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Abstract

This study analyses a new hybrid construction system, the CGFP - Concrete Glulam Framed Panel - that merges the two
mostly used materials in frame technology. It is a prefabricated composite wall made of a reinforced concrete slab and a
glulam frame.

The strength and stiffness of CGFP have been investigated by load-displacements tests and thermal performance was
evaluated by means of a hot-box apparatus. Moreover, the environmental impacts of the system are verified defining its
Carbon Footprint and Embodied Energy.

The efficacy of the proposed system was validated by experimental and numerical analysis. Mechanical and thermal
properties have been evaluated by means of experimental and numerical tests whose results have been compared
showing a good agreement. By structural point of view, the strength and the deformation capacity are ensured through
the consecutive and interactive structural response between the wood frame and the concrete slab. By the thermal and
environmental point of view, thermal resistance obtained with different kind of insulation materials have been analysed
and a calculation of the amount of the Carbon Footprint and Embodied Energy was already performed.

The CGFP panel shows a good thermal performance, a low environmental impact respect to similar construction

systems and promising structural behaviour.

Keywords: Timber-concrete composite (TCC); Structural behaviour; Thermal behaviour; Life Cycle Assessment (LCA); Prefabrication

1. Introduction

The wood construction system is still one of the best technologies for building, in terms of
sustainability, thermal behavior and structural performance. Traditionally in Europe the wood
material has been coupled with brickwork or stone. The use of wood was related to the
improvement of seismic performance of masonry buildings [1].

This study proposes a new hybrid construction system, the CGFP (Concrete Glulam Framed

Panel) that merges the experiences of the two mostly used materials in frame technology, wood and



Pag. 2

concrete, investigating the thermo-physical and mechanical properties as well as evaluating its
environmental impact from cradle to gate. From the structural point of view, these systems are built
by mechanic coupling plane wall and floor prefabricated elements made of wood, wood-based
products and reinforced concrete (RC) material as a set of framed timber and RC panel assembled
together through mechanical steel connections.

This paper follows previous publications [2, 3] that presented partial results giving a
comprehensive paramount of the outcomes of the research carried out in the last 3 years at IUAV
University of Venice (Italy), Strength of Materials and Building Physics Laboratories.

After a first overview on the TCC (timber-concrete composite) technology, three topics are
addressed in this paper in order to characterize the CGFP: (i) assessment of structural performance
of CGFP through experimental, numerical and analytical investigation aimed to characterize the in-
plane strength and stiffness of prefabricated composite wall; (ii) evaluation of thermal resistance of
CGFP system varying the typology insulation materials; (iii) environmental impact through a

calculation of the amount of the Carbon Footprint and Embody Energy.

1.1. State of the art

Timber-concrete composite structure (TCC) has been developed at the beginning of XX century
[4], and the study of Muller [5] gives a first contribution in the design of a system of nails and steel
braces aimed to connect concrete slab and timber beams.

In the early times the main application of the TCC technology was on bridges, they have been
used in USA since 1930s [6], then to Australia and New Zealand (since 1950s) [7, 8] and from
1990s to Europe [9-12]. After a period of disuse of the 2000s, the use of TCC technology is back
[13, 14].

The first applications of TCC for the structural rehabilitation concern the existing timber floors
strengthened by shear connectors and a thin roof-plate made by concrete [15, 16]. The analyses of

timber-concrete slabs were presented in Flach and Schaonborn [17], Crocetti and Flansbjer [18] and
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Crocetti et al. [19]; these latter researches focused on the structural effects of prefabricated FRC
slab.

Recently, the researchers studied the load-slip behaviour of different type of shear connectors
[20, 21, 22]. Many researches have been carried out on different connections of TCC systems
focused to improve the stiffness, strength and ductility. The different connection technologies of
TCC systems can be subdivided into three categories: discrete, continuous and glued connections.
In detail the first group is characterized by the well-known mechanical connections such as nails,
screws and dowels 23, 24]. These connections have been implemented using supports (steel spring
[25]) and anchorage systems adding steel profiles and plates [26, 27] or varying geometry and
orientation (e.g. X-connectors), [28, 29]. The evolution of the connection systems has been
introduced by increasing the contact surface of the anchoring elements using steel elements [29,
30]. A further innovation has been introduced by notches cut into the surface of timber elements
coupled with steel fasteners [30, 31] or by grooved connection [32].

For the second category, the continuous connection is realized by means metal plates [33]; this
solution increases strength and stiffness ensuring also a ductile behaviour.

The third technology, the glued connection, is a promising solution but with application limits: i)
the wet glued connections not allow to ensure an adequate thickness of the glue layer [34]; ii) the
dry glued connection solves the previous problem but is a technology that cannot be applied to
prefabricated structures [35, 36].

Few researches proposed and analysed the technology constituted by prefabricated concrete slab
connected to timber beams which allows to improve the building phase of TCC structures [37, 38].

Through the study on timber-concrete composite bridges the development of test methods for
shear connectors have been dealt by Jutila and Salokangas [39].

Loss et al. [40] addressed the topic of the seismic design of timber building through the direct
displacement-based design method. A wide investigation of a composite constructive system was

presented by Pozza et al. [41], a typical platform frame reinforced with concrete board is tested.
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A survey on the state-of-the-art of timber-concrete composite research in the past and recent
years has been given by Yeoh et al. [42] and Rodrigues et al. [43]. The first cited reference
discusses about the experimental and numerical investigations performed on connections and beams
in both the short- and long-term (at collapse and under sustained load, respectively). The same
reference is also related to other aspects related the prefabrication, the influence of concrete
properties, fatigue tests, fire resistance, vibrations, and acoustics. The second one focuses on the
most significant technological innovations and recent developments in the application of TCC
structures to bridge construction enumerating the engineering specificities and the advantages of
TCC bridge structural systems. The importance of proper mechanical connection for optimal
performance of these structures is also analysed and a thorough description of the connection
systems suitable for bridge construction is provided.

In the development of a sustainable building system, in the last decades the energy consumption
became the main issue for construction industry, residential and commercial buildings that are
responsible for about 40% of the total amount of energy consumption and CO, emissions in Europe
[44]. In this frame EU commission and National Governments indicates stimulate building sector
through the Energy Efficiency Directive 2012/27/EU [45] including several requirements towards
nearly zero energy buildings (nZEB) by the year 2020, implementing ambitious targets for energy
consumption. Because of these requirements as well as general requirements for increased
performances and sustainability, the building sector is experiencing a growing demand for modular,
light and strong building elements. The aim is to develop components and elements with high
degree of insulation, a long-life time, a low CO, emission, a low consumption of raw materials, and
an attractive surface with minimum maintenance.

