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A set of calculation tools supporting the design, modelling and application 
of plywood-based seismic retrofitting interventions on timber floors in 
existing buildings 
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A B S T R A C T   

The application of timber-based strengthening solutions to existing wooden and masonry structures, combines 
several benefits, such as reversibility, compatibility, lightness, sustainability, affordability, and effectiveness. 
With reference to existing timber floors, an efficient method to enhance their seismic response is the fastening of 
an overlay of plywood panels to the existing sheathing, an intervention that greatly improves in-plane strength, 
stiffness, and energy dissipation. In order to promote the use of this retrofitting solution in practice, this work 
presents a set of calculation tools supporting the design and advanced numerical modelling of timber diaphragms 
strengthened with plywood panels. The suite of tools allows to first estimate the full nonlinear, cyclic in-plane 
response of the strengthened diaphragms starting from the geometrical and material properties of the existing 
sheathing and the plywood overlay, as well as the mechanical characteristics of the fasteners. As second step, 
such estimated in-plane response can be transformed into a constitutive law for performing nonlinear numerical 
simulations, by means of a user-supplied subroutine developed for finite element software DIANA FEA. The 
presented calculation examples and the performed validation against reference studies from literature, show that 
the developed tools can provide an accurate estimate of the in-plane response of the diaphragms, and enable an 
efficient numerical simulation of their seismic behaviour. The implemented tools can be used to both obtain 
preliminary indication for plywood-based seismic retrofitting design, and to calibrate the interventions on 
existing diaphragms based on the specific characteristics and needs of a building, relying on the adaptability and 
versatility of this strengthening method.   

1. Introduction 

1.1. Background 

Unreinforced masonry constructions featuring timber floors as hor-
izontal structural elements, constitute a large part of the building stock 
in numerous seismic-prone architectural contexts. The observed damage 
to these buildings already for moderate earthquakes, has highlighted 
their vulnerability to seismic actions, mainly due to poor-quality ma-
sonry, excessive in-plane flexibility of timber floors, and absence of 
effective connections among structural elements. In this framework, 
several research studies on seismic characterisation and retrofitting of 
timber diaphragms [1–15] and timber-masonry connections [16–23] 
have been conducted in the recent years, progressively focusing on more 
reversible techniques [24]. With specific regard to the floors, the main 
proposed and tested retrofitting methods consisted of the traditional cast 

of a concrete slab on the existing sheathing, a widely adopted retrofit-
ting in the last decades [1,5]; the superposition of a second layer of 
planks arranged at 45◦ [1–3] or 90◦ [5,6] with respect to the existing 
sheathing; the bracing of the floors with steel plates [1,3] or fibre 
reinforced polymer (FRP) laminae [1,5]; the overlay of cross-laminated 
timber (CLT) [6–9], oriented strand board (OSB) [7,10], or plywood 
panels [11–15]. 

Among these techniques, reversible solutions are usually preferred 
because of their lower impact on existing buildings, especially when 
they are monumental or protected [24–28]. In particular, the overlay of 
plywood panels on the existing sheathing has proved to be a valid and 
versatile strengthening method, as demonstrated by several in-
vestigations and practical applications in different contexts, e.g. in the 
United States [11,29,30], New Zealand [12–14,31], the Netherlands 
[15,32–35], and Italy [26,36–39]. 

Besides improving in-plane strength and stiffness of the existing 
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floors, the plywood-based retrofitting also provides additional capacity 
in terms of ductility and energy dissipation [13,31,34,35,37], mainly 
because of the yielding of the numerous fasteners, provided that effec-
tive connections are realized between timber and masonry structural 
elements [16–19,22,28,31]. Along with such advantages, this 
strengthening method also features practical benefits from the profes-
sional engineering perspective, such as affordability, ease and rapidity 
of application, compatibility with the existing structure, reversibility, 
sustainability, and effectiveness [36,37]. 

1.2. Overview of the set of calculation tools 

In light of the aforementioned investigations and findings, to pro-
mote timber-based seismic retrofitting techniques and facilitate the 
adoption and application of this strengthening method among profes-
sional engineers, this work presents a set of tools supporting the design 
and modelling of plywood-retrofitted diaphragms. 

First, nomograms were derived, allowing practitioners to perform a 
preliminary, expeditious design of the retrofitting interventions. The 
nomograms are based on a refinement and extension of previously 
formulated analytical models [32], which also form the background of a 
more comprehensive calculation tool (ApPlyWood) that was imple-
mented in Python programming language [40]. This software provides 
an estimate of the full, cyclic in-plane response of the strengthened di-
aphragms, starting from the geometrical and material properties of 
existing floor, plywood overlay, and fasteners. Finally, a user-supplied 
subroutine (SimPlyWood) for finite element software DIANA FEA [41] 
was developed, enabling the numerical simulation of the in-plane 
response of the retrofitted floors based on a macro-elements approach. 
ApPlyWood and SimPlyWood are available as a single collection of tools 
at the following link: https://doi.org/10.4121/8a09d423–2acc-4c7 
f-86af-90b5adca4660. 

Before describing in detail the developed tools and their application, 
the analytical framework behind them is recalled in Section 2, along 
with the adopted methodology. Subsequently, Section 3 reports and 
discusses the use of the nomograms and ApPlyWood calculation tool, 
while Section 4 focuses on the implemented subroutine SimPlyWood. For 
both design and modelling tools, calculation examples are provided. 
Finally, in Section 5 the concluding remarks of this work are reported. 

