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Abstract: Salvaged timber elements often have length limitations, and therefore, their reuse in
structural products normally would require additional processing and end-to-end joining. This
increases the costs of reusing such materials, which makes them even less attractive to the timber
sector. In the presented research, a new approach is proposed for reusing short, salvaged timber
elements combined with new (full-scale) timber boards to fabricate dowel-laminated timber (DLT)
panels without significant processing or end-to-end joining or gluing. In this approach, salvaged
timber elements are pressed in the system in such a way that they can contribute to the bending
performance of the DLT panels by resisting compression stress. In order to evaluate the effectiveness,
several small-scale and large-scale DLT panels were fabricated. Salvaged plywood tenons were
used as connectors. The bending stiffness of the small-scale DLT panels and the first eigenfrequency,
damping ratio, bending properties, and failure modes of the large-scale DLT panels were evaluated.
The results exhibited that by using the proposed approach, the short, salvaged timber elements can
contribute substantially to the bending stiffness of the DLT panels without requiring end-to-end
joining or gluing. On average, about a 40% increase in the bending stiffness could be achieved
by pressing in the salvaged timber elements, which results in relatively similar stiffness properties
compared to conventional DLT panels. One further characteristic is that the failure of the panels,
and therefore the panel’s strength, is mainly governed by the quality of the full-scale timber boards
instead of the salvaged ones. This can be beneficial for practical use as the qualitative assessment of
the strength properties of salvaged timber becomes less critical.

Keywords: dowel-laminated timber; bending stiffness; eigenfrequency; damping ratio; salvaged
plywood; wooden connectors; reuse; circular economy

1. Introduction

Due to increased demands toward a circular economy, reusing salvaged timber ma-
terials in new applications has received specific research attention in recent years [1–5].
Salvaged timber can come from a variety of sources, such as demolished buildings, con-
struction sites, timber production facilities, or even dead standing trees. Therefore, a large
quantity of salvaged timber is created in different sectors every year, which has the potential
to become marketable for certain applications. Currently, some well-established approaches
exist involving the case of ‘recycling’ of salvaged timber, e.g., by turning them into wood
particles to produce particleboard (see, e.g., [6,7]). For recycled timber in, e.g., Australia,
even an interim industry standard is available (see [8–10] for further information). Never-
theless, the direct use of salvaged timber materials in their solid form without requiring
significant processing is still limited. In this regard, reusing salvaged timber in fabricating
structural mass-laminated timber products has been explored in a few studies. Llana
et al. [11], for example, obtained salvaged European oak timber (Quercus robur L.) from
the demolition of a 200-year-old building and utilized it for fabricating cross-laminated
timber (CLT). In another research, Ma et al. [12] investigated the effectiveness of using
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salvaged timber obtained from dead standing white spruce trees (Picea glauca) for CLT
fabrication. Arbelaez et al. [13] investigated the mechanical properties of 3-layer CLT panels
fabricated with varying amounts of salvaged timber in different layups. Rose et al. [14]
utilized salvaged timber obtained from both construction sites and demolition sites as a
feedstock for fabricating so-called cross-laminated secondary timber. In all those studies,
efficient mechanical properties were reported.

The above research works have demonstrated the feasibility of reusing salvaged timber
in fabricating mass-laminated timber products; however, there are challenges that limit
the widespread reuse of such materials. For example, most often, length limitation is
one of the important challenges of reusing salvaged timber. Currently, the use of short
timber elements in mass laminated timber is possible in general through finger jointing
or other forms of end-to-end joining, e.g., [15,16]. These methods require processing the
cross-section of the short timber elements and then gluing them together to create a longer
board. However, the additional processing and the use of synthetic glues can affect the
sustainability aspects and increase the cost of reusing salvaged timber elements.

In addition to length limitation, quantification of the mechanical properties is an im-
portant challenge. The mechanical properties of salvaged timber elements might be affected
by natural aging phenomena, the duration of load effects (DOL, static fatigue, see, e.g., [17]),
or mechanical and biological damages. The aging phenomenon is discussed by Cavalli
et al. [18] based on a comprehensive literature review. Due to the large natural variability
of the mechanical properties of timber [19,20] and the DOL effect, the quantification of
the aging phenomena is difficult, and therefore, the results of the studies on the subject
vary largely. Nevertheless, the original strength class, the load history, the environmental
exposure, and the transport and storage conditions of salvaged timber might be unknown.
In this case, a sufficient assessment is needed (see, e.g., [21,22] for assessment methods
and approaches).