Recently precast industry has developed several TCC structural elements for buildings [42],
demonstrating high level of performance not only from the point of view of carrying capacity and

stiffness, but also according to acoustic, fire resistance and thermal requirements [46, 47].
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Dodoo et al. [48] analyses building with concrete-frame and wood-frame focusing on the energy
behavior and life cycle analysis. Results show that a concrete-frame building performs slightly
lower space heating demand, because of the high thermal capacity of concrete. However, a wood-
frame building has a lower life cycle primary energy balance because wood is a bio-material
characterized by low production energy demand.

In the general scenario, the high energy performance of buildings is the major issue, supposing
however a contribution to the environmental impact decrease given by the building sector [49].

The state of the art in the research proposes only few detailed researches or case studies that deal
with the overall environmental benefits of prefabrication [50], especially about embodied energy
savings, given by from waste reduction, and about improved efficiency of material usage. Cole et al
[51] for example examined energy and GHG emissions related with the on-site construction of a

selection of structural assemblies (wood, steel and concrete).

1.2. Structural performance

For the first issue, the structural stability and the dynamic behaviour of these structures derives
essentially by the wall elements [52, 53, 54]; for this reason, in this research the strength, the
displacement capacity and the energy dissipation capacity have been experimentally evaluated on
full-scale timber framed RC panels [55, 56]. Before the direct displacement-based assessment
(DDBA) proposed by Priestley et al. [57] the structural analysis of wall element must be evaluated
through load-displacement (F-A) method. The results of numerical-experimental simulations have
been compared with analytical previsions to demonstrate the robustness of the proposed method to
evaluate the structural performances for given failure mechanisms - racking and rocking modes of

deformation [58] and the related limit states.
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1.3. Thermal performance

Precast timber frame system achieves thermal performance and provide an energy efficiency to
buildings because of the thermal properties of materials and the ability to combine the layers in a
lightweight construction system. In fact, the thermal conductivity of wood is much less than the
conductivity of other structural materials and it is about two- four times lower than the common
insulating material [59]. Therefore, timber frame construction offers external walls with high
thermal insulation for a relatively slender thickness. Recently, the timber frame industry increases
the external wall thickness from around 90mm to 140mm and more adding space for installing more
insulation material.

Scientific literature demonstrates the effective thermal efficiency of timber frame construction
technology. For example, Ge et al. [60] evaluates the thermal performance of two innovative pre-
fabricated wood frame wall systems in comparison with a conventional one through one year’s field
monitoring on BCIT’s Building Envelope Test Facility. In that study the two options are related to
the addition of insulation in the internal cavity.

Technology with wooden frame could meet the energy performance requirements for buildings:
Mahapatra et al. [61] analysed two eight-story wood framed residential buildings according to the
Swedish 2012 passive house standard. In Kildsgaard et al. [62] the technical details of the buildings
showed that the building envelope, structure and technical systems have an identical design on both
buildings; the lower part of the construction was realized in concrete; while for the second level the
cross-laminated wood was used. The U-values of the windows, external walls and roof are less than
10 W(m?2 K™, 0.11 W(m?K™), and 0.075 W(m™ K™), respectively. Outputs demonstrates how the
actual specific energy use (40.2 kWhm™ year™) in the Portvakten Soder building meet the
requirements of the Swedish building code.

In general light-weight timber-based structures have limited heat capacity, leading to problems

with temperature swing and thermal load during the summer period [63]. Moreover, the lack of
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thermal mass along with the low U-values can be a risk factor in increasing overheating [64].
Skotnicova et al. [65] presented the outcomes of a comparative study of the thermal performance of
the external timber frame walls by using numerical simulations and experimental measurements
taken on experimental timber frame passive house during the summer months. Results shows a

quite good performance of the light-weight timber frame structure.

1.4. LCA performance

This study applies the LCA method for building construction to calculate the carbon emission.
According to International Standards ISO 14040 [66], the study proposes a partial LCA framework
focusing on the characteristics of construction, including the scope, the system boundary, analysis
inventory, impact assessment, and result interpretation.

CGFP panel presents a hybrid configuration based on a wooden frame structure and a reinforced
concrete cover. Research undertook a Life Cycle Assessment (LCA) comparing the performances
of a conventional construction method with a selected prefabrication method: about 44% saving in
embodied energy could be incurred from the use of precast concrete technology in relation to
conventional construction of the same building.

Aye et al. [67] analysed precast reusable building modules giving an evaluation of greenhouse
gas emissions and energy needs: the study focused particularly on the embodied energy
quantification. The outcomes showed up to 81% saving in terms of embodied energy and up to 51%
in terms of mass for prefabricated steel buildings. One more example is given by the study of
Frenette et al. [68] comparing five wood-frame exterior walls, using different life cycle impact
assessment (LCIA) methods. Also Gerilla et al. [69] evaluated the environmental impacts generated
by two types of construction, showing how constructions made by steel reinforced concrete (SRC)
reveal higher environmental impact compared with wooden residential buildings.

By literature review, Pérez-Garcia et al. [70] showed the environmental benefits given by the

Multilayer Structural Panels technology in the construction of low rise residential buildings,
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presenting also the evaluation of the economic cost, the embodied energy and the amount of CO,
emissions during the construction phase.

Martins [71] developed and analyzed a new high performance timber—concrete composite (TCC)
panel appropriate for structural applications in floors: TCC panel is environmentally friendly and
combines low production and construction costs. In fact, the prefabrication strategy affords
improved environmental performance for building construction and the approach of life-cycle
assessment gives the possibility to evaluate the main impacts of different phases: pre-production,

production, assembly, use, and end of life phases.
1.5. Scope

The researches previously presented allow to contextualize the technology proposed in this paper
with respect to structural characterization, thermal performance and environmental impact. The
structural response of concrete-glulam prefabricated composite wall which constitutes the new
system investigated by analytical experimental and numerical load-displacements tests.
Specifically, the wood frame-concrete slab interaction has been experimentally identified to
calculate the t-slip constitutive law in order to update the finite element model and to simulate the
structural performances of composite wall system.

The thermal resistance obtained with different insulation materials have been analysed by
experimental tests carried out by hot-box apparatus.