2. Methodology at the basis of the developed tools 

2.1. Brief recall of the analytical framework 

The adopted analytical formulation at the basis of the developed 
tools consists of a refinement of a previously derived model to predict 

the in-plane response of diaphragms retrofitted with plywood panels 
fastened along their perimeter to the existing sheathing, starting from 
the load-slip response of a single fastener [32,33]. This load-slip curve is 
determined as a combination of a linear and a parabolic branch, rep-
resenting the initial stiffness and the global behaviour, respectively: 

Ff = (F0,f + a⋅uf + b⋅u2
f )

[

1 − exp
(

−
K0,f

F0,f
uf

)]

≥ 0; with a > 0, b < 0

(1) 

In Equation 1, Ff and uf are the force and displacement of the 
fastener, respectively; F0,f, a and b are the coefficients of the parabola 
representing the global behaviour, while K0,f is the slope of the line 
representing the initial stiffness [32]. The failure criterion for the curve 
is defined in agreement with the provisions of ISO 16670:2003 [43], 
thus when the transferred load drops below 80 % of the peak strength 
during the softening phase. 

All parameters of Eq. 1 can be derived from tests on single joints 
[32], but can also be analytically estimated, should such tests not be 
available [32,33]. The following expression for the initial stiffness K0,f 
(N/mm), determined directly from the nominal diameter d of the 
fastener (mm), was found to provide very accurate values [44]: K0,f 
= 50d1.7. 

The yielding load of the fastener F0,f can be predicted starting from 
the knowledge of the maximum force Fmax,f determined according to EN 
1995:2004 [45] and Johansen’s theory for timber-to-timber joints [46], 
assuming a fastener sufficiently slender to develop two plastic hinges. 
Then, F0,f can be estimated as Fmax,f/8 for screws, and 0.4Fmax,f for nails, 
in agreement with prior experimental tests [7,13,32]. 

Finally, the two parameters a and b, describing the parabolic branch, 
are expressed as: 

a = 2
Fmax,f − F0,f

umax,f
(2)  

b = −
Fmax,f − F0,f

u2
max,f

(3) 

In Eqs. 2 and 3, umax,f is the slip of the fastener at Fmax,f; this can be 
estimated as umax,f = (b1+b2)tanα [32], with (b1+b2) distance between 
the two plastic hinges of the fastener in the two members of the joint 
according to Johansen’s theory [46], and α angle at which the yield 
moment of the fastener is evaluated, according to EN 409:2009 [47]. 
The angle α should be at least 45◦ for nails, and 110/d1 degrees for 
screws, with d1 shank diameter [32,47]. 

Starting from the load-slip curve of the single screw, the in-plane 
response of a whole retrofitted floor is derived considering equilib-
rium relations [32], treating the diaphragm as a shear wall, and 

Fig. 1. In-plane deflection of timber diaphragms retrofitted with plywood panels: (a) the response is dominated by panels’ sliding when their long side is parallel to 
the load; (b) the response is dominated by panels’ rotation and interlocking when their long side is perpendicular to the load. 
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accounting for its different behaviour depending on the panels’ layout 
(Fig. 1). When the panels are oriented with their long side parallel to the 
in-plane load (Fig. 1a), the response is dominated by sliding among the 
panels themselves, with no interlocking [7,13,14,31]; in this case, the 
in-plane deflection of the diaphragm depends on the number of fas-
teners’ shear planes parallel to the loading direction, since each line 
contributes with its own slip to the total displacement. When the panels 
are oriented with their long side perpendicular to the in-plane load 
(Fig. 1b), the response is influenced by the rotation of the panels, and an 
improved performance because of interlocking and frictional effects is 
obtained [14,15,31]. Such improved behaviour under the loading 
configuration of Fig. 1b was accounted for as an increase in strength ΔF 
(in kN) depending on the in-plane drift γ [32], based on the outcomes of 
previous sensitivity analyses [14]: ΔF = 1.05 + 10 γ. 

The here recalled analytical framework has been formulated in 
previous research studies [32,33], to which the reader is referred for 
further details, and serves as a basis for the implementation of the 
calculation tools and the subroutine, presented in the following. 

2.2. Derivation of nomograms and development of ApPlyWood 
calculation tool 

The nomograms, presented in Section 3, were constructed on the 
basis of the aforementioned analytical formulation. These tools can be 
used for an expeditious, graphical estimate of the strength and stiffness 
of the retrofitted diaphragms. The nomograms were derived under the 
following assumptions:  

• A retrofitted diaphragm of width B and span L (Fig. 1), assumed as a 
simply supported beam under distributed in-plane load, is consid-
ered; the panels, placed in a staggered layout, are fastened along 
their perimeter to the underlying planks, which are able to transfer 
shear forces;  

• Two panels’ dimensions are examined: 600 × 1200 mm and the 
usual 1200 × 2400 mm; for intermediate values, linear interpolation 
can be used;  

• Loading parallel or perpendicular to the long side of the panels is 
considered;  

• A typical configuration is assumed, with sheathing thickness t1 
= 18 mm and density ρ1 = 420 kg/m3; plywood thickness t2 
= 18 mm and density ρ2 = 500 kg/m3;  

• The obtained strength values refer to widely used fasteners (screws, 
in this case), having a length at least equal to the sum of the thickness 
of sheathing and plywood overlay, and for which detailed mechan-
ical properties are available [48]; the screws are sufficiently slender 
with respect to the thickness of connected members, so as to guar-
antee the formation of two plastic hinges. 

