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Concrete-Plated Wooden Shear Walls: Structural Details,
Testing, and Seismic Characterization

Luca Pozza, Ph.D."; Roberto Scotta®; Davide Trutalli®; Andrea Polastri*: and Ario Ceccotti®

Abstract: This paper discusses the structural characterization of a novel hybrid shear-wall system formed by coupling standard platform-
frame panels with an external reinforced concrete shelter formed ol precast slabs screwed to the wooden [rames. The external RC skin is
intcnded as a supplementary bracing system, incrcasing strength and dissipative capacity of the bare timber frame. The structural performance
of such hybrid shear wall under monotonic and cyclic loading was first theorized analytically on the basis of code provisions and then
confirmed via experimental (ests. The novel shear walls demonstrated o fulfill the requirements prescribed by Eurocode 8. In particular,
thc analyzcd system belongs to high ductility class (HDC). Finally the scismic responsc of a reference building realized with the innovative
hybrid shear walls was simulated by means of a numerical model validated on experimental tests; the suitable behavior factor for the building
was estimated. DOIL: 10.1061/(ASCE)ST.1943-541X.0001289. © 2015 American Society of Civil Engineers.
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Introduction

Structural skins are used in building practice to improve and adjust
the robustness of buildings or to increase their thermohygrometric
performances.

In Northern Furope and especially in United Kingdom, brick-
clad timber frames have long been used, but the outer casing has
only aesthetic and protective functions, with no structural [unction.
This solution is not suitablc for constructions in scismic arcas bc-
cause the external brick-clad area increases the overall mass of the
building without improving its lateral shear resistance. In addition,
the flexibility and ductility of the two structures (i.c., the internal
wooden one and the brick cladding) diller and may interact with
unpredictable ctfcets during seismic events. In order to verify the
true response of this kind of structural skin and specifications for
the connection system between the external brick casing and the
imner wooden shear walls, a six-story, TF2000, timber-rame build-
ing was tested at BRE Cardington in 2000 (Vahik 2006), in a
project involving collaboration among public administrations,
BRE, 'Trada Technology, and the timber industry.

In Canada and North America, mixed shear walls made of wood
frames coupled with gypsum boards to improve lateral shear
resistance have been cxtensively studicd and arc widcspread
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(c.g., Karacabeyli and Ceccotti 1997). Tn thce Alpinc arca and
Northern Europe, construction systems composed ol wooden [rames
braced by fiber-reinforced gypsum panels are becoming more
common, and much rescarch is ongoing to verity the structural re-
sponse of this type of wall when subjected to horizontal force
(e.g., Amadio et al. 2007).

This papcr reports the results from an experimental, analytical,
and numerical investigation about the seismic performance of a
novel mixed structural system, which consists of a timber frame
coupled with an external RC skin.

Description of the Construction System

The newly developed hybrid construction system combines a
typical platform-frame shear wall with external RC slabs that act
as a supplementary bracing systcm against horizontal forces. They
also allow the creation of a ventilation chamber between the RC
slabs and the wooden structure [Fig. 1(a)] that is open at the [oun-
dation and at the roof and continuous along the full height of the
building. This chamber allows a continuous natural airflow bchind
the surface skin of the walls. Analytical and experimental evalu-
ations of the thermal, hygrometric, and acoustic effectiveness of
the ventilation chamber arc still ongoing. Results will be published
in a forthcoming work being such issues oul ol the scope ol
this work.

The proposed construction system is a modular one, in which
mixed wood reinforced-concrete shear walls are made by connect-
ing single precast modules having an aspect ratio of 3:1. Fig. 1(b)
shows the basic modular pancl as 3.24 m high and 1.08 m wide. It
includes three RC slabs 108 X 108 x 4 cm. This size of RC slab
was chosen for manufacturing restraints and considering the usual
interstory height to be assured in residential buildings. The timber
frame dillers [tom that of standard plattorm-{rame buildings since
the spacing of vertical studs does not depend on OSB sheet size, but
on that of thc cxtcrnal concrete slabs.

The dimension of the concrete slabs influences the mechanical
characteristics of the walls, but does not affect the idea of coupling
RC slab with a timber platform frame. In this work only the 108 x
108-cin concrete slabs have been considered. Nevertheless the
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Fig. 1. (Color) View of preassecmbled modular pancl: (a) detail of the ventilation chamber; (b) details of the system

analylical and experimental approaches herealter given have a gen-
eral validity.