The innovative CFGP has been evaluated considering the sustainability through the Life Cycle
Assessment (LCA). It is an analysis strategy that considers life cycle of products of process thinking

to environmental impacts from production to dismission (cradle to grave).

2. CGFP system general description

The characteristics of CGFP specimens are widely descripted in Boscato et al. [2, 3] and reported

in detail in Figure 1. The different types shown in Figure 2 have been tested. In detail: Type A,
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length 120 cm; Type B, length 120 cm with door opening; Type C, length 120 cm with window
open; Types D and E of 60 cm and 40 cm length respectively.

In detail the concrete framed panel is composed essentially of two parts, a slab of reinforced
concrete with a thickness of 50 mm connected with special connectors, integrated to the armature,
at the timber frame of conifer homogeneous glulam with resistance class GL24h. This frame is
formed by two posts of 80mm x 320mm section and by a crosspiece of 300mm depth, same width

of the panel and variable height according to the obtained slab.

Glulam crosspiece with resistence
class BS11GL24h: Variable height > —
according to the slab resulted. =

Chipboard screw cach
40¢cm

Glulam post with resistence class
BS11GL24h: base 80 x 320 mm T m Electrowelded mesh

The height may vary within a limitated > ¢ 6mm
range according to project needs. —

Concreie slab class C35/45: -
thickness 50 mm. Height and width I
will vary according lo the size and J
the type of panel

s
0SB board: thickness 20 mm r THND
Width will vary according 1o i
the size of panel — 1
-
Concrete slab edge for connection | N | |

to the foundation or he bottom slab:
normally 100 mm high

(a) (b)

Figure 1. CGFP (Concrete Glulam Framed Panel) standard configuration (a) and electrowelded mesh (b).
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The assembling phases and the constructive scheme are shown in Figure 3. In detail the building
made of CGF panels for load-bearing walls and floors is a modular system where, according to
architectural and structural requirements, all the panels are prefabricated. For each panel an
innovative type of connection enables the manufacture of the reinforced concrete slab, with a
special designed mesh, separately from the laminated wood frame. The individual panels are then
assembled providing insulation inside the frames and then are easily transported to the site thanks to
their small size. In the ground, after having set up a foundation curb, the panels are hooked to each

others with nails and screws. Once all the modules are assembled the construction ends with the

37

10

120

120

60
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104
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8248

350

4 45 16

4 45 16,

263

119

136

10
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10

plant, doors, windows and interior and exterior finishes.
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TYPED

Figure 2. Types of standard panel (dimensions in centimeters).

TYPEE
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(b)
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Figure 3. Construction system, (a) assembling phase and (b) 3D scheme.

3. Theoretical and experimental analysis

3.1. Structural performance of CGFP

The performance mechanisms of CGFP is analytically difficult to define. The failure mechanisms
should involve the local strength of material and the sliding modes of the connections at the base
and between the wood frame and RC panel. The structural performance can be estimated a priori
through a simple rigid body respect to in-plane displacement and rotational equilibrium (Figure 4)
considering Ra and Rg=couple of forces for the moment at the base; Fy =vertical load; F=horizontal

load; Ry=0pposite force to F; b=width of panel; h=height.

I
Displacement equilibrium
& RR i FV i R.4 =0
F-R,=0

Rotation equilibrium

h b
~Fy o4 F-h=R,-b=0

T
RAl Ry Ry

Figure 4. Equilibrium model and equations for a single wall

The most probable mechanism can be evaluated by index S, as proposed by Loss et al. [58] and
developed by equation 1.

___Fh
’ [RA +ijb
2 (1)

Each quantity is detailed in Figure 4 and indicated in [3]. When S, is less than 1 the racking

S

failure mechanism occurs; while when Sy, is greater than 1 the collapse is due to rocking mechanism.

The racking resistance Fracing Can be asset through equation 2 [72]:
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F,bc
I:racking ==
S )

where F, is the strength of the connectors, b is the wall panel width, s is the distance between
fasteners, cis the reduction factor that is equal to 1 when b<(h/2) or equal to b/( h/2) when b>(h/2).
The rocking mode of deformation mechanism can be calculated by equation 3:

(RA+F2VJb
F - 7

rocking — b

©)
The top displacement A can be calculated by equation 4 [58]:

h
Fh  2Fh° 5(|}(4ﬁcos¢) (6, +6)

A= + —+ + 4)
Gbt (3EAb?) COS 2¢ b

Where for the b, h and F see Figure 4. Considering the Equations 2 and 3 the value F can be
assumed as Fracking OF Frocking obtaining A; (Eq. 5) and A, (Eq. 6) respectively; E is the elastic
modulus of timber, A is the stud cross-section, G is the shear modulus of RC panel, t and | are the
thickness and the diagonal length respectively of RC panel, ¢ is the nail slip, d. and o; are the

vertical displacements at the base of both ends.

h
8l - |[4v/2 cos ¢
Al — I:rackingh + 2Frackingh3 + ( I j( )+ (5c + é‘t)h

Gbt (3EAL?) C0S 2¢ b (5)

h
— I:rockingh 2Frockingh3 + 5[|j(4\/§ cos ¢) (5(: + 5,[ )h

2 2 +
Ghbt (3EADb?) COS 2¢ b 6)

Table 1 shows the physical and mechanical characteristics of constituent materials given by

manufacturer.
Materials Elastic modulus E (MPa)  Shear Modulus G (MPa) Density (kg m™)
Reinforced Concrete (RC) 30960 12900 2400

Wood E' = 14000, E=7000 300 650
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Ydirection 1 along the development of the structural element, direction 2 transversal to direction 1
Table 1. Physical and mechanical characteristics of materials

The structural interaction between the constitutive components has been characterized by
experimental compressive tests carried out on three RC-wood-RC specimens, see Figure 5. The
specimens have been assembled by screw @12mm and length 160mm, Rothoblass HBS12160
(Note: all the references are made to a manufacturer’s product for the purposes of factual accuracy. No

endorsement is implied).

Chipboard
screw

load

50mm <
<+«— 400mm —

— 600Mm —

<« 320mm —>
+— 420mm —>

Figure 5. RC-wood specimens, scheme and setup.

The trend of three experimental tests and the correspondent constitutive law t-slip are shown in
Figure 6 (@) and (b) respectively. In detail starting from the average of the three load-slip
relationships (Figure 6a) the constitutive law t-slip has been calculated as shown in Figure 6b. t
value has been calculated through the compression load that is divided by the two contact areas
(400mm x 80mm x 2) between wood and RC elements (Figure 5); while the slip value has been
measured through the sliding between the wood and RC elements.

