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Abstract

Historical music instruments belong to the gre&i@sements of culture. Next to the conservatiotheforiginal

substance, their restoration is often aimed atmh@tenance of the original usage. Instrumentsdhatkept in
playable state often show large deformations amsiderable damages. The reason can be found imtpag

the tensioned strings enforced by climatic fludarasd. Furthermore, the influence of long-term ef§dtas to be
taken into account. Therefore, a time-dependenipled material model is required for the realistiscription
of the structural behaviour of historical pianoést

The basis for the development of restoration cotscapd the decision, if or on which conditions ghaard

instrument can be playably restored and in the kenm be used in concerts, is the knowledge alisubad

bearing behaviour. Therefore, the analysis of thactiral behaviour of historical keyboard instrurtgeis

carried out within the outlined project using thaite Element Method. After the characterisationtttd basic
systems, the conclusions will be applied for ttetaeation of a particular pianoforte.

Before the numerical simulation can be performe8iageometric volume model of the structure isated and
in the course of meshing transferred to a FE-platfdDue to the complex structure, a simplificatioihthe
model is not possible, which leads to a large nunifenodes and elements. A further difficulty iseth
identification of the material parameters of thedisvood types. The amount of independent refereiocehe
material parameters of hardwood, which is freqyeasled in instrument making, is limited. Besidas das to
consider the age of the employed material and duessity of information on the dependence of meachbn
properties on the moisture content.

For the numerical simulation of wood, appropriatatenial models are required. First, three modeisttie
characterization of the mechanical behaviour at®duced. At this, elastic, brittle and ductile pesties are
considered. Furthermore, the modelling of moistlifision in wood is explained.

Based on these models, the coupling of linear ielastisotropic mechanics and anisotropic moistteiagport
(steady state form) is carried out. The dependericine elastic material parameters on moisture estnis
considered, whereas every component of the elgstemsor is characterized by a sine function axipration
of experimental results. The coupling of mechaiind moisture is completed by the extension of tiernal
nodal forces by swelling and shrinkage. The noaliitg of the formulation is taken into account.

In order to illustrate the effects of using the gled formulation, an example is shown, comparing th
deformations of a particular part of the piano tudifferent load cases. It is pointed out, that tiegligence of
the dependence of the elastic parameters on neilgtads to inaccurate deformations. Beyond, ihéas that
due to the nonlinear character of the studied featilne superposition of two load scenarios dod¢deaml to
appropriate results for the combined case. Furtbexithe consideration of moisture dependencidadntes
the failure behaviour.

Finally, an outlook of the next steps within thejpct is given.



1. INTRODUCTION

Like architectural monuments and fine arts, histdrimusic instruments belong to the great cultural
achievements. In that case, the aim of museumseamtdrers is often not only the conservation of the
original substance but also the maintenance obtlgnal usage — the instruments should preferably
be playable. The loading in playable state whicults from tensile forces in the strings may lead t
large deformations of the whole structure. Furtt@emn considerable damage caused by large local
stresses is observed.

The described damages are mainly due to high Igazhnsed by the tensioned strings. An additional
increase of the string-tension emerges from thdaxge of historical strings by new ones and the
adjustment of tuning to modern performance practimrertheless, the influence of long-term-effects
and climatic fluctuations on the load bearing bétary on deformations and on cracking may not be
neglected. In this respect, the change of moissutiee principal criterion. Furthermore, it appeiat

the influence of climatic changes strongly dependsthe stress level inside the structure. This
behaviour makes clear that a time-dependent, cdupbgerial model is useful and necessary for the
realistic description of the structural behaviotihistorical pianofortes.

For the development of restoration-concepts, kndgdeon the structural characteristics of each
instrument is of essential importance. Only witis timformation at hand, it is assessable, if or at
which conditions a keyboard instrument can be piByaestored and in the long term be used in
concerts. At the moment, no technical means whildwahe prediction of the structural behaviour
are at hand of restorers of historical instruments.

