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E-mail: frangi@ibk.baug.ethz.ch

Connections play a crucial role in timber structures. They not only allow the structural members to be joined together,
but also govern the structure’s mechanical behavior. Moreover, carefully designed connections provide ductility to the
structure. Glued-in steel plates in timber are attractive in applications where high stiffness and capacity are required.
To ensure the connection ductility, the steel plate should yield before brittle timber failure occurs. Thus, the design
challenge lies in determining the optimal steel plate parameters that maximize the connection capacity and ensure
connection ductility. In this study, system reliability is used to determine the optimal steel plate thickness based on
an analytical model of the glued-in plate connection. This results in a hierarchical calibration of the failure modes to
provide ductility to the system in the event of failure. The proposed framework enables the economical and robust
design of glued-in plate connections, supporting their wider adoption in timber structures.
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1. Introduction

The construction of multi-story timber buildings

has grown significantly over the past two decades

(Svatoš-Ražnjević et al., 2022). One of the primary

drivers of this trend is the potential of timber struc-

tures to reduce carbon emissions within the con-

struction industry (Churkina et al., 2020). Given

the increasing scale and complexity of modern

timber structures, achieving adequate ductility is

essential. Ductile behavior may provide warning to

the occupants through visible deformations prior

to failure and enables load redistribution between

structural members. Furthermore, it facilitates en-

ergy dissipation in case of seismic events (Jorissen

and Fragiacomo, 2011) and increases the over-

all system reliability (Gollwitzer and Rackwitz,

1990). Contrary to steel and reinforced concrete,

the primary failure modes of the timber members

are brittle. Consequently, the ductility of timber

structures should be provided through the connec-

tions (Ottenhaus et al., 2021). Glued-in plate con-

nections are highly effective if large stiffness and

capacity are required (Vallée et al., 2011; Bathon

et al., 2014). However, their primary failure mode,

which is the pull-out of the steel plate following

timber shear failure along the adhesive, is inher-

ently brittle. In this paper, we present a capacity-

based design approach of glued-in steel plates in

timber members that enforce a hierarchical orga-

nization of the failure modes using methods from

system reliability. To prevent brittle plate pull-out,

a ductile weak link was introduced by reducing the

plate cross-section outside the timber member. A

limit state function was then formulated to ensure

this weak link yields before brittle pull-out occurs.

The design of the weak link should account for the

aleatoric uncertainties of both the steel and tim-

ber properties. Furthermore, the influence of the
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weak link on the overall connection capacity and

stiffness should be considered. The capacity-based

design approach with a hierarchical organization

of the failure modes based on system reliability

support the efficient and rational design of timber

connections and structures.

2. Mechanical models

As depicted in Figure 1, a glued-in plate consists of

a steel plate of cross-sectional area w·ts and elastic

modulus Es adhesively bonded into a timber mem-

ber over a length l. The plate is perforated with

holes on 40% of its area. The system was idealized

as a double-lap shear joint with timber adherends

of cross-sectional area w · tt, elastic modulus Et,

and shear modulus Gt. The adhesive layer had a

thickness ta and shear modulus Ga. The weak link

is located just outside the timber at the loaded end

of the steel plate, by reducing the section tw locally

over a length lw.

F

F/2

F/2

l

tt

tstw

lwEt,Gt

Ga, taEs

x

Figure 1. Schematic of a glued-in plate connection.

According to Tsai et al. (1998), the shear stress

along the adhesive of a double-lap shear joint with

finite shear rigidity of the timber adherends is:

τa(x) = A sinh(βx) +B cosh(βx), (1)

with:

A = − 1

βκ2

Ga

wta

F

Ests
, (2)

B =
GaF

(
1

2Ettt
+ cosh(βl)

Ests

)

βκ2wta sinh(βl)
, (3)

β2 =
Ga

ta
( 2
Ests

+ 1
Ettt

)

1 + Ga

ta
tt

3Gt

=
ζ2

κ2
. (4)

The constant β depends on the connection ge-

ometry and material properties, where ζ is the

elongation parameter and κ the shear parameter.

