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Abstract: The paper describes a method of structural repair to damaged elements of protected
timber houses. Emphasis is laid on minimum intervention in the valuable material that needs to
be preserved to the maximum possible extent, especially without larger interventions in the visible
parts. The designs will find application in situations where it is not possible or appropriate to use
common building methods, and it is necessary to carefully fill out or substitute bio-damaged parts of
structural elements. The material for the production of fillings of structural elements corresponds to
the originally used wood species; in the case of contact with the ground, oak is the choice due to its
durability. Small caverns are filled with earth-based mortar with lime, casein, and chopped wheat
straw. Such mortar mixtures were subjected to laboratory tests, which have shown that earth-based
mortar (E) and earth mortar with lime putty modification (EL) have very similar physical, mechanical,
and hygric properties. The properties significantly changed when curd cheese/casein was added
to fresh mortar (ELC): the mechanical strength of hardened mortar increased substantially, and the
diffusion of water vapours dropped, which is very beneficial for careful repairs of timber elements.
The combination of timber and mortar filling provides a suitable means of repairing locally decayed

timber members.

Keywords: historical timber structures; heritage conservation; repair; timber; earth-based mortar;

lime; casein

1. Introduction

Historical timber structures are often exposed to environmental conditions that lead
to their damage by abiotic and biotic agents (temperature and humidity gradients, water
with aggressive chemicals, sunlight, wood-destroying insects and fungi, mould, etc.) [1-3].
Surface damage can be detected visually using simple tools such as an awl, chisel, and
others [4,5]. Visual assessment can also be classified using, e.g., Italian standard UNI
11119: 2004 [6]. The results of visual assessments are an important basis for the design of
conservation strategy for historical timber structures.

Some types of rot form hidden damage that cannot be observed in visual evaluation.
Therefore, in practice, non-invasive or partially invasive instrumentation methods are used
for the diagnostics [7-10]. The principles of heritage conservation emphasize minimum inter-
vention in the element assessed; this is fulfilled in the case of resistance micro-drilling, which
also provides a very precise interpretation of wood properties at the drilling spot [11,12]. Vi-
sual evaluation of wood properties in combination with information gained by measurement
using diagnostic devices has proven to be a very appropriate estimate of the properties of
timber structural elements [13].

However, even the best diagnostics of timber structure condition cannot ensure quality
repairs and thus preservation of cultural heritage. The opinions on how to approach
repairs differ immensely. Some experts argue that the preserved material is inviolable,
and that every effort must be made to save it, even at the cost of using other materials,
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e.g., restoring the load-bearing capacity of structural elements using carbon fiber reinforced
strips (CFRP) [14] or fiberglass reinforcement (GFRP) [15], or preserve the originality of the
wooden structure using epoxy resin, which fills the cavities of damaged elements [16].

Many authors (such as Larsen and Marstein [17]), including the authors of this paper,
prefer to rediscover the knowledge of traditional wood working, including the use of hand
tools. The aim is to use the same techniques and materials as were used in the original
construction. Modern materials and joints may often bring unforeseen side effects that
can significantly affect the durability of the structures in the future. Respectful methods of
repairing historical timber structures include adjustable wooden lapped joints [18].

For example, even the use of lap joints for the visual surfaces of timber walls is
markedly obvious and greatly disrupts the aesthetic impression of the historical structure.
Therefore, we look for more sensitive modes of repairs in the case of hidden damage (rot
cavities). These include the production of inserts or small parts of elements, including
the filling of small cavities with natural mixtures, such as clay, which used to appear in
various modifications in the rural environment for temporary repairs of degraded elements
of timber structures.

In combination with wood, clay was used in the form of a render on log buildings, a
wicker filling in half-timbered walls, or to create rolls of straw-and-clay-wrapped sticks that
were used for horizontal ceiling structures. The oldest earthen buildings found to date are
circular mudbrick dwellings from around 8000 BC in Jericho, or rectangular buildings in
the territory of Turkestan [19]. In the Czech lands, the use of clay in constructions has been
mentioned since the 13th century but saw its greatest boom in the 16th to 18th centuries,
when the use of clay as a fire-deterring element was enshrined in building regulations. The
maintenance and repair of such structures should be guided by the principles of compliance
with original materials, techniques and construction technologies, and the principle of
reversibility of methods and materials used by the European Convention for the Protection
of Archaeological Safety [20].

