests are plotted in Fig. 12. Both tests preseategry similar response, which is an indicator teé £lastic
behaviour of the composite sandwich panels undaractteristic live loads. The flexural stiffness (Kgfined as
the ratio between the maximum applied load anddtsesponding midspan deflection (dmax), was cgiitglar

in both testing configurations (Table 4), confirgithe same flexural behaviour of both floor panatsier

serviceability loads.

—=— Panal 1-3PBT
—ea— Panal 2-3PBT
6] —=— Panel 1-4PBT
~— Panel 2-4PBT

Force (kM)
-

0o 2 4 6 8 10
Midspan Deflection (mm)

Fig. 12. Load—midspan deflection of sandwich panaler service loads.

Table 4. Three-point and four-point bending tests redoltsandwich panels under service loads.

Panel Three-point bending test Four-point bending test
Smax (Mm) K (kN/mm) Smax (Mm) K (kN/mm)

Panel 1 4.80 583 8.96 669

Panel 2 5.03 556 8.92 672

14



4.4. Small scale tests on sandwich panels
4.4.1. Small scale flexural tests on sandwich panel

The load—deflection curves for the two types of ksandwich panel specimens tested, i.e., paneisas with
(P1U and P2U) and without GFRP ‘U’ profile in thgpporting extremities (P1 and P2), are presentédgnl3.
For the case of specimens without GFRP ‘U’ prdfiléheir supporting extremities, results show tihatrelation
between load and midspan deflection was fairlydingp to failure. Load capacity of these specimpoeased
linearly and continuously until reaching a load?ddN, at a deflection of 14 mm; at this moment,cépens failed
abruptly due to shear rupture of the core. Conleras Fig. 13 shows, for the case of sandwich ganih end
GFRP ‘U’ profile, the relation between load andptheement was linear until a load of about 4 kNifhhs
nearly 60% of the maximum load). Once reachedltzat, a small reduction in the stiffness was ob=gidue to
delamination of the bottom GFRP skin in the maximilerural zone. However the specimens were capable
supporting higher load, registering a slightly daipa load of 5 kN also due to delamination ofltb&om skin.
Above this load stage, the stiffness of these panat gradually decreasing up to the sudden bifdtiiere that

occurred at a load of about 7 kN, caused by theuramf the core material in the vicinity of thepport.

10
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Fig. 13. Load—midspan defection curves: (a) spengmneithout end GFRP ‘U’ profiles; (b) specimenshwénd

GFRP ‘U’ prdfiles.

Obtained results show that nearly the same ultihoate was registered in both types of specimermg. 14 shows
the moment—curvature diagram at the midspan crest#es for four-point bending tests load configioat where
the curvature was calculated using the informagioen by the strain gauges placed at the midspassesection
(top and bottom skins). Both types of specimensqirea linear behaviour response before failurigbtheir
flexural stiffness (defined as the slope of the rantacurvature diagram) very similar in all the égsspecimens.
This confirms that introducing the end GFRP praifiléhe panels did not have any significant effaderms of

flexural stiffness. Table 5 include the valuestfoe ultimate moment (M, the ultimate load (i}, the maximum
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deflection ), the initial stiffness (K) defined as the slopletioe force and deflection in the linear part, the
maximum longitudinal strain on the top and bottdkims (ey andeus, respectively), the maximum flexural stress
(ou), and the maximum average shear stress in the(eQrebtained according to Egs. (1) and (2), based on

equilibrium analysis [36].

M

““bd-h @)
T:aiMi (2)
ox b-d

where d is the distance between the centroidsefkins, d = h+ h, where B and h are the core and skin

thicknesses, respectively, and b is the width efithnel.
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Fig. 14. Moment—curvature diagrams: (a) specimeitsout end GFRP ‘U’ profiles; (b) specimens wittden

GFRP ‘U’ prdfiles.