In the herein presented research, a new approach was investigated for reusing short,
salvaged timber elements in fabricating dowel-laminated timber (DLT) panels without
excessive processing or end-to-end joining or gluing. In practice, DLT products are normally
fabricated with new (full-scale) timber boards using wooden dowels see [23,24]. In the
proposed approach, however, salvaged timber elements were used in combination with
full-scale timber boards to fabricate DLT panels. Salvaged plywood tenons were used as
the connectors. The salvaged timber elements were pressed in the DLT panels in a way
that they can contribute to the bending performance mostly by resisting compression stress
in the system. Initially, the effectiveness of this approach was experimentally evaluated
on small-scale DLT panels comprised of two layers of full-scale timber boards and one
layer of salvaged timber elements. Afterward, a group of large-scale DLT panels was
fabricated with three layers of full-scale timber boards and two layers of salvaged timber
elements. The bending stiffness of the small-scale DLT panels and the first eigenfrequency,
the damping ratio, and the bending stiffness of the large-scale DLT panels were evaluated
both before and after pressing the salvaged timber elements in the system. Furthermore,
the load-carrying capacity and the failure modes of the pressed-in large-scale DLT panels
were investigated. The test results are summarized and discussed in this paper.

The main novelty of the research presented here lies in developing an alternative
approach for mass laminated timber elements that are fabricated, in parts, with salvaged
timber materials without significant processing or end-to-end joining. One specific char-
acteristic of this approach is that the bending failure of the panels, and therefore their
bending strength, is mainly governed by the quality of the full-scale timber boards rather
than the salvaged timber. This is due to the fact that there is no end-to-end joining between
the salvaged timber elements, which can be beneficial for practical use as the qualitative
assessment of the strength properties of salvaged timber becomes less critical. Reducing
the amount of processing and assessment needed to use salvaged timber can make such
resources more profitable and, therefore, more attractive to the timber sector. This further
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promotes the application of eco-friendly materials in the built environment and contributes
to achieving the circular economy goals.

2. Materials and Methods
2.1. Materials

Sawn spruce timber boards (Picea abies) with the strength class C24 (assigned by the
producer) and dimensions of width (w) × thickness (t) × length (l) = 117 × 44 × 3500 mm3

were used as the full-scale timber boards in this study. They had no visible cracks but had
some noticeable distortions because they had been stored in the laboratory environment
with varying relative humidity for nearly two years prior to this research.

The salvaged timber elements were also spruce (Picea abies) with the original strength
class C24 (initially assigned by the producer prior to their first use). They were recovered
from several nail-laminated timber elements that had been destructively tested in another
project [25,26]. The salvaged timber elements contained wooden nails and some cracks
and wears from the previous application. They were also noticeably twisted and had other
forms of shape irregularities as well. After minimal processing, the cross-sectional area
of the salvaged timber elements was w × t = 117 × 44 mm2, with the final length varying
from 400 mm to 583 mm.

Salvaged birch plywood (19-mm-thick) was used for fabricating the tenon connectors.
The use of plywood as a connector in different composite structures has also been the subject
of a few previous studies [3,27,28]. In the study presented here, the salvaged plywood was
obtained from the laboratory of the Civil Engineering Department at Aalto University. The
salvaged plywood had been used as concrete formworks in other projects [29,30] prior to
being utilized in this study.

2.2. Specimens
2.2.1. Small-Scale DLT Panels

The small-scale DLT panels were composed of two layers of full-scale timber boards
and one layer of salvaged timber elements in the middle that were laminated together
using the salvaged plywood tenons. The cross-sectional area of the salvaged plywood
tenons was 38 × 19 mm2 with l = 132 mm. The plywood tenons had rounded edges,
as shown in Figure 1. The fabrication process, size, and minimum spacing of the sal-
vaged plywood tenons were based on Derikvand et al. [3]. The middle layer of the
small-scale DLT panels was made of three short, salvaged timber elements with the di-
mensions shown in Figure 1. The inner cross sections of the salvaged timber elements
had been cut at an 88◦ angle (the inclination was selected within a trial-and-error pro-
cess during the prototyping). The final dimensions of the small-scale DLT panels were
breadth (b) × height (h) × length (l) = 132 × 117 × 1260 mm3.