The use of clay provides significant advantages: clay preserves wood due to its low
equilibrium moisture content of up to 6% (it is not attacked by fungi or wood-destroying
insects), it regulates air humidity (absorbing moisture easily but slowly, and releasing it
as needed), it accumulates heat, it can be used repeatedly, and the energy intensity of
clay preparation and processing is low. Moreover, it is a local product, which means that
the transport costs are minimal [21-23]. An unfavorable property of clay is that it swells
when it absorbs greater amounts of water and shrinks when it dries. No swelling occurs
when water vapour is absorbed. In order to increase resistance to water, mineral binders
(cement, lime, and bitumen) can be used. With the addition of lime, an agglomeration
of fine particles takes place and there is a reduction in water binding capacity [24,25].
Substances used for centuries as stabilizing additives include those of animal origin (blood,
urine, dung, casein, and bone glue). The addition of manure (a mixture of dung and straw
bedding) increases the resistance of the clay render to water.

As of yet, there are no established norms regarding research on the material proper-
ties of clay renders, and therefore their determination is based on the testing of related
materials. Described most often is processability in the fresh state, followed by physical
properties such as linear and volumetric shrinkage, thermal conductivity and dry density,
and porosity and porosimetry; hydric properties such as low-pressure water absorption,
capillary water absorption, and drying; and mechanical properties such as the dynamic
modulus of elasticity and compressive and bending strength [26,27]. Adding fine fibers
(fur, hair) increases tensile strength. The addition of coarse fibers (husks, stalks, etc.) also
increases the tensile strength but at the same time decreases the compressive strength [26].

The approach to the repair was chosen according to ICOMOS [28], which focused
on the properties of the new insert: corresponding timber species and similar moisture
content should be used, and the grain orientation and the manufacturing methods must
be the same as in the original case. Traditional approaches are described more in-depth
by [29-33].
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2. Overview of the Case Study

The structural repairs presented here show an appropriate way to deal with several
types of damaged beams so that the intervention is minimized with respect to the authentic
value of the historical building. It is often required to ensure operation or safety and extend
the serviceability of historic timber structures while retaining the greatest possible amount
of the original material, which illustrates the uniqueness and cultural value of the building
and is a source of valuable information.

Three timber elements (each described in detail in the next section) of a polygonal
barn originally belonging to house no. 97 (Figure 1) in village Cista u Litomysle have been
selected to present the case study. The village is nowadays a unique document of a specific
building type of folk architecture in the Czech Republic. Dendrochronological survey dated
the truss and the perimeter walls of the barn to years 1697/98. Timber members of the
barn were made from Picea abies (1.) Karst. The timber structure of the building was on
a retaining wall from arenaceous marl, whose height countervailed the sloping terrain.
The wall beams were connected in the corners of the polygon mainly in two ways: using
dovetail joints or dovetail logs. Two of the beams of a polygonal wall damaged in the place
of the joint were selected for a case study on the means to deal with a central rot without
replacing the entire profile of a damaged element.

Figure 1. Polygonal timbered barn before dismantling.

Access to the barn from the south was allowed through an elevated entrance with a
double-hung pivoting door. On the other side, there was only a simple ledge door used
to take care of animals. The barn interior was divided into three parts: the central place
used for beating corn was adjoined by smaller parts, separated by continuous thresholds.
Furthermore, there was a wooden second floor, held by purlins sitting on wooden pillars
(fastened with tapes). One of the pillars damaged at the bottom was chosen as the third
beam for the case study presented here (Figure 2).

The gable roof of the building was covered in concrete tiles in the last years, which
substantially loaded the truss. In the spring of 2015, the building was strongly dilapidated,
it lacked most of the roof tiles, and the truss was partially collapsed. In August 2015, after
the previous careful marking, the building was dismantled, and all timber elements of
the barn were stored in a safe place. Each part of the polygonal barn was placed in a dry,
naturally ventilated storage, where it was possible to perform the proposed structural
repair of the selected beams.
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Figure 2. Damage to beam (III) at the bottom.