Analyzing the curves of Figure 6a a first common response of three tests is clear before the peak;
for both the stiffness is similar while the strength capacity of test 2 (approximately 30100 N) is
greater by 20% than tests 1 and 3 with approximately 24300 N and 25000 N respectively. The
softening behavior after the peak triggers the plastic failure mode of dowel-type fastener

connection.
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The details (c) and (d) of Figure 6 show the failure mechanisms of connectors between RC and

wood material components. The detail (e) highlights the plastic failure mode of dowel-type fastener

connection.
35000 - 0.45 -
30000 - 040 1
0.35 -
25000 - 0.30 -
220000 - T 0.25
K =
815000 1 & 020 1
0.15 -
10000
0.10 -
5000 - 0.05 -
0 . . . . . 0.00 - - -
0 10 20 30 40 50 0 10 20 30
slip (mm) slip (mm)

(a)

~
ey wrorrvrees

(©) (d) " (@)

Figure 6. Load-slip curves (a), t-slip relationship (b), details of failure mechanisms (c), failure mode of dowel-type

fastener connections (d and e).

In-plane strength and stiffness have been tested according to UNI EN 594:2011 [73] (Figure 7a),
Figure 7b shows the static scheme and the test setup of panel Set 0 (Figure 2). The details ¢ and d of
Figure 7 illustrate the applied load (horizontal and vertical) and the base connection respectively.

Uniform vertical load, Fy = 50.4 kN, has been applied to simulate the overhead storey, while the
different horizontal load cycles (F) are subdivided in three phases:

(@) stabilizing load cycle with F =0.1 Fpax kept for 120 s and followed by download/recovery

phase of 600+300 s;
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(b) load cycle for stiffness with F =0.4 Fnax kept for 300 s and followed by download/recovery
phase of 600+300 s;

(c) load cycle for strength with F =0.4 Fnax kept for 300 s and followed by download/recovery
phase of 600+300 s until reaching Fmax. Fmax = F value has been preliminary calculated through
equilibrium equations for displacement and rotation.

The experimental test setup is described in Figure 7. The four sets (Figure 8) with different
combinations of types shown in Figure 2 have been monitored by instruments according to UNI EN

594:2011 [73].

50 ,
F—'

40 — a—>t——b—>« c /
S 30
-
& 20

10

0 n\
0O 1000 2000 3000 4000 5000
time (sec)

(a)
‘a

Reinforced concrete curb:
fixed to contrast floor
Hofizontal in plane

displacement

Incremental horizontal Costant vertical load fixed to
load fixed to contrast contrast frame
wall

(d)

Figure 7. Quasi-Static Ramp Tests (a), setup (b) and details (c and d).
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Figure 8. Sets and position of displacement transducers for every test

The horizontal load F has been applied by hydraulic actuator (MTS 201). In detail, as shown in
Figure 8, the wire displacement transducers 6-7-8 (Micro Epsilon WDS-500-P60-SR-U) measure
the diagonal variation, the transducers 9 and 18 (Vishay Micro Measurements HS100) measure the
top (A) and the bottom displacements, 14 and 15 measure the displacements (wire displacement
transducers by Micro Epsilon WDS-500-P60-SR-U) out of plane (only for Set 0) while 16 and 17
measure the vertical displacements of both ends (Vishay Micro Measurements HS100). (Note: all the
references are made to a manufacturer’s product for the purposes of factual accuracy. No endorsement is
implied).

Table 2 lists the maximum load and the displacements recorded during the tests by each
transducer shown in Figure 8. The values that mark the bi-linear behavior, through the change from
linear to non-linear structural response, are given in the brackets. The double brackets of test 2 are

due to the last branch of the tri-linear response (see Figure 9a).

Panel Load F [N] Displacement [mm]
t6 t7 t8 t9 t14 t15 t16 t17 118
Set 0, 221 73.93 -14 22.05 -2.97 2.8 3.37
17338 / /
testl (15.76) (57.11) (-27) (37) (-1.45) (1.99) (2.68)
43 149 -11 3 3
Set 0, 21126 23) / / (95) -21 9 (5) O O
test2 (16858) (-27) (14)
((15)) ((60)) (-3) (0.1) ((0.17))
Set 0, 26.9 93 -13.93 11.15 -4.43 1.93 0.62
20404 / /
test3 (15.7) (62) (-40) (25.35) (-2.41) (1.19) (0.13)
30108 65.56 19.25 60.15 38.6 7.99 10.03
Set1 / / /
(20135) (11.02) (2.06) (11.21) (2.15) (2.15) (1.93)
34460 15.96 71.22 21.84 7.26 1.95 5.12
Set 2 / / /
(22142) (11.19) (41.05) (12.91) (1.4) (0.89) (2.49)
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41738 13.6 8.59 4.82 22.75 11.75 3.01 1.08

Set 3 / /
(24165) (5.19) (2.23) (0.52) 6.7) (1.21) (1.21) (0.4)

Table 2. Maximum load and displacement data, where t is the wire displacement transducer.

The structural response of set 0, Type A, (test 1, 2, 3) is shown in Figure 9a through the load-
displacement relationship; while the structural performances of sets 1, 2 and 3 are shown in Figure

9b. The displacements have been recorded by t9 displacement transducer (Figure 8).

=]

e
A

25000 - 45000 - —Set 1
20000 22000 o b ',,'-»--—-—-c- -------- 40000 — — Set2
R R 35000 b s ---Set 3
L 17000 Y e — = 30000 4 s S
= 15000 - a’f E A Z b
=4 ’ a’ kx, 25000 - / ’ b
Ry ’ 60mm 95 mm Lol
. T 20000 { a/
T 10000 e e Y/ T o T
] ’ = 15000 4/ @/
- 5 —Test 1 A
5000 { + ¥/ o 10000 {/ /+
' A ;’ -=-Test 2 vy
,{nf' i - -Test3 5000 4~ '
0 LA : : . o . . . . : .
0 50 100 150 0 10 20 30 40 50 B0 70
Displacement A, t9, (mm) Displacement A, t9, (mm)
(a) (b)

Figure 9. Load-top displacement response: a) Test 1, 2 and 3 for Set O; b) Set 1, 2 and 3.