Failure modes are presented in Fig. 15. Shearéadfithe core was the mechanism governing theviainaof
the specimens tested without end ‘U’ profiles (Pl #2). This failure could be explained by the fhett the
registered foam core shear stress in the specifseesTable 5) exceeded maximum shear stress ofbtaine
material characterisation. Shear failure occurrethé shear span, with a crack angle of 45°. Thpggation of
these shear cracks followed toward the skins cgusime-skin debonding. In the case of specimeni eiiid
GFRP ‘U’ profile (P1U and P2U), the failure was gaved by the debonding between the bottom facéeof t
GFRP ‘U’ profile and the GFRP bottom skin, followed an abrupt formation of a tensile fracture stefan the
core materials due to its residual tensile streraytld propagation of the failure surface at the¢op GFRP skin.
Hence, the detachment process between GFRP ‘UG&RP bottom skin is eminently a nonlinear phenomeno

which justify the nonlinear response of these panel
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Fig. 15. Failure modes.

Table 5. Summary main results from the tests up to tHarki

: Py du eu (ustrain) K
Specimen My (KN-m) (kN) (mm) o " ou (MPa) (kN/mm) 7u (kPa)
P1 1.09 7.27 13.59 -807 804 9.58 47.45 159.80
P2 1.02 6.83 15.20 -590 941 9.00 47.14 150.11
P1U 1.06 7.06 20.67 -838 854 9.31 43.91 155.16
P2U 1.07 7.18 20.01 -714 859 9.47 47.93 157.80

Bending strain—stress relation at top and lowensskor the specimens tested is depicted in Fig.Thé. strain
values were those registered in the strain gaugelged on the top and bottom surfaces of the pandide the
stresses were calculated based on the equilibriuension and compression forces on the skins,rdowpto Eq.
(1) [36]. A quite linear behaviour for strain—sséa both specimens before any failure can be obdebeing a
consequence of the linear strains measured in BRRPGkins, which at the same time is a reflectioihe linear
behaviour exhibited by this material. Moreover, whaalculating the elastic modulus, the averagetieigs
modulus obtained in the GFRP material charactésisgaround 9.5 GPa) is reached. It is interestinmention
that all the specimens failed at a stress andainstf approximately 9 MPa and 850 mm/m, respelgtivEhese
levels of stress and strain are only 7% of themate stress and strain of the GFRP material olutefiman the

direct tensile tests.

4.4.2. Small scale creep tests on sandwich panels

Load versus mid-span deflection relationship fax ganels P3 and P3U are illustrated in the Fig. dntab,
respectively. The applied 1.7 kN induced an immiedédastic deformation of 3.33 mm and 3.5 mm forgle.P3
and P3U, respectively. Keeping that load constarind almost nine months, the mid-span deflectiohath P3
and P3U increased to around a 116% of the elasfieafion. This evidences the importance of conigelong
term deformation in composite sandwich panels. Meee, it was observed that support condition ditlheove

any major effects in long term behaviour of thegdan
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Fig. 17. Time—midspan deflection: (a) P3; (b) P3U.

Findley power law was used to estimate viscoelakformation of the panel by the time, following. £8):
5 =0dp +mxt" (3)

whered is the time dependent deflection (in mny,is the instantaneous deflection (in mm), m is ¢heep
amplitude, t is the time after application of lo@d days), and n is the time exponent. Power law fiteed the
experimental results by using a creep amplitude ef 0.41 and a time exponent of n = 0.41 in boge$yof the
panels. These parameters were obtained with aicieetf of determination (R2) of 99%. By using E&) (vith

these values for its parameters, and considerggg\ace life of 5 years for the type of emergengpl@ations that
the prototype is designed for, a viscoelastic da&dion 252% higher than the initial elastic deflecis estimated

at the end of this period.

According to CNR guideline [37], the maximum loreg+h deflection in a composite structure shoulddss than
L/250, being L the flexural span. An estimatiorttod maximum slab deflection registered in the flpatotype

may be obtained if the deflection experimentallgistered (see Table 2) in the longitudinal beanesfis 2 and
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4) is subtracted from the maximum deflection reggistl in panels. Hence, deflection in long-terntlierprototype

studied §.7 ) can be obtained as:

wherep corresponds to the estimated coefficient duefexesf of creep (equal to 2.52 as indicated aba@re)dqp

represents the experimental measured deflectidineirmid-span of the floor panels for a load coroesiing to
the quasi-permanent load, i.e., the dead loadlangart of the live load (usually a 30%). From g&q, a value of
6.65 mm is estimated as long-term deflection fer phototype. Taking into account that the lengtiparfiels is
equal to 2400 mm, hence ratio 2400/250 is equél@anm; consequently, it can be observed that tbpgsed

designing for the modular system satisfies the BIR recommended criterion.