Such constructed nomograms allow to graphically determine, as a 
function of different diameters and spacing of the screws, the seismic 
shear v = Fmax,floor/(2B) that the diaphragm is able to transfer (left axis, 
in kN/m) based on its strength Fmax,floor, along with the corresponding 
equivalent shear stiffness Gd at peak load (right axis, in kN/m). In order 
to account for configurations deviating from that assumed, specific 
adjustment factors were also derived, in such a way that the corre-
sponding values of shear strength v′ and equivalent shear stiffness G′d 

Fig. 2. Graphical user interface of ApPlyWood calculation tool.  
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could still be estimated from those reported in the nomograms: 

v′ = kt⋅kρ,v⋅v (4)  

G′
d = kt⋅kρ,v⋅kρ,G⋅Gd (5) 

In equations 4 and 5, kt accounts for variations in thickness, kρ,v for 
variations in density in terms of strength, and kρ,G for variations in 
density in terms of equivalent shear stiffness; nomograms for these co-
efficients were also derived (Section 3). In this way, by knowing the 
expected seismic shear to be transferred, and/or the maximum allow-
able in-plane drift for the diaphragm, it is possible to proceed with a 
simplified, expeditious design of the retrofitting, aided by the derived 
graphs. 

Next to the nomograms, in order to display the full, cyclic nonlinear 
in-plane response of the retrofitted diaphragms, a calculation tool 
(ApPlyWood, Fig. 2) was also implemented in Python programming 
language [40]; the user interface was realised with wxPython toolkit 
[42]. The calculations performed within the software are entirely based 
on the presented analytical formulation [32]: the in-plane response is 
determined constructing the diaphragm’s backbone curve and deriving 
the internal pinching cycles on the basis of a geometrical procedure 
developed in previous studies [32,33] and described in detail in Section 
2.3, related to the user-supplied subroutine implementation. The refer-
ence displacements at which the pinching cycles are calculated corre-
spond to the steps prescribed by ISO 16670:2003 [43], assuming as 
ultimate displacement the value dmax,floor at which the strength Fmax,floor 
is reached. 

The user needs to first specify the type of diaphragm (floor or roof; 
the latter case refers to in-plane loaded pitches, where the span to be 
specified is their inclined length), the panel orientation with respect to 
the load (parallel or perpendicular, influencing the in-plane response as 
previously shown in Section 2.1 and Fig. 1), and the main dimensions L 

and B. During the selection, a schematic picture of the diaphragm ap-
pears (Fig. 3), to help the user specify all required parameters. Next, the 
material and geometrical properties of both existing sheathing and 
plywood panels have to be inserted, followed by the characteristics of 
the fasteners. In this case, the user can specify the utilization of screws or 
Anker nails, and can refer to built-in properties (based on available 
technical data [48]), or user-defined ones, to be manually input. Finally, 
the spacing and distance from panel edge of the selected fasteners have 
to be inserted. 

By pressing the Calculate button, the software plots the estimated 
nonlinear, cyclic in-plane response of the designed diaphragm following 
ISO 16670:2003 [43], along with a miniature of the selected static 
scheme from Fig. 3. Should an input parameter be missing for any 
reason, the bottom status bar will indicate it. Otherwise, the bottom 
status bar displays the statement In-plane response of the diaphragm suc-
cessfully determined, and the button Export PDF is enabled. This allows 
the user to save a one-page PDF report of the graph with the main output 
values. Finally, the button Clear allows to clear all fields and restart with 
another calculation. 

Along with the graph of the in-plane response of the retrofitted 
diaphragm, the tool provides as output the global peak force Fmax,floor, its 
associated transferred seismic shear v = Fmax,floor/(2B), the correspond-
ing displacement dmax,floor along with the drift γ, the initial stiffness K0, 

floor and corresponding initial equivalent shear stiffness Gd,0, the equiv-
alent shear stiffness at peak force Gd, and the average equivalent hys-
teretic damping ratio ξav (calculated with the energy loss per cycle 
method [49]) over all pinching cycles. 

ApPlyWood is downloadable as Python script (optimized for Windows 
and Mac OS) or standalone executable (for Windows only) at https 
://doi.org/10.4121/10125465–64bf-46f3-a2e3-d7ce7ae78cf8, and is 
provided under the GNU General Public License (GPLv3). In Section 3, 
two calculation examples and a comparison with experimental 

Fig. 3. Schematic images of the retrofitted diaphragms appearing in the calculation tool, aiding the user during the parameters’ selection: floor having panels 
oriented parallel (a) and perpendicular (b) to the seismic action; in-plane loaded roof pitch having panels oriented parallel (c) and perpendicular (d) to the 
seismic action. 
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outcomes from literature, are presented. 

2.3. Subroutine implementation (SimPlyWood package) 

After designing and estimating the in-plane response of plywood- 
retrofitted diaphragms with ApPlyWood calculation tool, an additional 
package (SimPlyWood) was developed, containing a user-supplied sub-
routine enabling their numerical simulation, and a spreadsheet to 
transform the design values from ApPlyWood into the input values for 
the subroutine, which was implemented to be compatible with the finite 
element software DIANA FEA [41]. This software is widely used to assess 
the structural and seismic response of masonry structures, and allows 
utilizers to provide user-supplied materials. In light of the frequent 
presence of wooden floors and roofs in masonry buildings, an additional 
tool for the advanced modelling of the seismic response of retrofitted 
timber diaphragms could be beneficial for a more complete structural 
assessment within the same software. 