Figure 9a highlights the main results both for the strength and for the displacement capacity
showing a good agreement between the three tests of Set 0.

The trend of the first branch (a) of all curves confirms the linear behavior until the 17000 N. In
detail, Test 1 reaches the collapse to approximately 17000 N; while Tests 2 and 3 show the failure
load up to approximately 22000 N. The stiffness of Test 2 changes to approximately 17000 N with
the branch (b) up to the failure load to approximately 22000 N with the branch (c).

A dissipative capacity was recorded by Test 2 with tri-linear response through the different grade
of consecutive branches (a), (b) and (c).

The structural response of Set 1, 2 and 3 are compared in Figure 9b.

Set 1 and Set 2 have similar linear behavior up to approximately 21000 N (branch (a)) with a
displacement of approximately 11 mm, the bifurcation is due to the different effect of panel Type B

(panel with door, Figure 2) and C (panel with window, Figure 2) on panel Type A (Figure 2). In the
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configuration Set 2 the panel with window (Type C, Figure 2) has in-plane stiffness like panel Type
A ensuring almost a global linear behavior; in the Set 1 the in-plane lower stiffness of the panel
with door (Type B, Figure 2) causes a non-linear global behavior and a consequent dissipative
capacity as shown by the grade of branch (b), see Figure 9b. The behavior of Set 3 is characterized
by the greater stiffness than Set 1 and 2 offered through the in-plane structural interaction of the
wall panels without openings, Types A+C+D.

For the panels of Set O the failure mechanisms involve mainly the link at the base, with local
damage (Figure 10a, b, d, e, g, h), and the bracing role of RC panel with flexural behavior followed
by in-plane shear collapse (Figures 10b, c, f, ).

For the Sets 1, 2, and 3, the failure mechanisms are shown in Figure 11; the collapse was
activated by the local mechanism at the base, in the joint between RC slab and curb (Figure 11b, c,
e, h). Set 2 and Set 3 triggers the rocking mechanism involving the local collapse between the RC
slabs (Figure 11, details f and i). From the point of view of the failure mechanisms Set 1 behaves
like the panels of Set 0, without the interaction between the bracing panel and affecting only the

local connection panel-curb.
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Figure 10. Failure mechanisms of panels Set 0.
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Figure 11. Failure mechanisms of panel Set 1, 2 and 3.
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The response of a single panel and the structural interaction between the different configurations
are affected by failure mechanism of components with the relative behaviour of the shear wall. The
triggered racking and rocking modes of deformation develop a ductile behaviour through the elastic
response, due to progressive deformation of structural members and connectors, and inelastic one
following connector yield [57], Figure 6 d and e. The combination of both failure mechanisms
depends by: a) racking mode due to sliding between the sheathing RC panel and the wood frame
(Figure 10, details b, f and i); b) rocking mode activated by the failure of the base anchoring (Figure

10, details a, e and g).

3.2. Thermal Experimental analysis

Experimental tests have been carried out in order to evaluate the energy performance using an
hot-box with reference to the standard UNI EN ISO 8990 [74, 75]. The standard prototype,
insulated with polystyrene foam, was characterized in two different configurations which
correspond to possible field application conditions. The first one had a ventilated air gap between
the concrete slab and the insulation layer while in the second configuration the outside air gap was

non-ventilated (Figure 12).

Pillar of laminated wood section 80 x 320 mm Double plasterboard sheet 9,5 mm + 9,5 mm
Ventilated air gap 3 cm Air gap )
Slab of feliforced concrels, 56 OSB panel for fastening systems L1200 x h200 x s18 mm
smoothing and colored cement Monolith of polystyrene foam with graphite 260 mm - 17 Kg/mc
finishing 2 mm ca. INSIDE - 30 °C
72 . £
s =
160 OUTSIDE - 0°C
120 120
240
'

o 10 20 S0 100

Figure 12. Section through a panel of type A. Red box describes the area analysed in the hot-box apparatus. Dimensions
in centimetres.

For each configuration two tests have been performed, measuring the thermal transmittance in
two sections: through the wooden pillar and through the insulation panel. In the first configuration

the air temperature difference between the two sides of the specimen has been measured 29.6°C and
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the thermal transmittance values were respectively 0.20 W m? K™ and 0.19 W m? K™, converged to
the average value of 0.195 W m? K™ In the second configuration the difference of the air
temperature was of 29.4°C and the transmittance value was 0.19 W m? K™. As expected the
transmittance outcomes give the same values, due to the not-great relevance of concrete slab in term

of thermal resistance.

4. FEM analysis

With the aim to extend the experimental results, a numerical analysis has been carried out in
structural and thermal fields by commercial Strand 7 code [76]. For the structural analysis the finite
element (FE) model of the single panel (Set 0) has been updated considering the load-displacement
relationships of Figure 5a; the non-linear solution was conducted by using the code’s non-linear
static solver (http://www.strand7.com/html/nonlinearstatic.htm). The thermal response the thermos-
physic properties of the materials were set up in the FE model in order to identify the thermal bridge
between the assembled parts. The steady state heat solver is used to calculate the temperature
distribution in a structure in the steady state or equilibrium condition by using the code’s steady

state solver (http://www.strand7.com/html/steadystateheat.htm).
4.1. Mechanical numerical analysis

The panel has been modelled by 2464 brick elements. The assumed boundary conditions are
shown in Figure 13, while the material properties are listed in Table 1.

In detail the numerical model of RC material has been characterized considering the isotropic
behavior; while the wood material has been modeled with orthotropic behavior, anisotropic along
the fibers (direction along the development of element) and transversally isotropic behavior. The FE
model has been fixed at the base leaving free the rotation around Z (RZ) and restrained at the top in

Z direction (DZ, see Figure 13) in order to avoid the out-of-plane displacements.
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Figure 13. Details and boundary conditions of Finite Element Model; (a) detail of top of panel Set 0; (b) detail of
bottom of panel Set 0

The non-linear static analysis has been carried out through the non-linearity of interface wood

frame-RC panel (Figure 13 a and b) realized with bricks with infinitesimal thickness and

characterized by the experimental constitutive law z-slip of Figure 6b.

For the complex Set 1, 2 and 3 the interaction between the different panels, Types A, B, C, D, E,

has been realized by the interface (like wood frame-RC panel interface) characterized by the

constitutive z-slip law reported in Figure 6b.