3. Beam (III) Diagnosis and Repair Design

The detailed examination of selected elements of the polygonal barn for the purposes
of the case study was performed using resistance drilling, which is based on measuring
the resistance to penetration of a small drill bit through the material examined. The device
used, Rinntech Resistograph 4453-S, provides data about the internal state of the element.
Due to the minimal damage to the material, this is a semi-destructive method of testing
the condition of timber structures [34]. The resistance drill Resistograph measures the
energy required to maintain a constant speed of the drill when drilling through the material.
Resistograph measures the energy required to maintain a constant speed of the drill when
drilling through the material (see Figure 3). The peaks in the graph correspond to higher
energy, i.e., higher resistance and higher density, while lower points are associated with
lower energy, i.e., lower resistance and lower density [10]. Figure 3 shows the graphic
records from the individual measurement points. The extent of the damage was determined
by measuring perpendicular to the longitudinal axis of the beams. Each measuring point
was recorded in the scheme of the element estimated (Figure 4). Based on resistance
characteristics (RM), calculated from the area under the curve and the drilling depth, the
extent of the rot was determined.

Before the repair, the damaged spot was also thoroughly visually mapped, pho-
tographed, and captured in a drawing (Figure 5). Natural defects (knots and drying checks)
played an essential role when designing the repair. Although knots can play a different role
when in different places in the beam and under different load conditions, here the role of
knots was positive; by contrast, checks had a negative effect. For example, a ring of knots in
the beam ends ensured integrity near the rotting (Figure 6), since only shear loading can be
expected here. Additionally, the knot between the mortises of the double-sided dovetails
also provided integrity (Figure 6). The checks in the centre of the element restricted the
possible preservation of a large part of the profile and the damaged portion had to be
removed up to the check (Figure 6).

Inserting a new part by a ledge joint became the central idea of inserting a new short
piece of wood into the damaged bottom (Figures 7 and 8). On the other hand, a check was
made use of when the ledge was secured by a wedge (Figure 9). The top surface of the
pillar laid down (Figure 9) shows the sensitive connection of the inserted new part in the
place of the drying check. The gentle structural solution was repeated in the place of a
double-sided dovetail lap joint (Figure 10), which provides an overlap and, thus, a visually
more pleasant view.
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Figure 3. Graphic records from the individual points of measurement by Resistograph, beam (III),
measured parallel to the orientation of the pin at the bottom of the beam.
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Figure 4. Marking of the points measured by Resistograph, beam (III).
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Figure 5. A scheme of the rot extent, beam (III), (yellow—replacement, blue—reduced wood density

without the need for repair, grey—standard wood density without the need of repair). Arrow and +
marking points measured with Resistograph.

Figure 6. Gradual removal of the damaged wood at the beam bottom (after cleaning).
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Figure 7. A 3D model beam (III) drawing of the structural repair of the damaged beam.

%

Figure 8. The new part before being inserted by a ledge joint.
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Figure 9. The bottom of the damaged beam (III) after the repair, including the ledge joint secured by
a wedge placed in the drying check.

Figure 10. The bottom of the damaged beam (III) after the repair.

The material was selected so that the tree rings corresponded with the orientation of the
tree rings of the repaired beam. The material was naturally dried before use to a moisture
content of less than 20%, thereby eliminating shape and dimensional deformations, which
are undesirable after installation. In the case of the lower damaged part of the column,
oak was chosen as a repair material due to its better resistance to increased moisture stress
in the sill part and due to better homogeneity, which was needed for this very short and
highly shaped insert. The same material was used to repair the belfry of the White Tower
in Hradec Kralové [35]. The total time to repair the beam was 30 h of work.

4. Beam (H2) Diagnosis and Repair Design

Another design of structural repair focused on beam (H2), i.e., a part of the polygonal
wall damaged by central rot in the location of a dovetail joint. The main objective was
to change the damaged element as little as possible and, if possible, not to interfere with
the front (visible) surface of the beam. As in the previous case, a detailed examination
was performed using resistance drilling. Figure 11 shows the graphic records from the
individual measurement points. The extent of the damage was determined by measuring
perpendicular to the longitudinal axis of the beams. Each measuring point was recorded
in the scheme of the element estimated (Figure 12). Based on resistance characteristics
(RM) calculated from the area under the curve and the drilling depth, the extent of the rot
was determined.
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Figure 11. Graphic records from the individual points of measurement by Resistograph, beam (H2),
measured parallel to the orientation of the pin at the bottom of the beam.
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Figure 12. Marking of the points measured by Resistograph, beam (H2).

