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1. ~Summary

The development of computational software tools and utilities is one of the most important activities of the
Substrate4CLT project. As indicated in the project proposal, several team members have already been dealing with
cutting-edge simulation tools based on dynamic stiffness and finite element methods in conjunction with different
laminated plate and beam theories. Before the project started, some methods were implemented by the team
members within the original computational tools [1, 2]. This served as a basis for the development of new tools and
utilities within the Substrate4CLT.

The development of computational tools falls within the scope of WP3 - Numerical simulations and metamodeling.
Within the WP3, computational tools needed for the vibration serviceability assessment of CLT floors have been
developed, validated against the existing data from the literature, and designed to be easy for everyday use. After
the initial setup of necessary tools, their development and calibration will be continued during the project
implementation.

The development of computational tools and utilities is divided in the following groups, based on their purpose:
- calculation of mechanical properties of inter-panel connections in CLT,
- multi-modal analysis of CLT floors under human-induced loading,
- analysis of the progressive failure of CLT.

In the following sections, all the above aspects will be elaborated in detail.

2. “Calculation of mechanical properties of inter-panel
connections

Long-span cross-laminated timber (CLT) floors are typically an assembly of prefabricated CLT panels connected
together on the site. Single panels are typically up to 3 m wide and less than 20 m long. These connections transfer
in-plane shear forces and bending moments. The actual connections are commonly neglected in design calculations.
Hence, a CLT floor is modelled either as a monolith slab or more frequently as a set of CLT panels with no
connections. Four often-used connection types are illustrated in Figure 1.

a) | | Fasteners b) " Self-tapping screws
Strip ]
=

CLT panel CLT panel CLT panel  CLT panel
) ] I Fasteners d) l I Fasteners
Strip Strip

CLT panel CLT panel CLT panel Strip CLT panel
l Fasteners

Figure 1: Four types of CLT inter-panel connections: a) single surface spline; b) half-lapped joint; c) internal
spline, and d) double surface splines

One of the project goals is to prove that including the inter-panel connections significantly influences the dynamic
behavior of CLT floors due to pedestrian-induced loading. Therefore, computational tools and utilities have been
developed in order to calculate the mechanical properties of two commonly used connection types - single surface
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spline and half-lapped joint. The project also aims to provide the modeling strategy applicable in common design
practice and thus uses a simple yet robust inter-panel connection model, regardless of finite element (FE) software
used to extract vibration modes of a CLT floor. Computational models are extracted from [3, 4], as elaborated in
the following two sub-sections.

2.1. Single surfacespline

The single surface spline connection is modelled as an isotropic elastic strip having the width a.q and linked rigidly
to the panels, as illustrated in Figure 2b. The elastic properties of the strip (Eeq and Geg) are derived according to
[3], i.e. the real connection and the strip have the same rotation in a case of a constant moment M:

¢eq = ¢con
| 11

|
¢eq =M= ) ¢con =M F = E =E A

con
Eeq qu Econ Icon Icon qu (1)

where ¢eq and ¢eon are the rotations of the equivalent elastic strip and the real connection, respectively, I are the
lengths of the cantilever, while E;l; are the corresponding bending stiffnesses.
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Figure 2: Single surface spline connection: a) actual, b) equivalent elastic strip

The shear modulus of the equivalent elastic strip, Geq, is derived by matching the vertical displacements weq and
Weon in the case of the constant shear force V:

I:q I:q I;lon Ic40n 5
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)
where Weq and Weon are the vertical displacements of the equivalent elastic strip and the real connection,
respectively, K is the shear correction factor, while G;A; are the corresponding shear stiffnesses.
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The equivalent strip mechanical properties are calculated through the ConnectionPropertiesSpreadsheet.xls

Figure 3: MS Excel spreadsheet

(Figure 3) developed by the project team.

2.2. Half-lapped joint

The connection is modelled according to [4] and involves calculating the stiffness of four springs arranged as
illustrated in Figure 4b. The stiffnesses kshear and Kaxiai COrrespond to the shear and axial stiffness of the screw, while

Kiop @and Knottom are related to the compression of the timber at the half-lap corners.

The relation between the moment M and the rotation 6 is defined through the following relation [4]:

Figure 4. a) Real behaviour of a half-lapped joint, and b) rigid rectangle model (of length I) with four springs ki [4]

The equivalent strip mechanical properties are calculated through the Rotational_stiffness_Macpherson.m Matlab

K
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[5] script (Figure 5) developed by the project team.

