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INTRODUCTION
With an ever-increasing awareness of 
the environmental impacts of human 
development, mass timber construction 
has emerged as a greener alternative to con-
ventional, typically mineral-based building 
materials such as reinforced concrete. CLT 
is an engineered wood product (EWP) con-
sisting of orthogonally alternating timber 
boards (lamellae) that are adhesively bonded 
to form a panel. This composition gives CLT 
an improved degree of dimensional stabil-
ity that is more akin to that of reinforced 
concrete (Mohammad et al 2012), as well as 
enhanced load-sharing capabilities, reducing 
the effect of material variability (Schickhofer 
et al 2016). These advantages result in CLT 
being used primarily in wall and floor 
panels. CLT has experienced a substantial 
increase in popularity since its introduction, 
and growth is expected to continue in the 
coming years. This has resulted in various 
regions, such as the United States, Canada, 

and Japan, developing local standards to 
accommodate CLT-inclusive construction 
(Kuzinski et al 2022).

A modified version of ANSI/APA PRG 
320 (2017) was adopted as SANS 8892 
(2020) to provide requirements for perfor-
mance-rated CLT, allowing code-compliant 
CLT manufacturing in South Africa. The 
code sets requirements for aspects such 
as fabrication, performance, qualification, 
and quality assurance. A table with the 
required characteristic mechanical proper-
ties of lamellae used in various CLT layups 
is included with various design values. 
However, according to SANS 8892 (2020), 
CLT layups manufactured in South Africa 
should be treated as custom layups, as 
specified in ANSI/APA PRG 320 (2017). 
This requires all unique layups to undergo 
mechanical testing to determine charac-
teristic properties, potentially limiting the 
willingness of local manufacturers to sup-
ply a broader range of layup options.
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However, analytical methods exist that, 
in the literature, have proven relatively 
accurate in predicting the out-of-plane 
behaviour of CLT. These methods account 
for shear deformation acting perpendicular 
to the grain (rolling shear) in the transverse 
lamellae in the CLT. These deformations 
cannot be reasonably ignored due to their 
impact on bending performance (Aicher et 
al 2016). Such modelling would facilitate 
the incorporation of design principles from 
other standards, such as SANS 10163-1 
(2003) and SANS 1707-1 (2022) for euca-
lyptus hardwood-inclusive layups. While 
performance testing is vital to ensure the 
quality manufacturing of CLT, analytical 
method-inclusive design standards may 
provide the incentive for more customised 
CLT layup options.

While SANS 8892 (2020) is helpful to 
the local timber construction industry by 
allowing standardised manufacturing of 
CLT in South Africa, no provisions concern-
ing CLT structural design are stipulated. 
This means prospective clients and contrac-
tors wishing to utilise CLT in their regional 
projects may require their engineers to 
use international standards or handbooks 
for crucial design calculations such as 
member sizing and capacity. Alternatively, 
this task can be outsourced to engineers 
based abroad, such as in Europe, where 
CLT has seen far more extensive usage 
(Kuzinski et al 2022). Such compromises 
may disincentivise more extensive adoption 
of CLT in South Africa. Developing a more 
locally-informed guide to CLT design may 
allow for more optimised design solutions 
and provide a more accessible framework for 
CLT-inclusive construction.

This study aims to recommend pro-
cedures for the structural design of CLT 
elements loaded out-of-plane using South 
African timber design principles. To this 
end, the study has the following objectives:

QQ Provide an overview of analytical 
methods that estimate the out-of-plane 
response of CLT and compare their 
accuracy using results published in the 
literature.

QQ Compare and discuss the respec-
tive partial factors used in the South 
African and European timber design 
standards and propose resistance 
equations for CLT under out-of-plane 
bending.

QQ Explore material resistance factors for 
South African CLT using the coefficients 
of variation obtained by Jacobs (2023) for 
South African pine-only CLT.

ANALYTICAL METHODS
Despite having bi-directional properties, 
CLT elements are generally designed as 
beams rather than slabs when loaded out-
of-plane. This simplification is justified by 
the typically limited width of CLT panels, 
which does not allow significant bending 
moment transfer to adjacent panels in 
the minor direction (Christovasilis et al 
2016). However, shear deformation in CLT 
under out-of-plane loading needs to be 
considered, meaning that traditional Euler-
Bernoulli beam theory cannot be applied 
directly to CLT elements (Li et al 2020). 
Although various beam theory adaptations 
have been presented in the literature to 
incorporate these shear deformations in 
their calculations, little experimental vali-
dation exists to date.