Before the repair, the damaged spot was also thoroughly visually mapped, pho-
tographed (Figure 13), and captured in a drawing (Figure 14). Natural defects (knots and
drying checks) played an essential role when designing the repair. The role of knots was
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positive; by contrast, checks had a negative effect. A knot in the sloping end ensured
integrity near the rotting, between two drying checks (Figure 15). Due to the checks con-
verging towards the element centre, the sloping beam end could not be preserved in its
entire profile, and the damaged section between the checks also had to be removed. This
partially breached the request for no interference with the external surfaces of the element
repaired. In case of surface damage, the beam end integrity was ensured by a knot on the
opposite side of the joint. The knot in the hole in the central part of the beam served as a
reinforcing element; therefore, it was fully preserved (Figure 16).

Figure 13. Damage to the beam (H2) in the location of the dovetail joint.

et N

oy L L b
—— | —

Figure 14. A scheme of the extent of rot, beam (H2) (yellow—replacement, grey—standard wood
density without need of repair). Arrow and + marking points measured with Resistograph.

i

Figure 15. Detail of the damaged beam end before the repair, the end integrity ensured by the knot

near the drying check.
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Figure 16. Detail of the cleaned hole in the central part of the beam, including the grooves for the
rear insert.

The insert filling the surface of the dovetail joint was shaped exactly by the longitudinal
and transversal surfaces formed by the removal of the rot from the damaged part of the
beam (Figure 17). The insert was fixed by oak pins. The rear insert was inserted into
the prepared grooves providing fixed position of the insert in the cleaned hole and thus
stabilization of the thin superficial preserved part of the beam (Figure 18). Figure 19
shows the entire view of the repaired dovetail joint of the damaged beam, with inserts
respecting the drying check, i.e., the area of the dovetail joint. Figure 20 shows the repaired
beam back in its position in the timber wall of the barn, manifesting the visually gentle
structural solution.

A
4

Figure 17. A 3D model beam (H2) drawing of the structural repair of the damaged beam.

The material for the production of the inserts was selected so that the tree rings
correspond with the orientation of the tree rings of the repaired beam (Figure 19). The
material for the inserts was naturally dried before use to a moisture content of less than
20%, thereby eliminating shape and dimensional deformations, which are undesirable after
installation. The material for the structural repair was the originally used spruce of strength
class C20. The rotten-out space around the rear insert (Figure 18) was left without structural
repair. Before the insert was put in place, the rotten space was spread with clay mortar with
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addition of lime, curd cheese, and chopped wheat straw (Figure 19). The preparation and
properties of the clay mortar are described in detail in Section 6. The total time to repair the
beam was 27 h of work.

Figure 18. The rear insert fixed in the grooves.

Figure 20. The repaired beam put back to its original place in the barn timber wall.
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5. Beam (I2) Diagnosis and Repair Design

The third design of structural repair to be presented focused on beam (I12), i.e., a part
of the polygonal wall damaged by central rot in the location of a dovetail joint. Again, the
main objective was to change the damaged element as little as possible and, if possible, not
to interfere with the front (visible) surface of the beam. With regard to the extent of the
damage, this request seemed almost unrealistic, and in the common repair of a monument,
such an element would be replaced in its entire profile. As in the previous case, a detailed
examination was performed using resistance drilling. Figure 21 shows the graphic records
from the individual measurement points. The extent of the damage was determined by
measuring perpendicular to the longitudinal axis of the beams. Each measuring point
was recorded in the scheme of the element estimated (Figure 22). Based on resistance
characteristics (RM), calculated from the area under the curve and the drilling depth, the
extent of the rot was determined.
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Figure 21. Graphic records from the individual measurement points using the Resistograph drill,
beam (I2), measured vertically in the centre of the element.
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Figure 22. Marking of the points measured by Resistograph, beam (12).

Before the repair, the damaged spot was thoroughly visually mapped (Figure 23)
and captured in the drawing (Figure 24). The role of knots was positive; by contrast,
checks had a negative effect. The knot in the joint end ensured integrity near the rotting
(Figures 23 and 25). Due to the checks converging towards the element centre, the
sloping beam end could not be preserved in its entire profile, and the damaged section
between the checks also had to be removed. However, the new wood addition to the
beam was of a minimum extent (Figure 26). The space where a new part had to be
inserted was enclosed in two ends (Figure 27), which could be partially sawed, and the
remaining end plane had to be formed by gradual chiseling. Figure 28 documents the
gradual formation of the bed for insert with several levels. The insert had to be fitted
into the precisely defined longitudinal space (Figure 29), which made the formation
significantly more complicated as no additional modifications were possible.