Rotational_siffness_Macpherson.m +

81 — eg{4*brslojeva-1} = subs(M{bralojeva},x, &) == 0;

82 — eq{4*brslojeva} = subs(R{brslojeval,x,A) = 0;

83

24 — S = vpasolve([eg{:}],C11, C12, C13, C14, C21, C22, C23, C24, C31, C32, C33, C34, C41, C42, C43, C44);
85

86 — ¥i{l} = subs(y{l}, [C11 C12 C13 Cl14], [double(S.Cll) double(5.Cl2) double(5.C13) double(5.C14)}]):
87

a8 - k_shear = zbs (1000/double (subs (v{1},x,0}))}:

29

90 %% K TOP

91 — if Lam(l) == lambda 1

92 - k_top = 5.0e3/0.2%ay3poduzna orijentacija vlakana

93 - else

94 - k_top = 1.6e3/0.2%a; ipoprecna orijentacija vlakana

95 - end

96

97 %% K BOTTOM

98 - if Lam(brslojeva) == lambda 1

99 — k_bottom = 3.3e3/0.2%a; ipoduzna corijentacija wvlakana
100 — else

101 - k_bottom = 7.6e22/0.2%a; 3poprecna orijentacija vlakana
102 — end

103

104 %% K AXIAL

105

106 — lambda = Eb/Gs;

107 — zeta = log(5* (1-nu)*Lb/Db) ;

108 — mil = Lb/Db*sqgrt(&8/zeta/lanbda);

108 — top = (4/(1-nu)+4*pi/zeca*tanh (mil) /mil*Lb/Db) ;

110 — bottom = 1+1/piflambda*8/ (1-nu) *tanh (mil) /mil*Lb/Db;

111

112 — k_axial = abs (Gs*Db/2+top/bottom) ;

113 %% ROTATIONAL STIFFNESS

114

115 — M = (2%h"~2*k_shear*k top/(k_shear+k top)+2#1°2*k axial*k bottom/(k_axial+k bottom))/a %u klm/rad m’
116 — Ma = M*a

117

118 - fi = 1/M trad/kNm

119 - Econ = L/2/fi/I%*1000 %N/m2

Figure 5. Rotational_stiffness_Macpherson.m Matlab script
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Within a project, a new computational tool named Hindu is developed to obtain the dynamic response of CLT
floors due to human activities (walking or jumping). This Python-based [6] software is developed to use previously
obtained dynamic (free vibration) properties of CLT floors.

After that, Hindu calculates the CLT floor's response by modal superposition technique and accounts for spatial
variation of the human dynamic force. A unique numerical generator [7, 8] of artificial walking force signals at any
pacing rate developed by Prof. Raci¢ will be further used in simulations to calculate the dynamic response of
investigated floors. By using such model, dynamic response can be obtained for a floor having an arbitrary
fundamental frequency, i.e. regardless of the low or high frequency floor type.

Dynamic properties of simple floor layouts may be obtained using either [1] or commercial finite-element-method
(FEM)-based software packages, while the properties of complex floor layouts (composed of several CLT panels,
including joists, columns, etc.), as well as hybrid CLT-FRP, CONCRETE-CLT or CONCRETE-CLT45 floors
should be performed using FEM. Within a project, software package Abaqus [9] will be used.

The response calculation process using Hindu software consists of several steps following the framework adopted
in [10]. The first step is to define the floor's modal characteristics. As Hindu does not calculate the modal
characteristics of the floor, they are imported from the Abaqus software. When the floor's characteristics are
loaded, the next step is defining the vibration source, i.e. dynamic force generated by pedestrian walking.
Generally, two types of floor response require different load models: one for resonant response (LFFs) and the
other for transient response (HFFs). When assessing the vibration response of LFF, the walking force F; is assumed
to be a perfectly periodic function, represented by a Fourier series:

N
F,(t) =G+ a,Gsin2zhf t—g,)
()

where: G is the pedestrian weight; ax is the Fourier's coefficient, or dynamic load factor (DLF) of the h™ walking
harmonic; f, is the walking frequency; ¢n is the phase shift of the h™" walking harmonic; N is the total number of
contributing harmonics.