If the timber shear strength is governing, then the

pull-out capacity is:

Fp,R =⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

if τa(0) < τa(l)
fvβκ

2wta

Ga
cosh(βl)
sinh(βl)

(
1

2Ettt
+ cosh(βl)

Ests
− sinh(βl)

Ests

)

else
fvβκ

2wta sinh(βl)

Ga

(
1

2Ettt
+ cosh(βl)

Ests

) .

(5)

The yield Fy,R and ultimate Fu,R capacities of the

weak link are:

Fy,R = Awfy = wtwfy, (6)

Fu,R = Awfu = wtwfu. (7)

The plastic response of the weak link was modeled

using Hollomon’s power law (Hollomon, 1945) in

terms of true stress and strain. This captures the

strain hardening behavior up to the ultimate strain

εu, which is essential for modeling the non-linear

weak link displacement preceding the brittle pull-

out failure Fp,R. Finally, the tension capacity of

the timber members is:

Fnt,R = Atft,0 = wttft,0. (8)

3. Reliability analysis

Random variables are mapped into the standard

normal space by applying a Nataf transform

(Nataf, 1962; Liu and Der Kiureghian, 1986). The

reliability index β of the glued-in plate connec-

tions is evaluated using the first-order reliability

method (FORM) (Rackwitz and Flessler, 1978).

To determine the design parameters corresponding

to a prescribed target reliability index, the inverse

FORM algorithm by Der Kiureghian et al. (1994)

is used.

3.1. Limit state functions

For each failure mode, the limit state functions are

expressed in terms of the component capacities in

Eqs. (5) to (8) and the design capacity Pd:

g1(X, c) = Fp,R(X, c)− Pd, (9)
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g2a(X, c) = Fy,R(X, c)− Pd, (10)

g2b(X, c) = Fu,R(X, c)− Pd, (11)

g3(X, c) = Fnt,R(X, c)− Pd, (12)

where X is a vector of random variables and

c is a vector of deterministic design parameters.

To ensure a hierarchical calibration of the failure

modes to provide ductility to the connection, the

yield capacity of the weak link Fy,R should be

lower than the plate pull-out capacity Fp,R, which

can be defined by:

gh(X, c) = Fp,R(X, c)− Fy,R(X, c). (13)

3.2. Connection reliability model

The glued-in plate connection is modeled as a

series system, following the Weibull weakest link

theory (Weibull, 1939). The probability of pull-

out failure Pf,p and the probability of timber ten-

sion failure Pf,nt are correlated since they both

depend on the mechanical properties of timber.

The probability of failure of the weak link Pf,u

is not correlated with the other failure modes. By

using Ditlevsen’s bounds (Ditlevsen, 1979) and as-

suming small probabilities, the system probability

of failure can be simplified to:

Pf,sys = Pf,p + Pf,u + Pf,nt − Pf,pt. (14)

Pf,pt is the joint probability of pull-out and tension

failure:

Pf,pt = Φ2(−βp,−βnt; ρpt), (15)

where Φ2 is the bivariate standard normal cumu-

lative distribution function, βp is the reliability

index for the steel pull-out failure, and βnt is

the reliability index corresponding to the timber

tension failure. ρpt is the correlation between the

two failure modes. This can be approximated as

(Ditlevsen, 1979):

Pf,ij ≈ Φ(−βi)Φ

⎛
⎝−βj − ρijβi√

1− ρ2ij

⎞
⎠

+Φ(−βj)Φ

⎛
⎝−βi − ρijβj√

1− ρ2ij

⎞
⎠ ,

(16)

where Φ(·) is the cumulative standard normal

distribution.