Figure 23. Damage to the beam (I2) in the location of the dovetail joint.

N R

Figure 24. A scheme of the extent of the rot, beam (I12) (yellow—replacement, grey—standard wood
density without the need of repair). Arrow and + marking points measured with Resistograph.
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Figure 27. Finally cleaned part of the damaged beam.

The insert filling the surface of the dovetail joint was shaped exactly by the longitudinal
and transversal surfaces formed by the removal of the rot from the damaged part of the
beam (Figure 30). The insert was fixed by oak pins. The following figures show the
entire view of the repaired dovetail joint, finished with the insert fitted (Figure 31), the
repaired beam put back in its place in the barn timber wall (Figure 32), including the
detail of the outside view of the timber wall (Figure 32), manifesting the very sensitive
structural solution.
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Figure 29. Formation of the insert and the gradual fitting.

Figure 30. A 3D model beam (I2) drawing of the structural repair of the damaged beam.
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Figure 32. The repaired beam put back to its original place in the barn timber wall (inside view).

The material for the production of the insert was selected so that the tree rings corre-
spond with the orientation of the tree rings of the repaired beam (Figure 31). The material
for the insert was naturally dried before use to a moisture content of less than 20%, thereby
eliminating shape and dimensional deformations, which are undesirable after installation.
The material for the structural repair was the originally used spruce of strength class C20.
The rotten out space around the back of the insert (Figure 25) was left without structural
repair. Before the insert was put in place, the rotten space was spread with clay mortar
with the addition of lime, casein, and chopped wheat straw. The total time to repair the
beam was 40 h of work.

6. Preparation and Properties of Earth-Based Mortars for Cavity Filling

Traditional building techniques often used mixtures of local clayey soils with dif-
ferent mineralogical and granulometric compositions [36] to produce building material
for a specific function. The use of earth-based mortars to fill the cavities remaining after
constructional repair was inspired by the ancient rural tradition, in which drying checks
were spread over with manure and an admixture of chopped straw and clayey soil. For
the purpose of experimental testing of the filling mixtures, three versions of earth-based
mortar with different compositions were designed based on traditional materials: clayey
soil, chopped wheat straw, lime, and curd cheese.

6.1. Preparation of Clay Mortars

The earth-based material used in our study for the production of all tested mortars
was a ready mixed dry product available on the market and intended for the preparation
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of earth-based mortars or plasters. The product with the trade name Picas Econom [37]
consists of natural soil with an admixture of sand and organic fibers (chopped straw),
according to the manufacturer’s information.

Within the experiment, we identified the mineralogical and granulometric composition
of this commercial product. Minerals were determined by the X-ray diffraction method
(XRD), and a sieve test revealed the distribution of grains’ size. The XRD results are given
in Table 1 and the results of performed granulometry in Figure 33.

Table 1. XRD quantitative analysis of ready mixed earth-based dry product.

Phase wt. %
Quartz 59.7 £ 0.6
K-feldspar 193 +05
Na-feldspar 13.8+£0.3
Mica/Illite 44402
Amphiboles 1.5£02
Kaolinite 14+£02

- — N N
o (4)] (=] [$)]
1 1 L 1

Oversize of a screen [%]

(&)
1

o-‘l ||‘I!T
0 6

3 125 250 500 1000 2000 4000 8000
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Figure 33. Granularity of ready mixed earth-based dry product.

In addition to the Picas ready mixed dry product itself (E), two other mortars enriched
with admixtures were designed and tested: mortar with the addition of lime (CL) and
mortar with the addition of lime and casein (CLC). The lime was added in the Picas mixture
in the form of lime putty. The casein was added in the form of curd cheese, mixed into the
lime putty. The composition of the experimental mortars is provided in Table 2 and the
appearance of hardened mixtures is documented in Figure 34.

Table 2. Formulas of the tested mortars, in parts of volume.

