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Framed timber shear walls (FTSW) represent a widely used construction technique. They can be constructed with
one- or two-sided sheathing. For the design, reduction factors are required as additional stresses are present in
the sheathing panels which are not taken into account in the shear field model, which serves as the basis in
design standards such as Eurocode 5. Based on recent experimental studies such factors have been developed
empirically. However, a theoretical explanation is needed for the smaller reduction factors kp model of two-sided
sheathing compared to one-sided sheathing of FTSW. In this study, the theoretical Daniels System was selected
and numerical investigations using this model were carried out to provide a possible explanation for the observed
results. These numerical results were used to derive the expected peak force of two-side sheathed FTSW based on
the experimental results of one-side sheathed FTSW. The results show that the model properties can indeed
provide an explanation for the reduced reduction factors found by the experimental studies on FTSW. Thus, the
reduction factor kp model can be determined from one-side sheathed FTSW alone.

1. Introduction

Urban densification requires buildings to be higher [1]. Therefore,
bracing systems gain importance and have to get stronger. For timber
structures there are two possibilities to do this, one way is to use an
inherently stronger system such as reinforced concrete cores or steel
frames. Another way is to optimise the widely applied construction
method of framed timber shear walls (FTSW), or other timber-based
bracing systems. This study focuses on the issue of the optimisation of
the design of FTSW (see Fig. 1 for a visual representation of the elements
of a FTSW).

The perennial issue in the design of FTSW is the determination of the
resistance of the sheathing. Different codes lead to vastly different
calculated resistances [2-6]. Some require a reduction of the resistance
due to additional stresses in the sheathing panel like DIN 1052:2008,
DIN EN 1995-1-1:2008 and prEN 1995-1-1:2023-04 [2,4,6], while
others don’t [3-5]. The resistance side of the verification of the

sheathing panel of a FTSW in prEN 1995-1-1:2023-04 [6] as shown in
Eqg. (1) has three terms: the design shear strength f;, v 4, the factor ac-
counting for buckling of the panel in shear kj,y, and the model factor
(called reduction factor from here) accounting for additional stresses in
the sheathing panel kpmodel. The kpmodel factors specified in prEN
1995-1-1:2023-04 [6] are given in Table 1.

7q < kp,mudel kp‘v ﬁ),v,d (1)

Qualitative causes for the additional stresses are given in the note of
prEN 1995-1-1:2023-04, clause 12.2.4(4) [6]:

- Uneven shear stress distribution around sheathing panels;

- Nominal forces perpendicular to the sheathing edges;

- The eccentricity between the frame axes and the axis of the sheathing
for diaphragms with sheathing fixed to one side of the framing only;

- The eccentricity of the axes of framing arranged in multiple layers;

- Other simplifications in the strength model compared to reality.

Abbreviations: CI, Confidence Interval; CoV, Coefficient of Variation; D, Ductility of an element; Fp,.x, Peak force; FTSW, Framed timber shear walls; GFB, Gypsum
fibre board; kp, model, Reduction factor; OSB, Oriented strand board; dpcar, Displacement at peak force; @, Number of tests, Significance leveln.
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Regarding other simplifications in the strength model compared to
reality, the connection between framing members is mentioned specif-
ically by Manser et al. [7]. The shear field theory assumes pinned con-
nections of the framing members while in reality the connection has a
rotational as well as longitudinal and transversal stiffness which de-
viates from the shear field model assumption.

Quantitative evaluations of the individual causes are still open.