5.NUMERICAL SIMULATION
5.1. General approach

The proposed modular prototype was numerically kited by a nonlinear three-dimensional finite elet{€E)
analysis. Calibration of the model was performesdellaon the experimental results. The simulatiorbkedato
assess the stress distributions in prototype coemsnsuch as beams and panels, as well as evidieagébal

behaviour and load transfer mechanism of the cdiores; and assess their influence in load distidout

5.2. Numerical model description

The prototype was modelled by a 3-D finite elermaralysis with the same geometry of the experimigntedted
elements. All prototype constituents, i.e., GFRRskPU foam core, GFRP beams and columns, werelledd
using 3D hexahedral deformable solid elements ®itiodes and 3 degrees of freedom per node. Aftaeso
preliminary analysis have been conducted, an ajppedgly size of the elements equal to 10 mm edgefaand
to be optimal in terms of both accuracy convergeame computational time of the simulation. The aldfE
model for the tested modular floor building subedttto uniform static load is shown in Fig. 18. Lgdand
boundary conditions were applied in accordance thighparticularities of the experimental test setoghree of
the columns the displacement in the z directiothefnodes located in the surface in contact tosthpporting
pavement is prescribed, while in the other coluththa displacement degrees of these nodes weeenived. A
uniform load of 2 kN/rhwas applied on the top surface of the sandwiabr fi@nels. Proper loading arrangement
and boundary condition depicting the experimergtis is shown in Fig. 18. Nonlinear static analgsiabling

geometric nonlinearity based on direct method ‘Ndivton Solution Technique’ was performed.
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floor panels with constituent material.

Constitutive relation toward material behavioursahdwich panel components were adopted accorditigeto
performed material characterisation tests. The G&&#s have a quasi-isotropic lay-up, so isotrdipiear elastic
material with an elastic modulus of 9.60 GPa, Rwissratio of 0.3 and ultimate stress of 117 MPaengsed to
represent the GFRP skin mechanical behaviourggdise of PU foam core material, an elastic—plastistitutive
behaviour was assumed, with an elastic modulus\i®é, a Poisson’s ratio of 0.15 and plastic pseyidiot stress
of 0.36 MPa. The GFRP pultruted profiles were miedehssuming linearelastic orthotropic materialpgries
with an elastic modulus of 28 GPa and ultimate itersdress of 415 MPa in the parallel to the fidieection
(longitudinal direction), and elastic modulus of&Ba and ultimate tensile stress of 180 MPa ipérpendicular
to the fibre direction (transversal). Interactidresween the sandwich panel's components were assama tie
constrain representing full composite action. Contannections between profiles and U-shaped GHeflgs
of sandwich panels were modelled by a surfaceant&m: in the normal direction a “hard” contastassumed,
meaning that no penetration is allowed betweetvibesurfaces, with no limit to the magnitude of tzmt pressure
that can be transmitted when the surfaces areritacb Behaviour in the tangential direction wasleled with

Coulomb friction model, with a friction coefficieetjual to 0.2 and with no adhesion.

5.3. FE model results

A comparison between the experimentally measurdigali®ns and predicted ones by the FE simulatibn a
different positions is provided in Table 6. Furtimere, experimentally obtained tensile strain ase abmpared
with the predicted ones by the FE simulation. Inagal, a good agreement is observed between timedeel and
the experimental prototype. This validates the e model and enables its use for predictingfigseural

behaviour of the proposed modular floor prototype.