Earth-Based

Marked as. Mixture Water Lime Curd Cheese
L C
E
E 8 1 - -
EL 8 * 1 _

* minimum amount of water necessary to gain consistency suitable for filling cavities. E Picas Econom earth-based
ready mixture. L (lime)—lime putty prepared by slaking of lump lime produced by. VitoSov Lime Plant s.r.0.
(Ca0 97.5%, MgO 0.6%, SiO; 1.6%). C (hard curd cheese)—trade name: Jaromé¥icky tvrdy tvaroh na strouhani
(hard curd for grating).
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Figure 34. The appearance of hardened mixtures (halves of 4 x 4 x 16 cm beams) on the surface and
in the cross section, E—left, EL—middle, ELC—right.

The mortars were used to form beams, with dimensions 40 x 40 x 160 mm, which
were then stored at 22 °C and RH 60%. After 100 days, the beams of hardened mortars were
subjected to mechanical tests and the linear and volumetric shrinkage were determined.
For other tests, modified parts of the beams for each test were used.

6.2. Methods of Testing Raw Material and Mortars

A sample of the earth-based product Picas was homogenized, and an aliquot for XRD
was mechanically finely grounded. Data were collected in the angular range 5-70° 2 theta
with a Bruker Advance diffractometer in Bragg Brentano geometry adopting Cu radiation
generated at 40 kV and 30 mA. The XRD quantitative phase analysis was performed with
SOFTWARE TOPAS 4.2, implementing the Rietveld method.

The mechanical properties of the prepared experimental mortars were characterized
by bending strength under concentrated load according to EN 12,372 [38] and strength
under simple pressure EN 1926 [39]. The strength under simple pressure test was carried
out using halves of the 40 x 40 x 160 mm beams obtained after the bending strength test.
The resulting strength value was calculated as an average of five parallel measurements.

Linear shrinkage was calculated from the formula:

S =100 lfl_l (%)
where I; is the inner length of the mould used and 1 is the length of the dried specimen.
The volumetric shrinkage was calculated from the formula:
V-V
V= on (%)
where V¢ is the internal volume of the mould used and V is the volume of the dried speci-
men. The value of open porosity, bulk density, and pore size distribution was determined
using the Micromeritics AutoPore IV 9500 mercury porosimeter with a maximum mercury
pressure of 228 MPa and a pore size measurement range of 0.005-360 um. Three parallel
measurements were performed for each sample.

The water vapour permeability of the mortars was determined in compliance with EN
15,803 [40] using the wet-cup testing method. The mortar samples, sized 40 x 40 x 10 mm,
were fixed using plastic sealant on the test cup (Figure 35). A relative humidity of 93%
(saturated KNOj3 solution) was maintained inside the cup, and 55% RH (saturated NaBr
solution) was kept outside the cup. Three parallel measurements were performed for
each sample.
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Figure 35. Arrangement of the water vapour permeability test.

The coefficient of capillary water absorption was determined in compliance with EN
15,801 [41] for the 40 x 40 x 160 mm beam halves; due to poor consistency of the samples,
their walls were coated with a mixture of micro-crystalline wax and paraffin (3:2) before the
test. The drying rate test of the clay mixtures was carried out according to EN 16,322 [42]
using the identical specimens as for the soaking test. After water saturation, the drying
progressed freely (without forced circulation) in an environment of 40% RH (saturated
solution of K,CO3) at 23 °C.

6.3. Results
e  Mineralogical composition

The XRD analysis of the earth-based product Picas (E) showed that the dominant
minerals are quartz (about 60% wt.) and feldspar (33% wt.). Mica or illite, amphibole, and
kaolinite are found in an amount of several weight percentage. Besides mica/illite and
kaolinite, no other clay minerals were detected. These are represented in the mixture with
about 6% of wt. In summary, the earth-based product Picas mainly consists of quartz and
feldspar with an admix of clay minerals, mainly non-expandable types of clay minerals.

e  Grain size distribution

The sieve analysis of the earth-based product Picas (E) showed that grains of medium
to coarse sand, sized 0.25-2 mm, dominated in the mixture (with about 80% of wt.). Larger
grains, over 2 mm, are represented in a quantity of about 10% wt. Similarly, the finer
components—dust and clay—are significantly less represented than sand, at about 10% wt.
Sand grains were more frequently sharp, and to a lesser extent, they were semi-rounded.
The organic component of the Picas product consists of chopped wheat straw, with pieces
up to 34 mm in length.

e  Physical properties

The values obtained for the physical properties of the hardened experimental mortars
are given in Table 3.