In total, eight small-scale DLT panels were fabricated and tested. In five panels, the
cross sections of the salvaged timber elements in the center were profiled to create a tenon
(see Figure 2). A mortise with similar dimensions was also cut on the cross-section of the
adjacent salvaged timber elements. The mortise-and-tenon system was created in order
to provide some form of end-to-end interlocking. It was assumed that the end-to-end
interlocking system might potentially make the lamination process easier. However, three
small-scale DLT panels were also fabricated without any end-to-end interlocking system to
have a basis for comparison (Figure 2).
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Figure 1. The dimensions of the salvaged timber elements in the small-scale DLT panels and the
three-point bending test set-up. Dimensions in mm.
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In order to fabricate the small-scale DLT panels, two full-scale timber boards were
clamped together with two salvaged timber elements located in the middle. They were
then laminated using four salvaged plywood tenons. The holes for the plywood tenons
were made using a vertical drill press. As a result of the arrangement of the salvaged timber
elements, a void was created in the middle layer (Figure 2). The length of this void was
about 2 mm smaller than the length of the salvaged timber element that was supposed to
be inserted into the void in the next stage. Afterward, the salvaged timber element was
inserted into the void by hammering. As a result of the length difference between the void
and the inserted element, the salvaged timber layer was pressed in by the insertion process.

2.2.2. Large-Scale DLT Panels

In total, five large-scale DLT panels were fabricated, which each contained three layers
of full-scale sawn timber boards and two layers of salvaged timber elements. The final
dimensions of the large-scale DLT panels were b × h × l = 220 × 117 × 3500 mm3. The cross-
sectional area of the plywood tenons was similar to the ones in the small-scale specimens,
however, with l = 220 mm. The dimensions of the individual salvaged timber elements are
depicted in Figure 3. The inner cross-sections of the salvaged timber elements had been cut
at an 88◦ angle.
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The fabrication process of the large-scale DLT panels is illustrated in Figure 4. Wooden
nails (LignoLoc®) made of densified European beech (F. sylvatica L.) were used to initially
connect the salvaged timber elements to the full-scale timber boards. Two wooden nails
were used to connect each salvaged timber element to the adjacent full-scale timber boards.
The diameter and the length of the wooden nails were Ø = 4.7 mm and l = 90 mm. The end
distance of the wooden nails in relation to the salvaged timber elements was 100 mm. The
salvaged timber elements were nailed in such an arrangement that three voids would be
created between them in each layer (Figure 4). The length of each void was approximately
2 mm smaller than that of the salvaged timber element that was supposed to be inserted into
the void at the final stage of the fabrication. Before inserting the salvaged timber elements
into the voids, all the layers were laminated together using eight salvaged plywood tenons
with the arrangement and spacing shown in Figure 3. A vertical drill press was used to
prepare the holes for the plywood tenons. Six salvaged timber elements were then inserted
into the voids of each panel by hammering (Figure 4). As the length of the inserted salvaged
timber elements was about 2 mm larger than that of the voids, they were pressed into
the system by the insertion process. This way, each layer that contains salvaged timber
elements can contribute to the bending performance of the system by resisting compression
stress.
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2.3. Tests
2.3.1. Overview

The experimental investigation included vibration tests, non-destructive bending
tests, and destructive bending tests. Each specimen was investigated two times: before
pressing the salvaged timber in the system (the specimen stage is marked as ‘Stage A’
in Figures 2 and 4) and after pressing the salvaged timber in the system (the specimen
stage is marked as ‘Stage B’ in Figures 2 and 4). The following tests were performed, which
are described in more detail in the following subsections:

- Small-scale specimens: Non-destructive three-point bending tests (Stage A and Stage B).
- Large-scale specimens: Non-destructive four-point bending tests (Stage A), destructive

four-point bending tests (Stage B), and vibration tests (Stage A and Stage B).

2.3.2. Small-Scale DLT Panels

The global bending stiffness EIm,g of the small-scale DLT panels was investigated
non-destructively using a three-point bending test set-up as illustrated in Figure 1. The
global mid-span deflection was measured using two LVDTs that were installed on the
two full-scale timber boards in the panels. The bending test was load control. A small
load level at 0.4 × Fc was selected for the tests in order to ensure that no unexpected
damages would occur, where Fc is the load that corresponds to the characteristic value of
the bending strength of two layers of full-scale timber boards. In both Stage A and Stage B,
the specimens were loaded to 0.4 × Fc, unloaded to 0.1 × Fc, reloaded to 0.4 × Fc, and then
fully unloaded.