The subroutine was developed considering a macro-element 
approach as numerical simulation strategy for retrofitted diaphragms, 
also adopted in previous studies [27,32–35]. These macro-elements 
consisted of quadrilaterals of rigid truss elements, surrounding two di-
agonal truss elements, in which the nonlinear in-plane behaviour of the 

floor was implemented adopting the proposed analytical model (see  
Figs. 4 and 5). Such modelling strategy proved to be accurate and effi-
cient, enabling to simulate the in-plane response of the diaphragms by 
means of uniaxial constitutive laws. The macro-elements can also be 
combined with linear elastic orthotropic plate elements for simulating 
the out-of-plane (static) response of the floors [33–35]. It should be 
noticed that, unlike other implementations, e.g. ZeroLength elements in 
OpenSees software [50], in DIANA FEA the two in-plane loading di-
rections cannot be fully uncoupled, accounting for the in-plane ortho-
tropy of the retrofitted diaphragms as represented in ApPlyWood tool. 
However, usually at global building level seismic strengthening in-
terventions on the diaphragms are designed to prevent the excessive 
in-plane deflection of their longer sides or in correspondence to loca-
tions where masonry is most vulnerable to out-of-plane loads. Based on 
this, the nonlinear response along the governing loading direction can 
thus be assigned to the macro-elements, also in light of frequent mea-
sures that are applied in combination with the in-plane strengthening of 
the floors, and that can in the end (strongly) reduce their orthotropic 
behaviour, such as panels’ blocking [11], use of timber blocks or steel 
elements/chords for connecting the diaphragms to the masonry [13,15, 
22], or a more interlocked panels’ layout [14,31], which can also be well 
represented through the developed tools (Section 3.2.3). 

In order for the user-supplied subroutine to be compatible with the 
DIANA FEA environment, the constitutive laws for the diagonal trusses 
of the macro-elements were implemented adopting FORTRAN 90 pro-
gramming language [51]. Three types of input variables are required by 
a DIANA FEA subroutine: 

• user-specified initialization variables, not changing within the cal-
culations performed in the subroutine;  

• initial state variables, varying during the calculations performed in 
the subroutine, for instance to determine loading and unloading 
points;  

• initial indicator variables (not applicable for this case and set to 0). 

As output, DIANA FEA requires user-supplied subroutines to provide 
the stress-strain relation of the material, to be adopted at every calcu-
lation step. 

Four relevant initialization variables are needed: the strain εmax at 
peak stress σmax, the peak stress σmax itself, the initial elastic modulus K0 
(Fig. 4), and a FASTENER variable identifying the fastener type (0 =

nails; 1 = screws). These variables are known, once the diaphragm’s 
retrofitting has been designed according to the expected seismic loads, 
with the support of ApPlyWood calculation tool. Besides, ten initial state 
variables were adopted, necessary for describing all loading and 

Fig. 4. (a) graphical representation of the constitutive law implemented in the subroutine and representing the in-plane response of the retrofitted diaphragms: the 
input and state variables are also indicated; (b) detailed overview of the loading, unloading and reloading branches along with the main parameters and associated 
equations in the article text. 

Fig. 5. Schematic representation of a diaphragm simulated with 
macro-elements. 
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unloading branches; their initial value is set to 0. With reference to 
Fig. 4a, these parameters are:  

• the maximum strains ever reached in tension and compression (εt,max 
and εc,max, respectively);  

• the stress-strain coordinates identifying the end of the loading and 
unloading branches in tension, i.e. points (εt,l,σt,l) and (εt,ul,σt,ul), 
respectively;  

• the stress-strain coordinates identifying the end of the loading and 
unloading branches in compression, i.e. points (εc,l,σc,l) and (εc,ul,σc, 

ul), respectively. 

These variables enabled the description of the complex unloading 
and reloading behaviour given by the pinching cycles (Fig. 4a). The 
constitutive laws implemented in the user-supplied subroutine are now 
presented in the following for the tensile branch, since the compressive 
one features antisymmetric relations. 

The material follows the tensile loading branch until when ε > 0 and 

Fig. 6. Nomograms for graphically retrieving in-plane strength and equivalent shear stiffness of the retrofitted diaphragms as a function of screws’ diameter and 
spacing, and panels’ width and layout. 

M. Mirra                                                                                                                                                                                                                                          



Structures 63 (2024) 106378

7

Fig. 7. Nomograms for coefficients kt (a), kρ,v (b), and kρ,G (c) of Eqs. 4 and 5, referred to screws.  
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contemporarily ε > εt,max, with the constitutive law of Eq. 6 (Fig. 4b, 
blue branch), which corresponds to Eq. 1 written in stress-strain form: 

σ = (σy + a⋅ε + b⋅ε2)

[

1 − exp
(

−
K0

σy
ε
)]

⋅ (6) 

In Eq. 6, σy = 0.4σmax for nails (FASTENER = 0) and σy = σmax/8 for 
screws (FASTENER = 1), following the analytical formulation of Section 
2.1. Before presenting the constitutive laws for the pinching cycles, a 
number of constructions lines are defined, with reference to Fig. 4b and 
to the geometrical procedure adopted for deriving such cycles, presented 
in a previous study [32]. Firstly, the positive intercept of the pinching 
cycles is set at σpinch = 0.1σmax. The stiffness K3 is the bisector [32] of the 
lines having slopes K0’ = K0, and K1 = (σt,max – σpinch)/εt,max (Fig. 4b). 
The stiffness K4 is the slope of the line joining σpinch with the point on the 
bisector having a strain equal to εt,max/2: K4 = (σt,max – K3 εt,max/2 – 
σpinch)/(εt,max/2), in agreement with the previously developed analytical 
model [32]. Finally, the quantities p0,l and p0,ul are defined, following 
Eqs. 7 and 8 (Fig. 4b): 

p0,l = σpinch +K4εt,max (7)  

p0,ul = − σpinch +K4εt,max (8) 