Most publications on FTSW focus explicitly or implicitly on the
investigation of dissipative failure [8-18]. The sheathing of these FTSW
was intentionally oversized to ensure plasticisation of the sheathing to
framing connection. While the investigation of dissipative failure is
important research, no information on the resistance of the sheathing
can be extracted. In recent experimental investigations [7,19] on the
resistance of the sheathing, sheathing failure was intentionally induced
by over-designing of the other FTSW components relative to the
sheathing. The results obtained showed significant deviation from ex-
pected outcomes based on current standards [2,4,6]. According to the
aforementioned sources, the peak force at sheathing failure of two-side
sheathed FTSW was expected to be more than twice the force of one-side
sheathed FTSW [2,4,6]. However, this was not confirmed by experi-
ments [7,19]. The authors are not aware of any background documents
for the distinction of one-sided and two-sided sheathing and the absolute
value of the reduction factor kpmoder in [2,4,6]. Consequently, there is
currently no explanation for this code contradiction, i.e. the experi-
mental determination of the load carrying capacity of the FTSW shows a
larger reduction for two-side sheathed walls (smaller reduction factor k,
model) compared to ones-side sheathed walls, which cannot be explained.

Therefore, the new findings are not taken into account in the
development of prEN1995-1-1:2023.

A possible model to investigate the load bearing behaviour of parallel
systems was developed by Daniels, 1945 [20] and is therefore called the
Daniels System, shown in Fig. 2. Such a Daniels System consists of up to
n elements and has perfect load sharing with infinite stiffness (later
called load sharing) according to [21]. There are many investigations on
Daniels Systems for time invariant investigations [20-23] as well as for
time variant investigations [24-26]. All these investigations have in
common, that the reliability index of the Daniels System is either the
result of the investigation or the target for an optimisation.

As none of the aforementioned publications on Daniels Systems
report peak forces for the investigated systems a direct application of the
results for the interpretation of experimental investigations is not
possible.

The paper is structured as follows: The first part summarises the
experimental investigations on which this work is based. The second
part describes the necessary numerical investigations on Daniels

Top rail
Edge stud
Sheathing
Fastener
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Hold down
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Table 1
Values of model factor kp moder as defined in prEN 1995-1-1:2023-04 [6].
Product Sheathing on one Sheathing on both
side sides
Wood-based sheathing, gypsum 0.5 0.67
fibreboard

Element: 1| 2| 3 i n

Fig. 2. Symbolic view of a Daniels System.

Systems. This includes the evaluation of the normalised system force for
a different number of elements and different force-displacement curve
characteristics. The third part compares the expected peak force per
sheathing panel with the experimentally determined peak force. In
addition, recommendations are made for code implementations for the
sheathing resistance reduction due to other factors kp, moge1 in the second
generation of the Eurocode 5.

2. Description of the experimental investigations

This section summarises the two experimental studies [7,19] on
which this work is based. For a more detailed overview of these in-
vestigations, the reader is referred to the original documents.

In both studies, the FTSW were designed to induce failure in the
sheathing. The walls were fully anchored (e.g. a hold-down prevents the
vertical stud on the side the force is applied to the wall from uplift) to the
test frame. A reduction factor kp model = 1.0 was used in the design as a
starting point for the investigation. The static-monotonic loading pro-
tocol of the ISO 21581:2010-06 [27] was applied. Tilting of the wall was
avoided at the top of the wall.

2.1. Tests on OSB/3 sheathed FTSW

In Manser et al. [7] the sheathing capacity of the oriented strand
board (OSB) was investigated. Nine series of FTSW triplicates were
tested, given a total of 27 specimens. The three quadratic one-side
sheathed FTSW with sheathing thickness 12 mm (Q-12-S) and the

—

(b)

Fig. 1. (a) Schematic drawing of a FTSW with labelling of the elements, (b) Shear field which results in the framing which serves as the basis for the model in design

standards such as prEN 1995-1-1:2023-04 [6].
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FTSW with the same specification but two-sided sheathing (Q-12-S-2S)
are used in this investigation. The main specifications and the peak force
Fiax are compiled in Table 2.

The test setup is shown in Fig. 3. The vertical displacement of the
horizontal edge stud was measured with linear variable differential
transformers (LVDTs). The fastener and sheathing arrangement on the
timber frame is shown Fig. 4 and the specific values are noted in Table 2.