The EIm,g was calculated from the straight-line portion of the load–deflection curves
within the reloading cycle (2nd load cycle) using Equation (1). It should be noted that
the actual load-carrying capacity was not measured, as the specimens were needed for
subsequent trials afterward, but it is expected that the chosen load range is smaller than
given in EN 408 [31].

EIm,g =
l3∆F
48∆ω

, (1)

where ∆F
∆ω = the slope of the load–deflection curve within 0.1–0.4 × Fc and l = the span.

2.3.3. Large-Scale DLT Panels

The bending properties of the large-scale DLT panels were measured using a four-point
bending test set-up, as shown in Figure 3. During the bending tests, the global mid-span
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deflection was measured using three LVDTs that were installed on the bottom surfaces of
the three full-scale timber boards in the panels. The local mid-span deflection was also
measured using two LVDTs installed on the front and the back of the panels.

For the non-destructive bending tests (Stage A), the specimens were loaded to 0.4 × Fc,
unloaded to 0.1 × Fc, reloaded to 0.4 × Fc, and then fully unloaded. After hammering the
salvaged timber elements into the voids (Stage B), the bending properties were evaluated
as follows: the specimens were loaded to 0.4 × Fc, unloaded to 0.1 × Fc, and reloaded to
0.4 × Fc. The reloading–unloading cycle in the range of 0.1–0.4 × Fc was repeated ten times
in total, and afterward, the specimens were loaded to failure. The test was load control up
to 0.7 × Fc and then displacement control thereafter. For Stage B, a higher value of Fc was
assumed. Note: for the first specimen tested in Stage B, a lower load range was applied
during the test, but it was adjusted for the other specimens.

The EIm,g of the large-scale DLT panels was calculated using the global midspan
deflection in accordance with EN 408 [31]. The local bending stiffness EIm,l was calculated
using the local midspan deflection. Both EIm,g and EIm,l were obtained from the straight-line
portion of the load–deflection curves within the first ‘reloading’ cycle using the following
equations:

EIm,l =
al2

1∆F
16∆ω

, (2)

EIm,g =

(
3al2 − 4a3)∆F

48∆ω
, (3)

where ∆F
∆ω = the slope of the load–deflection curve within 0.1–0.4 × Fc, a = the distance

between the load points and the nearest supports, l = the span, and l1 = the span of the bar
on which the local LVDTs are installed.

During both stages, vibration tests were performed on a simply supported test set-up,
as shown in Figure 3. A modal impact hammer, a charge amplifier, an accelerometer, and
a dynamic signal analyzer were used for performing the vibration test (Figure 5). The
large-scale DLT panels were impacted from the top surface of the middle layer on eleven
different points along the span (Figure 5). The spacing between the impact points was
320 mm. Impact points 1 and 11 were located above the supports. The accelerometer was
installed on the bottom surface of the middle lamella underneath impact point 5. Each
point was impacted three times, and therefore, 33 measurements were collected from each
specimen. Data Physics SignalCalc Software was used to record the data.
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Figure 5. The vibration test instrument (left) and the location of the impact points on the large-scale
DLT specimens (right).

3. Results and Discussion
3.1. Small-Scale DLT Panels

The load–deflection curves of the small-scale DLT panels are shown in Figure 6. It
should be noted that the specimens were tested only non-destructively, i.e., they were not
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loaded to failure. The calculated EIm,g values of the specimens before and after pressing the
salvaged timber elements in the system (i.e., Stage A and Stage B) can be seen in Table 1.
A considerable increase of more than 31% in EIm,g was observed after the insertion of the
salvaged timber element into the void of the small-scale DLT panels. For both specimen
types (with and without end-to-end interlocking), a similar increase in the average bending
stiffness was observed, although the variation was higher for the ones without end-to-end
interlocking (Table 1). The end-to-end interlocking was not found to make any substantial
difference and, therefore, was no longer considered in the subsequent experiments on the
large-scale DLT panels.
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Figure 6. The load–deflection curves of the small-scale DLT panels with and without end-to-end
interlocking (the applied load was set slightly higher than intended in the first specimen with
end-to-end interlocking).