The aim of the outlined research project is to ys®the load bearing behaviour of historical keytloa
instruments using the Finite Element Method. Coersndy two reference objects, the static
characteristics of the different basic systemstatee analysed and the influence of existing damage
and climatic changes (temperature, moisture) onsthectural behaviour are to be identified. The
conclusions drawn out of these analyses will bdiegpo the restoration of a further pianoforter o
detailed description of the project and a shorbuhiiction into the Finite Element Method see [5].

2. PRELIMINARY STEPS

Before the numerical simulation of the instrumecds be performed, several preliminary steps are
required. The initial task is the digitalizationtbe geometry, whereas the original, undeformegesha
is needed. Hence, the digital mapping of the ctymeformed geometry into the primary one has to
be carried out. If existing, old drawings of thenswuction can help to solve this task. Otherwise,
reasonable assumptions have to be made. Afterva@t§) volume model is constructed.

The digitalization of the geometry as well as th@eo preliminary steps and applications are
illustrated within this publication by use of thim plock of the “Hammerfliigel” made by Conrad Graf
in 1835 (inventory number MS-44) and its supporthgments.

Figure 1 -Digitalization of the geometry.



In the course of meshing, the digital geometryr@dferred to a FE-platform (see Fig. 2a). The
requirement for a useable mesh is the absenceyoinaocuracy or modelling error within the 3-D
volume model. Besides, it is to be assured thatptiréicular parts of the construction can still be
distinguished after meshing. Considering the ergiemoforte, it becomes evident that an extremely
complex structure is at hand. A simplification loétmodel using symmetric properties is not possible
which leads to a large number of nodes (about 83.80d elements (about 25.000).

Beyond the modelling of the structure, the idectifion of the wood species that are used within the
construction and the determination of appropriatatemal properties are needed. In instrument
making, many different types of wood, frequentlydveood, are used. Figure 2(b) shows the wood
types and materials of the supported pin block.
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Figure 2 -Meshing: (a). Materials of the supported pin blog@R:

The material parameters needed as input for thedfputation are difficult to identify for most of
those wood-species. The amount of independeneraes concerning this topic is limited.

Since one aim of the project is the descriptionttef load bearing behaviour of the instruments
resulting from string loading combined with clin@fluctuations, next to the mechanical properties,
the relationships between the mechanical featurdglee climate are needed. Because of the fact that
the influence of moisture on the mechanical prageiis much more distinctive than the influence of
the temperature, the problem is reduced to thelomupf mechanics and moisture. For this reason,
the mechanical properties subject to the moistorgent as well as the diffusion properties of the
different wood-types are necessary.

Furthermore, it is to be considered that the woadaterial of the instruments has an age of abodit 30
years. Within the German collaborative researchtreeB15, it was stated that the mechanical
properties of ancient wood do not differ from tha$enew wood ([2], [3]). However, no studies were
carried out concerning the diffusion properties treldependence of the mechanical properties on the
moisture content.

3. NUMERICAL SIMULATION OF WOOD
3.1. Modelling of Mechanical Behaviour

For the numerical simulation of wooden construcioappropriate models to describe the material
behaviour are necessary. A short introduction theomaterial models characterizing the mechanical
behaviour that were developed at the Institute Stwctural Analysis is given first. For further
information, see the publications of Schmidt andidka [7], [8] and [9]. The material models are
classified by elastic, brittle and ductile featur@githin this publication, Voigt's matrix notatiois
used.

The cylindrical anisotropic elastic behaviour ofaglois based on the standard strain energy density
function
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the stress tensor

s=C:e (4)

is determined.

Ductile behaviour and failure of wood is primardgused by compression loading and comes along
with irreversible deformations. For the simulatiointhis behaviour, a multi-surface plasticity model
was developed which considers the coupled elakiitip failure behaviour. Seven possible failure
modes and yield surfaces are included. A maximurowf can be active at the same time. The limit
between the elastic and plastic zone is defineévery yield surface by a flow rule of the form

ff=a:s+s:b:s -1 g= 0, ®)

At this, a andb; are strength tensors. The parametencludes a function for softening or hardening
which depends on the material directions.