Timoshenko beam theory
An extension of Euler-Bernoulli beam 
theory, Timoshenko beam theory consid-
ers shear deformation in thick composite 
beams by considering the total deflection 
as the sum of the bending and shear deflec-
tion (Rahman et al 2020b). The effective 
bending stiffness (Equation 1) is the sum of 
the eigen stiffnesses and Steiner-terms for 
each layer, while the effective shear stiffness 
(Equation 2) is taken as the quotient of the 
sum of the local shear stiffnesses for each 
layer divided by a shear adjustment factor 
(Bogensperger et al 2012). The number-
ing scheme for the layers is visualised in 
Figure 1.
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Where: EIeff is the effective bending stiff-
ness of the cross-section (Nmm2), n is the 
number of layers in the cross-section, Ei is 
the elastic modulus of layer i (MPa), b is the 
width of the cross section (mm), hi is the 
thickness of layer i (mm), Ai is the cross-sec-
tional area of layer i (mm2), yi is the distance 
from the centroid of layer i to the centroid of 
the cross-section (mm), GAeff is the effective 
bending stiffness of the cross-section (N), Gi 
is the shear modulus of layer i (MPa), and κ 
is the shear adjustment factor.

The shear adjustment factor is layup 
dependent, as it considers layer thickness, 
elastic and shear moduli for each layer, as 
well as the effective bending stiffness of 

the entire layup, as shown in Equation 3 
(Rahman et al 2020b). While the formula 
presented is relatively complex, values for 
the shear adjustment factor can be given 
in tabular form for common layups in 
the interest of more convenient design 
procedures, adopting the strategy of 
Bogensperger et al (2012).
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Where: htot is the total thickness of the 
layup (mm), z is the position within the 
cross-section (mm), EQ(z) is the product 
of the modulus of elasticity and the first 
moment of area with respect to z (Nmm), 
and Gj is the shear modulus of layer j (the 
layer in which z is located) (MPa).

The effective shear stiffness is subsequently 
incorporated into deflection calculations to 
account for shear deformation in the cross 
section. The total deflection is taken as the 
sum of the bending and shear deflection 
terms, the latter of which is the quotient of 
the bending moment divided by the effective 
shear stiffness. Equation 4 gives total deflec-
tion under a uniformly distributed load. The 
combination of the effective bending and 
shear stiffnesses can be transformed into 
an apparent bending stiffness (Equation 5), 
which is compatible with Euler-Bernoulli 
beam theory equations (Equation 4).
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Where: umax is the maximum deflection 
(mm), w is the uniformly distributed load 
(N/mm), L is the span length (mm), EIapp 
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Figure 1 �Layer numbering scheme for 
analytical method calculations
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is the apparent bending stiffness (Nmm2), 
and λ is the apparent shear stiffness 
coefficient.

The value for the apparent shear stiffness 
coefficient is dependent on the loading pat-
terns applied to the beam and is taken as the 
quotient of the moment coefficient divided 
by the deflection coefficient (Equation 6). 
Values for these coefficients for uniformly 
distributed loads, third-point loading, and 
central point loading are given in Table 1.

λ = λm

λu
� (6)

Where: λm is the moment coefficient and 
λu is the deflection coefficient.

Modified gamma method
Adapted from the method of mechanically 
jointed beams defined in EN 1995-1-1 
(2008), the modified gamma method is 
the most popular method of CLT property 
estimation in Europe (Christovasilis et al 
2016). Instead of taking shear deformation 
into account using an effective shear stiff-
ness term, the rolling modulus values of 
the transverse layers are included in the 
calculation of the modified gamma factor 
for the outer layers (Equation 7). The modi-
fied gamma factor is added to the Steiner 
terms for each layer in the calculation of 
the effective bending stiffness (Equation 8), 
which is essentially the apparent bend-
ing stiffness. It should be noted that the 

modified gamma values for the transverse 
layers are taken as zero and is taken as one 
for the middle layer of a five-layer system.
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Where: γi is the modified gamma factor, hk 
is the thickness of layer k (the transverse 
layer adjacent to layer i) (mm), and GR,k is 
the rolling shear modulus of layer k (MPa).

Moreover, the modified gamma factor cal-
culation includes the effective length of the 
beam. Low modified gamma factors at short 
effective lengths lead to high calculated 
bending stresses and low calculated shear 
stresses. The Canadian CLT Handbook 
(Karacabeyli & Gagnon 2019), therefore, 
recommends the modified gamma method 
only be applied for longer span-to-depth 
ratios, ideally 30 or higher. Furthermore, 
the modified gamma method is only suited 
to three- and five-layer CLT layups, with 
further modifications being required for 
thicker layups (Christovasilis et al 2016).

Shear analogy method
The shear analogy method was developed by 
Kreuzinger (1999, as cited by Bogensperger 
et al 2012) and is a common method to 

estimate the out-of-plane flexural capacity 
of a CLT panel. It involves separating a mul-
tilayer cross section into two virtual beams, 
Beam A and Beam B, which are joined by 
pin-ended web connectors (Figure 2), effec-
tively resulting in equal vertical deflection 
for both virtual beams at every point along 
the span (Karacabeyli & Gagnon 2019). The 
effective bending stiffnesses of Beam A 
(Equation 9) and Beam B (Equation 10) are 
taken as the sum of the eigen stiffnesses for 
each layer and the sum of the Steiner-terms 
for each layer, respectively.
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Where: EIeff,A is the effective bending 
stiffness of Beam A (Nmm2), and EIeff,B is 
the effective bending stiffness of Beam B 
(Nmm2).