Table 3. Physical properties of hardened mortars.

Mortar Bulk Density Linear Volumetric Pol\r/[oIsI; t
[kg/m?3] Shrinkage [%] Shrinkage [%] 1%] y
E 1728 + 35 25+04 1.2+ 0.5 24.6 +1.59
EL 1643 +9 12+02 1.8+ 0.3 27.4 +1.95
ELC 1479 + 58 22+1.0 70+£23 29.33 + 3.25

The measured values show that the addition of lime putty in the earth-based mortar
reduced the bulk density slightly; by contrast, in the mortar version with lime putty and
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Young modulus [GPa]

casein, it decreased by 14,4%. The decrease in bulk density of the modified mixtures is
caused by the lower density of lime putty and curd cheese compared to soil. The opposite
trend can be observed in the porosity values measured as they increased in the E-EL-ELC
series. The porous system of the ELC formula differs significantly, as evidenced by the pore
size distribution graph (Figure 36). The mortar modified with lime and casein contains
significantly more pores in the area of 10-100 pm compared to the mortar without casein.

0304 — E
— EL

0254 — ELC

0.20

0.15

dV/dlogD [ml/g]

0.10

0.05 -

0.00- M
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1072 107" 10° 10" 10°

Pore diameter [um]

Figure 36. Distribution of pore size of the hardened mortars.

The values of linear shrinkage of all three mixtures are comparable, but the volume
shrinkage of the ELC mixture is several times greater than in the other two types of mortar.

e  Mechanical properties

Bending and pressure strength tests show (Figure 37) that the addition of lime in the
clay plaster reduces the mechanical properties by approximately 30% compared to the clay
itself. By contrast, the mortar with lime-casein putty demonstrated an increase in strength
and bending and compression of 177% and 85%, respectively, compared to mortar without
LC modifications.
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Figure 37. Mechanical strengths of the hardened mortars (left) and Young’s modulus in bend-
ing (right).
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Regarding the stiffness compatibility of the materials, it should be noted that we expect
the Young’s modulus of oak to be approximately 13 GPa [43]. When we look at the mortars,
even though we do not consider them to have any structural function, we can conclude
that the stiffness is relatively well tuned to be similar (not an order in magnitude as with
glue), say 4 GPa. When we consider the values in bending stiffness, they follow the same
trend as with strength and the one made with casein is the strongest one.

e  Hygric properties

Since the tested materials are meant to seal a wooden beam, it is advisable to know
their behaviour in interaction with water or water vapours to assess the compatibility of
the earth-based filling with the original material.

Table 4 presents the parameters of the mortars obtained by the vapour permeability
test. These values show that the diffuse properties of mortar E and EL are the same. The
ELC mixture is less permeable by water vapour, which was reflected in a decreased value
of diffuse parameters (W, D, 6p) and an increased value of the diffuse resistance factor ()
compared to the mortar without admixtures. A value of 12.58 was measured, which is
significantly higher than the value declared by the manufacturer (1.1) in the technical data
sheet [37].

Table 4. Results of the vapour permeability test of hardened mortars.

Vapour Diffuse Water Vapour Diffusion
Permsabili ¢ Resistance Diffusion Conductivity
Mortar Y Factor Coefficient Coefficient
w
Ll (W (D) (6p
[-] [m2s—1] [kg-m—1.s~1.Pa—1]
E 1.59-10~2 + 3.77.10~11 12.58 + 0.30 2111076 + 526108 0.015-10° + 3.16-10 13
EL 1.61-1072 £ 2.03-10~11 12.57 + 0.18 2.12:107° +3.04-10°8 0.015-10~° + 1.82:10~ 13
ELC 1.22:107% +£4.23.10~ 11 16.49 + 0.79 1.61-107% + 6.22:10~8 0.011-10~2 + 4.23-10° 13

The transport of liquid water through the porous structure of mortar samples is
described by the water absorption coefficient (WAC). However, it was not possible
to finish the water absorption test by capillary action in the pure earth-based mortar
samples, as they began to fall apart after a 20 min contact with water. As regards the
modified formulas, their WAC values were calculated after the test completion (24 h):
8.6 kg.m_z.h_O'5 and 0.1 kg.m_2.h_0'5 for EL and ELC, respectively.