Shear strength tests were carried out on panels from the same batch
as the sheathing of the FTSW. The shear strength tests of the OSB/3
panels were carried out according to EN 789:2005-01 [28]. For both
strand orientations, 6 specimens were tested at each panel thickness of
interest. Based on all shear tests, Manser et al. [7] defined a lower bound
of the coefficient of variation (CoV) of 6%. An exemplary
force-displacement curve is shown in Fig. 5.

Based on the experimental tests summarized in this section, a kp,model
value of 0.6 for one and two-side sheathed FTSW with OSB/3 sheathings
was suggested in [7].

2.2. Tests on GFB sheathed FTSW

In Kramer et al. [19] the sheathing capacity of gypsum fibre board
(GFB) was investigated. A total of 16 FTSW of eight types were tested.
Two types of FTSW were tested, allowing a comparison between
one-sided and two-sided sheathing. Two samples were tested for each
configuration. The first series (2-WSX1-r15-a2x30) was tested upright
and the second series (3-WSX1-r15-a2x50) was tested horizontally as
shown in Fig. 6 and as the FTSW in Section 2.1. The only other difference
of the FTSW was the fastener spacing. The first series had a fastener
spacing of 30 mm whilst the second series had a fastener spacing of
50 mm, further information on the fastener and sheathing arrangement
is given in Table 3. The vertical displacement of the vertical studs was
measured with LVDTs.

The shear strength capacity of GFB was provided by the manufac-
turer of the panels. A total of ten specimens were tested for each pro-
duction direction. The CoV was determined to be 4.6 % as the mean of
the CoV of both production directions, based on unpublished test series
by another test institute. The characteristics of a typical force-
displacement curve of GFB are shown in a normalised graph in Fig. 7.

For FTSW with GFB sheathing a reduction factor kp model of 0.33 for
one and two-side sheathed FTSW was suggested in [19].

2.3. System classification

The tested FTSWs were designed such that failure occurs in the
sheathing. Consequently, the timber frame (studs and rails) and the
sheathing to framing connection was strongly over-designed with
respect to the resistance of the sheathing panels. Further details to
support this statement can be found in [7,19]. Consequently, the

Table 2
Properties of the tested FTSW with OSB/3 sheathing.
Q-12-S Q-12-S-28
Sheathing  Thickness [mm] 12 12
One- or two-sided [nr] 1 2
Fasteners Type Staple Staple
1.53 x 50 1.53 x 50
Rows at sheathing [nr] 8 8
edge
Rows on interm. [nr] 2 2
studs
Distances d; [mm] 20 20
do [mm] 20 20
ds [mm)] 25 25
dy [mm] 25 25
ds [mm] 20 20
de [mm] 20 20
ay [mm)] 23 23
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deformation of the FTSW, as outlined in Sections 2.1 and 2.2 is pre-
dominantly concentrated in the sheathing. The top and bottom rails
undergo only very small and therefore negligible deformations. The
deformations in the fasteners are negligible due to the high number of
fasteners. Thus, the sheathing panel of the FTSW corresponds to the
elements in the Daniels System and the studs, rails, and fasteners of the
FTSW correspond to the load sharing in the Daniels System, as illus-
trated in Fig. 8. In Fig. 8, the FTSW has two-sided sheathing and thus, the
Daniels System has two elements as each sheathing panel is represented
by one element. It is acknowledged that, as with every model the Daniels
System includes some simplifications, such as EI = oo for the load
sharing. Nevertheless, it is considered beneficial to provide a description
of the observed phenomena. Consequently, the parallel load-bearing
capacity of the sheathing of a FTSW is classified as a Daniels System.

3. Numerical investigations

This section presents the numerical investigations conducted on
Daniels Systems, exploring the influence of different force-displacement
characteristics. The investigation is material independent and is appli-
cable to all systems that meet the definition of a Daniels System and the
characteristics of the systems described in Section 3.1. Thus, more than
two elements, as needed for the application to FTSW as shown in Fig. 8,
are investigated for the numerical investigations to be applicable beyond
the FTSW. The most important properties of a Daniels System are [20]:

e The action is quasi-static
e All elements have the same deflection (due to EI = o of the load
sharing)

3.1. Methods

For the investigation of the Daniels System characteristics, crude
Monte Carlo simulations of the material properties were made.