The effective shear stiffness of Beam A is 
taken as infinite, while the effective shear 
stiffness of Beam B can be calculated using 
Equation 11 (Rahman et al 2020a).
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Where: GAeff,B is the effective shear stiff-
ness of Beam B (N), and a is the distance 
between the centroids of the outer layers 
(mm).

Deflection is calculated using Euler-
Bernoulli beam theory for Beam A, while 
Beam B considers the effective shear 
stiffness term. The total load is partitioned 
between Beam A and Beam B accordingly 
to ensure equal deflection (Equation 12).
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Where: wA is the uniformly distributed 
load applied to Beam A (N/mm), and wB is 
the uniformly distributed load applied to 
Beam B (N/mm).

Subsequently, the apparent bending stiff-
ness using the shear analogy method can 

Table 1 Moment, deflection and apparent shear stiffness coefficient for some loading patterns

Load pattern
Moment 
equation

Moment 
coefficient

λm

Deflection 
equation

Deflection 
coefficient

λu

Apparent 
shear 

stiffness 
coefficient

λ

Uniformly distributed load
w ∙ L2

8
1
8

5 ∙ w ∙ L4

384 + EIapp

5
384

48
5

Third-point loads
P ∙ L

3
1
3

23 ∙ P ∙ L3

324 ∙ EIapp

23
324

108
23

Central-point loads
P ∙ L

4
1
4

P ∙ L3

48 ∙ EIapp

1
48

12

Pin-ended web 
connectors with 
infinite axial stiffeness

Beam B

Beam A

Figure 2Figure 2 Virtual beam theory of shear analogy method (adapted from Karacabeyli & Gagnon 2019)
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be calculated using Equation 13. It should 
be noted that the apparent shear stiffness 
coefficient values are the same in the shear 
analogy method as in Timoshenko beam 
theory; therefore, the values provided in 
Table 1 are used.

EIapp = EIeff,A + ⎫
⎪
⎭

1
EIeff,B  

+ 
λ

L2 ∙ GAeff,B

⎫
⎪
⎭

–1
� (13)

Method comparison
In most cases, out-of-plane CLT design 
is likely to be governed by serviceability 
aspects such as deflection (Karacabeyli 
& Gagnon 2019). Therefore, it is critical 
that the discussed methods can accurately 
predict the stiffness response of a CLT ele-
ment by incorporating the local properties 
of the lamellae of which it is composed.

This section presents a comparison of 
Timoshenko beam theory, the modified 
gamma method, and the shear analogy 
method to experimental results found 
in the literature. Studies were searched 
for on Google Scholar using a variety of 
search terms. The studies included in the 
comparison were narrowed down to those 
included the parallel elastic modulus of the 
timber boards that were used to fabricate 
the CLT test specimens. Furthermore, 
the studies needed to include out-of-plane 
stiffness results, either reported directly as 
experimental bending stiffness (in Nmm²), 
or as an apparent modulus of elasticity, 
which could then be multiplied by the 
moment of inertia of the full cross section 
to calculate the experimental bending 

stiffness of the CLT specimen. Lastly, only 
test methods such as central- and third-
point loading were considered to facilitate 
apparent bending stiffness calculations 
using the values provided in Table 1.

With respect to the perpendicular elas-
tic modulus, as well as the parallel (planar) 
and perpendicular (rolling) shear modulus 
values, the following assumptions were 
made: the perpendicular elastic modulus 
was taken as one 30th of the parallel 
modulus (following the assumptions made 
in various studies, as well as in ANSI/APA 
PRG 320 (2017) and EN 338 (2016)), the 
planar shear modulus was taken as one 16th 
of the parallel elastic modulus (following 
the assumption made in SANS 10163-1 
(2003)), and the rolling shear modulus 
was taken as one 10th of the planar shear 
modulus (as proposed in studies such as 
Fellmoser & Blaß (2004), Mestek et al 
(2008) and Bogensperger et al (2012)).

The accuracy of each method was 
determined with the ratio of the apparent 
bending stiffness, EIapp, and the experi-
mental bending stiffness, EIexp, obtained 
from the results of the study. Ultimately, the 
results from six studies were considered: 
Ruan et al (2019), Hematabadi et al (2020), 
Sciomenta et al (2021), Ettelaei et al (2022), 
Jacobs (2023) and Alabbad (2024). These are 
labelled from 1 to 6, respectively, in Figure 3 
in the interest of legibility. While the limited 
scope of this comparison is acknowledged, 
studies that provide the properties of the 
lamellae and subsequent CLT panels are 
infrequent in the literature. Furthermore, all 

the studies considered investigated three-
layer CLT layups, with studies on five-layer 
layups receiving comparatively minimal 
attention to date. Nevertheless, a wide range 
of span-to-depth ratios and layup configura-
tions are included in the comparison, as 
shown in Figure 3.

