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Abstract In this study, the duration-of-load effect on the

rolling shear strength of cross laminated timber (CLT), with

different cross-sectional layups (five-layer and three-layer),

was evaluated. A stress-based damage accumulation model

is chosen to evaluate the duration-of-load strength adjust-

ment factor of the rolling shear strength of CLT. This model

incorporates the established short-term rolling shear strength

of material and predicts the time to failure under arbitrary

loading history. The model has been calibrated and verified

based on the test data from low cycle trapezoidal fatigue tests

(damage accumulation tests) in the previous study. The long-

term rolling shear behaviour of CLT can then be evaluated

from this verified model. As the developed damage accu-

mulation model is a probabilistic model, it can be incorpo-

rated into a time based reliability assessment of the CLT

products, considering short-term, snow, and dead load only

loading cases. The reliability analysis results and factors

reflecting the duration-of-load effect on the rolling shear

strength of CLT are compared and discussed. The charac-

teristic of this modeling theory lies in that the verified model

is also able to predict the duration-of-load behaviour of CLT

products under arbitrary loading history, such as long-term

dead load case; then, these predictions of time to failure from

the damage accumulation model can elucidate duration of

load by the stress ratio evaluation approach. The results

suggest that the duration-of-load rolling shear strength

adjustment factor for CLT is more severe than the general

duration-of-load adjustment factor for lumber; this differ-

ence should be considered in the introduction of CLT into the

building codes for engineered wood design.

Keywords Cross laminated timber � Rolling shear �
Duration of load � Reliability analysis � Damage

accumulation model

Introduction

Cross laminated timber (CLT) is a wood composite product

suitable for floor, roof and wall applications, and it consists

of crosswise oriented layers of wood boards that are either

glued by adhesives or fastened with aluminum nails or

wooden dowels [1]. The CLT panel usually includes 3–11

layers, as shown in Fig. 1.

Rolling shear stress is defined as the shear stress leading

to shear strains in a radial-tangential plane perpendicular to

the grain. For general timber design, rolling shear strength

and stiffness are not major design properties. For CLT,

however, rolling shear strength and stiffness must be con-

sidered in some loading scenarios due to the existing cross

layers [2, 3]. For example, when a CLT floor panel is

supported by columns, highly concentrated loads in the

supporting area may cause high rolling shear stresses in

cross layers; the same concerns may arise for designing

short-span floors or beams under out-of-plane bending

loads. Under out-of-plane bending loads, for example, the

CLT panel capacity can sometimes be governed by the

rolling shear failure in the cross layers, as shown in Fig. 2
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[4]. Therefore, there is a need to evaluate the rolling shear

strength properties for more practical applications of CLT

structures.

In general, wood is stronger under loads of short-term

duration and is weaker if the loads are sustained. This phe-

nomenon is called duration of load; the primary relationship

between the stress ratio, also known as the load ratio (the

ratio between the applied stress and the short-term strength)

and the time to failure is commonly referred to as the dura-

tion-of-load effect. In fact, the duration-of-load effect is not

introduced by material deterioration, such as biological rot;

rather, it is an inherent characteristic of wood.

Although it is well known that the strength properties of

wood products are influenced by the duration-of-load effect

[5–9], there is very little research reported on studying the

duration-of-load effect on the rolling shear strength of

CLT. Therefore, more research work is needed to quantify

the duration-of-load effect and to reduce the possibility of

CLT rupture under long-term and sustained loading

throughout its intended service life.

Li and Lam [10] performed short-term ramp loading tests

and low cycle trapezoidal fatigue loading tests to accumulate

damage in the research of the rolling shear duration-of-load

behaviour of CLT. Five-layer and three-layer CLT products

were investigated in the tests. In this research, basic short-

term rolling shear strength distribution was first established

by short-term ramp loading; the time to failure data from the

low cycle trapezoidal fatigue loading tests was obtained to

understand the development of deflection and damage

accumulation process. The short-term rolling shear capacity

is lower in the three-layer CLT in comparison to the five-

layer CLT; based on the results from the short-term ramp

loading tests, rolling shear strength properties of CLT beam

specimens were evaluated. A stress-based damage accu-

mulation model was used to investigate the duration-of-load

effect on CLT rolling shear. The model was calibrated

against the test data; the test results showed that the model

predictions agreed well with the test data.