3.1.1. Ductility and number of elements per system

The ductility of materials, elements and connections is an important
characteristic that has been the focus of extensive research [30-39].
Thus, the influence of multiple ductility levels on the system charac-
teristics is studied. The ductility measure utilised in this study draws
inspiration from the approach employed by Gollwitzer & Rackwitz [21].
A minor adjustment has been made to ensure a dimensionless measure.
The new measure is defined in Eq. (2), resulting in a ductility of zero for
a linear elastic brittle system. Conversely, for a bilinear system that
sustains the maximum force up to twice the yield displacement, the
resulting ductility is 1. The range of ductility levels investigated is
described in the Section 3.1.2. In Eq. (2), d is the ductility, Syeax is the
lowest displacement at maximum force, Fy,x is the maximum force and
F(5) is the force at a given displacement 5.

25peak
Fmax' e
/ F(5)ds — W
d=-° @

Finax9, eak)
(Fnax0

The numerical investigations were conducted for systems comprising
2, 3, 5 and 10 elements, respectively. As reference a single element was
used.

3.1.2. Force - displacement curves of the elements of the system

The investigation focuses on two distinct groups of force-
displacement curves. The first group is designated as bilinear, while
the second group is designated curved due to the absence of a distinct
linear elastic behaviour which leads to a total of four different force-
displacement curve types. The displacement at peak force Jpeak is
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Fig. 3. Test setup of the OSB/3 sheathed FTSW [7].

ds dg d;

5

dq: Offset of the sheathing panel to the wall edge
d9: Fastener edge distance on the panel edge

d3: Distance between fastener rows on the bottom
rail, the top rail and the edge studs

dy: Fastener edge distance on the inner edge of
the bottom rail, the top rail and the edge studs

ds5: Fastener edge distance on the inner studs

dg: Distance between fastener rows
on the inner studs

1: Top rail
2: Bottom rail

3: Edge studs

Fig. 4. Fastener arrangement of the OSB/3 sheathed FTSW tests [7].

equal for all force-displacement curves, under the condition that all
parameters are equal to the mean.

Two types of bilinear curves are investigated. The first type of
bilinear curve is characterised by holding a constant force over the
displacement between fpeak and 25,eax. The constant force is dependent
on the targeted ductility as shown in Fig. 9(a). The second type of
bilinear curve is characterized by holding the maximal force over a
different displacement. The length the maximal force is held is depen-
dent on the targeted ductility as illustrated in Fig. 9(b). Both types are
investigated for ductilities between 0 and 1 in an interval of 0.25.

This study investigates two types of curved force-displacement
curves. The basis of both types is the model proposed by Doland and
Foschi [40]. The first type of curve is characterised by a model with all
variables equal to the mean, resulting in a ductility of 0.1 within the

range between O and &peak. The targeted ductility is achieved by
adjusting the stiffness after Gpeak for each realisation of the model indi-
vidually. The range of ductilities investigated is from 0.25 to 1, with an
increment of 0.25, as illustrated in Fig. 10 (a). The subsequent model,
characterised by strongly curved force displacement curves, exhibits a
ductility of 0.25, with all variables equal the mean within the range from
0 to bpear. The investigation of ductilites between 0.25 and 1.25 is
conducted within an interval of 0.25, as illustrated in Fig. 10 (b).

3.1.3. Sample generation

The target value of the numerical analysis is the reliability and the
mean peak force. The assumption is made that all random parameters
follow a Log-normal distribution, with a CoV of 10 %. This is consistent
with the range of most material properties as listed in the JCSS [41-44].
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Fig. 5. Normalised force-displacement curve of OSB/3 shear test. Data from
Manser, dissertation in preparation [29], further information will be supplied
on request.