The (wo structural systems [orming the hybrid wood-concrete
wall have different functions: gravity load is supported only by
the wood-trame structure, which transfers its own weight and ap-
plied dead and live vertical loads to the foundations, whereas hori-
zontal actions (i.c., wind and scismic shocks) arc supported by both
OSB sheets and RC slabs.

Tn the examined walls 15-mm thick OSB/3 pancls arc connccted
with 1.46 X 60-mm staples to the frame, while the RC slabs are con-
nccted to the frame with two 10 x [20-mm screws cach side. Such
screws are coupled with plastic bushes suitably designed to respond
to particular functions—they reduce the clearance between the con-
crete slab and the serews without the need for sealants and they act
as spacers between the horizontal cross beam of the wood frame and
the concrete slab, creating the ventilation chambers.

Figs. 1 and 2 show details of the assembly of the modular panels
and the fastening system of the RC slabs and Table 1 lists the de-
tailed dimensions of the connections.

The slabs arc reinforced with knitted stcel wirc mcsh,
4@60 x 60 mm. Fig. 3 gives a detail of the RC slab.

Two adjacent modular pancls arc joined by a vertical wooden
stud (rectangular section 160 x 80 mm) screwed to both panels

© ASCE E4015

air
chamber
0SB
panel
screw
UNI 704
horizontal
beam

Fig. 2. (Color) Detail of plastc bush and screw

with 8 X 140@150 mm screws. This element also supports the
floor and rool beams.

The modular wall pancls arc anchored to the foundations with
hold-downs and bolts to avoid rocking and slip effects, respectively.
The hold-downs are made of 3-mm press-belted L-profiles, made
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Table 1. Dectailed Dimensions of Conncctions and Anchoring

Conncctors
Connected components ol a modular panel Type Dimensions Number/spacing
OSB panel (o timber frame Staples 1.46 X 12 x 60 mm 40 mm along (he edge

RC slab to timber frame Screws with plastic bush 10 % 120 mm 2 per side

Panel-to-panel connection with wooden stud (160 x 80 mm) Screws 8 x 140 mm 150 mm

Timber frame to foundation Llold-down 4 x 60 mm ring nails 24 4 24 per hold-down
Bolts 12 x 80 mm 3

60x60 mm wire mesh d=4mm W W O

S [FEE R

screw pre-hole = 11111 | :'i

g

Fig. 3. (Color) Detail ol the RC slab

with S275 galvanized steel, positioned in the corner between the
vertical columnms of a module and the joint cover stud. The hold-
downs arc nailed with twenty-four 4 x 60-mm ring nails per sidc to
the vertical structure and connecled o the concrele [oundations
with proper anchors, as standard hold-downs. In cach pancl both
the bottom cross beam ol the timber [rame and the bottom concrele
slab are fixed to the concrete foundation with 12-mm diameter con-
crete screws to prevent slip (Fig. 4). A more extensive description
of the connection system and of the structural details specifically
developed for this innovative building system can be found in

Pozza (2013).

Analytical Evaluation of the Shear Resistance

Preliminary experimental tests were conduced to analyze separately
the contribution to lateral resistance of the OSB pancls and the RC
slabs (Pozza 2013). Results showed that the iwo bracing systems
rcach the maximum resistance at almost the same ultimate displace-
ment. This evidence delines the ultimate shear strength of each
wall pancl as the summation of the contributions of the two bracing
systems. In any case it is limited by hold-downs and shear bolts
capacitics—thc strength of the single pancl is given by the weakest

— AT ST
HOP ST R |

mechanism. In this section the strength of each mechanism is de-
fincd according to the analytical cquations given in Lurocode 5
(CEN 2009).

The cvaluation of the OSB-pancl shear resistance is based on
the provisions for staples according to Johansen’s theory as re-
ported in Tablc 2.

The load-bearing capacity of the screws connecting the RC slabs
to thc timber framc has been defined according to the Johansen’s
equations [CEN 2009, Eq. (8.10)]. The resull in Table 3 1s oblained
by considering a thick steel plate-to-timber connection and a ductile
failure mode type ¢ with formation of two plastic hinges, disregard-
ing the contribution from rope effect.