The colour representation of the vertical displagetiield (in y direction) obtained from the FE nebts depicted
in Fig. 19. A maximum vertical deflection of 15.88m was registered in the central part of the pavinie the

join of the two sandwich panels. It is interestiognote that, the GFRP connector bridging inteyntie two

20



panels while was not connected to the transveesahis. As a results, the contour plot resemblegtdyihical one
as a continuous slab. However a predominant wordlingction in the longitudinal direction can be ebsd.
Moreover, this is confirmed by the deflection of teams where one can notice that deflection ifréimee beams

placed orthogonal to the panels’ length reachgigii higher deflection than beams parallel to them

Table 6. Comparison between experimental and numerical FEaults.

Experimental FEM
Deflection (mm)
Panels joint (D6) 16.2 15.9
Middle of the panels (D5 and D7) 11.4 11.0
Longitudinal beams (D1 and D3) 2.9 2.8
Transverse beams (D2 and D4) 7.5 6.5
Strain (mm/m)
Group one (S5) 0.25 0.33
Group two (S1 and S3) 0.17 0.18
Group three (S6) 0.15 0.12
Group four (S2 and S4) 0.05 0.06
Group five (S7 and S8) 0.35 0.48

Fig. 19. Deformed shape for the FE mode (deflestiamm).

Stresses developed at the external face of bottBRFGskins in the floor sandwich panels, due tdahd applied

(2 kN/m?) in the longitudinal and transversal directions ahown in Fig. 20. Checking the level of stresses
revealed that all the stresses were below the aléirstrength limit with adequate safety factor.irct conclusion
from this observation is that the proposed pandisstand the ULS load level as they are only 50%valthe
SLS limit according to Eurocode 1 [28]. The diffiece of stress distribution at the middle of thegdaand through
their edges evidence that panels are working as-avay slabs, being the longitudinal direction thain working
direction. Connection between sandwich panels dfidfEbeams elements remains a challenging issue Figp

20 it can be observed that the presence of theewobioms provide some restriction along the suppibris

contributing to reduce the overall floor sandwicmels flexibility. However, the amount of this méstion in
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reducing sandwich panel’s deflection is not cl#acan be seen that the type of connection used doeact as a
fully fixed support and thus, it would resembleat@emi-fixed connection. Hence, proposed conneci@mbe
considered as a spring with a characteristicastif k.. Therefore the total deflection at panels midgpanrt ()

would be the sum of the deflection due to the figagport §:) and the connection flexibilityd(), i.e.,d = éc +

.
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Fig. 20. Stress in the bottom surface of lower GERIR: (a) longitudinal direction; (b) transversdirection

(stresses, in kPa).

To overcome that issue, a new simulation was ahaig by considering fixed support condition betwé®e floor
panels and the GFRP beam elements. Fully compaxditen was assumed by using a tie interface bet@dRP
square profiles and GFRP ‘U’ profiles. Fig. 21 skothe numerical load—midspan deflection obtained by
considering fixed-support conditions compared wlitth deflection obtained by considering the realnemtions.
Hence, the difference between the two curves cooreds to the deflection caused by the connectiexitfility
(equal to 5.39 mm). Based on that figure, the priogo on stiffness, defined as the slope betweel land

deflection, may be expressed by Eq. (5):

(5)

where k is the stiffness of panel in fixed support coradit and k is the stiffness of panels in semi-fixed support

conditions.
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Fig. 21. Load—midspan deflection in fixed and sérae connection.

Eq. (5) could be modified in other term as Eq. {@)erell is the stiffness reduction factor.

ksc +T1 'ksc _ 5c +5¢9
ksc 5c

(6)

Once computed, coefficient was calculated to be 0.51. Thus, a direct cormtudrawn from here is that, when
using the proposed connection in the prototypeckvhcts as a semi-fixed support conditions, anst#f§ reduction

of a 51% respect to a fixed support condition carxpected.

5.4. Parametric study

The proposed FE model was shown to be an effetmldor investigating the flexural response of thsidential
floor modular system. A parametric study was themied out to explore the potentiality of the prepd material
and structural concept for pavements of higher $gagth in order to have more housing space antsemently,

to extend this concept for other markets.