Furthermore, negative samples are avoided in the Monte Carlo simula-
tion by using the lognormal distribution. In addition, the Log-normal
distribution follows the central limit theorem in its multiplicative
form. It is further postulated that no correlation exists between the pa-
rameters of an element, nor between the same parameter of different
elements. This assumption has been adopted in numerous reliability
investigations because the statistical proof of correlations requires large
sample sizes, which are often not realisable from an experimental point
of view [45-47].

In order to analyse the reliability, numerical investigations are made
using Monte Carlo simulations. The number of samples is chosen so that
the findings have an acceptable margin of error with a reliability index
of p= 4.2. This corresponds to a probability of failure (pf) of around
1075, According to Melchers and Beck [48], between 3¢10° and 2010°
samples are required. Huang et al. [49] state that 107 samples are
necessary. In this study, 5e10° systems of each variant have been
calculated. The samples were generated with the Python package SciPy
[501.

Angle bracket to transmit the
horizontal rection force
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3.1.4. From element to system properties

Sections 3.1.2 and 3.1.3 defined the properties of a single element. As
these investigations are concerned with Daniels System properties, this
section will show how the system properties were derived from the
element properties. As stated in Chapter 3, each element in a Daniels
System experiences the same deflection at a given time. Therefore, the
force of each element in the system is summed up piecewise at the same
deflection as defined in Eq. (3). This calculation is done in steps of 0.01.
The resulting system force-displacement curve is piecewise linear. The
system property of interest is the peak force.

Nelem
Fou(6) = > _Fi(9) 3)
i1
With § as displacement, nejer as the total number of elements of the
Daniels System, F;(5) is the force of the i element at the displacement §
and Fgys(8) is the force of total force of the Daniels System at the
displacement §.

3.1.5. Evaluation
Based on the calculated system peak force the reliability index can be
determined. As there is no predefined action applied, the single element

Table 3
Properties of the tested FTSW with GFB sheathing.
2-WSX1-r15- 3-WSX1-r15-
a2x30 a2x50
Sheathing Thickness [mm] 18 18
Fasteners Type Staple Staple
1.53 x 50 1.53 x 50
Rows at sheathing [nr] 2 2
edge
Rows on interm. [nr] 1 1
studs
Distances d; [mm] 20 20
dy [mm] 15 15
ds [mm] 15 15
dy [mm] 30 30
ds [mm] 40 40
ay [mm] 30 50

Steel plate and steel rods
to transmit the vertical
reaction force

Fig. 6. Test setup of the GFB sheathed FTSW [19].



L. Kramer et al.

Table 4
A compendium of test specimen description and the corresponding peak force of
the tested framed shear walls with OSB/3 and GFB sheathing.

Type Nr  Ixh[mm] Sheathing Fiax Kkp,model
material [kN] [-]
One-sided 1 1250 x 1250  OSB/3 98 0.76
Q-12-S 2 12 mm 101
3 100
Two-sided 1 185 0.69
Q—-12-5-2S 2 185
3 179
Type 2 1 1250 x 2500  GFB 60.7 0.48
2-WS11-r15- 2 18 mm 61.4
a2x30
One-sided
Type 2 1 112 0.44
2-WS21-r15- 2 113
a2x30
Two-sided
Type 3 1 2500 x 1250 233 0.53
3-WS11-r15- 2 235
a2x50
One-sided
Type 3 1 135 0.47
3-WS21-r15- 2 126
a2x50
Two-sided
1.0
0 0.8
g J
c
©
bl
§ 0.6 1
o J
Q
p] )
© 0.4
£ ]
5 ]
= J
0.2 7
o0 +*-————"F "1 T T 7T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Normalised displacement [-]

Fig. 7. Normalised and idealised force-displacement curve of GFB shear test.