The total characteristic bracing strength, obtained as the sum ol
the OSB and RC panel contributions, is equal to 34.90 kN. The
contribution given by the RC slabs is slightly larger than that given
by the OSB panels.

The design of the modular wall pancl must also take into ac-
count the [ailure of hold-downs and base shear connections. In
a capacity design approach, a suitablc overdesign factor should
be applied with respect to such failure modes in order to ensure
a ductile failurc of the bracing system (OSB pancl and RC slab)
that should result in the weakest part of the structural system. [t
was assumed that the hold-downs are deputed only to balance
the overturning moment on the wall, while the base shear bolts
avoid the slip effect (Popovski et al. 2014). According to this sim-
plificd approach the maximum basc shcar forces compatible
with hold-down and base shear bolt strengths are 59.9 and 67.9 kN,
respectively. These two values are larger than the resistance given
by the bracing panels, therefore, the capacity design criteria is
cnsurcd.

Experimental Tests
A serics of cxperimental tests was performed to verify the resis-

tance and hysteretic behavior of the investigated construction
system. The structural layout and thc main characteristics of the

f

| vertical joint
—

| press belt hold-down

Fig. 4. (Color) Anchoring system of foundations
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Table 2. Livaluation of the OSB-Pancl Shear Resistance

Geometrical and mechanical parameters  Notations  Valucs Units

Equivalent diameter dog 1.46 mm
Width of the staple crown b 12 mm
Spacing ol the staples along the cdge i 40 mm
‘Tensile strength of the wire T 800 MPa
Yiclding moment per leg M, 886.8 Nmm
OSB-panel thickness 0SB 15 mm
Load-bearing capacity per staple Fi_qoole 0.72 kN

Width of OSB panel R 820 mm
Characteristic wall pancl lateral Ry _osp 15.1 kN

resistance—OSB contribution

Table 3. Evalualion ol the RC-Slab Shear Resislance

Geometrical and mechanical parameters  Nolations Values Units

Screw diamcter d 10 mm
Screw length L 120 mm
‘Tensile strength of the screw fu 600 MPa
Concrele slab thickness T b 40 mm
Timber frame characteristic T 25.83 MPa
cmbedment strength

Characteristic yielding moment M, gy 71,659.3  Nmm
Load-bearing capacity per screw Fk_-ww, 9.90 kN
Number ol screws n. 2 —
Characteristic wall pancl lateral Ry sib 19.80 kN

resistance—concrele slab contribution

Nole: — =

tested walls (conncctors and bracing system) arc subscquently
described. The test layout, instrumentation, load conditions, and
protocol adopted lor quasi-static cvclic-loading lesls are given.
The test results are then reported.

Test Wall Configurations

Three wall configurations were tested: Wall A, aspect ratio 3:1
(3.24 m high, 1.08 m wide—one modular panel); Wall B, aspect
ratio 3:2 (3.24 m high, 2.16 m wide—two adjacent modular
panels); Wall C, with one opening in the central panel and aspect
ratio 1:1 (3.24 m high, 3.24 m long three adjacent modular
pancls). For the sake of brevity, only the test results of Walls B
and C are presented, being those of Wall A in very good agreement
with thc others and can be found in (Pozza 2013).

Test Setup and Instrumentation

Walls B and C were tested in separated moments in two different
laboratory facilities.

In both cases a RC [oundation was realized (o reproduce
faithfully the basc conncction in practical applications.

Fig. 5 shows the test setup used (or Wall B. An equivalent ver-
tical load of 20 kN/m was applicd by three hydraulic actuators
placed in correspondence of the vertical wood columns. Lateral
guides in contact to the top horizontal beam were used (o avoid
out-of-planc movement.

"Tests on Wall C were carried out on twin walls positioned back-
to-back to balance torsional cffects and to ensure unidircctional top
movement of the specimen. A uniform vertical load of 20 kN/m
was applied (o the lop ol each wall by several actuators.

The choice of performing both tests imposing a vertical load of
20 kN/m is coherent with the average gravity load on perimeter
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walls of a residential three-story building. Moreover, this load con-
dition is aligned with that uscd to characterize the performance of
CLT walls (Ceccotti 2008; Gavric et al. 2011).

Panel and [astener displacements were measured with transduc-
crs, placed as shown in Tig. 5.

