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ABSTRACT: The shift towards using more and higher timber structures comes with more questions regarding their
structural behaviour. For instance, structural robustness and racking resistance are two important themes currently being
researched more thoroughly. Within the context of structural robustness, timber walls could become self-supporting due
to damage occurring to the underlying supporting elements. In such a scenario, timber walls are subjected to in-plane
bending and possibly horizontal (shear) loads, a combination of load cases for which little knowledge has been developed
in the context of timber frame construction. Therefore, an experimental and numerical campaign is presented in which six
timber frame walls were tested. Two walls were loaded solely under in-plane horizontal loads until failure, and four walls
were subjected to a combination of in-plane vertical (bending) and horizontal loads. Results showed that increasing the
vertical loading lowered the horizontal load (or racking) resistance of the timber frame wall. The interaction behavior was
also visible in the load-displacement diagram, which depicted a faster decrease in stiffness in the elastoplastic and plastic
area of the wall and decreased yielding force whenever more vertical loading was applied. This interaction behavior was
similar to the predictions according to mesoscale finite element models.
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1 — INTRODUCTION on timber frame diaphragms under in-plane bending sce-
narios [17]. Research on racking resistance addressing
lateral loads from wind or seismic activity has explored
more factors such as openings, connectors, and sheathing
materials [2, 10, 15]. However, these studies largely ne-
glect scenarios involving simultaneous vertical and lateral
loads, which may further reduce racking capacity in di-
aphragms positioned over large spans or openings, as il-
lustrated in Figure 1. Current provisions in Eurocode 5
[5] address interaction behavior for individual timber ele-
ments but lack guidance on composite elements like wall
diaphragms, leaving the effects of combined loading un-
derexplored.

The growing recognition of climate change has height-
ened the demand for sustainable building materials and
practices to reduce carbon emissions in construction. Tim-
ber has emerged as a preferred alternative to conventional
materials such as concrete and steel, sparking interest in
developing timber frame structures [11, 14, 16]. Among
the key research areas is the evaluation of structural ro-
bustness, assessing a structure’s ability to withstand un-
foreseen loads without progressive collapse [13].

Studies on the robustness of timber frame structures fo-
cus on several aspects. For instance, robust design often
parallels seismic design, emphasizing redundancy and duc-
tility through features like metal connectors [1, 7]. Voulpi-
otis et al. [20, 21] developed methods for quantifying ro-
bustness and highlighted design adaptations for tall timber
buildings. The updated Eurocode 5 (prEN 1995-1-1:2023)
[4] recommends strategies such as alternative load paths
and structural segmentation to enhance robustness. Nev-
ertheless, further research is essential to advance robust
design practices for timber-framed buildings as stated in
[3’ 9] Lateral loading

An important challenge in this context is understanding \
the load-bearing capacities of timber frame diaphragms
under combined loading scenarios. For example, local-
ized failures may induce in-plane bending in wall di- Damaged wall
aphragms, potentially reducing the overall load-bearing ca- sepment
pacity. Limited existing studies have primarily focused
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A potential approach to determine this behavior in-
volves using mathematical models, as outlined in [12,
19], or more advanced mesoscale numerical models, as
described in [10]. However, these models primarily ad-
dress the racking resistance of standard scenarios. There-
fore, this research includes an experimental campaign in
which two walls are tested under lateral loading, and four
walls are tested under combined lateral and vertical (bend-
ing) loading. Secondly, a mesoscale finite element model
based on the connection behavior is employed to simulate
and compare results with the experimentally tested walls.

2 — MATERIALS AND METHODS

This Materials and Methods section outlines the general
dimensions of the tested wall diaphragms, the experimen-
tal setup, and the numerical method used for the simula-
tions.

2.1 WALL DIAPHRAGMS

The scaled timber frame diaphragms were constructed
according to Figure 2. Each wall comprises C24 softwood
studs and rails with 45 mm X 95 mm cross-sections. The
rails are 3420 mm long, and the studs are 1110 mm high,
resulting in a total wall height of 1200 mm. Seven studs,
spaced 570 mm apart, are each connected to the rails using
three nails (2.8 mm diameter, 80 mm length).