Table 1. The global bending stiffness EIm,g of the small-scale DLT panels.

Symbol End-to-End Interlocking
EIm,g (kN.m2) Increase

(%)Stage A Stage B

DLT-SY1

Yes

154.8 190.9 23.3
DLT-SY2 132.0 164.3 24.5
DLT-SY3 152.8 196.7 28.7
DLT-SY4 127.8 186.5 45.9
DLT-SY5 131.6 179.9 36.7

Average 139.8 183.7 31.8
COV * (%) 8.3 6.1

DLT-SN1
No

102.3 144.1 40.9
DLT-SN2 106.0 144.8 36.5
DLT-SN3 171.4 200.0 16.7

Average 126.6 162.9 31.4
COV (%) 25.1 16.1

* COV = Coefficient of variation.

3.2. Large-Scale DLT Panels
3.2.1. Vibration Characteristics

The results of the vibration tests can be found in Table 2. On average, the first eigenfre-
quency increased by approximately 6.5% after inserting the salvaged timber elements into
the voids. The effect on the damping ratio was inconsistent. The damping ratio decreased in
some specimens while it increased in others. It should be noted, however, that the vibration
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test, in general, could be quite sensitive to the experimental conditions, see, e.g., [32,33],
especially since some specimens had uneven bottom surfaces, which might have affected
the support conditions, and consequently, the vibration characteristics.

Table 2. The vibration characteristics of the large-scale DLT panels.

Symbol
f (Hz) Increase

(%)

ζ (%) Increase or Decrease
(%)Stage A Stage B Stage A Stage B

DLT-A 23.8 26.8 12.6 3.7 3.0 −18.9
DLT-B 24.7 25.9 4.9 3.8 3.9 2.6
DLT-C 25.5 25.6 0.4 3.7 5.2 40.5
DLT-D 23.8 26.4 10.9 5.7 1.8 −68.4
DLT-E 26.1 27.1 3.8 5.1 3.4 −33.3

Average 24.8 26.4 6.5 4.4 3.5 −20.5
COV (%) 3.7 2.1 19.1 32.2

Regardless of the sensitivity issues of the vibration test, it is evident from the obtained
results that the (pre-)stresses applied by pressing the salvaged timber elements into the
voids affected the first eigenfrequency and damping ratio of the large-scale DLT elements.
Whether or not the natural frequency is affected by prestressing has been discussed in some
previous studies on other forms of beams made with other types of materials [34,35]. For
the interpretation of the results in the study presented here, however, it should be noted
that the (pre-)stresses applied here are quite different from the conventional ones.

3.2.2. Load-Carrying Capacity and Failure Modes

Typical load–deflection curves were observed for all large-scale DLT panels, as illus-
trated in Figure 7. No considerable decrease was detected in the slope of the load–deflection
curves up to the failure point. The COV of maximum load-carrying capacity (Fmax) was
relatively small (Table 3), but Fmax was generally governed by the failure mode of the
full-scale timber boards. In order to quantify the effect of pressing the salvaged timber
elements in the panels, a comparison to the bending strength of conventional three- and
five-layer DLT panels would be needed. However, such tests were not conducted, and due
to the low number of test specimens, a qualitative comparison would be any way associated
with large uncertainties. However, considering the mean value of the bending stresses
f m, mean = 56.4 MPa (assuming three continuous layers), a certain effect could be assumed.

The failure of all specimens was characterized by bending failure of the full-scale
timber boards, typically initiated around knots in the tension zone (Figure 8). In one
specimen (DLT-C), a shear crack in a full-scale timber board near the support was also
observed, which indicates that the arrangement of the plywood dowels might need to be
optimized. In two other cases (DLT-B and DLT-C), one of the salvaged timber elements
split into two parts, which happened near the support. In all specimens, the initial failure
always appeared in the full-scale timber boards and not in the salvaged timber elements, as
they are not exposed to considerable tension stress due to the absence of end-to-end joining.
Therefore, the tension stress is predominantly resisted by the full-scale boards, which leads
to failure initiation in the full-scale boards. This indicates that the proposed system is not
substantially dependent on the strength properties of the salvaged timber elements. This
could be beneficial for a practical application of the system since the strength properties of
salvaged timber are typically unknown.
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After the destructive bending tests, three DLT panels (DLT-B, DLT-C, and DLT-D) were
deconstructed to evaluate the salvaged plywood tenons. In total, 24 salvaged plywood
tenons were inspected. In most of the tenons, no visual deformation was observed. How-
ever, in all three DLT panels, one tenon located nearest to the support (the area with the
highest shear stresses) had obvious deformations, as shown in Figure 9.
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3.2.3. Bending Stiffness