The drying rate of fully water-saturated mortar samples is expressed by the drying
index. Its value depends on the test duration, so it is necessary to compare the results
related to the same time. The values of the drying index of the tested mortars at a test
duration of 215 h are presented in Table 5.

Table 5. Results of drying test (drying index).

Sample Drying Index [-]
E 0.77 £ 0.02
EL 0.79 £ 0.01
ELC 0.47 + 0.04

According to the determined drying index, the combination of ELC dries the fastest;
the earth (E) and the mortar with lime (EL) have almost the same results and drying progress.
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7. Discussion

Sensitive and careful structural repairs of a protected timber polygonal barn are
presented in the form of three functional samples. The extent of hidden damage was
investigated using a resistance micro-drill Resistograph, based on measurement procedures
presented in [8,9]. Micro-drilling meets the heritage conservation requirement to minimize
interference with the element assessed; additionally, it provides a reliable interpretation
of wood properties (especially when looking for cavities and holes), which can be further
enhanced by a higher number of drilling holes within an assessed element, as confirmed
by [11,12]. The results of the diagnosis were used to estimate the damage extent caused by
the biotic action of wood-destroying fungi and insects. The opinions on how to approach
repairs differ immensely. For our experiment and production of functional samples, tradi-
tional woodworking procedures were chosen, including the use of hand tools, as described,
e.g., in [16]. The aim was to use the same techniques and materials as had been used in
the original construction. The design emphasized minimal intervention in the valuable
material, which needs to be preserved to the maximum extent, especially without larger
interventions in visible parts of the damaged elements. Therefore, it was not even possible
to use respectful methods of repairing historical wooden structures, which include wooden
lapped joints presented, e.g., in [44]. A typical example of where minimal intervention
is vital is the timbered walls, where lapped joints would significantly interfere with the
aesthetic impression of the historical structure. Thus, we looked for more sensitive ways
of repairs in the case of hidden damage (rot cavities). These included the production of
inserts or small element replacements, including the filling of small cavities using natural
mixtures, such as clay mortar, presented as part of functional samples. Three different
formulas have been tested to make a suitable choice of a natural mixture.

Data obtained by testing the three formulas of mortars show that earth-based mortar
(E) and earth mortar with lime putty modification (EL) have very similar physical and
mechanical as well as hygric properties, and that the addition of lime to the earth mortar has
not significantly affected its resulting properties. However, when casein in the form of curd
cheese was added to the mixture (ELC), a substantial increase in mechanical strength was
observed, as well as a slight increase in pore volume, especially in the range of diameters of
10-100 pm. These are probably micro-cracks resulting from the process of the fresh mortar
drying, which was also manifested by a 7% shrinkage in volume. In a potential further
use of this mixture, it would be appropriate to reduce the value of volume shrinkage by
reducing the mixing water content of the fresh mortar and to achieve the needed mortar
consistency by an effective mixing of the fresh mortar without an excess of water. When in
contact with water or water vapours, the ELC mixture also exhibits different behaviour than
the E and EL formulas. The parameters related to water vapour diffusion have declined by
about 30%, but the addition of casein has caused the ELC mixture to have low liquid water
absorption and thus dry the fastest.

8. Conclusions

Sensitive designs of a structural repair of damaged elements in the form of functional
samples serve as a case study of an appropriate way to deal with a damaged element so that
the intervention is minimized with respect to the authentic value of the historical building.
The damaged parts of the structural elements have been replaced by originally used wood
species, and the resulting cavities were filled with an earth-based mixture with added
lime and casein. This mortar mixture was chosen as the most suitable based on testing
three different formulas. The addition of casein resulted in an increase in the mechanical
strengths, as well as an increase in the diffuse resistance factor and linear and volume
shrinkage, compared to earth alone or earth with lime. Although we do not consider
the mortar to have a structural function, its stiffness is well tuned to the timber used in
the filling.

The samples of structural repair shown in the article are placed in the construction
of a timbered polygonal barn, which was transferred from its original place to the area of
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Misik’s farm, No. 56 Trsténice, near Litomysl. The polygonal barn has been completely
restored and is thus available to visitors of the museum in nature.
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