Daniels System peak force corresponding to a target reliability index of
= 2 is computed for the Daniels System for different types of force-
displacement curves in order to determine the action. The action for
multi-element systems is then determined by multiplying the action
force for one element by the number of elements. For the calculation of

Engineering Structures 343 (2025) 121238

the pf on crude Monte Carlo simulations and the subsequent calculation
of the reliability index the reader is referred to [48].

The second important result is the mean value of normalised peak
force. Therefore, the mean of the peak system force is calculated. This
average is divided by the number of elements in the system. The nor-
malisation is based on the calculated mean system force for the system
with only one element.

3.2. Results and discussion

The results are show separately for each type of force-displacement
curve.

3.2.1. Bilinear with dropping force

For all force-displacement curves characterised by a linear elastic
force increasing and a drop after the maximum force, the reliability
index is monotonically increasing with the number of elements. This is
combined with a decreasing normalised mean peak force for all the
systems studied with the number of elements. For a two-element system,
the normalised mean resistance decreases between 5 % and 6 %. The
only exception is a ductility of d = 1.0 for which the normalised mean
peak force of the system is independent of the number of elements. This
is shown in Fig. 11 (b).

Combining Figs. 3 and 6 of Gollwitzer & Rackwitz [21], these results
seem plausible.

3.2.2. Bilinear with yielding

The results for ductility equal to 0 and 1 are the same as in Section
3.2.1. For a ductility of 0.25, there is only a small reduction in the
normalised system peak force for several elements. With a ductility of
more than 0.25, there is no reduction in the normalised system force for
several elements. In all cases, there is no reduction in the reliability
index.

AsinFig. 11, Fig. 12 shows that ductility as defined by Eq. (2) isnota
good predictor of the reliability index and the normalised Daniels Sys-
tem resistance. In light of Fig. 11 and Fig. 12, the chosen definition of
ductility does not distinguish consistently the reliability index. The re-
sults indicate that holding the peak force over a certain displacement is a
better predictor of both the reliability index and the normalised system
peak force.

3.2.3. Slightly curved

The reliability index does not decrease for all ductility levels of
slightly curved force-displacement curves. However, the normalised
system force decreases in all cases.

As can be seen by comparing Fig. 13 with Fig. 10 (a), the slightly
curved force displacement curves do not hold the maximum force.

@ Support = Horizontal and vertical support

@ Elements = Sheathings

@ Load sharing = Top and bottom rails
Fastener
Hold down

Fig. 8. Correspondence of the FTSW elements in the Daniels System.
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Fig. 9. Bilinear force - displacement curves (a) with a reduction in force after peak force (b) with a changing ultimate displacement.

1.0 .
) .,
Rd
1 4
Z
0.8 7
] /
— /
o vd
5 06 v
S X4
uw ‘/
0.4 -
4 " N\,
/7 = Foschi-Dolan, d = 0.25 X
0217 —— Foschi-Dolan, d = 0.5 | _*\
14 —— Foschi-Dolan, d = 0.75 N,
! ~ Foschi-Dolan, d = 1.0 \
0 T T X T

0 025 050 075 1.00 125 150 175 2.00
Displacement [-]

(@)

1.0
i ‘,/""
4 ./"
0.8 ~
j 7/
Z o6 / -
o 0.6 ] : N\ N
A 4 .,
i i £ 3 .
. ] ,-" —— Foschi-Dolan, d = 0.25 ‘\'
17 —— Foschi-Dolan, d = 0.5 "\
024 —— Foschi-Dolan, d = 0.75 2
11 ~—— Foschi-Dolan, d = 1.0 N
1 —— Foschi-Dolan, d = 1.25 5N
o+ —¥

0 025 050 075 1.00 125 150 175 2.00
Displacement [-]

(b)

Fig. 10. Curved force - displacement curves (a) slightly curved (b) strong curvature.