Generally, the apparent bending stiff-
nesses calculated using the three analytical 
methods were lower than the experimental 
bending stiffness. The average ratios of the 
calculated apparent bending stiffness and 
the experimental bending stiffnesses for 
Timoshenko beam theory, the modified 
gamma method and the shear analogy 
method were 0.89, 0.67 and 0.88, respective-
ly. Values calculated using the shear analogy 
method and Timoshenko beam theory were, 
in most cases, very similar and are deemed 
the two most accurate of the three methods, 
while the values obtained using the modi-
fied gamma method were noticeably lower 
than the other two methods.

STRUCTURAL DESIGN
One of the main differences between 
structural timber design codes is how 
each standard defines the various partial 
material and load factors. Each region has 
unique circumstances surrounding its 
timber industries, and local design factors 
largely reflect these. Effective development 
of CLT design standards ideally incorpo-
rates local material and safety factors as 
well as timber strength grades to determine 
characteristic strength values for various 
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layups and more generalised CLT strength 
classes.

South African National Standard
SANS 10163-1 (2003) names six partial 
material factors and a resistance factor for 
structural timber design. These resistance 
factors, defined as γm1 to γm6 are factors for 
load duration, load sharing, stressed volume, 
moisture content, pressure treatment, and 
area stressed by connectors, respectively. 
However, only γm1, γm2, γm3 and γm5 are 
considered in calculating the ultimate values 
for tension, shear, and bending in individual 
members. Resistance factors γm4 and γm6 are 
only included in tension perpendicular to 
the grain and axial compression resistance 
calculations, respectively. In addition to 
a material resistance factor, these factors 
are typically applied as demonstrated in 
Equation 14. A similar procedure is followed 
to calculate moment resistance values.

Fr,x = fk,x ∙ Ax ∙ 
φ

Πγmx
� (14)

Where: Fr,x is the force resistance of property 
x (N), fk,x is the characteristic strength of 
property x (MPa), Ax is the applicable area for 
property x (mm2), φ is the material resistance 
factor (φ = 0.68), and γmx are the applicable 
partial material factors for property x.

The formula for the load duration factor, γm1, 
includes load case-dependent factors for per-
manent and wind loads, as well as imposed 
loads (which are also dependent on load dura-
tion). The load-sharing factor, γm2, is typically 
taken as 1 in most cases, except in unique 
cases where some members are restrained to 
the same deflection with uniformly distribut-
ed loads with a spacing of less than 600 mm, 
where γm2 is taken as 0.87. This factor may 
require further investigation in the context of 
CLT considering CLT’s improved degree of 
load sharing between individual lamellae over 
sawn timber (Schickhofer et al 2016).

Length-dependent equations for the 
stressed volume factor, γm3, is given for 
both truss members and beams or girders. 
In the case of CLT, it might be reasonable 
to assume that the formula for beams and 
girders should be used for CLT elements. 
As for the pressure treatment factor, γm5, its 
relevance to CLT may require further inves-
tigation. This factor accounts for the use 
of water-borne treatment methods, such as 
preservatives or fire retardants. Since CLT 
consists of inner elements that would not be 
exposed to these treatments (unless applied 

before pressing), it is not immediately clear 
what factor might be relevant to CLT.

The resistance factor for timber, φ, is 
taken as 0.68. This factor accounts for the 
variability of timber as a building material, 
and the value of 0.68 is seemingly derived 
from the variability of sawn timber. CLT is 
known to possess a higher degree of load 
sharing which results in lower variation 
across mechanical properties. Therefore, a 
CLT-specific resistance factor is discussed 
later in this study.

Eurocode
Europe currently faces a similar issue 
as South Africa regarding its CLT code. 
EN 16351 (2021), like SANS 8892 (2020), 
is a manufacturing performance specifica-
tion code rather than a CLT design code 
(Brandner et al 2024). EN 1995-1-1 (2008) 
does not provide any factors specific to 
CLT. However, this is set to change with 
the currently proposed prEN 1995-1-1 
(2023). While this standard is yet to be 
adopted and is subject to change, the 
proposed standard includes various unique 
material factors and design considerations 
for CLT. Furthermore, prEN 1995-1-1 
(2023) defines a strength class for CLT: 
CL24, based primarily on C24 grade soft-
wood as prescribed in EN 338 (2016).

The two most prominent factors pro-
posed in Eurocode 5 are for load duration 
and moisture content, kmod, and a partial 
material resistance factor, γM. Additional k 
factors are included for specific properties 
where applicable. The application of these 
factors is shown in Equation 15. Values for 
kmod for CLT range between 0.6 and 1.1 
depending on load duration and are the 
same for both service classes 1 and 2. For 
CLT, γM is taken as 1.25 in prEN 1995-1-1 
(2023), compared to 1.3 for regular sawn 
timber. However, the value for CLT seems 
to be open to modification in national 
annexes (Borgström & Fröbel 2019).

fd,x = fk,x ∙ 
kmod ∙ ∏kx

γM
� (15)

Where: fd,x is the design strength of 
property x (MPa), kmod is the modification 
factor for duration of load and moisture 
content, kx are the additional modification 
factors for property x, and γM is the partial 
material resistance factor.