Finally, the system reliability index becomes:

βsys = −Φ−1(Pf,sys). (17)

3.3. Target reliability indices

The target reliability index for the connection was

set to βt = 3.8, corresponding to a structure in con-

sequence class 2 for a reference period of 50 years

(CEN, 2002). Systems with multiple failure modes

typically require higher component reliability to

reach similar failure probability (Joint Committee

on Structural Safety, 2000; Vrouwenvelder et al.,

2024). This requirement is explicitly addressed in

this study by ensuring that the target reliability is

met at the connection-system level, rather than at

the individual component level. Furthermore, the

failure modes are organized in a hierarchy, such

that the ductile weak link failure occurs first to

ensure the connection ductility. To control this

failure hierarchy, we introduced the hierarchical

target reliability index βh, which is directly related

to the limit state function in Eq. (13).

3.4. Input parameters

The connection analyzed in this study consisted of

an S355 steel plate with thickness ts = 8 mm that

is adhesively embedded inside a square GL28h

glued laminated timber member parallel to the

grain with width w = 120 mm and thickness

tt = 54 mm. The adhesive is epoxy-based with

shear modulus Ga = 1400 MPa (Almutairi, 2024)

and bond thickness ta = 2 mm. Several glued-in

lengths l and weak link thicknesses tw and lengths

lw were studied. The deterministic input vector

c contains the connection geometry, the design

capacity Pd and the adhesive shear modulus Ga:

c = (ts, tt, Ga, ta, l, w, tw, Pd)
T . (18)

As a simplification the geometry input param-

eters and the design capacity Pd were assumed

deterministic and the latter was calibrated to match

the target reliability βt. The adhesive shear modu-

lus Ga was also considered deterministically con-

sidering its negligible effect on the connection ca-

pacity and stiffness. The probabilistic input vector
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Table 1. Statistical distributions and parameters for the

material properties of steel (Joint Committee on Struc-

tural Safety, 2002; CEN, 2022) and timber (Schilling

et al., 2021).

Variable Distribution Parameters

Et LN (μ, cov) (14.0 GPa, 4.87 %)
Gt LN (μ, cov) (650 MPa, 5.13 %)
fv W(μ, cov) (4.37 MPa, 14.3 %)
ft,0 LN (μ, cov) (30.8 MPa, 11.0 %)
Es LN (μ, cov) (210 GPa, 3.00 %)
fy LN (μ, cov) (388 MPa, 7.00 %)
fu LN (μ, cov) (735 MPa, 4.00 %)
εu LN (μ, cov) (0.12, 6.00 %)

X includes timber and steel material properties,

which distributions and moments are defined in

Table 1 and the correlation matrix in Table 2.

Table 2. Material properties’ correlation matrix ac-

cording to Joint Committee on Structural Safety (2002).

Et Gt fv ft,0 Es fy fu εu

Et 1.0 0.6 0.4 0.8 0.0 0.0 0.0 0.0
Gt 0.6 1.0 0.6 0.4 0.0 0.0 0.0 0.0
fv 0.4 0.6 1.0 0.6 0.0 0.0 0.0 0.0
ft,0 0.8 0.4 0.6 1.0 0.0 0.0 0.0 0.0
Es 0.0 0.0 0.0 0.0 1.0 0.0 0.0 0.0
fy 0.0 0.0 0.0 0.0 0.0 1.0 0.75 -0.45
fu 0.0 0.0 0.0 0.0 0.0 0.75 1.0 -0.60
εu 0.0 0.0 0.0 0.0 0.0 -0.45 -0.60 1.0

4. Results and Discussion

The calibrated weak link thickness tw was com-

puted for various values of the hierarchical target

reliability βh and glued-in length l by applying

the inverse FORM algorithm on the limit state

function gh. As shown in Figure 2, the weak link

thickness tw is significantly influenced by the hier-

archical target reliability βh. The latter controls the

separation between the lower tail of the pull-out

capacity Fp,R and the upper tail of the weak link

yield capacity Fy,R. A higher hierarchical target

reliability βh imposes more separation between the

failure modes, resulting in a weaker weak link. The

influence of the hierarchical target reliability βh on

the weak link thickness tw increases with longer

glued-in plates and is explained by statistical size
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Figure 2. Calibrated weak link thickness tw in func-
tion of the glued-in length l for various values of βh.

effects. The size effects reflect the increased prob-

ability of encountering localized zones of lower

strength as the bonded surface area extends. In-

dependently of the hierarchical target reliability

βh, the pull-out capacity Fp,R increases with the

glued-in length l until it reaches a plateau, which

is directly reflected in the weak link thickness tw.