6

S
@ 4
x
[
2
CR B I e ——
% PR —
o

1

0

1 2 3 5 10
Number of elements per system [-]
— d=0.0 — d=05 — d=1.0

— d=025 =—— d=0.75

(@)

oy
=)
@

=
=}
S}

S
©
vl

~——

\

4, 2 3 5 10
Number of elements per system [-]

¢
©
o

o
©
[l

Mean value of normalised resistance [-]

o
©
o

— d=0.0 — d=0.5 d=1.0
— d=0.25 — d=0.75

(b)

Fig. 11. Results of the Daniels Systems with bilinear falling force for a different number of elements (a) reliability index (b) mean value of the normalised resistance.

Knowing this, it follows that holding the maximum force over a certain
displacement is an important predictor of the reliability index and the
normalised system peak force.

3.2.4. Heavily curved

The reliability index for all levels of ductility for strongly curved
force-displacement curves is almost the same. The calculated reliability
index was found to be close to 5. However, this value should only be
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normalised resistance.

taken as an order of magnitude, as it is outside the range for which the
results have an acceptable margin of error according to Section 3.1.3.
Except for a ductility of 1.25, the normalised system force decreases.
However, the decrease is small and it is hardly possible to distinguish
between the different ductility levels.

As can be seen in Fig. 14, the heavily curved force displacement
curves hold the maximum force. Apart from the ductility being equal to
1.25, there is no difference between the force-displacement curves with
different ductilities. This is another indication, that holding a force close
to the maximum force is a better predictor of both the system reliability
index and the normalised system peak force than ductility as defined in
Eq. (2).

4. Interpretation of experimental investigations

Chapter 2 described the experimental data which formed the basis
for the presented analysis. It was also shown, that the two-sided
sheathing of a FTSW can be interpreted as a Daniels System. In chap-
ter 3 the change in normalised mean system force for a different number

of elements and different force-displacement curves was investigated.
Therefore, in this chapter the force-displacement curve of OSB and GFB
shear tests is categorised. In addition, the experimental results will be
interpreted in the light of the Daniels System investigations.

4.1. Categorization of the force-displacement curve of the sheathing
panels

The force-displacement curve in Fig. 5 has no curvature like the
models in Fig. 10. This suggests that one of the bilinear models is suit-
able. After reaching the maximum force, the curve is characterised by a
rapid drop in force to approximately 25 % of the maximum force.
Therefore, the bilinear model with a drop after reaching the maximum
force, as seen in Fig. 9(a), is the closest model.

For this investigation, a higher ductility is conservative as less of the
difference between one-sided and two-sided sheathing can be explained
by the system effect. Therefore, the evaluated ductility according to Eq.
(2) of the force-displacement in Fig. 5 of 0.39 is rounded up to 0.5.

No experimental force-displacement curve of shear tests on GFB can
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be shown here. The characteristics of the force-displacement curve in
Fig. 7 are almost linear with no load bearing after reaching the peak
force is reached. So, they have almost no ductility and the same ductility
is assumed for the GFB sheathing as for the OSB/3 sheathing. This is
conservative, as the curve has less ductility than the OSB/3 curve.

4.2. Consideration of the system effect on the maximal force

The ductility of the OSB/3 panels has been determined to be 0.5, see
Section 4.1. In contrast to the OSB/3 panels for the GFB, only general
characteristics of the force-displacements curves is available. This limits
evaluation of the ductility. However, it is safe to say that the ductility is
lower than for the OSB/3 sheathing. Based on Fig. 11 (b) and the
ductility of d = 0.5 the normalised mean force of a two-element system
is 6 % smaller than the normalised force of a single element. Therefore,
the expected force for two-sided sheathing is twice the mean force for
the one-sided sheathing multiplied by 0.94. The expected forces are
given in Table 5.