The good reliability of numerical analysis is shown in Figure 14 through the comparison between

the experimental and numerical responses (dashed lines).
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Figure 14. Comparison of experimental and numerical results; (a) Set 0; (b) Set 1; (c) Set 2; (d) Set 3

Through the maximum structural capacity of the panel of Set O (test 1, 2 and 3) the reliability of
the analytical approach (see paragraph 3.1) is evaluated in Table 3. It compares the experimental
(EXP) and numerical (FEM) data with the results calculated through Equations 2, 3 and 5, 6 for the
horizontal force and displacement respectively. The coefficient of variation (COV) is calculated

between EXP, FEM and analytical data.

Type EXP FEM Analytical COV (%)

F A FFEM AFEM Fracking Frocking Al AZ F/FFEM FlFEqZ F/FEqS A / AFEM A / Al A / Az
NI [mm] [N]  [mm] [N] [Nl [mm]  [mm]
Eq. 2 Eq.3 Eqg.5 Eq. 6

testl 17338 73.93 1% 21% 33.8% 3% 68% 70%
test2 21126 149 17605 76 21942 26200 230 245 17% 3.7% 19% 49% 35% 39%
test3 20404 93 14% 7% 22% 18% 59% 62%

Table 3. Comparison between experimental (EXP), numerical (FEM) and analytical data of Set 0.
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Comparing the values reported in Table 3, it is possible to assert that the analytical approach to
evaluate the CGFP panel is reliable for the maximum horizontal load F. The better coefficient of
variation (COV) between EXP and analytical data of maximum load is with the Racking
mechanism approach calculated through Equation 2; in detail, the variation between experimental
and analytical data is less than 7% for the tests 2 and 3 while the COV is greater than 21% for test
1. About the maximum displacements A, the proposed analytical approaches overestimate the
performances of the CGFP panels; in detail, the variation between experimental and analytical
results is greater than 35%. The finite element analysis agrees with experimental behaviour for the
maximum load; while the displacement values are difficult to simulate. In detail, the variation of
maximum load values is between 1% and 17%, while for the displacements the coefficient of
variation varies between 3% and 49%. For both quantities, horizontal load and displacement, the

numerical results approximate better the experimental values of test 1.
4.2. Thermal numerical analysis

Thermal simulations by FEM allow to obtain the transmittance on glulam frame area and in the
middle of panel area. The two values were weight by the areas and a total U-value was calculated.
After a tuning process a thermal transmittance of 0.189 W m™ K™ was found: this result is in good
agreement with the experimental data (see table 4). After this tuning phase has been possible to
investigate the existence of thermal bridges in the structures, obtaining the L?® of different

connection typologies.

Specific Unit Value
Average heat flux [Wm? 5.5
Model area [m?] 3.52
Internal temperature [K] 303.37
External temperature K] 273.98
Temperature difference [K] 29.39
Internal adduction coefficient [W m?K?] 8.12
External adduction coefficient [W mZK?] 23
Wall transmittance [W mZK?Y] 0.189
Wall resistance [m?K/W1] 5.344

Table 4. Thermal transmittance of FEM model.
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The main interfaces between envelope elements have been considered: perimeter wall and
vertical coverage connection; vertical perimeter wall and attic; perimeter wall and balcony; corner
between two vertical walls. Figure 15 shows the temperature distribution across the structure and
the relative linear coefficient- The L2° obtained for the four nodes are respectively 0.50 WmK™,

0.33 Wm*K?, 0.53 Wm?*K™!and 0.53 WmK™.
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Figure 15 - Thermal bridges analysis in structures realized by panels of Type A, dimensions in centimetres.
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5. Life cycle assessment

The LCA study focused on the base configuration of the panel, the so called CGFP-type A; the
composition is characterized by a wooden frame supporting a concrete slab insulated by polystyrene
foam with graphite.

This study aims to quantify the carbon dioxide emissions and the embodied energy of the
modular prefabricated panel for study the amount of the environmental effects of building life
cycles and to assess the potential benefits on using different kinds of insulation materials. In this
sense the scope is the evaluation of a partial LCA, with a “from cradle to gate” approach (Figure
16) and the system boundary concerns on a definite scenario during a 50 years of building life-span:
the facilities and equipment used for the extraction and production of raw materials; the transport
and the conversion of the materials into production process; the assembling in factory of each
products in order to build the panel; the assessment stops at the factory gate, before the finished

product has been transported in site construction.

= System Boundaries for LCIA
Energy & CO, Energy & CO, Energy & CO, Energy &CO, Energy & CO,
l MATERIALS » CONSTRUCTION |_.| OPERATION & MAINTENANCE > DEMOLITION ' 1FnL1Jsz
Built-up
ﬁ | TRANSPORTATION |
Raw Materials & Equipment by SimaPro i
Software Database

Figure 16. System Boundary for LCIA of CGFP typical configuration.

The fundamental definition of functional unit in life cycle assessment take reference in the 1SO
14040:2006 [76] as the quantified performance of a product system for use as a reference unit: all
inputs, outputs, and analysis should relate to the functional unit to ensure a comparison between
alternative products, processes, or services made on an equivalent basis. In this study the chosen
functional unit is 1 m® of opaque wall component as a reference for both inventory flows and

environmental impacts. The assumed life span of the panels is 50 years with no maintenance
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necessary in that period. It was assumed that the panels will be used for construction/retrofitting of
buildings located in the area of Treviso (ltaly).

Evaluation of impacts along the life cycle for all materials was developed using SimaPro 8.0.5.13
[77], Ecoinvent database v3.2 [78] and analysis method Impact 2002 + [79]. Consequently, the
impacts are expressed in points: a composite measure of the overall environmental impact of any
material, product or service. A point represents the average impact in a specific category caused by
a person during one year in Europe [44]. This study presents values expressed in points per square
meters of components surface.

According to LCA framework, the first phase (called Life Cycle Inventory, LCI) aimed to collect
all data about the processes and the quantity of each material involved in the production of the panel
in term of volume and density, in order to calculate the total weight of each material (Table 5). In

the second phase (Life Cycle Impact Assessment, LCIA) each environmental impact was classified.