In addition to the definition of safety fac-
tors, the most notable difference between 
Eurocode 5 and SANS 10163-1-1 (2003) is 

how design values are generally calculated in 
stresses, as opposed to forces and moments. 
Although this deviation in approach would 
have a seemingly insignificant effect when 
calculating resistance values for sawn 
timber sections, the impact on CLT calcula-
tions may be more apparent. The design 
philosophy of stress-based calculations used 
in Eurocode 5 could be considered more 
applicable to CLT given the existing equa-
tions currently proposed using analytical 
methods from the literature.

There are several k factors defined 
in prEN 1995-1-1 (2023) that are unique 
to CLT design. Firstly, a width reduction 
factor is defined for elements less than 
600 mm wide but wider than the thickness 
of the panel. This factor appears to be 
relevant for cases where CLT is used as a 
beam, as CLT used for walls or floor panels 
is unlikely to drop below 600 mm wide. A 
factor for non-linear behaviour, kr,pu, of 1.6 
is applied to the design rolling shear stress 
value in cases of concentrated loads applied 
out-of-plane. A stress-spreading factor is 
applied for compressive stresses perpen-
dicular to the grain, with values given as 
either one or by an equation with respect to 
the loaded area. Additional factors and pro-
visions are provided for screw-reinforced 
CLT, CLT loaded in-plane and ribbed plates 
made from CLT and ribs, but these special 
cases are beyond the scope of this study.

EN 16351 (2021) defines two unique k fac-
tors: a statistical factor for finger joint com-
pliance and a moisture deformation factor 
for swelling and shrinkage of lamellae during 
manufacturing. The adequacy of finger 
jointing in CLT in South Africa is addressed 
in the national annex to SANS 8892 (2020). 
The effect of moisture-related shrinkage and 
swelling on lamellae may differ from region 
to region and may warrant further, ideally 
localised, investigation.

Potential design equations
Both standards have different sets of 
variables that determine the partial 
material factors, with commonly shared 
considerations including load duration 
and moisture content (γm1, γm4 and kmod) 
as well as material variability (φ and λM). 
Otherwise, different variables are consid-
ered by both codes to determine highly 
case-dependent solutions, making repre-
sentative comparisons difficult. In general, 
most of the partial factors applied to CLT 
according to prEN 1995-1-1 (2023) appear 
to be similar to or shared with regular 
sawn timber. Therefore, the use of proven 
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and established factors provided for sawn 
timber in South Africa in SANS 10163-1 
(2003) could be reasonably extended to 
CLT design, as is the case with plywood 
design.

Naturally, CLT has a more complex cross 
section than sawn timber, making regular 
moment resistance equations unsuitable 
for designing CLT members. Therefore, it 
is proposed that potential design standards 
incorporate analytical methods, allowing 
for more CLT-specific resistance equations. 
Due to its relative accuracy regarding appar-
ent bending stiffness, as well as its rela-
tively intuitive and general stress equations, 

Timoshenko beam theory is proposed as a 
basis for potential CLT design equations. 
While the shear analogy method has also 
proven to be comparatively accurate, the 
stress equations proposed in the shear 
analogy method are relatively complex, as 
well as span dependent. The bending stress 
within the cross section using Timoshenko 
beam theory is given by Equation 16 and 
visualised for major and minor direction 
bending in Figure 4 and Figure 5, respec-
tively, for symmetrical three- and five-
layer CLT layups, assuming layers of equal 
thickness and stiffness. The perpendicular 
stiffness was assumed as 30 times less than 

the parallel stiffness, an assumption made in 
ANSI/APA PRG 320 (2017).

σ(z) = 
M ∙ Ej

Eeff
 ∙ (y – z)� (16)

Where: z is the position within the cross-
section (mm), σ(z) is the bending stress at 
z (MPa), and y is the centroid of the cross 
section (mm).

The shear stress within the cross section, 
shown in Equation 17, includes a term for 
the product of the elastic modulus and the 
static moment at z. This term is given by 
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Figure 4 Major direction bending stress distributions in a) three-layer and b) five-layer CLT cross sections
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Equation 18 and is critical to distinguishing the maximum planar 
and rolling shear stresses. Given the disparity between the planar and 
rolling shear strength of timber outlined in SANS 10163-1 (2003), both 
require consideration in sensible CLT design. The shear stress within 
the cross section is visualised for major and minor direction bending in 
Figure 6 and Figure 7, respectively, for symmetrical three- and five-layer 
CLT layups, with shaded regions representing rolling shear stresses. 
Equation 19 defines the distance from the bottom of layer i to the bot-
tom of the cross-section, keeping in mind the layer numbering scheme 
presented in Figure 1.