The failure of wood loaded at shear and tensiopeedicular to the fibre is distinctively brittle.
Within the Finite Element Method, this behavioumoiten modelled using cohesive elements. These
elements are defined by the nodes of the two sesfaghere the crack is expected. At initial
conditions, the surfaces and nodes are congrueterins of shear loading, the two planes can move
into direction one and two and represent a sheakaiMode I1). Analogously, when they are loaded
normal to the surface, the planes shift apart iaation three (Mode I). The coupled material model
used for the cohesive elements includes an elasitch, a softening range and damage. Besides, the
formulation is continuously differentiable, whick @ssential for an efficient and converging sotutio
procedure.

(b)

Figure 3 -Cohesive element: (a). Material approach for caleeslements: (b).



3.2. Modelling of Moisture Diffusion

Below the fibre saturation point, moisture transporwood is controlled by diffusion. According to
the steady state form of Fick's Law

q=-Dxryxfin, (6)

the moisture fluxg [kg/(mm?2s)] is proportional to the gradient of siire contenNm [1/mm)]. The
constant of proportionality is the product of th&usion coefficientD [mm?/s] and the density in
absolute dry conditionsy [kg/mm3]. The negative sign makes clear, that tooésflows towards
decreasing concentrations. The transient formulagialiffusion ([4]) is obtained as

L ECHS (7)
Considering the anisotropy of wooD, develops into a tensor that contains the moistepeddent
diffusion coefficients for the different materiatections

Dy (m) 0 0
D= 0 Dy(m 0 - 8)
0 0 D (m)

The dependence of the diffusion coefficients onstuwe content is described by the approach of
Hanhijarvi [4]

D, (m) =4 M 9)
-5 mm
a, =g =8%0 pall
g =240 4",
o= =g =4,
For the formation of the tangential stiffness matifne nonlinearity ob;(m) is considered
% 1 const, (10)

The effect of changes in ambient atmosphere ommihisture content of wood is simulated with the
help of Neumann type boundary conditions. Whenatinglow on the surface is slow, the moisture
flux g, across the surface

a, = S kreem ™ (11)
is proportional to the difference of the equilibriumoisture contenin,[-] and the moisture content
at the surfacem [-]. Here, the constant of proportionality is theoduct of the surface emissivity
coefficient S [mm/s] and the density, in absolute dry conditions. To calculate the abim
moisture content corresponding to the ambient ghima®, an approach of Avramidis is applied [1].

Besides the relative humidity of tiH [-], room temperaturé [K] is considered
1
-™Mn@l-RH) = -0.75
o, eas T (12)
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Moem = 0.01x

The surface emissivity coefficient is again dessdiby the approach of Hanhijarvi [4]

S(n’):axeb)m, (13)
a=32x106°"",
b=4.
The nonlinearity of the functiof(m)is accounted for within the tangent matrix
1S,
m const, (14)

3.3. Coupling of Mechanics and Moisture

In the scope of coupling of mechanics and moistsiéely the influence of moisture content on the
mechanical behaviour is considered. The influerfcén@® mechanics on moisture transfer of wood is



hardly mentioned in literature and not clarified. the following, the coupling of linear elastic
anisotropic mechanics and anisotropic moisturesprart (steady state form) is described.
First, the dependence of the elastic propertiehemoisture content

Si(m SAm gm0 0 0

1M Am S m 0 0 0
_~1_ SB1(m $Am S{m O 0 0
S=L°= 7 0 0  Sga(m) 0 0 (13)
0 0 0 0 S5(m) 0
0 0 0 0 0 Sge(m)

is implemented into the elasticity tensor (Voigtistation). The functions5;(m) approximate the
experimental results carried out by Neuhaus [6] dpruce (see Fig. 4). Every component of the
elasticity tensor is characterized by a functiothefform

SIj (m= # min(q >m1]:) +|Jd y 0.01£ m£ 0.2¢. (16)
As mentioned before is taken as symmetrical within the simulation. sSTeymmetry is only partly
validated by the experimental results. Therefonengerpolation is necessary
- 1
§ M= F(mepC N, (17)

In Figure 4, the approximation of the experimentdults for the componerf,(m) using the
coefficients

1 mm2 mm2

322 :a)T ’ b22 =7.38[-1» C22 =-179F 1, d22 = 00038T
is shown.