The walls are sheathed with 12.5 mm oriented strand
board (OSB) panels on both framing sides. The OSB pan-
els have mechanical properties of 9.4 N/mm? for the ten-
sile strength, a modulus of elasticity of 3500 N/mm?, and
a shear modulus that equals 1080 N/mm?. Screws were
used as the sheathing-to-framing connections (5 mm di-
ameter, 80 mm length). The connections were spaced 150
mm apart along both the rails and studs. The screws were
predrilled using a 3 mm drill. Due to the relatively thin
studs and using two rows of connectors, the intermediate
and end distances do not meet the minimum requirements
specified in EN 1995:1:1:2005 clause 8.7 [5].
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Figure 2: Technical drawing of the wall configuration. Dimen-
sions in mm.

2.2 EXPERIMENTAL SETUP

The test setup for both the horizontal (shear) loading and
the combined loading (shear and bending) experiments
was largely similar, with the primary difference being the
vertical loading points introduced in the combined loading
experiments at the top of the specimen. Figure 3 illustrates
the constructed test configuration, highlighting key com-
ponents.

To maintain in-plane behavior during horizontal load-
ing, four ball rollers were installed at the upper rail of
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the wall, with two placed on each side of the specimen.
These rollers facilitated free movement with minimal fric-
tion while ensuring the wall remained in the intended
plane. Steel U-profiles with smooth plywood plates were
employed on the lower rail to mitigate the risk of lateral
torsional buckling of the wall. The monotonic horizontal
load was applied via a hydraulic cylinder. This cylinder
was connected to a headpiece, which was, in turn, attached
to the upper rail. The headpiece functioned to evenly dis-
tribute the applied horizontal load, thereby minimizing
stress concentrations at the loading point and reducing the
likelihood of splitting in the upper rail. To restrict the hor-
izontal displacement of the lower rail, an L-shaped steel
block was positioned at the opposite end of the applied
load.

As the experiment analyzed a fully anchored wall, a
tie-down system was required to mitigate potential uplift
at the leading stud. Instead of a conventional tie-down,
which would have restricted horizontal translation at the
support point, two steel cables were positioned on each
side of the leading stud. These cables were anchored to
steel profiles, which were secured to the concrete reaction
floor, and were pre-tensioned using a spanner to function
as a rigid tie-down alternative. Finally, vertical loading
was applied using four steel cables, with two cables po-
sitioned on each side of the wall per loading point. The
amount of loading is shown in Table 1. These cables
were anchored to the concrete reaction floor and were si-
multaneously tensioned until the desired downward force
was achieved, as measured by a load cell at each loading
point. The horizontal displacement was measured with an
LVDT attached to the upper rail, and the vertical displace-
ment was measured with LVDTs underneath each respec-
tive stud. The yield point of the specimens was evaluated
using the equivalent energy elastoplastic method, follow-
ing the same method applied in [17].

Table 1: Abbreviations of the different specimens and the applied
total vertical loading.

ID  Total Vertical preload (kN)

S-1 0
S-2 0
C-1 8
C-2 12
C-3 16
C-4 24

2.3 FINITE ELEMENT MODEL
2.3.1 Modeling framework

Timber frame diaphragms consist of multiple compo-
nents, including studs, rails, sheathing panels, sheathing-
to-framing connections, and stud-to-rail connections, all
of which must be considered in numerical modeling. The
model employed in this study is a 2D mesoscale finite el-
ement model developed in MATLAB. It features an in-
terface for defining diaphragm parameters, such as wall
height, wall length, sheathing panel length, connector
spacing, and the possible presence of center studs. Addi-
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Figure 3: Experimental setup for the shear and combined loading tests.
tionally, imposed forces, displacements, and support con- 2000
ditions can be specified. A generated wall diaphragm is Exp. average .,
shown in Figure 4. o500 —&—Multilinear .
Exp. average,

The second component of the modeling framework is
the analysis tool, which performs a materially nonlin-
car analysis of the wall diaphragm. To ensure compu-
tational efficiency, the model employs different element
types: plane stress continuum elements for sheathing pan-
els, beam elements for framing components, and nonlinear
orthotropic spring elements for sheathing-to-framing con-
nections. In this study, stud-to-rail connections are mod-
eled as hinges or contact elements, preventing deforma-
tions at these locations. Consequently, the model’s nonlin-
earity is governed solely by the nonlinear spring elements,
which play a critical role in capturing the structural behav-
ior of the timber frame wall.