Test Procedure

Cyclic-loading tests were performed according to EN 12512 (CEN
2006) in displacecment control. Such testing protocol requircs
the preliminary evaluation of the yielding displacement ¢, of the
specimens. On the basis of the test on the single panel Wall A the
reference yiclding displacements ¢, ¢ Was cstimated as 24 mm.
Provided that the maximum imposed top displacement cannot ex-
ceed the ultimate drift at complete failure of the wall, in practice in
both cases it was limited by the test setup. In test on Wall B the
maximum elongation of the actuators was 100 mm and (esting
was stopped beforc the ultimate strength of the wall could be
reached. Also ultimate strength and displacement of Wall C were
not rcached since the test was stopped at a top displacement of
about 80 mm due to the technical limits of the experimental
setup in cvclic Toading. In any case these displacement limits
correspond to interstory drifts of 3.1 and 2.5%, respectively,
which are very large il compared with values that shear walls
undergo cven it subjccted to strong scismic cvents, [Further-
more, these limits are aligned with those imposed by various
researches on shear-wall seismic perlormances (e.g., Ceccolli
and Sandhaas 2010; Gavric ct al. 2014). Thesc limits arc suftfi-
cient to estimate the seismic capacities of the tested walls. Never-
theless, a monotonic test after the cyclic-loading procedure
was carried out on Wall C up to the actual ultimate displacement
ol the wall.

Test Results

Fig. 6 shows the results which plots the imposed top displacement
and the corresponding lorce applied by the actuator. The load-slip
curve of Wall B is asymmetric becausc only pull cycles could be
carried out at the maximum amplitude, since the lateral guides
demonstrated to be insufficient to prevent the out-of-planc instabil-
ity of the wall under high push forces.

During the cyclic phase, Wall C did not exhibil (ailure or sub-
stantial strength-degrading phenomena, as Fig. 6 shows. To verity
the ultimate lateral load resistance and ductility of the system, a
ramp monotonic test up to collapse was performed on Wall C ac-
cording to EN 594 (CEN 2011), after the completion of the cyclic
test. The soltening branch started aller a lop displacement ol
220 mm (drift 6.79%).

Walls B and C show the typical hysteretic behavior of steel-
wood and wood-wood conncctions characterized by pinching.
‘The tested walls also showed marked hardening due 1o the large-
diameter conncectors used to fix the concrete slabs to the wood
frame.

Fig. 7 shows the two tested walls at the end of the cyclic tests.
No damages arc cvident, cxcept for a permancnt dislocation of
the concrete slabs.

Fig. 8 shows that Wall C exhibited significant shear deformation
of the bracing system at the end of the test, with substantial relative
sliding between slabs. Despite the strong shear deformation of the
wall, the slabs did not show any brittlc failurc or large cracks ncar
the [astening points. This experimental evidence shows that the
connection system used to fix the slabs to the frame was designed
to ensure ductile failure of the bracing system, with the formation
of plastic hinges in the screws near the wood-concrete interface
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Fig. 6. (Color) Load displacement curve of cyclic-loading tests: (a) Wall B; (b) Wall C

(Fig. 8). Deformation of the base [asteners during cyclic lesting was
modest, and only at the end of monotonic tests some failures oc-
curred in the base hold-down, due to excessive wall uplilt (Fig. 8).
Fig. 9 shows results of tests on connections. Fig. 9 also shows that
the delormation of the system was mainly due to the shear defor-
mation of thc bracing systcm, whercas the conncctions showed
modest displacements thanks to the overdesign factor applied. Such

design criteria.
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experimental evidence 1s comsistent with the adopled capacity-

Analysis of Experimental Results

The cyclic test results were analyzed to define the structural proper-
ties of this newly developed shear-wall system. This section reports
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(b)

Fig. 7. (Color) Wall configuration at end ol cyclic testing: (a) Wall B; (b) Wall C

(a)

(b)

Fig. 8. (Color) Wall C configuration at end of monotonic ramp test and details of failurc: (a) shear wall at maximum applicd displacement; (b) concrete

slab alter test; (¢) base hold-down; (d) screw

and critically discusscs the cvaluation of the following mcchanical
characteristics: vielding limit, ultimate conditions, stilfness for the
clastic and hardening branchcs, maximum ductility achicved during
testing, and strength degradation at each level of ductility. A com-
parison with thc design provisions is shown with regard to scismic
(ductility class) characteristics.