To derive the design capacity Pd, steel failure

can be defined either at the yield level Fy,R or at

the ultimate level Fu,R. As highlighted in Figure

3, this choice does not influence the design capac-

ity Pd for a hierarchical target reliability βh up

to 3. This is because the pull-out capacity Fp,R

governs the reliability of the design. Increasing

βh to 4 raises the separation between the limit

states and leads to the yield capacity Fy,R being

the governing component of the connection. In that

case, considering the steel failure at the ultimate

level drastically increases the design capacity of

the connection.

The influence of the hierarchical target reliabil-

ity βh and the material properties on the connec-

tion reliability and ductility is shown in Figures (4)

to (6) for a glued-in length of l = 400 mm. The

relative contributions of the uncertainty in each

variable Xi to the hierarchical reliability index βh

are quantified by the importance factors α2
i . As

depicted in Figure (4), the timber shear strength fv
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Figure 3. Connection design capacity Pd for various
values of βh. Steel failure is considered at the yield level
(solid lines) and at the ultimate level (dashed lines).

accounts for almost all the uncertainty, followed by

the steel yield strength fy. Consequently, the prob-

abilistic model for the timber shear strength fv,

and specifically its lower tail, almost exclusively

drives the weak link thickness tw. The probabilis-

tic model for fv should therefore be selected with

great care. The elastic and shear moduli E{s,t}
and shear modulus Gt of the adherends provide
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Figure 4. Importance factors α2
i for the parameters of

the limit state function (13), used for the hierarchical
calibration of the failure modes (l = 400 mm).

negligible contributions and could be treated deter-

ministically.

Figure 5 shows the normalized probability den-

sity of the capacity of the different connection

components for two hierarchical reliability indices

βh = 2 and βh = 3. The capacities Fy,R, Fu,R,

and Fnt,R each depend on a single random vari-

able and are represented as probabilistic models.

Monte Carlo simulations with 105 samples were

performed to generate the normalized probabil-

ity density histogram for the pull-out capacity

Fp,R. Due to the higher variation in the timber

mechanical properties, the scatter of the pull-out

capacity Fp,R is significantly larger than the steel

capacity at yield Fy,R and ultimate level Fu,R. For

the latter, distributions associated with lower βh

values and higher weak link thickness tw exhibit

greater dispersion, as absolute uncertainty scales

proportionally with the mean resistance. The sta-

tistical interference between the pull-out capacity

Fp,R and the yield capacity Fy,R corresponds to

Pf,h. This value quantifies the probability that the

brittle failure precedes the ductile yield, thereby

violating the intended hierarchy. Figure 5 clearly

highlights how the hierarchical target reliability

βh controls the separation between the distribution

of the pull-out capacity Fp,R and yield capacity

Fy,R. A higher hierarchical target reliability βh

corresponds to a lower Pf,h, imposing less inter-

ference and more separation between the distribu-

tions. The pronounced lower tail of the pull-out

capacity’s distribution contributes significantly to

the reduction of the weak link thickness tw and

the connection design capacity Pd. However, the

large scatter of the pull-out capacity Fp,R enables

the addition of a weak link without altering the

connection design capacity Pd. The significant

lower tail of the pull-out capacity Fp,R governs

the connection design capacity Pd, even with a

hierarchical target reliability βh = 3. This explains

why the design capacity Pd was independent of

the steel failure level for the hierarchical target

reliability βh ≤ 3 in Figure (3).