τ(z) = 
V ∙ EQ(z)
EIeff  ∙ b

� (17)

EQ(z) = �
j–1
∑
i=1

Ei ∙ Ai ∙ yi + Ei ∙ b (z – dj) ∙ 
⎫
⎪
⎭ 
y – dj – �

z – dj

2
⎫
⎪
⎭
� (18)

di = hi + h2 + h3 … + hi–1� (19)

Where: τ(z) is the shear stress at z (MPa), V is the applied shear 
force (N), and di is the distance from the bottom of layer i to the 
bottom of the cross section (mm).

The bending resistance equation for sawn timber in SANS 10163-1 
(2003) includes the section modulus. With CLT layups, especially 
asymmetric and hybrid layups, the section modulus is not easily 
determined. A CLT-specific equation would ideally include a layup-
specific effective bending stiffness, along with the elastic modulus 
for the outer-most layers oriented in the direction of the span. This 
would typically be either E1 or En and the proposed equation for 
bending moment resistance for CLT orientated in the major direc-
tion may appear as shown in Equation 20.

Mr,M = min 

⎧
⎪
⎨
⎪
⎩

fb,1

y
 ∙ 

EIeff,M

E1
 ∙ 

φ
γm1 ∙ γm2 ∙ γm3 ∙ γm5

fb,n

(htot – y)
 ∙ 

EIeff,M

En
 ∙ 

φ
γm1 ∙ γm2 ∙ γm3 ∙ γm5

⎧
⎪
⎨
⎪
⎩

� (20)

Where: Mr,M is the ultimate major direction bending moment 
resistance (Nmm), fb,i is the characteristic bending strength of 
layer i (i = 1, n in MPa) and EIeff,M is the effective major direction 
bending stiffness (Nmm2).

For minor direction bending calculations, it is suggested that 
the resistance from the outer layers is neglected. Therefore, the 

ultimate minor direction bending moment resistance can be calcu-
lated using Equation 21.

Mr,M = min 

⎧
⎪
⎨
⎪
⎩

fb,2

(y – h1)
 ∙ 

EIeff,m

E2
 ∙ 

φ
γm1 ∙ γm2 ∙ γm3 ∙ γm5

fb,n–1

(htot – y – h1)
 ∙ 

EIeff,m

En–1
 ∙ 

φ
γm1 ∙ γm2 ∙ γm3 ∙ γm5

⎧
⎪
⎨
⎪
⎩

� (21)

Where: Mr,m is the ultimate minor direction bending moment 
resistance (Nmm), and EIeff,m is the effective minor direction bend-
ing stiffness (Nmm2).

Under bending, regular sawn timber sections will experience both 
compressive and tensile stresses within the cross-section. However, 
in CLT, as shown in Figure 4 and Figure 5, individual layers may 
experience purely compressive stresses or purely tensile stresses. 
Since, according to SANS 10163-1 (2003) and SANS 1707-1, the ten-
sile resistance for all South African timber grades is taken as less 
than the bending resistance, it may be more appropriate for engi-
neers to consider the tensile resistance of the lamellae rather than 
the bending resistance as shown in Equation 20 and Equation 21. 
However, this consideration requires further research focusing on 
the bending resistance of CLT.

The rolling shear factor in prEN 1995‑1‑1 (2023), kr,pu, with a 
value of 1.6, may appear to be unconservative. However, Ehrhart et 
al (2015) performed rolling shear tests on various European timber 
species and recommended a characteristic rolling shear strength of 
1.4 MPa for spruce (the weakest species tested), while prEN 1995-
1-1 (2023) recommends a characteristic rolling shear strength 
for CL24 class CLT as 0.7 MPa. SANS 10163-1 (2003) stipulates 
that the rolling shear strength be taken as 25% of the planar shear 
strength, which translates to 0.4 MPa for grade S5 structural pine. 
From the 40 shear tests conducted by Jacobs (2023) on three-
layer South African pine CLT, the lowest individual rolling shear 
strength obtained was 1.69 MPa.

However, estimating shear stress with Timoshenko beam theory 
is difficult due to the layup-dependent nature of the analysis equa-
tions. These equations yield results as stresses, in comparison to 
the philosophy of SANS 10163-1 (2003) which calculates resistance 
values in terms of forces and moments. Furthermore, the equation 
for shear resistance in SANS 10163-1 (2003) includes a term for 
the shear area of the section, which is taken as the product of the 
section width and height in rectangular sections. The shear stress 
is not constant across the cross section of a CLT layup. The roll-
ing shear strength of the transverse layer is highly likely to govern 
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over the planar shear strength in the 
longitudinal layers in most design cases. 
Nevertheless, both should be considered 
and the formula for the shear resistance 
may appear as shown in Equation 22.

Vr = min 

⎧
⎪
⎨
⎪
⎩

fv ∙ EIeff  ∙ b
EQcr,v

fr ∙ EIeff  ∙ b
EQcr,r

⎧
⎪
⎨
⎪
⎩ �

(22)

Where: Vr is the ultimate shear resistance 
(N), fv is the characteristic planar shear 
strength (MPa), fr is the characteristic roll-
ing shear strength (MPa), and EQcr is the 
critical product of the elastic moment and 
the first moment of area (Nmm).