Ductility Estimation

Ductility is an important requircment in scismic design. An cxten-
sive discussion about the procedures that can be used for ductility
cstimation can be found in Mufioz ct al. (2008). Tn this work the
method based on EN 12512 provisions (CEN 2006) was used to
define the ductility ratio of the investigated shear walls. The
envelope curves which best fit the cyclic experiinental hysteresis
load-slip curves were defined according to the three-parameter
[ormulation of Foschi and Bonac (1977). Since the (inal failure
condition was not actually achicved for Wall B, the maximum dis-
placement and force reached during the last test cvcle were con-
ventionally assumced as the failure limit. For Wall C, the failure
displacement was assumed as that corresponding (o the maximum
force achieved during monotonic ramp testing.

A conventional ultimate displacement equal to 80 mm has
been adopted in scveral seismic charactcrization tests of timber
shear walls (Ceccotti 2008). To allow a comparison between the
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proposcd hybrid system with other systems (c.g., CLT), the duc-
tility ratios were also evaluated assuming as ultimate top displace-
ment the conventional value 80 mm. lable 4 lists the failure [orces,
displaccment valucs, and ductility for both the tested walls and for
both the effective and conventional ultimate displacements.

The experimental load-displacement curves of the tested walls
show a well-defined hardening phase, whereas the clastic branch is
nonlinear, with continuous stilfness modification. Due (o these
peculiarities, some limitations to the applicability of bilinearization
criteria exist. In fact, method (b) of EN 12512 (CEN 20006) assumcs
that the value of hardening stiffness be 1/6 of the mitial elastic
stiffness, without taking into account the actual hardening stiffness.
Duc to the specitic shape of the experimental load-slip curve, the
tangency condition between the hardening branch and the envelope
curve cannot be obtained and, consequently, hence the EN-b
approach cannot be applicd. Thercfore the yiclding condition
was defined only with relerence Lo the EN-a approach. Table 4 lists
the main results in terms of elastic and hardening stiffness, strength,
displacements, and ductility ratios.

Notice that the yielding displacement obtained with the EN-a
approach is about 10 mm for both the walls, lowcr than that initially
estimated on the basis of the test on a single panel (test A). This
unexpected initial stiffness of the walls has been ascribed to the
redundancy of the ground connections in multipancl walls. The
lower values ol the yielding displacement result in high-ductlity
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Fig. 9. (Color) Results on connections for Wall B: (a) angle bracket; (b) hold-down; (¢) bracing system; (d) vertical joint

Table 4. Tes( Resul(s and Tnterpretation according (0 EN 12512 Approach
(Data from CLN 2006)

Paramcters Wall B Wall C
Ultimate displaccment V., (mm) 102.0 182.1
Ultimate force I, (KN) 112.6 145.7
Elastic stillncss w(kN/mm) 4.4 4.6
Iardening stiffness A(kN/mm) 1.1 1.1
Yiclding displaccment V. (mm) 10.3 10.2
Yielding lorce F, (KN) 414 54.9
Ductility ratio_V,, n—=Vv,/V, 9.9 17.4
Ductility ratio_ 80 mm = Rﬂ/V;. 78 7.8

values, always larger than six, which is the minimum value to be
assurcd by HDC shear walls. The ductility valuc of Wall B is lower
than that of Wall C, but this difference is clearly due to the
conscrvative assumption ot the failurc condition of the former.
Comparing the ductility values obtained with the conventional ul-
timatc displaccment limit of 80 mm with other studics (Gavric ct al.
2011; Pozza et al. 2014). the ductility of this novel system is always
greater than that obtained for massive timber systems (c.g., CLT).
This is because the shear deformation of the bracing panels
allows the achievement ol higher duclility than shear walls in which
the dissipative capacity is mainly concentrated in the connection
system.

Strength Degradation and Viscous Damping Ratio

Wooden structures assembled using metal fasteners are sensitive to
stiffness and strength degradation of connection elements when
undcrgoing cyclic action. The conscquent strength impairment is
an important parameter in identifying the ability of a wooden struc-
turc to resist cyclic action and, therctore, scismic shocks. Accord-
ing 0 Eurocode 8 (CEN 2013), this parameter and the ductility
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Table 5. Strength Degradations at Each Cycle Amplitude

Cycle amplitude (mm) Strength reduction (%) Veg (%)
Wall B
12 3.5 14.52
24 4.7 13.90
48 6.7 12.01
72 6.9 9.04
102 7.1 7.68
Wall C
10 2.5 14.74
20 5.9 13.60
40 7.8 13.27
60 8.5 12.9
80 9.5 11.7

ratio are used o define the ductility class of a timber structure.
Table 5 lists the strength degradation recorded between the (irst
and third cycles of each displacement level of the test walls.