The parametric study was addressed by changinghtbkness of PU foam core Jhand span length of the
sandwich floor panel (L), while keeping the thicksef the GFRP skin {hand the width of the sandwich floor
panel (w) equal to 5 mm and 1200 mm, respectityh parameters have significant impact on thénetifs and
the deformability of the sandwich floor panel. Byanging h maintaining hconstant has the purpose of exploring
the variation of panel’s stiffness with the minimwuost, since foam is the less expensive constitaémlis
construction system. By varying L while w is kegpiconstant has a significant impact on the defaomat
response of the panel, due to its almost one vedytsthavioural character. Maintaining w constantriioute for
do not change significantly the transport cond#iofnthese components, since by increasing botidlvaabove

a certain limit the transport costs of these pamdllsincrease. Additionally, the connection conaliits between

GFRP beams’ elements and sandwich floor panels exaxkiated for the following two scenarios: (i) $dixed
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(i.e., like the actual one on the experimentalbied prototype) with the designation of ‘SC’; {iRed connection

with the nomination of ‘FC’.

A total of 54 models were created and analysed rusdericeability load conditions in residential ses by
assuming a uniform distributed load of 2 kN/om the top surface of the sandwich floor panets. deriving

relevant conclusions the representative resulisaed in Table 7 were selected.

Table7. Maximum predicted deflection in residential flanodular system components subjected to serviégabil
load conditions.

Maximum deflection (mm)

hohe L (mm) Panelsjoint Middle of panels L ongitudinal beams Transversal beams
SC FC SC FC SC FC SC FC
12 1800 9.5 6.4 6.6 5.5 11 1.1 55 3.9
3000 27.8 17.9 19.9 15.7 8.3 7.9 8.9 5.4
3600 445 28.7 335 26.1 17.4 16.1 10.7 6.1
4200 68.2 449 54 42.1 32.3 29.2 12.4 6.9
7.5 5 5.6 4.4 1 0.9 4.8 3.4
16 1800 211 137 15.5 12.1 7.2 6.8 8.5 4.7
3000 33.4 218 25.7 20.3 13.8 13.2 10.2 5.3
3600 51.1 35 41.4 33.2 25.5 23.9 11.8 6
4200 6.8 4 4.8 3.6 0.8 0.7 4.8 2.8
17 10.3 12.5 9.5 5.3 5.2 7.8 3.9
20 1800 26.2 16.9 215 16.2 12.1 11 8.2 4.6
3000 40.2 26.6 325 25.7 20.3 18.9 8 4.9
3600 9.5 6.4 6.6 55 11 11 55 3.9
4200 27.8 17.9 19.9 15.7 8.3 7.9 8.9 5.4

Table 7 shows that by increasing the panel’'s spagth the maximum deflection increases in the knigial
beams due to the more pronounced one way slabatbaod the panel. This increase rate is reducdtidincrease
of the ratio b=h; due to the larger contribution of the flexuraffatss of the panel. This observations can be seen

in Fig. 22.

By increasing k=h: from 12 to 20 in the shorted panels (L = 1800 rhag provided a decrease in the maximum
deflection that varied between 14% and 37% whenfdahe considered components of the panel and tlee tw
connection conditions are analysed, having thedsglkecrease occurred in the panels with ‘FC’ cotiore
conditions. However, the range of values of theeafentioned decrease in the maximum deflectionlbaeased
with the increase of the panel’s length, havingeghbetween 29% and 41% in the longer panels (RGO4nm),

In these longer panels, the higher decrease ahthémum deflection occurred in the panels joingarelless the

connection conditions (about 41%).
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Fig. 22. Vertical deflection of the residentialdlomodular system under different hc/hf ratios apdn lengths

with ‘SC’ support condition (in mm).

The maximum deflection for quasi-permanent loadddions (i.e., 30% of the total live load) was cartgd for
the mid-span of the floor modular systelp) in each analysis. The obtained deflections welesasquently
manipulated by employing Eq. (4) to capture thegiterm performance of the floor modular pavemedts)(
The results are showed in Fig. 23. It should becadtthat in this figure, the curves are named thasetwo
characters. The first character is tlethratio, while the second character indicates the tyf connection between

GFRP beams’ elements and sandwich floor panels.