The critical product of the elastic moment 
and the first moment of area may dif-
fer between planar and rolling shear 
stresses. For a symmetrical three-layer 
configuration under major-direction load-
ing (Figure 7a), the maximum shear 
stress which occurs at the centre of the 
middle layer is a rolling shear stress. From 
Figure 7b for a five-layer CLT layup, the 
maximum planar shear stress (which is also 
the maximum overall shear stress) occurs 
at the centre of the middle layer, while the 
maximum rolling shear stress occurs at the 
interface between the middle layer (layer 3) 
and its adjacent transverse layers (layers 2 
and 4). This results in critical product of 
the elastic moment and the first moment 
of area terms shown in Equation 23 and 
Equation 24 for the critical planar and 
rolling shear stresses, respectively (adapted 
from Karacabeyli & Gagnon 2019).

EQcr,v	=	 E1 ∙ A1 ∙ y1 + E2 ∙ A2 ∙ y2 + 

�		
E3 ∙ A3 ∙ h3

8
� (23)

EQcr,r	=	 E1 ∙ A1 ∙ y1 + E2 ∙ A2 ∙ y2 � (24)

MATERIAL RESISTANCE FACTOR
This section serves, in part, as a prelimi-
nary desktop investigation towards a more 
appropriate resistance factor for CLT in 
South Africa. In SANS 10163-1 (2003), 
a material resistance factor, φ, of 0.68 is 
recommended for timber. In prEN 1995-1-1 
(2023), γM is taken as 1.25 for CLT which is 
equivalent to a material resistance factor, 
φ, of 0.8, as shown in Equation 25. These 
factors are considered to account for mate-
rial variability in structural design and are 
determined considering variances observed 

in studies investigating large sample sizes. 
One of the benefits of CLT (and EWPs 
in general) is a reduction in material 
property variability, on account of its dis-
persing properties (Schickhofer et al 2016; 
Kurzinski et al 2022). However, appropriate 
large sample size testing is more costly for 
CLT than for sawn timber.

1
γM

 = φ� (25)

Where: γM and φ are both partial factors 
for material resistance.

EN 1995-1-1 (2008) proposes a material 
resistance factor, γM, of 1.30 for sawn tim-
ber, a value that has remained unchanged 
in prEN 1995-1-1 (2023), representing a 
value 4% higher than the value of 1.25 pro-
posed for CLT. Applying a similar increase 
to the South African resistance factor, 
φ, of 0.68 for sawn timber proposed in 
SANS 10163-1 (2003) yields a hypothetical 
value of 0.71 for CLT.

Pagel (2019) explored and proposed 
material resistance factors for young, South 
African sawn and laminated eucalyptus 
timber. He outlined the calculation pro-
cedures to determine material resistance 
factors based on experimental result vari-
ability. Adopting this statistical model using 
the variance from published CLT results 
might propose a more refined solution in 
determining an appropriate partial factor for 
material resistance for CLT in South Africa.

Statistical model
The formula for the material resistance fac-
tor, γM, is defined by Holický (2009) and is 
shown in Equation 26:

γM = γm ∙ γRd� (26)

Where: γm is the material property factor, 
and γRd is the model uncertainty factor.

The inverse of this model was considered 
by Pagel (2019) to obtain the material 
resistance factor of SANS 10163-1 (2003), 
as shown in Equation 27:

φ = φm ∙ φRd� (27)

Where: φm is the material property factor, 
and φRd is the model uncertainty factor.

The equations for the material property 
factor and the model uncertainty factor, 
as given by Pagel (2019), are shown in 

Equation 28 and Equation 29, respectively. 
Equation 28 is simplified for when the 5th 
percentile value is used as the character-
istic value, as is typical for ultimate limit 
state design. The first order reliability 
method (FORM) sensitivity factor is taken 
as 0.8, provided the assumption shown in 
Equation 30 holds, as stated in EN 1990 
(2002). SANS 10160-1 (2019) requires a 
minimum reliability factor of 3 for reli-
ability class 2 structures (which includes 
residential, office and public buildings).

The values for model uncertainty vari-
ables are taken from the JCSS Probabilistic 
Model Code (2006). The mean of the 
model uncertainty variable is taken as 1. 
Two options are given regarding the stan-
dard deviation of the model uncertainty 
variable: 0.1 with load duration effects, and 
between 0.05 and 0.1 without load duration 
effects. Since the coefficient of variation 
is taken from test results on specimens 
containing new, unused material, the effect 
of load duration is neglected. According 
to the JCSS Probabilistic Model Code 
(2006), the model uncertainty depends on 
the deviation between actual conditions 
and standard test conditions. Assuming 
the tests conducted by Jacobs (2023) were 
performed in laboratory conditions, the 
standard deviation, and, subsequently, the 
coefficient of variation of the model uncer-
tainty variable is taken as 0.05.