Figure 4: A 2D view of the wall generated by the finite element
model. White dots represent the sheathing-to-framing connec-
tions, and green squares represent the stud-to-rail connection on
the lower rail.

2.3.2 Sheathing-to-framing connections

The sheathing-to-framing connection behavior is gov-
erned by a multilinear connection model, which uses dam-
age evolution laws that are calibrated by shear experiments
in which the load acts either parallel or perpendicular to
the grain of the timber element (rail or stud) [6]. The ex-
perimental average of each test is approached through the
segmentation by linear lines, further called the multilin-
ear law. This approximation is shown in Figure 5. Both
sets of multilinear laws are coupled with each other since
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Figure 5: Experimental average and multilinear approximation

of the load-displacement diagrams for loading in parallel and

perpendicular direction to the timber members.

possible loading in one direction also influences the load-
displacement behavior in the opposing direction. The cou-
pling is performed through the use of an interaction ellipse,
as discussed in [18], which lowers the load capacity in
one direction depending on the amount of displacement
or force in the opposite direction by using a projected dis-
placement value. The paired or coupled multilinear laws
are further represented by spring elements, which are ori-
ented depending on their initial displacement trajectory,
which is defined at time zero during initial loading. The
oriented spring pair model is based on [8]. Due to the sim-
ple nature of the damage-based modeling approach, which
uses a set of scalar damage parameters that reduce the stiff-
ness of a failing sheathing-to-framing connection, the over-
all stability of the model is excellent while ensuring the
model’s capabilities to capture the increasing weakening
of the connection behavior under increasing loads.
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Table 2: Experimental results.

ID  Fra(kN)  Fyiea(kN)  dyigig(mm)  dgyipyre(mm) Main failure mode
S-1 93.6 - - 41 Sheathing tear-out
S-2 101.6 60.2 18 72 Sheathing tear-out
C-1 102.5 57.9 15 65 Sheathing tear-out
C-2 98.5 52.5 14 63 Sheathing tear-out and splitting lower rail
C-3 96.8 52.0 12 52 Sheathing tear-out
C-4 87.5 46.8 11 46 Sheathing tear-out

3 — RESULTS AND DISCUSSION

3.1 EXPERIMENTAL RESULTS
3.1.1 Shear experiments

The shear experiments produced two force-displacement
diagrams, serving as references for comparison with the
combined shear-bending tests. In the first experiment (Ta-
ble 2, Figure 6), the peak force reached 93.6 kN, with fail-
ure occurring at a horizontal displacement of 41 mm. How-
ever, results from the S-I specimen should be interpreted
cautiously due to multiple load applications during test-
ing. Initial setup faults required resetting the test before
stable conditions were achieved. Consequently, the force-
displacement diagram in Figure 6, taken from the final test,
shows increased stiffness up to a critical displacement of
approximately 15 mm.

The second experiment (S-2) produced a more pre-
dictable force-displacement response, reaching a peak
force of 101.6 kN, with failure occurring at 72 mm. A mi-
nor drop in force at 52 mm was attributed to a temporary
slip in the steel tie-down cable, which self-corrected. With-
out this slip, the peak force may have been slightly higher.
Both specimens exhibited a similar failure mechanism,
characterized by sheathing-to-framing connection failure
at the lower rail and the second-to-last wall stud (Figure 7).
The connectors in the lower rail failed first, followed by
subsequent failures in the wall stud. The failure occurred
as the sheathing panels tore away from the sheathing-to-
framing connections while the connections themselves re-
mained intact with the framing. During testing, unevenly
distributed “rotation” or racking of the sheathing panels
was observed, leading to localized failure.

3.1.2 Combined loading experiments

The combined loading experiments produced distinct
force-displacement diagrams (Figure 6), which were used
for further analysis. The first specimen, subjected to a
vertical load equal to 10% of its maximum vertical load-
bearing capacity, exhibited a slight increase in force com-
pared to S-2. However, its horizontal displacement at fail-
ure was reduced by 7 mm. Specimen C-2, with a vertical
preload of 12 kN, experienced a 4 kN decrease in maxi-
mum horizontal force and a 2 mm reduction in displace-
ment at failure compared to C-1. This trend continued for
specimens C-3 and C-4, where both the horizontal failure
force and displacement at failure progressively decreased
with increasing vertical preload.