Now, the unloading and reloading phases of the pinching cycles can 
be derived. After reaching εt,max, the tensile unloading phase takes place 
when ε > 0, ε < εt,max, and ε < ε0, with ε0 initial strain at the beginning 
of the current step. The unloading response is formulated in two 
different cases: when the unloading starts from the loading branch (at εt, 

max, yellow branch of Fig. 4b), and when the unloading occurs after a 

reloading phase (red branch of Fig. 4b). In the first case, εt,l ≡ εt,max, and 
the constitutive law is formulated as (see Fig. 4b for the meaning of the 
various parameters): 

σ = ft,ul

= σt,max–[σt,max–p0,ul–K4(ε–εt,max)]{1–exp[2K0(ε–εt,max)
/
(σt,max–p0,ul)]} (9) 

In the second case, the following relation applies: 

σ = σt,l–(σt,l–ft,ul){1–exp[2K0(ε–εt,l)
/
(σt,l–ft,ul)]} (10) 

Finally, tensile reloading takes place when ε > 0, ε < εt,max, and 
ε > ε0, according to the constitutive law of Eq. 11 (green branch in 
Fig. 4b): 

σ = σt,ul +(ft,l–σt,ul){1–exp[–2K0(ε–εt,ul)
/
(ft,l–σt,ul)]} (11)  

with: 

ft,l = σt,max–[σt,max–p0,l − K4(ε–εt,max)]{1–exp[D⋅K3(ε–εt,max)
/
(σt,max–p0,l)]}

(12)  

and: 

D = 1+(εt,max
/

εmax)
3 (13) 

With reference to Eq. 13, the parameter D is a factor accounting for 
the progressive degradation occurring in the pinching cycles (Fig. 4b), 
which dissipate less hysteretic energy when the floor’s drift increases 
[32,33]. 

The implemented subroutine, part of the SimPlyWood package, can 

Fig. 8. First calculation example executed with ApPlyWood.  
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be downloaded at the following link: https://doi.org/10.4121/b25 
88d43–7365-422f-8a73–8071e16c5e1c. Both the original script Sim-
PlyWood.f90 and the ready-to-use library SimPlyWood.dll to be provided 
in DIANA FEA are included. Besides, a spreadsheet SimPlyWood_input is 
also present, to directly convert the in-plane response of the retrofitted 
diaphragm estimated with ApPlyWood calculation tool (Section 2.2), to 
the user-supplied variables to be input in DIANA FEA. In the worksheet, 
the following parameters from ApPlyWood calculation tool have to be 
inserted: displacement at peak force dmax,floor, peak force Fmax,floor, initial 
stiffness K0,floor, span and width of the diaphragm, fastener type. Next, 
the number of macro-elements along the span (n) and the width (m) have 
to be provided. Assuming for convenience a unitary cross Section (1 
mm2) of the nonlinear diagonal trusses, the spreadsheet provides the 
related user input parameters for DIANA FEA by considering the 
following geometrical relationships (Fig. 5): 

εmax =
4dmax,floorcosα

ldn
(14)  

σmax =
Fmax,floor

4mcosα (15)  

K0 =
K0,floorldn

16dmax,floormcosα (16) 

The parameters resulting from Eqs. 14–16 allow to model in DIANA 
FEA the in-plane response of a diaphragm calculated with ApPlyWood 
tool, under a distributed (seismic) in-plane load: a full example of such 
procedure is provided in Section 4. Furthermore, if desired, it is also 
possible to adopt a more simplified modelling approach, considering a 

linear elastic (equivalent) response of the retrofitted diaphragms. In this 
case, Eq. 16 can also be employed to convert their global initial (or 
secant) elastic stiffness into the axial stiffness to be assigned to the di-
agonal truss elements. Because these elements would then be simply 
linear elastic with this approach, it is sufficient to only specify such 
determined axial stiffness in DIANA FEA, without needing to provide the 
user-supplied subroutine library. 

3. Design tools 

3.1. Nomograms 

The nomograms derived according to Section 2.2 are reported in  
Fig. 6, from which the transferred seismic shear or the equivalent shear 
stiffness can be graphically determined as a function of the spacing of 
the screws. The corresponding nomograms for the coefficients kt, kρ,v, 
and kρ,G are shown in Fig. 7. The reported diagrams are now employed to 
present two calculation examples, in which the implemented tool 
ApPlyWood is used as well. 

3.2. ApPlyWood calculation tool and examples 

3.2.1. Example 1 
As first calculation example, a floor retrofitted with plywood panels 

of width 600 mm, subjected to an in-plane distributed load perpendic-
ular to their long side, is considered. The reference configuration 
assumed in Section 2.2 is considered, thus the coefficients reported in 
Fig. 7 are all unitary. Screws of diameter 4.5 mm at 100 mm spacing are 

Fig. 9. Second calculation example executed with ApPlyWood.  
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used for the retrofitting. From the top left nomogram of Fig. 6, under the 
assumed configuration, v ≈ 19 kN/m and Gd ≈ 700 kN/m are derived for 
the adopted fasteners and spacing. 

Considering a floor having dimensions B×L = 3.8 × 4.8 m under 
distributed load q, these values from the nomogram would correspond to 
a transferred force of v⋅B = q⋅L/2 = 19⋅3.8 = 72.2 kN, and thus to a 
global strength q⋅L of 144.4 kN; the related displacement under the 
assumption of distributed in-plane load would be q⋅L2/(8⋅Gd⋅B) 
= 144.4⋅4.8/(8⋅700⋅3.8) = 32.57 mm. This can be further confirmed by 
means of the implemented calculation tool, providing the same prop-
erties as input: very close outcomes are obtained (Fig. 8). 