In order to decide whether the experimentally determined reduced
resistance per sheathing can be explained by the system properties the
confidence interval (CI) of the experimentally determined force is
determined. Even tough, the sheathing resistance and the FTSW resis-
tance were both log-normally distributed, the underlying distribution of
the mean is assumed to be normally distributed. Therefore, due to the
small number of shear walls tested, the students T distribution is used to
construct the CI as shown in Eq. (4). In Eq. (4) y denotes the mean value

of the resistance, t,_«, , is the value of the t-distribution for a signifi-
A

cance level of 1§ and a sample size n, the standard deviation of the
resistance is denoted by o. According to EN 1990:2002 [51], the

Table 5
Confidence intervals for two-side sheathed FTSW and the expected force based
on one-side sheathed FTSW considering the system characteristics.

Lower boundary of the Upper boundary of the Expected force
CI [kN] CI [kN] [kN]

OSB
174 192 187

GFB

Type 107 118 115

2
Type 222 246 245

confidence interval for individual properties should have a significance
level of 75 %. Due to the small number of FTSW tested per type, the CoV
from the FTSW test would not be reliable. Thus, the CoV of OSB is taken
from Manser et al. [7] as 6 %, since a smaller value is a stricter condi-
tion. The sample size n is equal to three as three FTSW per variant were
tested from Manser et al. [7]. For the GFB sheathed FTSW, two wall
types are compared, see Table 4. The CoV of GFB is given by the
manufacturer to be 4.6 %. The degree of freedom is equal to two as two
FTSW per variant were tested in Kramer et al. [19]. The boundaries of
the CI were noted in Table 5.

t, a [
l—zﬂ—l

NG

For all shear walls investigated, the expected force taking into ac-
count the system characteristics is within the CI. It follows that the
explanation of the reduced resistance by the system properties is not
refuted. However, the results show a significant statistical skewness.
Statistical skewness is often an indicator of some filtering processes [52,
53], which can be further investigated in the future.

Cl=y+ @

5. Conclusions

The focus of this paper was on the comparison of one-side sheathed
and two-side sheathed FTSW. The present investigation did not calculate
absolute values of kj, mode1 as this was done in the previous studies [7,19]
but investigated the reliability and mean normalised forces using the
theoretical Daniels System for sheathed FTSW. The expected peak force
of a two-side sheathed FTSW based on the experimental results of
one-sided FTSW and on the consideration of the system characteristics in
terms of a reduced contribution of one sheathing side as inferred from
the Daniels System simulations, is within the CI of the peak force of the
two-side sheathed FTSW. Although the mean resistance of a one-side
sheathed FTSW is higher than the contribution of one-side of a
two-side sheathed FTSW, the overall reliability remains the same as
shown in Fig. 11 (a). Therefore, the system characteristics described as
parallel load bearing of the sheathing explain the reduction in measured
peak force as contribution per sheathing found by the presented
experimental investigations [7,19]. The conclusion is that one and
two-sided sheathing should have the same kj moder factor.

The result of this investigation contradicts the current codes which
assume a reduced peak force for one-side sheathed FTSW compared to
the contribution of one-side of a two-side sheathed FTSW. It is therefore
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concluded that the different reduction factors kp modet in prEN1995-1-
1:2024 [6] for one- and two-sided sheathing are not supported by the
existing experimental investigations [7,19] or by the theoretical inter-
pretation as demonstrated in this paper. The explanation for the reduced
contribution of one sheathing in two-side sheathed FTSW due to the
parallel load bearing of this investigation supports the findings of the
experimental investigations [7,19]. Thus, further legitimating the find-
ings of the two experimental studies and the proposal to have the same
kp,model value (0.6 for OSB/3 sheathing and 0.33 for GFB sheathing) for
one and two-side sheathed FTSW.

For sheathing materials not covered by prEN1995-1-1:2023, it is
recommended that the kp model factor should be determined on the basis
of experimental investigations on one-sided sheathing if the parallel
load bearing explains possible differences as shown in this paper.

As shown in Section 3.2, ductility as defined by Eq. (2) has potential
for improvement as predictor of system performance. At present,
maintaining a force close to the maximum force appears to be a more
promising predictor. Further investigations of other definitions of the
ductility shall be undertaken in the future. These definitions may be
better predictors of system reliability.
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