φm = e–(αR∙β–1.645)∙CVm� (28)

φRd = (μθR ∙ eαR∙β∙CVθR)–1� (29)

0.16 < 
σE

σR
 <7.6� (30)

Where: αR is the FORM sensitivity factor 
(αR = 0.8), β is the target reliability factor 
(β = 3), CVm is the coefficient of variation 
of the material resistance, μθR is the mean 
of the model uncertainty variable (μθR = 1), 
CVθR is the coefficient of variation of 
the model uncertainty variable, σE is the 
standard deviation the action effect, and 
σR is the standard deviation of material 
resistance.

Results-based factor
Jacobs (2023) investigated the major and 
minor direction out-of-plane performance 
of three-layer CLT composed of South 
African pine lamellae. He investigated 
66 mm and 138 mm layups. Pine accounts 
for most structural timber in South Africa, 
with around 75% of pine grown for sawlog 
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production (DFFE 2018). Therefore, the 
material resistance factor calculated using 
the results obtained by Jacobs (2023) might 
be considered as an indication of CLT’s 
material variability.

To this end, the material resistance fac-
tor for each test configuration performed by 
Jacobs (2023) is calculated here, with results 
summarised in Table 2. For each test, the 
coefficient of variation is used to calculate 
the material property factor. It should be 
noted that these coefficient of variation 
values are taken from the maximum applied 
force for each test (since constant dimen-
sions were used in the strength calcula-
tions, this will not affect the coefficient of 
variation values for bending strength). Each 
test comprised 10 samples. Because of the 
assumptions made with respect to the mean 
and standard deviation of the model uncer-
tainty variable, the model uncertainty factor 
is constant across all calculations.

Using the coefficients of variation from 
Jacobs (2023), the resulting material resis-
tance factor is 0.79, higher than the 0.68 
value in SANS 10163-1 (2003), and only 
slightly lower than the effective value of 0.8 
defined for CLT in prEN 1995-1-1 (2023). 
The most variable results were present 
in the 138 mm minor shear tests, with a 
coefficient of variation of 25.32%, resulting 
in a resistance factor of 0.73, still higher 
than 0.68.

Pagel (2019) recommended a resulting 
material resistance factor of 0.77 for young, 
finger-jointed eucalyptus, suggesting a 
higher homogeneity of material properties 
(namely bending strength and stiffness) 
than pine. Therefore, a higher material 
resistance factor, φ, may be more suitable 
for eucalyptus CLT or hybrid layups with 
eucalyptus and pine. However, a value 
based on pine-only layups might be appro-
priate until experimental validations shows 

otherwise. This value should also consider 
a larger sample size than what has been 
considered to date.

CONCLUSIONS
This study aimed to recommend proce-
dures for the preliminary design of struc-
tural CLT in South Africa using established 
local timber design principles. Based on the 
findings of this study, the following conclu-
sions can be drawn:

QQ Timoshenko beam theory and the shear 
analogy method appear to be the most 
accurate analytical method used in 
CLT property estimation. However, the 
relative simplicity of Timoshenko beam 
theory led the authors to recommend its 
integration in future CLT design codes 
developed in South Africa.

QQ The partial factors defined for CLT in 
prEN 1995-1-1 (2023) are generally the 
same as those used for sawn timber. 
Such an approach would lend well to 
SANS 10163-1 (2003), simplifying CLT 
design with proven and established 
partial factors, similar to the approach 
taken with respect to plywood design. 
Resistance equations would, however, 
require modifications to account for 
CLT’s more complex cross-sectional 
layup compared to sawn timber.

QQ Adopting the proposals made in 
prEN 1995-1-1 (2023), a material resis-
tance factor, φ, of 0.71 could be applied 
to CLT in South Africa, compared to 
the value of 0.68 currently proposed for 
sawn timber in SANS 10163-1 (2003). 
However, using the methods used by 
Pagel (2019), coupled with the coef-
ficients of variation obtained by Jacobs 
(2023) for South Africa pine-only CLT, 
yielded an average estimated resistance 
factor of 0.79.

CLT is still a relatively new and unexplored 
field of research in South Africa. The 
following focus areas are therefore recom-
mended for future investigation:

QQ The current partial material factors 
defined in SANS 10163-1 (2003) appear 
to be mainly suited to sawn timber 
design. Future consideration should 
be targeted towards proposing CLT-
specific provisions for these factors.

QQ More extensive research is recom-
mended into a CLT partial material 
resistance factor before a factor for CLT 
in South Africa is adopted in reasonable 
confidence. Furthermore, any differ-
ences in the mean strength values of 
CLT compared to that of sawn timber 
should be investigated.

QQ The rolling shear properties of South 
African timber should receive thorough 
investigation. Given the results obtained 
in the literature for similar species to 
those grown in South Africa, and the 
factors applied to rolling shear strength 
in prEN 1995-1-1 (2023), currently 
defined rolling shear strengths may be 
overly conservative and complicate CLT 
design procedures.

QQ The relation between the bending 
resistance of CLT and the sawn timber 
lamellae of which it is composed should 
be investigated to inform safer and 
more sensible design procedures.
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