3.2.2. Example 2 
In a second example, a B×L = 5 × 6 m floor strengthened with 

1200 × 2400 mm panels is considered, subjected to an in-plane 
distributed load parallel to their long side. The following parameters 
are assumed: sheathing thickness t1 = 24 mm and density ρ1 = 500 kg/ 
m3; plywood thickness t2 = 30 mm and density ρ2 = 600 kg/m3; screws 
of diameter 5.0 mm at 150 mm spacing. 

In this loading configuration, the bottom right nomogram of Fig. 6 is 
used, from which values of v ≈ 13 kN/m and Gd ≈ 570 kN/m are derived 
for the adopted fastener and spacing. Now, the adjustments factors are 
determined from Fig. 7 to account for the actual properties of the dia-
phragm: with t1 = 24 mm and t2 = 30 mm, kt = 1.09; with ρ1 = 500 kg/ 
m3 and ρ2 = 600 kg/m3, kρ,v = 1.10 and kρ,G = 1.09. Inserting these 
parameters in Eqs. 4 and 5 provides an estimation of v′ ≈ 15.5 kN/m and 
G′d ≈ 745 kN/m. 

The obtained values are very close to the actual parameters resulting 
from the calculation tool (Fig. 9). Therefore, the proposed nomograms 
enable an expeditious design of the retrofitting, and practitioners can 
benefit from the additional advantage of graphically visualizing how the 
different geometrical and material properties contribute to the final in- 

plane response of the diaphragms. 

3.2.3. Comparison with previous research studies 
The previous calculation examples showed that the developed tools 

can estimate well the in-plane response of diaphragms strengthened 
with plywood panels. For additional validation, ApPlyWood calculation 
tool is now used to determine the in-plane response of similarly retro-
fitted diaphragms tested in reference research studies from literature [7, 
11,12–15]. In some cases, the static scheme or position of the fasteners 
did not correspond to the configuration at the basis of the calculation 
tool, i.e. a diaphragm retrofitted with plywood panels fastened along 
their perimeter under distributed load. However, these differences could 
be taken into account by means of geometrical and equilibrium-related 
considerations. Table 1 reports the reference samples examined in this 
comparison, along with the input values for the calculation tool and the 
variations with respect to the originally tested diaphragms. 

Fig. 10 shows the outcomes of this analysis by comparing the back-
bones determined from ApPlyWood calculation tool to those experi-
mentally recorded and (when available) retrieved with numerical 
analyses performed within the same studies from literature. For the 
floors where the panels were fastened to the existing planks with screws 
(Fig. 10d–g), the nomograms reported in Section 3.1 can also be used to 
estimate the strength and, through the equivalent shear stiffness at peak 
load Gd, the corresponding in-plane displacement. Thus, the values 
retrieved from the nomograms are included in the graphs of Fig. 10d–g, 
with an error range of 1–9 % in terms of peak strength, and of 3–11 % for 
the corresponding displacement, in comparison to the experiments. 

In general, the calculation tool provides an accurate estimate of the 
in-plane response, well representing the behaviour from the initial 
elastic loading phase until peak strength independently of the fastener 
type (nails or screws). Some differences might arise in the post-peak 
phase, since the analytical curve implemented in the calculation tool 

Table 1 
Tested timber diaphragms from literature adopted in the comparison and main input parameters for the calculation tool; the variations compared to the original tested 
configurations are reported in the footnotes. For the samples from [13], the terms PARA and PERP refer to the loading direction parallel or perpendicular to the joists, 
while the panels’ long side was oriented in the opposite direction.  

Sample OSB0-R 
[7] 

OSB90-R 
[7] 

MAE-2B 
[11] 

DF-par1s 
[15] 

DF-per4s 
[15] 

B_Plyw 
[14] 

R1 
[12] 

1b-PARA 
[13] 

1b-PERP 
[13] 

Diaphragm type Roof Roof Floor Roof Roof Floor Floor Floor Floor 
Panels’ orientation with respect to load Parallel Perpendicular Perpendicular Perpendicular Parallel Perpendicular Parallel Perpendicular Parallel 
L (m) 3.0 6.0b 7.3 4.8e 2.4 9.6 9.6 h 10.4 5.5 
B (m) 1.5a 1.5a 3.7 1.9 f 1.9 f 4.7 3.0 5.5 10.4 
ρ1 (kg/m3) 473 473 450 440 440 500 450 450 450 
t1 (mm) 23 23 19 18 18 22 25 18 18 
ρ2 (kg/m3) 555 555 500 470 470 550 500 500 500 
t2 (mm) 25 25 9.5 18 18 9 19 15 15 
w2 (mm) 1000 1000 1220 670 800 1200 1200 1200 1200 
Fastener Nails Nails Nails Screws Screws Screws Screws Nails Nails 
d (mm) 3.1 3.1 3.1 4.5 5.0 3.5 4.5 3.1 3.1 
d1 (mm) 3.1 3.1 3.1 3.2 3.0 2.45 3.2 3.1 3.1 
My (Nmm) 5700 5700 5700 5800 5400 2700 5800 5700 5700 
fax (MPa) 7.0 7.0 7.0 17.0 11.7 17.9 17.0 7.0 7.0 
s (mm) 150 214c 125d 100 100 110 g 75i 100 100 
e (mm) 20 20 10 50 50 10 10 20 20 