Table 5 shows that the Toss in strength increases with cycle am-
plitude, but is always Tower than 10% lor both walls. These values
conlirm the good behavior of the system under cyclic action and,
therefore, its suitability for use in seismic areas.

Another paramcter adopted to summarize the hysteretic proper-
tics of a structural system is the cquivalent viscous damping v,,.
According to EN 12512 (CEN 2006), it is defined with reference to
the third cycle of each ductility level. Table 5 shows these results.
Note that v,, is always greater than 7%, confirming a sufficient
dissipative capability of this system.

A comparison with other timber construction systems can be
done also in terns of v,,. Comparing the values in Table 5 with
those reported in Pozza et al. (2014) [or massive timber shear walls,
it can be stressed that at low-level drifts the hybrid system presents
higher values than common CLT systems, being alighed with
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platform-frame system. For higher drifts this value decreases due
lo pinching phenomenon, analogously (o other timber structural
systems.

Comparisons with Seismic Design Provisions

Eurocode 8 (CEN 2013) provides three ductility classes (low,
medium, high) depending on the dissipative capacity of timber con-
structive system. The parameters used to classify timber structures
into the correct ductility class arc the ductility ratio and the strength
degrading value. A ductility ratio of 4 is required for the medium
ductility class and 6 lor the high duclility class. In both cases,
strength impairment must be lower than 20%.

Both the tested walls presented ductility ratios greater than 6—
both for the actual and the conventional ultimate displaccment
capacity. Strength degradation was also always lower than 20%.
According o the Eurocode 8 (CEN 2013), the investigated hybrid
construction system fulfills the requirements to be assigned to the
high ductility class (HDC).

This classification certifics the good dissipative capacity of the
studied wooden shear wall, but does not define exactly the most
suitable ¢-factor for scismic design. The proposcd construction
system does not fit exactly with the standard building tvpologies
listed in Eurocode 8 (CEN 2013, Table 8.1). 1t may be treated as
platform-frame tcchnology, for which the g-factor for the HDC
ranges between 3 and 5 (CEN 2013). According to Ceccolli and
Sandhaas (2010), numerical simulations with nonlincar finitc-
element models able to reproduce the hysteretic behavior of the
hybrid shear walls have been used (o derive the proper g-luctor
for the proposcd construction system.

Numerical Modeling of Experimental Tests

The numecrical procedurc for g-factor cvaluation (Ccccotti and
Sandhaas 2010) is based on experimental results [rom simple ele-
ments as input data in numcrical modcling of complex buildings,
for which nonlinear dynamic (NLD) analyses can be performed.
In the numerical model, the hysteretic response ol each connector
uscd to asscmblc the shear wall is introduced and calibrated against
experiinental results.

The numerical modcl of shear wall uscs the hypothesis that non-
linear wall behavior is concentrated in the connectors and bracing
systems, whereas the wood frame remains clastic. Basic clementary
components have been used: linear truss for timber frame, equiv-
alent inelastic link for the bracing svstem (stapled OSB panel plus
screwed RC slab), inclastic springs for hold-downs, basc shcar

bolts and in-plane vertical joints between adjacent wall modules.
The inelastic link representing the bracing svstem considers to-
gether the cumulated response of OSB pancls and RC slabs. The
rescarch-oriented numerical code “Open System for Farthquake
Engineering Simulation  OPENSEES” (Fenves 2005) and the
hysteresis model developed by K. Elwood (Elwood and Moehle
2006) were used to simulate the behavior of each component
(Fig. 9). All inelastic components follow pinched load-displacement
curves with degradation under repeated cyclic loading in order to
reproduce faithfully the actual hysterctic responsc of walls.

Alter calibration of the elementary nonlinear connections, the
cyclic tests on Walls B and C were simulated, by imposing a hori-
zontal top displaccment and a constant vertical load to the top of the
wall. Fig. 10 shows the scheme of the numerical models uscd for
the analysis.