Figure 4 -Approximation ofS,,(m).

Beyond the modification of the elasticity tensdie internal nodal forces within each element caused
by mechanical loading have to be extended by swgelind shrinkage

F=F +F, ZV(BT::C(nw):g(w) dv-v(ﬁ::cc e r)) o, (18)
It becomes evident that the mechanical strains alelgend on the deformations whereas the
shrinkage strains are a function of moisture cdnten
am) = H{m mef) (19)

and are proportional to the nodal moisture conteferring to a reference value. The shrinkage &lue
for the different material directions

>

0
0 (20)
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act as constants of proportionality. Within thenfation of the appropriate components of the
expanded stiffness matrix of the coupled problédma,derivatives of the elasticity tensor and thdarec
of shrinkage strains are to be considered
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4. APPLICATION

The supported pin block of “Hammerflugel” MS-44 studied using the linear elastic anisotropic
material model for coupled mechanics and moistline maple veneer between the two parts of the
pin block is modelled by cohesive elements. Hettee moisture-dependent elastic properties needed
as input for the model are not available for oa#t araple, all types of wood are simplified as spruce
Within the project, experiments are planned toelbss lack of knowledge.

In order to avoid the modelling of every pin in theope of load application, equivalent nodal loads
are calculated out of the string loads. After tesignment of the loading points to the appropriate
elements, the local coordinates of those points determined using the shape functions of the
elements. The magnitude of the shape function @t paint provides the distribution of loads to the
nodes.

To show the effects of using the coupled model,displacement of the upper part of the pin block
longitudinal to the piano resulting from differdaad scenarios is compared. Every scenario is éivid
into two load steps consisting of loading causedtioiyng tension and swelling caused by the change
of ambient atmosphere from the minimum level ohdtad rangd; = 18 °C / 291.15 KRH, = 0.4 to

a thunderstorm in summeés = 28 °C / 301.15 KRH, = 0.7.

The comparison of the scenarios one, two and ihee®nstrates the influence of the consideration of
the dependence of the elastic parameters on meisSaenarios four, five and six identify the effett
the nonlinear simulation.

Table 1: Load scenarios.

material tensor load step 1 load step 2
scenario 1 C = const. string-load climate changg
scenario 2 C =C(m) string-load climate change
scenario 3 C=C(m) string-load -
scenario 4 C=C(m) string-load string-load
scenario 5 C=C(m) - climate change
scenario 6 C=C(m) string-load string-load and

climate change

(@)

(b)

Figure 5 -Displacement, versus load factor. Scenarios 1, 2 and 3: (ap&azs 4, 5 and 6: (b).

Regarding the displacemeny caused by the different load cases, it becomedesti that the
negligence of the dependence®bn moisture leads to an inaccurate computatiodeddérmations.
Beyond, comparing scenario six with the superpmsibf scenarios four and five, it becomes clear



that due to the nonlinear character of the studiadtion, the superposition of two load scenarios
does not lead to appropriate results for the coetboase.

The consideration of moisture dependencies aldoein€es the failure behaviour of the pin block.
Within scenario two, the cohesive elements thaukite the maple veneer are not damaged during
load step one. The climate change in load stephoweever causes damages in the front part of the
interface layer.

5. OUTLOOK

Within the structural analysis of historical piaodés as well as the numerical simulation of other
wooden structures, many questions are still toobheed. Besides the combination of transient moéstur
transport with steady state mechanics, the modetiinductile and brittle failure subject to moistur
content (plasticity, fracture mechanics) is aspirddother important step is the modelling of time-
dependent behaviour, namely viscoelastic and meebarptive creep.

Furthermore, the verification of the FE-model wiltle help of appropriate measurements as well as
the verification respectively identification of reaial properties with the help of experiments is
required.
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