aThe actual width of the sample was 3.0 m; the value was halved since the calculation tool provides the full strength of the floor considering both reactions at supports, 
whereas in the test only one supported floor portion was investigated. 
bThe actual span of the sample was 3.0 m; the value was doubled for this specific case to account for a different static scheme, since the calculation tool provides the 
load-displacement capacity under a distributed load, while in the test this floor portion was subjected to a concentrated load. 
cThe sample was retrofitted placing two nails at each beam intersection. With 7 beams, 14 nails were present, equivalent to a spacing of 3000/14 = 214 mm. 
dThe actual spacing around the panels’ perimeter only was 150 mm; the reported value also accounts for the presence of field nailing within each panel. 
eThe actual span of the sample was 2.4 m; the value was doubled for this specific case to account for a different static scheme, since the calculation tool provides the 
load-displacement capacity under a distributed load, while in the test this floor portion was subjected to a concentrated load. 
fThe actual width of the sample was 3.8 m; the value was halved since the calculation tool provides the full strength of the floor considering both reactions at supports, 
whereas in the test only one supported floor portion was investigated. 
gThe actual spacing around the perimeter only was 150 mm; the reported value also accounts for the presence of field nailing within each panel. 
hThe actual span of the sample was 4.0 m; the value was set at 9.6 m for this specific case to account for the fact that the particular configuration of the floor and 
experimental setup allowed for eight sliding planes, in both panels and joists: to correct for this, the span was set as eight times the panels’ width. 
iThe actual spacing around the perimeter only was 150 mm; the reported value also accounts for the presence of additional screws along the joists. 
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accounts for a progressive plasticisation of the fasteners assuming the 
occurrence of two plastic hinges at the plywood-planks interface (Sec-
tion 2.1), while in some of the experiments slightly more sudden drops in 
strength can be observed, related to local brittle failures in the timber 
members. 

An interesting outcome is also that the calculation tool can accu-
rately reproduce the in-plane response of timber floors where an opti-
mized plywood overlay layout was applied [14], maximising panels’ 
interlocking (Fig. 10f) and leading to a more isotropic response; this type 
of retrofitting can be effectively schematised by considering a panels’ 

Fig. 10. Comparison between the outcomes from ApPlyWood calculation tool and the relevant selected studies from literature presented in Table 1: (a, b) experi-
mental results and numerical analyses from Gubana and Melotto [7,52]; (c) experimental results from Peralta et al. [11,30] and numerical analyses from Masroor 
et al. [53]; (d, e) experimental results from Mirra et al. [15]; (f) experimental results from Rizzi et al. [14]; (g) experimental results from Brignola et al. [12]; (h, i) 
experimental results from Wilson et al. [13] and numerical analyses from Rizzi et al. [14]. For the diaphragms strengthened with plywood panels screwed to the 
existing sheathing (d, e, f, g), also the values from the nomograms of Section 3.1 are reported. 
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orientation perpendicular to the seismic loads, where this interlocking 
effect is taken into account. It is also interesting to notice that, although 
the tool has been developed considering plywood panels as strength-
ening elements, good agreement with the experiments is also obtained 
for the diaphragms retrofitted with OSB panels (Table 1 and Fig. 10a–b). 
Based on these outcomes, further research work is envisaged to extend 
the calculation tool for taking into account other timber-based retrofit-
ting methods besides the plywood overlay, such as the use of OSB or CLT 
panels, which are also commonly adopted in the seismic strengthening 
of wooden floors in existing masonry buildings (Section 1.1). 

4. Modelling tools 

4.1. General 

The developed modelling tools allow to transform the in-plane 
response of a retrofitted diaphragm estimated with ApPlyWood calcu-
lation tool into a set of input values for the user-supplied subroutine in 
DIANA FEA software. An overview of this workflow is shown in Fig. 11: 
the user can first adopt ApPlyWood calculation tool to derive the main 
output parameters defining the in-plane response of the diaphragm 
(displacement at peak force, strength, initial stiffness and fastener type, 
see Section 2.3), starting from geometrical and material properties of 
floor and plywood, and mechanical characteristics of fasteners (Section 
4.2). Next, by means of the spreadsheet SimPlyWood_input, these output 
parameters can be converted into the input values for the user supplied 
subroutine, by specifying the geometry of the macro-elements’ mesh to 
be modelled in DIANA FEA. Finally, such calculated values can be 
specified when defining the material properties of the diagonal truss 
elements in DIANA FEA, where nonlinear numerical analyses can be 
conducted (Section 4.3). 

4.2. Evaluation of in-plane response of a reference retrofitted diaphragm 
with ApPlyWood calculation tool 

As reference example for the utilization of the implemented model-
ling tools, a floor B×L = 4.0 × 6.0 m retrofitted with plywood panels of 
width 600 mm, subjected to an in-plane distributed load perpendicular 
to their long side, is considered. For geometrical and material properties, 
the reference configuration assumed in Section 2.2 is considered, and 
both the use of 4.5 mm diameter screws (Fig. 12a) and of 4.0 mm 
diameter Anker nails (Fig. 12b), is examined. 

4.3. Creation of the numerical model in DIANA FEA adopting 
SimPlyWood user-supplied subroutine and associated spreadsheet 

The numerical model constructed in DIANA FEA 10.4 consisted of six 
macro-elements along the span and four along the width (Fig. 13), 
composed of unitary-cross-section rigid and diagonal truss elements 
(L2TRU [41]), the latter incorporating the governing in-plane response 
of the diaphragm as estimated from ApPlyWood calculation tool (Section 
2.3). The macro-elements were overlapped to linear elastic plate ele-
ments (Q20SF [41]), having a thickness of 36 mm (sum of sheathing and 
plywood thicknesses), a negligible in-plane stiffness (Gxy = 0.1 MPa), 
and a mass density of 4910 kg/m3, corresponding to a seismic weight of 
1.77 kN/m2, which incorporated the self-weight of the floor elements, 
an additional dead load of 1.00 kN/m2, and 30% of a 2.00 kN/m2 live 
load, following the seismic combination of EN 1998–1:2004 [54]. 