The load-displaccment curves of Fig. 11 show the good match
between cxperimental results and numerical simulations. The good
quality of the model was further confirmed by assessment of dis-
sipated energyv per cycle belween the experimental tests and the
numerical simulations shown in Fig. 11: the maximum difference
is 11.5% [or Wall B and 8.5% for Wall C (values referring to maxi-
mum amplitude cycle in traction).

Assessment of Behavior g-Factor of a Case Study
Building

The [orce-based design method (FMD) (Chopra 1995) is an engi-
neering approach for seismic building design and refers to inertial
forces induccd in structurcs by scismic action. Its application rc-
quires cvaluation of the most suitable g-factor, which summarizcs
the postelastic behavior and ductility of the building. In this work,
the g-lactor delined by the PGA approach was considered appro-
priate (Ceccotti and Sandhaas 2010). This method disregards the
actual yielding limit of structures and the g-lactor is delined as
the ratio between the acceleration which brings the structure to
the near-collapse condition (i.c., PGA, ) and that used for the
clastic design of the building (PGA,_q.). Ceccotti and Sandhaas
(2010) reported the PGA-based method that consists ol the [ollow-
ing steps:

I. Choice of a casc-study building and design according to the
relevant static and seismic code, assuming ¢ — 1, so that the
building can clastically resist the PGA,, 4. value;
Modecling the test buildings with finitc-clement models cap-
able of reproducing the hysteretic hehavior of the connection
clements and calibrated against experimental results;

&
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Fig. 10. (Color) I'LM modecl: Wall B and Wall C
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(b) Wall C

3. Definition of an ultimate or near-collapse condition of the
building, which coincides with the ultimate displacement of
fastening clements;

4. Assessment of the seismic intensity (PGA,, ;) which leads to
the ultimate condition through a series of NLD analyscs, with
eradual increments of PGA intensity; and

5. Detenmnination of the most suitable g-lactor according to the
PGA-basced approach.

"The main hypothesis of this method is that a building reaches its
yiclding condition when PGA gy 18 Teached and s constant, in-
dependent of seismic frequency content. In addition, this ¢-factor
definition is code-dependent, because it represents a conventional
value bascd on scismic building design according to a specific scis-
mic code. Such a definition already includes the overstrength cor-
rective factor, defined as the ratio between the actual yiclding
strength and the design strength of the structure (Elnashai and
Mwaly 2002).

Case-Study Building

In order to define the actual seismic performance of the plated
shear-wall system and to make direct comparisons with cross lami-
natcd timber, the samc three-story CLT building tested on the shak-
ing table during the SOFIE project was examined (Ceccotti 2008).
Configuration B with symmetric openings on the ground floor was
chosen. Fig. 12 shows that the geometrical layout of this building
was compatible with the precast modular dimension of the system.

Thanks to the inplan symmetrical distribution of the shear walls,
the case study building could be studied with two independent 2D
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plane models along both directions. In this work, analyses focused
on the wall placed along direction X, which has one door opening
2-m widc on the ground floor. Two mass configurations were stud-
ied in order 1o verify the inlluence of the principal period of vibra-
tion on the scismic response of the building. The ditference
between the two case studies in terms of total mass was about
25%. Table 6 lists the story mass distribution and principal elastic
period Ty of cach building.

Seismic Design of Case Study Buildings

It was assumed that the case study buildings were assembled with
the same modular pancls subjccted to the cyclic tests described in
the previous sections. The seismic design of the buildings was
based on the lateral shear resistance of the single precast modular
panel and on evaluation of the maximum PGA, 4 compatible
with base shear resistance by linear static analysis, comprising
the following data (CTEN 2013): type | clastic responsc speetra
and rock foundation (type A soil, corresponding to & — 1.0,
Ty =0155s,Te=0.45,T, = 2.0 s); bchavior tactor g = 1; and
lowest bound factor for design spectrum 3 — 0.20.

Evaluation of gq-Factor

Fig. 13 shows the numerical model of the wall with type and
position of nonlinear springs and story masses.