The bending stiffness (EIm,g and EIm,l) for the two stages was calculated from different
load ranges. For Stage A, the load carrying capacity was unknown, and in order to avoid
any damage, a small load was applied; therefore, the load range used for the calculations
was 1.35–5.42 kN. For Stage B, a larger load range (2.5–10 kN) was used. Nevertheless,
considering the load–deflection curves of all the tested specimens (Figure 7), the following
conclusions are not much affected by the selected load ranges. Overall, a considerable
average increase of approximately 39% for EIm,g and 36.2% for EIm,l was observed after
inserting the salvaged timber elements in the panels (Table 3). For both stages and stiffness
parameters, the variation was relatively small (COV < 9%).

The increase in the stiffness values may have resulted from the compression resistance
provided by the salvaged timber elements. Furthermore, due to the length difference
between the inserted timber elements and the voids, some prestressing effect could also be
assumed; however, confirmation of this requires further investigations.

3.3. Ease of Fabrication

The ease of fabrication was evaluated during the execution of the study. It was
observed that both small-scale and large-scale DLT panels could be fabricated with high
accuracy, which is required for ensuring an effective pressed-in system. The hammering of
the salvaged plywood tenons was easy; however, it required some effort to hammer the
salvaged timber elements into the voids. This was more pronounced for the large-scale
DLT panels. Furthermore, in a few cases, some localized cracks were developed parallel to
the grain during the insertion process of the salvaged timber elements into the voids. The
cracks were assumed to result from uneven impact forces due to hammering on different
areas of the salvaged timber elements. Therefore, it might be more effective to insert the
salvaged timber elements using a portable hydraulic press instead of hammering.

In terms of time efficiency, the fabrication process of each large-scale DLT panel was
completed in about three to four hours (i.e., the sum of hours needed to complete all the fab-
rication steps mentioned in Figure 4). Additional time was, of course, required to prepare
the salvaged plywood tenons and complete the minimal processing of the salvaged timber
elements. It should be noted that this time estimate is related to (i) prototyping, (ii) inexpe-
rienced staff, and (iii) fabrication processes using conventional woodworking equipment.
Therefore, it can be assumed that the fabrication time can be significantly reduced.
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4. Conclusions

In the research presented here, a new approach was proposed to reuse short, salvaged
timber elements combined with full-scale timber boards in the fabrication of DLT panels
without excessive processing or end-to-end joining or gluing. The timber boards were
connected with salvaged plywood tenons. In the proposed approach, the salvaged timber
elements were pressed in the system in a way that they could resist compression stress
under bending loads. The effectiveness of this approach was experimentally evaluated on
both small-scale and large-scale DLT panels. The bending stiffness of the small-scale DLT
panels, as well as the vibration characteristics, bending properties, and failure modes of
the large-scale DLT panels, were experimentally investigated. The following conclusions
were drawn:

• The pressed-in salvaged timber elements significantly increased the bending stiff-
ness by more than 31% in the small-scale DLT panels and by 39% in the large-scale
DLT panels.

• The first eigenfrequency of the large-scale DLT panels generally increased after press-
ing the salvaged timber elements in the system, whereas its influence on the damping
ratio was inconsistent. The latter could be due to variable support conditions caused
by the uneven bottom surface of the panels.

• The load-carrying capacity of the DLT panels was characterized by bending failure of
the full-scale timber boards; therefore, the proposed system might not be substantially
dependent on the strength properties of the salvaged timber elements. This could
be beneficial for a practical application of the system since the strength properties of
salvaged timber are typically unknown.

Overall, the results demonstrated a good potential for the proposed approach, which
can enable the effective reuse of short, salvaged timber elements in DLT fabrication without
the need for excessive processing or gluing. Nevertheless, there are also certain aspects that
would require further research and development, some of which are listed as follows:

• Investigation of the long-term performance.
• Analytical investigation of the prestressing effect.
• Development of prediction models for the mechanical properties.
• Optimization of the insertion angle.
• Evaluation of different insertion methods.
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