Material Volume [m®]  Density [kg m®]  Weight [kg]
Double plasterboard sheet 0.0752 800 60.2
OSB Oriented Strand Board panel for fastening systems 0.0374 550 20.57
Monolith of polystyrene foam with graphite 0.8424 17 20.18
Reinforced Concrete, smooth and coloured, finishing 2 mm 0.2100 2400 504
Pillar of laminated wood section 80 x 320 mm 0.1597 418 66.46
Glulam crosspiece 0.0576 520 29.95
OSB Oriented Strand Board: thickness 20 mm width will vary accordingto  0.0077 550 4.235
the size of panel

Aluminium profiles 0.0004 2700 1,08
Polyethylene points (n.22) 0.000065648 1100 0.0721
Profiled iron 0.00075 7800 5.85

Table 5. Characterization of CGFP materials.

The methodology of Impact 2002+ [80] was applied (Figure 17): each impact are characterized in
different categories and the characterization factors, CF, for the different categories are based on a
principle of equivalence; the assigned scores to the different substances are expressed in kg
equivalents of a reference substance (e.g., the Global Warming Potential on a 100 years scale of

fossil methane is 27.75 times higher than CO,, thus its characterization factor is 27.75 kg CO,-eq).



Pag. 30

Impacts are organized in four damage categories -human health, ecosystem quality, climate
change, and resources- measured by different types of units, and are normalized at least in points.

The main objective, common to all impact categories, lays in the definition of long-term effects,
obtained through the use of a time horizon. The comparative analysis of the environmental impact
materials was made considering 1m? of surface and a life span of 100 years. The boundaries of the
systems are established using an approach from cradle to grave, within the production, installation,
cleaning, maintenance and end of life. Within those boundaries the facilities and equipment used for
the extraction of raw materials, the transport and the production process were considered. The
inventory analysis was conducted using data obtained from the Ecoinvent database v3.2 [78].

In the last phase (Interpretation), processes analysis underlines that Glued laminated timber

shows the higher impact, while the other materials and operations have lower ones due to their little

Substances

CHARACTERIZATION

amount (Figure 18).

FACTORIZATION
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kg C2H3Cleq
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Figure 17. IMPACT 2002+ methodology.
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B Human health M Ecosystem quality M Climate change Resources

Figure 18. Diagram presenting the comparison of materials and operations impacts with the IMPACT 2002+ method.

The last calculation concerns the damage impact for each material and operations and an
evaluation of output is given by a comparison between data (Table 6). In Human health category,
OSB panel produces minimal impact while Glued laminated timber is responsible for the greatest
weight on the environment because of the amount of the material and the processes. The most
important damages of Glued laminated timber are due to the impact categories Respiratory
inorganics (35.1%), Land occupation (18.8%), Non-renewable energy (15.9%), Global warming
(13.5%) and Terrestrial ecotoxicity (11.5%). In Ecosystem quality, Glued laminated timber
produces the greater impact due to the raw materials and processes utilized. In Climate change the
assessment show lower values for OSB and Reinforcing steel, but the higher values are presented in
the concrete panel because of clinker production. In Resources comparison of insulation foam and
concrete is interesting. Total sum of impacts is quite similar and shows higher outcomes because of
the higher volumes in the CGFP panel. Otherwise eco-points for Resources are very different due to

the high consumption of non-renewable energy in the production of polystyrene foam slab.
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Damage category Human Ecosystem Climate Resources Total
health [pt quality change [pt m?] [pt m?]
m?] [pt m?] [pt m?]
Gypsum plaster board, at plant/CH U 0.00086263 _ 0.00016832 0.00056327 _ 0.00046753  0.00206175
Aluminium, secondary, from old scrap, at 0.00001089  0.00000240 0.00001234  0.00000686 0.00003249
plant/RER U
Oriented strand board, at plant/RER U 0.00061737  0.00053710 0.00036376  0.00046039  0.00197861
Polystyrene foam slab with graphite, 6% recycled 0.00081505 0.00009442 0.00109508  0.00210795 0.00411250
{GLO}| market for | Alloc Def, U
Concrete, normal, at plant/CH U 000135403  0.00019873 0.00198625  0.00078793  0.00432694
Reinforcing steel, at plant/RER U 000111175  0.00011530 0.00063626  0.00041956  0.00228289
Welding, arc, steel/RER U 0.00001063  0.00000294 0.00000355  0.00000300  0.00002014
Polyethylene, HDPE, granulate, at plant/RER U 0.00000387  0.00000010 0.00000316  0.00000878  0.00001591
Blow moulding/RER U 0.00000354  0.00000044 0.00000235  0.00000257  0.00000891
S'UEd laminated timber, indoor use, at plant/RER ) 11317911 000270095 0.00118043  0.00139273 0.00875323
Aluminium, secondary, from old scrap, at 0.00001089  0.00000240 0.00001234  0.00000686 = 0.00003249
plant/RER U
Reinforcing steel, at plant/RER S 0.00020929  0.00002171 0.00011978  0.00007898  0.00042975
Zinc coating, pieces/RER U 0.00006893  0.00006154 0.00002436  0.00002275 0.00017758
Total 0.00855799  0.00390638 0.00600292  0.00576589 0.02423318

Table 6. Evaluation of the comparison of the impact for damage category of materials with IMPACT 2002+ method.

Finally the environmental impact of CGFP configuration is summarized in the total value of
0.02456 eco-points for square meters (pt m?); the involved processes affect particularly the Human
health damage category, corresponding to 0.00856 eco-points for square meters (35%), while other
damages show lower impact: 0.00391 eco-points for square meters (16%) for Ecosystem quality,
0.00600 eco-points for square meters (25%) for Climate change, 0.00577 eco-points for square
meters (24%) for Resources.

The performed analyses allow also to evaluate the environmental impacts of basic configuration
of CGFP from the point of view of Embodied Energy (919.44 MJ m™ or 2766 MJ m™) and Carbon
Footprint (60.63 kg CO,eq m™ or 254.65 kg CO,eq).

Embodied Energy is defined as the total energy used during the life-cycle of products: raw
material extraction, transportation, manufacture. In the evaluation of the damage category impact,
Resource category shows values about non-renewable energy and mineral extraction, that is
precisely the Embodied Energy: graphics below (Table 7) shows how each compartment of energy

consumption has different amount and weight for each considered process (Figure 19).
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Non-renewable energy Mineral extraction | Total

[MJ m?] [MJ m?] [MJ m?]
Gypsum plaster board, at plant 70,92 0,14 71,05
Aluminum, secondary, from old scrap, at plant 1,02 0,03 1,04
OSB Oriented strand board, at plant 69,67 0,30 69,97
Polystyrene foam slab with graphite, 6% recycled 363,47 0,05 363,53
Concrete, normal, at plant 119,39 0,36 119,75
Reinforcing steel, at plant 61,01 2,76 63,76
Welding, arc, steel 0,43 0,02 0,46
Polyethylene, HDPE, granulate, at plant 1,33 0,00 1,33
Blow moulding 0,39 0,00 0,39
Glued laminated timber, indoor use, at plant 210,93 0,73 211,66
Aluminium, secondary, from old scrap, at plant 1,02 0,03 1,04
Reinforcing steel, at plant 11,48 0,52 12,00
Zinc coating, pieces 3,16 0,29 3,46
Total Embodied Energy 914,22 5,23 919,44

Table 7. Results for calculation f Embodied Energy according to IMPACT 2002+ method.