The hierarchical target reliability βh controls

the probability of the failure modes’ hierarchy but

cannot be used directly to quantify the connection

ductility, which also depends on the weak link
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Figure 5. Capacity distribution of the connection com-
ponents for glued-in length l = 400 mm and various
values of the hierarchical target reliability βh. The
distribution of the timber tensile capacity Fnt,R is not
shown as its value is significantly higher than the other
components.

geometry and its mechanical properties. As noted

by Jorissen and Fragiacomo (2011) and Ottenhaus

et al. (2021), the literature presents various defini-

tions for timber connection ductility. In this study,

ductility is defined as the ratio of the connection

ultimate displacement to the connection yield dis-

placement: μ = δu/δy. Ductility is essential for

failure warning, force redistribution, and energy

dissipation. Since these effects depend mainly on

the expected behavior of the structure, the con-

nection load-displacement relationship was evalu-

ated using mean material properties. The resulting

curves for various values of the hierarchical target

reliability βh and weak link length lw are shown

in Figure (6). The hierarchical target reliability
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Figure 6. Connection load-displacement relation at the
mean level for l = 400 mm and various values of the
hierarchical target reliability βh and weak link length
lw. Pull-out failures are indicated with the symbol ×
and steel failures with the symbol •.

βh strongly influences the connection mean load

and displacement at failure. As βh increases, the

separation between the yield capacity Fy,R and

pull-out capacity Fp,R increases, leading to higher

deformation of the weak link when the pull-out ca-

pacity is reached. If the pull-out capacity exceeds

the ultimate capacity of the weak link, the full

potential of the weak link is used. Otherwise, the

connection ductility is limited by a pull-out failure.

Increasing the length of the weak link lw results

in a higher connection displacement at failure,

meaning that it serves as a key design parameter to

achieve the desired displacement or ductility ratio.

However, lengthening the weak link also reduces
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the initial connection stiffness EA/L. Therefore,

a balance must be found between ductility and

stiffness.

A simpler design based on mean values would

fail to provide a reliable hierarchical failure. Set-

ting F̄y,R = F̄p,R results in nearly a 50 % prob-

ability of brittle pull-out failure before yielding

even begins. Alternatively, F̄u,R = F̄p,R only

ensures a 50 % probability that the weak link

reaches its ultimate displacement, while remaining

blind to the number of brittle pull-out failures that

occur before yielding. Quantifying ductility at the

mean level provides an estimate of the expected

behavior of the connection. Nevertheless, when

assessing the connection safety, it remains crucial

to control the probability that yield precedes brittle

pull-out failure. The hierarchical target reliability

index βh is an appropriate tool to quantify this

margin. While defining a universal target βh is

difficult as it depends on the connection geometry,

material properties, and the ductility demand, it

provides a rational framework for performance-

based capacity design.

Establishing a target hierarchical reliability in-

dex βh requires a shift from the connection level

to a building-level risk analysis. Within this frame-

work, the probability and consequences of a pro-

gressive collapse must be weighted against the

socio-economic costs incurred in achieving this tar-

get hierarchical reliability index βh. For instance,

while an increased βh might enhance connection

ductility and global system reliability, it may si-

multaneously reduce the connection design ca-

pacity Pd and stiffness. This reduction influences

structural efficiency and directly affects the cost-

effectiveness and sustainability of the building.

However, a target hierarchical reliability index βh

can contribute to rational and targeted measures to

increase the robustness of a building.

5. Conclusion and Outlook

The hierarchical target reliability index and in-

verse first-order reliability methods enable the

control and calibration of failure modes within

a performance-based capacity design framework.

We demonstrated this on timber connections com-

prising glued-in plates. Furthermore, this frame-

work facilitates the design of the weak link, the

assessment of the connection ductility, and the

determination of the design capacity. For connec-

tions with glued-in plates, a steel weak link can be

introduced to provide ductility without reducing

the overall capacity of the connection significantly.

This is attributed to the lower uncertainty of steel

mechanical properties relative to timber. However,

these findings rely on the validity of the underlying

probabilistic model for the timber shear strength

and the mechanical model for the pull-out capacity,

which may carry some ambiguities. Consequently,

further experimental validation is required along-

side further investigations to establish appropriate

methods for selecting the hierarchical target relia-

bility index across various structures.
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