The spreadsheet SimPlyWood_input was first employed: by inserting 
the relevant values from ApPlyWood calculation tool, the input param-
eters for DIANA FEA were determined and adopted for the user-supplied 
material of the diagonal truss elements, considering either the retrofit-
ting with screws (Fig. 13a) or nails (Fig. 13b), described in Section 4.1. 
The floor was hinged on the short sides and subjected to an in-plane 
earthquake signal perpendicular to the long side (Fig. 13c), to assess 
the accuracy of the user-supplied subroutine in representing the di-
aphragm’s in-plane seismic response. Nonlinear dynamic (time-history) 
analyses were performed, adopting time steps of 0.005 s, and incorpo-
rating in the model the user-supplied subroutine library SimPlyWood.dll. 

The obtained in-plane seismic response for the diaphragm is reported 
in Fig. 14a for the configuration retrofitted using screws, and in Fig. 14b 
for that featuring nails; the graphs show the seismic shear of the dia-
phragm against its midspan in-plane deflection. As can be noticed, the 
adopted modelling strategy and associated subroutine allow to accu-
rately reproduce the full nonlinear behaviour of the strengthened dia-
phragm, including pinching phenomena. The obtained response is also 
in line with that estimated from ApPlyWood calculation tool, previously 
shown in Fig. 12. Therefore, the presented approach can support the 
effective (preliminary) design and advanced numerical modelling of 
timber diaphragms retrofitted with plywood panels. 

5. Summary and conclusions 

This article has presented a set of tools that can support the design 
and advanced numerical modelling of plywood-based seismic retrofit-
ting interventions on existing timber diaphragms. Firstly, the derivation 
of nomograms for an expeditious design of this strengthening solution, 
has been presented. The nomograms, developed for screws on the basis 
of previously formulated analytical models, refer to two different 
commonly employed widths of the plywood panels (600 mm or 
1200 mm), as well as two loading configurations (parallel or perpen-
dicular to the panels’ long side). The graphs allow to determine, as a 
function of the spacing of the fasteners, the corresponding transferred 
seismic shear v (in kN/m) and equivalent shear stiffness Gd at peak force 
(in kN/m). These values are based on a typical configuration featuring 
sheathing thickness t1 = 18 mm and density ρ1 = 420 kg/m3; plywood 
thickness t2 = 18 mm and density ρ2 = 500 kg/m3. In order to estimate v 
and Gd for different configurations, adjustment factors for these pa-
rameters have been determined as a function of other values of thickness 
and density, and have been presented in additional nomograms. In this 
way, practitioners can also graphically visualize how the different 
geometrical and material properties contribute to the in-plane response 
of a plywood-retrofitted diaphragm. 

Second, a calculation tool (ApPlyWood) was implemented, allowing 
the users to obtain an estimate of strength, stiffness, and dissipative 
properties of diaphragms retrofitted with plywood panels, as well as to 
visualize their nonlinear, cyclic response. The use of the derived no-
mograms and calculation tool has been exemplified and validated 
against reference experimental tests from literature. 

Fig. 11. Workflow for numerical modelling of plywood-retrofitted timber di-
aphragms starting from the in-plane response determined with the design tools. 
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Fig. 12. Examples of calculated in-plane response from ApPlyWood to be used as input for the numerical model: floor retrofitted with plywood panels fastened with 
screws (a) or nails (b) to the existing sheathing. 
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Fig. 13. Example of macro-element numerical model in DIANA FEA of the retrofitted timber diaphragm examined in Fig. 12: determination of input properties with 
SimPlyWood_input spreadsheet when screws (a) or nails (b) are used for the retrofitting; (c) view of model, adopted seismic signal for time-history analyses, and 
specification of input values for diagonal truss elements in the configuration with screws. 
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Third, a user-supplied subroutine (SimPlyWood) for DIANA FEA 
software was implemented, enabling the numerical simulation of the in- 
plane seismic response of the retrofitted diaphragms by means of a 
macro-element modelling strategy. Through a dedicated spreadsheet, 
the output values from ApPlyWood calculation tool can be transformed 
into the input parameters, to be provided in DIANA FEA, for the 
constitutive laws of the macro-elements simulating the in-plane 
response of the floors. The results show that the adopted modelling 
strategy can be utilized to effectively simulate the nonlinear seismic 
behaviour of the diaphragms, as proved by the presented example, 
where a 4 × 6 m diaphragm retrofitted with screwed or nailed plywood 
panels was subjected to time-history analyses. 

In conclusion, the developed tools can be used to both obtain pre-
liminary indications and calibrate the retrofitting interventions ac-
cording to the specific needs of a building, supporting an integrated 
approach for design and modelling of the diaphragms, and relying on the 
adaptability and versatility of the plywood-based strengthening method. 
The presented collection of tools can be downloaded at the following 
link: https://doi.org/10.4121/8a09d423–2acc-4c7f-86af-90b5adca46 
60. 

The outcomes of this work can contribute to the research framework 
supporting the use of timber-based techniques for the seismic upgrading 
and architectural conservation of existing and historical structures. 
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