The assessment of process shows how the greater environmental impacts regard the insulation

material, that affects almost the 18 % of total impact (corresponding to a 0.0044 pt m™): the values

are quite similar to concrete slab impact, but, while concrete is a component with optimized

characteristics in structural and formal terms, insulation material should be considered as a

component that could be substituted on this CGFP configuration. For this reason, the research

project has developed a deeper study that compares some alternative solutions of the inner

insulation materials in order to promote alternative design (e.g. a minor thickness allows more space

for system) and with the aim to reduce the general environmental impacts [81].
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Figure 19. Results for calculation f Embodied Energy according to IMPACT 2002+ method.

A Carbon Footprint is an environmental index and is historically defined as “the total sets of
greenhouse gas emissions caused by an organization, event, product or individual”: it measures the
impact that these emissions have on climate change to anthropogenic. The carbon footprint is
expressed in equivalent carbon dioxide, which value indicates the level of the GWP (Global
Warming Potential) of greenhouse gases, or rather their global warming potential for each selected
material. A comparison between the production process of packages is developed according to the
method 2013 IPCC (Intergovernmental Panel on Climate Change), that lists the climate change
factors of IPCC with a timeframe of 20, 100 and 500 years: unit value is attributed on-base
percentage to the material with higher equivalent carbon dioxide and the remaining values were
consequently obtained.

Comparing with the environmental assessment of other precast panels, the state of the art on
similar research reports how environmental assessment for buildings depends on the materials, the
different technology and the process management adopted [82, 83, 84]. For example, in Fu et al.
[85], the use of timber frame could achieve a reduction of carbon emissions: the masonry wall made
of bricks and blocks is replaced with timber frame without intervening into structure and insulation
partition; the wall partition in timber frame installed in the case study produced a lighter weight and
reduces the 16% of carbon emission quantity (approximately 363 kg CO, per m? of floor).
Moreover, the materials used in the building could allow a carbon reduction of the applied
substructure, providing also additional benefits: reduced earthworks, less spoil and less export off
site for waste material.

Focusing on the choice of materials, the assessment shows that high weight on the impacts is
given by the choice of insulation foam, but the values of EPS foam are similar in the study of

Tingley et al. [86], that shows how the expanded polystyrene achieves the lowest environmental
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impact in the most of impact categories examined in comparison to other kind of insulation
material.

The analysis environmental impact in CGFP panel confirms the results given by the case study in
Aye et al. [87]: analysing three scenarios with precast elements, the constructions in timber and
concrete reveal a lower embodied energy values because there is a less exploitation of energy
intensive process with respect to a steel construction. Moreover, focusing on the external wall
component, CGFP configuration shows a quite similar structure in timber frame that includes
insulation materials and finish layers, but embodied energy values are lower and comparable in
respect to the external wall (1971,8 MJ m™) in this study, so the general trend of breakdown energy
is confirmed and very low.

Another comparison is given by the Australian National Timber Development Council document
[87] that listed embodied energy values for common building elements; for external wall in timber
frame, brick veneer covered, including internal insulation, values are very similar (1060 MJ m?)
and the main difference lays in the fact that CGFP panel is precast and includes other processes.

In Culdkova et al. [88], a multi-criteria analysis of material selection shows how to decrease
environmental impacts by the use of alternative solutions from renewable materials: the scenario
with massive cross laminated timber (CLT) panel and wood-fiber insulation is very interesting
because at equal thermal properties (0.11 W mK™) the outcomes give very similar to CGFP panel

in terms of embodied energy (1089.940 MJ m™) and carbon footprint (-81.094 kg CO.eq m™).

6. Conclusions

Through the results on structural, thermal and sustainability performances of the CGFP system
presented in this research the following conclusions can be drawn:

- despite the complexity of the tested system the experimental results match the numerical one
with good approximation. The failure mechanism that best approximates the strength of panel Set 0

is the racking mode with a coefficient of variation between experimental and analytical maximum
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load less than 7% for two tests and equal to 21 % for the other one. The FE analysis finds the best
correlation between experimental and numerical results above all for the test 1 both for the
maximum load and maximum displacement with a variation by 1% and 3% respectively. This
variation increases over 14% for test 1 and 2;

- the deformation involves the elastic and inelastic behaviour assuring a global dissipative
capacity through the progressive strengthening response of the external connectors and the plastic
deformation capacity of internal connections. The failure under shear mechanism can be described
by bi-linear F-A analytical response curve;

- the thermal transmittance presents very low value (0.20 W m™? K™) in both analyzed
configurations, and the construction systems shows dispersion effects by the thermal bridges that
are comparable to similar situation in traditional construction systems;

- the single modular panels offer several advantages in the sustainability field. A great flexibility
and speed in production and transport is given by the possibility to divide the RC slab from the
glulam frame;

- the CGFP panel presents a low level of impacts in respect to similar studies in term of
environmental assessment an embodied energy. LCA is a tool able to support the actions to improve
the environmental management of its production process. After identifying the stages (such as
Resources and Human health) on which a reduction of the environmental impact of the product is
get involved, then it is possible to reduce also the consumption of energy, raw materials and the
production of waste, consequently reducing the production costs. However, it is necessary to
emphasize that the models used for the analysis of inventory are limited by the assumptions that are

implicitly contained in them.
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Highlights

o The paper resumes and completes results of a three years investigation on the structural,
thermal and environmental performances of a concrete-glulam prefabricated composite wall
system.
e The strength and stiffness of concrete-glulam prefabricated panels have been investigated
by load-displacements tests;
¢ thermal performance was analyzed matching values given by numerical simulations and
experimental tests executed by hot box apparatus.
e The environmental impacts of the system is verified defining its Carbon Footprint and
Embodied Energy by using the life cycle assessment method