Graphics like the one represented in Fig. 23 caddweloped for assisting on the design of compasitelwich
panels for residential building product applicatioBy taking the graphic of Fig. 23 as an examplthis pre-
design approach, and assuming a span length ofri@@®€r the composite floor panel (represented fagrtical
dot line), and considering the maximum deflectioitedon recommended by CNR [37] (plotted by a honital

dot line), the panel ‘20-SC’, and all the panelthvi#C’ connection conditions are possible solusiobeing the
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economic criterion critical for the final decisidfor the other sandwich panels, do not fulfillihg requirement
of maximum deflection, this can be overcome byeasing their flexural stiffness through adoptingenaternal

GFRP ribs.

—&—12-8C —v— 12-FC
—e— 16-SC —— 16-FC
45 ——20-SC —e—20-FC

1800 2400 3000 3600 4200
L

Fig. 23. Flexural response of the residential fleoodular system at different conditions.

6. CONCLUSIONS

This paper has presented a series of experimessis tonducted on a composite floor prototype netlbe
used as a part of a temporary house. The proptmatpiototype consists of four pultruted GFRP bsamd two
composite sandwich panels (composed of GFRP skih®b foam core) stabilised by four short pultruBeRP
columns. The work presented here is part of thekBlbuse project, which is aimed to develop a prétaked
housing employing light weight advanced composi&emials for being used as an emergency housenpoi@ry
dwelling. The experimental programme has evaluttedeasibility of the assembly process, the flaktesponse
of the prototype under residential service loadddifionally, sandwich panels were independentlyeso
determine their overall flexural behaviour up tduie. The main concluding remarks drawn from thizk can

be listed:

1. The GFRP composite sandwich panels and pultprigfiies were integrated in a floor modular prgtm. This

made it possible to prefabricate a building thagasily transported to the site and rapidly insthll

2. Using the proposed connections and thanks tdighthess of structure members, the assembly/sisalsly
process of the prototype was performed in less 2haiby three persons without any special equipnfssuch,

this functionality illustrates the high potentiglidf this system to be used as a prefabricatedgsmey house.

3. In the assembled structure, even though flexmoak was more predominant in one direction, beaanepand

panel-panel connectors forced the floor panelelabe as a two-ways-panning slab.
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4. Long-term behaviour of proposed composite sacldwanels were studied with two support conditigiysvith

end GFRP ‘U’ profile, (ii) without that profile. $port conditions were found not have any influefocehe creep
behaviour of the panels since both panels pres¢mesame viscoelastic behaviour. Findley powenias fitted
and predicted maximum deformation of the paneksrdite years which was 2.5 times higher thanahiglastic

deformation.

5. In failure tests, fairly linear behaviour wasselved for all specimens tested. In specimens@KRP end ‘U’
profile, small reductions in the stiffness was oeti due to debonding of the lower GFRP skin. Howeavevas
identified that presence of this GFRP profile diot have any significant effect in the flexural sigéh and

stiffness.

6. Shear failure of the core was the mechanismrgawg the behaviour of the specimens tested witleodt ‘U’
profiles. On the other hand, in the case of pawéls end GFRP ‘U’ profile, panels failed due to ttebonding
between the bottom face of the GFRP profile andGR&P bottom skin, followed by an abrupt formatafra

tensile fracture surface on the core materialstdiis residual tensile strength.

7. A FE model was developed. The model showed wapable of predicting the actual behaviour ofrttoelular
system under designed load. Accordingly, the meded used to assess the behaviour of proposed dmmec
between sandwich panels and GFRP beam elementas Ihoticed that employing proposed connectionsi¢ad
having some degree of freedom in the support atidgaihis support as a semi-fixed. A stiffness i&ahn factor
of a 52% was computed, meaning that a reducti@raind this value occurs in the stiffness of systespect to

a fully fixed support condition, resulting in arcrement in the floor panel flexibility.

8. A parametric study was carried out to extendpttegosed system to other pavements of higher lgpath in
order to have more housing space and, consequanipread-out this concept for other markets. Rifumstudy

design strategies were proposed to support thgmesithe composite sandwich panels.
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