Force models proposed by various authors differ according to the parameters used in Eg. (4), most commonly in the
N and DLF values. Response of the HFFs is dominated by the impulsive, transient response. In that case, it is
appropriate to model a dynamic load as a series of impulses representing each footstep.

The software user can choose between several implemented force models so far. These models are commercial and
available in the literature [11-14]. Kerr [11] and Rainer [12] proposed harmonic force models based on Eq. (4);
thus, they can be used when assessing only the response of the LFF. Arup [13] uses walking force models for both
LFFs and HFEFs. The methodology distinguishes if the floor is LFF or HFF based on the fundamental frequency and
applies an appropriate dynamic force model. Zivanovié [14] suggested an advanced force model that can be used
for both floor types. By choosing the start and endpoint, the user can set the straight walking path for moving
dynamic force, simulating the pedestrian walking. After the vibration receiver point is defined, the vibration
response can finally be calculated. As previously mentioned, the response calculation procedure is based on the
modal superposition method. Therefore, it does not contain limitations regarding floor complexity or material.

To make Hindu user-friendly, a graphical user interface (GUI) has been developed by using Python's package
Tkinter as an application. It provides quick dynamic response calculation and effective visualisation of calculated
responses.

Running the software opens the start window presented in Figure 6.
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Hindu

Software for calculation of human-induced vibrations of floors

Figure 6. Hindu software start window

3.2.1. Main window

The start button on the start window opens the main window, where five critical sections of the main window are
defined (Figure 7).

The Menu bar contains five tabs: File, Floor, Standards, Options and Help (Figure 7a). The tabs were designed to
facilitate typical dynamic response analysis in Hindu.

The Mode selection section (Figure 7b) allows users to select modes to be included in the modal superposition-
based dynamic response analysis.

# Hindu a - o x
File Floor _Standards
Mode Selection
modes: Load files: Floor — Load geometry/modes..
Number of
Modes
b Selected: 0
I~ Select All Modes
Input
Pedestrian Weight N
e
Step Length C [m]
Time Increment [s]
Walking Rate [Hz]
Damping Ratio 2 [%]
X Y
Starting Point d
End Point
Recipient Point
[ ||
t point | Calculate |

Figure 7. Hindu software main window and its components: a-Menu bar, b-Mode Selection, c-Input Parameters, d-
Walking Path, e-Canvas

Before performing the analysis, several parameters should be defined in the Input Parameters section (Figure 7c).
Dynamic load represented by the pedestrian weight, step length and walking frequency, as well as the damping
ratio and time increment, are input parameters required to solve the SDOF equation of motion for each mode.

The user can define the walking path and the receiver point in the Walking Path section (Figure 7d).

Most of the main window is occupied by Canvas (Figure 7e), which displays and visualises the loaded floor's
modal characteristics and results of the performed modal analysis.
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3.2.2.Load FEM madel utility

The Floor tab contains two options (Figure 8a): Load geometry/modes and Define walking path. Users can insert
modal characteristics calculated in Abaqus by clicking the Load geometry/modes. When modal characteristics are

loaded, they are graphically presented in Canvas (Figure 8b), and available modes are listed in section Mode
Selection.

¢ Hindu

¢ Hindu a = ] X
File | Floor | Standards Options Help File [[FiSog] Standards Optior Helr
[ e Load geometry/modes... tion:
Available modes: Define walking path
Mode: 1
Number of
o Modes Frequency: 8.5993 Hz
ot Selected: 4 Modal mass: 1222.2 kg
IV Select All Modes
rInput Parameters:
Pedestrian Weight IN]
Step Length [m]
Time Increment [s]
Walking Rate [Hz)
Damping Ratio 2 %]
Walking Path
X Y
Starting Point
End Point
Recipient Point
<| >
Edtpoits Calculate | Click and hold the figure to rotate

Figure 8. (a) Floor tab — available options, (b) Displayed loaded modal characteristics

3.2.3. Design guidelines and recommendations

The Standards tab enables users to select one of the above-discussed dynamic force models (Figure 9).

¢ Hindu

File Floor Standards Options Help
Mot v ARUP
A Rainer

4 Ker Number of

b Zivanovi¢ Modes

ROt

Figure 9. Standard tab — implemented procedures/dynamic force models

3.2.4. Visualisation & reports

Once all parameters are defined, the software calculates floor response in the receiver point by pressing the button
Calculate. The time-history acceleration diagram is, by default, presented on Canvas, and the maximum value is
given as well. In addition, the user can switch between the time-history diagrams for acceleration, velocity,
displacement, or calculated so-called running arms trend (Figure 10).