A second trend was observed in the yielding behavior.
According to Section 3.2, S-2 had a yielding force of 60.2
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kN at a displacement of 18 mm. Subsequent specimens ex-
hibited a reduction in both yield force and yield displace-
ment, correlating with the level of vertical preloading; a
higher preload resulted in earlier yielding.

The dominant failure mode, except for specimen C-2,
was sheathing tear-out from the sheathing-to-framing con-
nections. This failure occurred as the OSB detached from
the screws while the screws remained connected to the tim-
ber frame, as shown in Figure 7. In all cases, failure was
localized at the second-to-last stud from the loading side.
Specimen C-2 showed a splitting of the lower rail located
underneath the second to last stud (Figure 7d). The most
likely reason that the splitting occurred at this location was
due to a knot located in the timber in this area.
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Figure 6: Force-displacement diagrams of the shear and com-

bined loading experiments.

3.2 NUMERICAL RESULTS

3.2.1 Shear resistance

The simulations performed to evaluate the shear resis-
tance, utilizing the FEM framework described in Section
2.3, yielded results that closely matched the experimental
data, especially within the elastic and elastoplastic area,
as demonstrated in Figure 8. The force displacement re-
sponse gathered from the numerical model exhibited a
strong correlation with the experimental results, indicating
the accuracy and reliability of the adopted modeling ap-
proach. In particular, the response of specimen S-2 demon-
strated a remarkable agreement, with a difference in stiff-
ness of only 2% up to a displacement of 25 mm. Beyond
this threshold, the discrepancy gradually increased but re-
mained within an acceptable margin, reaching a peak devi-
ation of approximately 5% until a drop was observed in the



Table 3: Numerical results.

ID  FokN) F yicld(kN) dyicld(mm) disilere(mm)  Num./Exp. ratio (F,,,) Num./Exp. ratio (F, yicld)
S 116.8 70.0 24 87 1.15 1.16

C-1 108.2 69.2 22 71 1.06 1.19

C-2 103.5 65.3 21 61 1.05 1.24

C-3 97.9 63.9 21 54 1.01 1.23

C-4 87.7 58.3 20 49 1.00 1.24

Figure 7: Pictures of the most common failure modes. (a) Fail-
ure located in the second-to-last stud, (b) Tearing of OSB; (c)
Localized tearing of sheathing in the lower rail; and (d) Split-
ting underneath the second-to-last stud.

experimental data, as previously discussed. Additionally,
the predicted values for both the failure and yielding forces
were proportional to the experimental results. Specifically,
the numerical model estimated the capacity for both forces
to be around 15% higher than the experimentally measured
values. These findings suggest that the developed FEM
provides a robust and reliable approximation of shear re-
sistance behavior.
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Figure 8: Comparison of the experimental and the finite element
model regarding lateral resistance.

3.2.2 Combined loading

The simulations conducted to evaluate the combined load-
ing configurations produced mixed results. The predic-
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tions of the finite element model regarding the maximum
allowable lateral force demonstrated a high level of accu-
racy, with deviations remaining within acceptable limits.
The highest observed difference was only 6% for config-
uration C-1. Notably, specimen C-4 yielded particularly
accurate results, with a numerical-to-experimental ratio of
exactly 1.00, highlighting the model’s reliability for this
specific case. However, differences between the simulated
and experimental outcomes were observed in the initial
stiffness values. A comparison of Figures 6 and 9 reveals
that, during the experimental campaign, the initial stiffness
of the tested specimens exhibited a slight increase. In con-
trast, the numerical model did not replicate this trend and
instead displayed a decrease in initial stiffness as the ap-
plied vertical preload increased. This inconsistency sug-
gests that differences in how vertical loading was applied
in the experimental setup and the numerical model could
have contributed to the observed variations. In the phys-
ical tests, vertical preloads were applied using spanners
connected to the underlying reaction floors. Conversely,
in the numerical model, the applied forces were idealized,
acting directly on both studs while remaining aligned with
the horizontal movement of the structure, preventing a po-
tential horizontal component due to loading. This ideal-
ized application likely contributed to the observed reduc-
tion in initial stiffness within the numerical simulations.