Several NLD analvses were performed to evaluate the most suit-
ablc g-factor for this systcm and seven artificially gencrated seismic
shocks were simulated in order Lo meet spectrum compatibility
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Fig. 12. (Color) Casc study: modular wall panel arrangement

Table 6. Mass Distributions Analyzed

Building  Ist story (1)  2nd story (1)  3rd story (1)  Total () 7 (s)
N.1 16.5 16.5 12.7 45.7 0.48
N.2 10.7 10.7 8.4 29.8 0.32

requirements. Dynamic equilibrium equations were integrated with
time steps of 0.001 s, with equivalent viscous damping of 2%, ac-
cording to the Rayleigh model. The choice of the damping coef-
ficicnt was madc according to Cecccotti and Sandhaas (2010).
Both test buildings were subjccted to incrcasing levels of scismic
intensity, from the peak aceeleration value of PGA,_ . to the near-
collapse condition (PGA,, 1), which was stated as the [irst time the
ultimate displacement of the bracing system or base joints was
reached. The near-collapse condition was defined with the criteria
reported by Pozza (2013). In detail, the elfective failure condition
of the connection elements was used as a reference—for the hold-
downs, this condition corresponded to an uplift of 25 mm; and for

BRACING SYSTEM EEEE ol

INTERSTORY HOLD-DOWN H
s )

VERTICAL JOINT

INTERSTORY SHEAR BOLT

BASE SHEAR BOLT

BASE HOLD-DOWN

TR

the shear connections (i.e., base bolts, vertical panel-to-panel
joints, and bracing system), the failure condition corresponded
to interstory drift of 2.5%. Table 7 lists the PGA,, . bringing
the buildings to the ncar-collapsc condition and the relative g-factor
values (Fig. 14).

Although the yielding limit of the structure had been fixed, the
obtained ¢-factor values showed moderate variability, between 3.9
and 4.6. This mcans that the ctffcet of the frequency content of the
scismic signals is not important to dcfine the failure condition.

According to the analyses, the g-factors converge on a value of
4, confirming the good dissipative capability of this construction
system, as this valuc falls within the range of the high ductility class
(CEN 2013).

It must be stressed that the obtained results cannot be used to
derive general conclusions about the correct g-lactor o be used in
designing plated shear-wall systems such as this one, since they are
based on the analysis of a single three-story case study building.
For morc accuratc and rcliable cvaluation of ¢-tactor variability
with building characteristics (i.c., number of storics, arrangecment
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Fig. 13. (Color) Wall pancls: arrangement of fasteners and bracing system, ‘LM model, position of nonlincar clements, and mass
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Table 7. PGA,, . Valucs and g-l‘actor for Scismic Shocks ‘Lested for Both
Study Buildings

Building test 1 Building tesl 2

Seismic signals PGA, o q PGA, o q
Larthquake 1 0.82 4.6 1.05 4.4
Earthquake 2 0.77 43 0.91 38
Larthquake 3 0.72 4.0 0.97 4.0
Earthquake 4 0.78 4.3 1.02 4.3
Larthquake 5 0.70 39 1.07 4.5
Earthquake 6 0.75 42 0.96 4.0
Harthquake 7 0.73 4.1 0.99 4.1
Average 0.75 4.2 1.00 4.1
Minimum 0.70 39 0.91 3.8
Maximum 0.82 4.6 1.07 4.5
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Fig. 14. (Color) g-factor for the considered earthquakes and for both
the examined buildings

of resistant platcd shear walls), morc casc studics must be numcri-
cally investigated. Three-dimensional numerical models must also
be used to explain the effects ol plan irregularities and those of the
1" or L corners between shear walls.

Conclusions

The newly developed wood-concrete system represents a viable
alternative to the more traditional and common timber building
technologics, such as classical platform-frame systems and the
massive CLT system. The major innovation of this work is that
the outer RC skin improves strength and ductility against horizontal
loads (i.c., scismic shocks).

Original and trustable informmation about the seismic behavior of
the investigated construction system is reported in the paper. 1t is
intcrpreted by means of a well-asscssed and accepted analytical and
numcrical mcthodology.

The experimental results show that the investigated hybrid shear
walls have limited strength degradation, good dissipative capacity,
and high ductlity. ATl propertics, which make the construction
technology suitable for use in seismic areas and classiliable
as HDC.

The seismic design of this system can be performed with the
well-known EMD method (Chopra 1995), considering a g-lactor
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up to 4, as demonstrated by the experimental and numerical
analyscs reported in this work.
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