Finally, the results of the performed analysis can be exported into .pdf and .doc file formats. The file contains the
results of the modal analysis, specified input parameters, defined walking path, as well as time-history diagrams.
Created reports can be attached to the floor design project.
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¢ Hindu - o X

File Floor Standards Options Help
Mode Selection

Available modes: @_ 6 é ‘*’ Q =

Modes Acceleration
Selected: 4

04
IV Select All Modes

rinput Parameters—————————— 02

Pedestrian Weight 735 N]
00

Step Length 06 [m]

Time Increment 0.01 [s] =02

Walking Rate 215 [Hz] SO

Damping Ratio 3.5 [%]
-06

~WalkingPath——————————————————————— . & 4 = B 0
3 ¥ fimele) Acceleration
Starting Point 0.0 0.0 e
: Velocity

End Point 12.0 6.0 e

Recipient Point 6.0 3.0 Displacement
Max. Acceleration:

Eli Calculate | a= 05573 mis? aRMS

Figure 10. Displaying results on Canvas

3.2.5. Future work

The software has several limitations since it is still in its infancy. However, one of Hindu's essential features is the
potential for further upgrades. The plan for future work will be directed toward creating possibilities to import
modal properties from other FEM-based software (besides Abaqus CAE) or defining new modul so Hindu could be
used to calculate the floor's dynamic properties.

The upgrade most relevant for the project would be implementing the dynamic force model developed by Prof.
Racic. Afterwards, an appropriate probabilistic method will be adopted and implemented in the software to run
probabilistic-based simulations.

4. Upgrade of the FLWTFEM software

The object-oriented computational framework FLWTFEM [2] is implemented in Matlab and shared with the user
community through the GitHub repository (www.github.com/miregrf/FLWTFEM). It is primarily written for the
analysis of laminated composite plates using layerwise plate theory [15], and implies the static and dynamic (free
vibration) analysis of multilayered plate-like structures of arbitrary geometry. The pre- and post-processing phases
are performed in conjunction with GiD software [16]. The FLWTFEM is being used and constantly improved by
the authors for academic purposes.

The FLWTFEM solver is written using an object-oriented paradigm (see class structure in Figure 11), and implies
the fast assembly procedure through the optimised (vectorised) algorithm for sparse matrices. In addition, a post-
processing algorithm for calculating the accurate interlaminar stresses distribution through the plate thickness is
implemented, satisfying continuity through the laminate thickness.

Within a Substrate4CLT project, FLWTFEM is extended by adding new analysis options:

- multi-modal analysis of multilayer plates, based on the previously calculated dynamic properties of
multilayer plate-like structures,

- progressive failure analysis of multilayer structures, using the smeared-crack-band model.

The above improvements will be elaborated in the next sections.


http://www.github.com/miregrf/FLWTFEM
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DOFID
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—‘ MathematicalModel PostNode
SystemMairixKL, SystemMatrixM |1 NodeID
OrthotropicMaterial SystemVectorQ. SystemVectorP XCoord, YCoord, ZCoord
MaterialName ZeroDOFs, UnknownDOFs DispX., DispY, DispZ
N E.. E,. Es. vip, Vi3, Vo3, calcSystemMatrices() calcSystemMatrices()
= G2, Gyz. Gos, P, Va1, Vag, Vi calcSystemVectors()
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w ElementNodes: [PostNode]
= LW_3D ElementID
Tz OrthotropicLamina MatrixKL, MatrixM, VectorQ ElementType: 'Prism 6'. 'Hexa 8'
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Figure 11. FLWTFEM class structure

4.1. Multi-Modal Analysis of CLT floors

By adopting the approach used in the development of Hindu (see section 3 for details), the upgrade of FLWTFEM
for predicting the dynamic response of multilayer plates due to human activities has been done. The walking force
model from [13] has been implemented.

As a general-purpose FEM-based code, FLWTFEM previously could predict the dynamic (free vibration)
properties of multilayer plates, i.e. CLT floors, regardless of the plate geometry.

The FLWTFEM upgrade is done by editing the FLWTFEM.m Matlab script, and adding the following scripts:
walk_parameters.m, AppG.m, mode_resp.m, total resp.m, mode_resp_all.m, response_all.m and
max_acc_floor.m.