The expected decrease in initial stiffness within the nu-
merical model can be attributed to how vertical forces
were distributed among the connectors. Specifically, in
the simulation, the preload forces were allocated to each
connector, potentially initiating damage during the verti-
cal preloading stage before applying horizontal loading.
As horizontal forces were subsequently introduced, these
pre-existing reductions in stiffness further influenced the
overall response, leading to a lower initial stiffness in the
global force-displacement behavior. The discrepancy in
initial stiffness directly impacts the yielding force predic-
tions, as shown in the numerical results summarized in Ta-
ble 3. The relatively large variation in yielding forces ob-
served between the experimental and simulated results can
be traced back to this initial stiffness difference.

However, despite the observed differences in initial stiff-
ness, the overall trends in both the numerical and experi-
mental configurations remained consistent. In both cases,
an increase in vertical preloading resulted in a reduction
in the maximum allowable horizontal load and the corre-
sponding displacement at failure. This trend was also vis-
ible in the yielding force and yielding displacement, both
of which decreased as the vertical preload increased.
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Figure 9: Force-displacement diagram of the FEM simulations
of the combined loading configurations.

3.2.3 Prediction of failure location

The finite element model can also be used to predict the
failure mode and the specific location where failure is most
likely to occur. By simulating the force distribution across
the sheathing-to-framing connections, the model provides
insights into the load transfer mechanisms within the struc-
ture. The numerical analysis enables the visualization of
these forces for each connector element, offering a relative
representation of their magnitude and direction. While the
displayed forces are not absolute, they serve as valuable
indicators of potential failure locations.

Figure 10 illustrates two distinct stages of the loading
process, each with its corresponding force distribution.
The left diaphragm represents the state of the diaphragm at
the initial time step when lateral loading is first applied (af-
ter vertical preload). As shown, the force distribution on
the opposite side of the applied loading increases, while
the forces on the same side as the applied load decrease.
This behavior reflects the expected redistribution of inter-
nal forces as the structure responds to the external loading.
The right diaphragm in Figure 10 captures the state of the
diaphragm at a crucial moment just before total failure oc-
curs. At this stage, the forces on the side opposite to the
applied loading experience significant amplification (su-
perposition effect), suggesting that failure is most likely
to initiate in this region. Figure 11 shows how the model

predicts this in a 2D view. This numerical prediction
aligns with physical observations from the experimental
campaign, reinforcing the model’s capability to estimate
failure locations based on force distribution patterns.

4 — CONCLUSION

This research examined the structural behavior of tim-
ber frame diaphragms under combined bending and shear
loading through experimental testing and numerical mod-
eling. The findings indicate that increased vertical loading
reduces the horizontal racking resistance, as evidenced by
decreased yielding force, yielding displacement, and stiff-
ness.

The experimental results revealed that the primary fail-
ure mode across all specimens was sheathing tear-out
at the sheathing-to-framing connections, particularly near
the second-to-last stud from the loading side. In one case,
additional splitting of the lower rail was observed, likely
influenced by timber knots at this location. The observed
failure behavior suggests that increasing vertical load am-
plifies stress concentrations at critical connection points,
accelerating failure initiation.

The used FEM framework accurately predicted force-
displacement behavior and failure locations, with devia-
tions in peak force remaining within an acceptable range.
However, discrepancies in initial stiffness suggest that fur-
ther refinement of the numerical modeling approach, par-
ticularly in the application of vertical preloads, may en-
hance predictive accuracy. Despite these differences, the
model accurately captured the general trends observed in
experimental results, reinforcing its applicability for as-
sessing timber frame diaphragm performance under com-
bined loading conditions.

These findings underscore the importance of consider-
ing combined loading effects in the design of timber struc-
tures, particularly in scenarios where load redistribution
may influence failure mechanisms. Future research should
focus on full-scale validation, alternative connection con-
figurations, and further refinement of numerical methods
to enhance the predictive reliability of timber frame di-
aphragm behavior under complex loading conditions.

Figure 10: Distribution of sheathing-to-framing connection forces as predicted by the finite element model: (left) Initial time step when
lateral loading is added; (right) Time step before failure of the configuration.
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Figure 11: A 2D view of the estimated failure location by the
finite element model.
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