Before performing the analysis, input parameters are defined: pedestrian weight, step length and walking
frequency, damping ratio, time increment and total time, as well as the parameters (start and endpoint) of the
straight walking path and recipient position. Once all parameters are defined, FLWTFEM performs the free
vibration analysis of the considered plate structure and calculates floor response in the receiver point.

The previously developed conjunction between FLWTFEM and GiD [16] allows for adequate pre-processing, i.e.
definition of geometrical entities (points, lines, surfaces or volumes), definition and assignment of attributes or
conditions (BC, loads...) to geometrical entities, set up of analysis options and generation of the FE mesh.

The results are visualised in 3D by the GiD Post-Processing module. For visualisation purposes, FLWTFEM uses
two classes (PostNode and PostElement), storing the necessary information for post-processing. The
communication between the Matlab solver and GiD is accomplished using two output files: *.post.res and
* post.msh. The functions make_post_res.m and make_post_msh.m are modified within a project to generate the
post-process files storing the information on plate displacements in all time steps during the simulation of

10
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pedestrian walking along the plate. The visualisation may also be made through an animation of plate motion,
which may be saved in a .avi file.

The graphical user interface for pre- and post-processing in GiD is given in Figure 12.
e R e e e e
COACREB oS F e 3 XNO®

TTRO%

PAANB g

BXEED

B kR
i

Figure 12. FLWTFEM GiD user interface for pre- and post-processing

4.2 Progressive failure analysis of CLT

In order to extend the knowledge on the progressive failure analysis (PFA) of cross-laminated timber (CLT) panels,
the FLWTFEM was upgraded for prediction of post-failure behaviour of CLT due to damage progresion. The
FLWT-SCB prediction model [17], previously developed by E. Joc¢i¢ and M. Marjanovi¢ for PFA of laminar
composites, has been modified and implemented.

In SCB approaches [18], the damage is smeared out within the finite element domain and the facture mechanism is
then represented trough material stiffness degradation. The material stiffness matrix degradation was controlled by
damage variables, which evolution are governed by an equivalent strains appropriately defined for each failure
mode. The response of damaged lamina, in both fiber and matrix direction, was described by distinct bilinear
strain-softening curves (see Figure 13), where the peak stress coincides with the fibre and matrix strength,
respectively.

The mesh dependency problem was reduced by scaling the fracture energy using a characteristic element length
(), as described by the crack-band theory [19]. This damage law is determined based on the assumption that the
total energy needed to fail an element (released strain energy) is equal to the energy needed to create a crack that
passes through it (fracture toughness, G):

; ®)

11
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In Eq. (5), ¢" is maximum strain, while o, is the material strength.

G G/l
Y Samny 9

g0 g/ €

Figure 13. Stress-strain relationship with linear softening law

An object-oriented computational framework FLWTFEM already had the capacity to compute the 3D stress state
of multilayer plates, i.e. CLT panels, regardless of the plate geometry, boundry conditions and stacking sequence.
The FLWTFEM upgrade is done by editing the FLWTFEM.m, LW_3D.m, OrthotropicMaterial. m and
MathematicalModel.m Matlab scripts.

Before performing the analysis, input parameters such as material strenghts, failure criteria, number of increments
and iterations should be defined. By changing the FLWTFEM.prb input file in the GiD Pre-Processing module,
the PFA was added in the AnalysisType dropdown menu (Figure 14) and the apropriate failure criterion can be
selected. Also, FLWTFEM.mat input file was changed in order to add the material strengths within the existing
mechanical properties of orthotropic material.
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Figure 14. FLWTFEM GiD user interface for pre-processing

To produce the data input file to be processed by the solver within a simulation, GiD interprets the FLWTFEM.bas
file, which describes the format and the structure of the required input data for the Matlab solver. Once the *.dat
file is created, FLWTFEM performs the implicit PFA of the considered CLT panel, and then calculates the damage
variables in each element of each lamina, in order do describe the response of damage laminas.

After the calculation is finished, the two output files: *.post.res and *.post.msh are created, and the results are
visualized in 3D by the GiD Post-Processing module. The functions make_post_res.m and make_post_msh.m are

12
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modified within a project, to generate the post-process files storing the information on damage variables in all
increments during PFA of corresponding CLT panel (Figure 15).
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Figure 15. FLWTFEM GiD user interface for post-processing
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