The verified model can then be used to quantify the

rolling shear duration-of-load effect of CLT under other

loading conditions. As the damage accumulation model is a

probabilistic model, it can be incorporated into a time-

reliability study. Therefore, a reliability assessment of the

CLT products is performed considering short-term, snow,

and dead load only loading cases. The reliability analysis

results reflecting the duration-of-load effect on the CLT’s

rolling shear strength are discussed. The characteristic of

this modeling theory lies in that the verified model can also

predict the duration-of-load behaviour of wood-based

products under arbitrary loading history, including long-

term dead load cases; then, these predictions of time to

failure from the damage accumulation model can elucidate

duration of load. Therefore, the reliability investigation and

the predictions of the time to failure from the model were

able to provide guidance for the evaluation of the CLT

rolling shear duration-of-load effect.

Damage accumulation model

The theory of the damage accumulation model is one of the

key tools to investigate the duration-of-load behaviour in

wood-based products [7, 11, 12]. A stress-based damage

accumulation model was developed by Foschi and Yao

[13] to consider the duration-of-load effect on the strength

properties of dimensional lumber [6, 11]. The Foschi and

Yao model considers the damage accumulation rate as a

function of stress history and the already accumulated

damage state as follows:

da=dt¼ a rðtÞ� s0rsð Þbþc rðtÞ� s0rsð Þna if rðtÞ[s0rs
da=dt¼ 0 if rðtÞ�s0rs

�
;

where a is the damage state variable (a ¼ 0 in an undam-

aged state and a ¼ 1 in a failure state); t is the time; rðtÞ is

Fig. 1 Layering of cross laminated timber (CLT)

Fig. 2 Rolling shear behaviour in CLT cross layers (shear behaviour

in a plane perpendicular to the grain direction)
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the applied stress history; rs is the short-term strength; s0 is
a ratio of the short-term strength rs; thus, the product s0rs
is a threshold stress below which there will be no accu-

mulation of damage; a; b; c; s0 and n are random model

parameters.

The Foschi and Yao model was adopted in the current

duration-of-load research of CLT rolling shear capacity. In

the previous study [10], the stress-based damage accumu-

lation models have been calibrated and verified in five-

layer and three-layer CLT products (denoted as SPF5-0.4

and SPF3-0.4), by analysing the measured data from the

tests, as given in Table 1 with the obtained model cali-

bration results in terms of the mean and standard deviation

of the lognormal distribution for each model parameter.

The probabilistic model will be used in the time based

reliability analysis, to quantify the rolling shear duration-

of-load effect of CLT in the following sections.

Reliability analysis

Reliability analysis of short-term rolling shear

strength of CLT

This section introduces the reliability analysis on the limit

state of the short-term CLT rolling shear strength, when the

duration-of-load effect is not considered. The objective of

this reliability analysis is to evaluate the relationship

between the reliability index b and the performance factor

/ in design codes. To clarify, the reliability analysis with

consideration of the effect of load duration on rolling shear

will be addressed in the next section.

First, based on the ultimate strength limit state design

equation from the design code [11]:

1:25Dn þ 1:50Qn ¼ /RSð0:05ÞTV; ð1Þ

where Dn is the design dead load which is normally com-

puted using average weights of materials, and Qn is the

design live load which, in the case of snow plus associated

rain for example, is taken from the distributions of annual

maxima and corresponds to loads with a 1/30 probability of

being exceeded (30 years return); / is the performance

factor applied to the characteristic strength (RSð0:05Þ).

This characteristic rolling shear strength RSð0:05Þ is

chosen to be the parametric 5th percentile rolling shear

stress value evaluated by lognormal fitting technique [11];

the RSð0:05Þ is calculated with consideration of the influence

of higher loading rate, which is consistent with the model

calibration process in the previous study [10], as obtained

from the finite element evaluation results on the rolling

shear strength corrected with the expected 15 % strength

increase due to the higher loading rate for modeling pur-

pose, as shown in Table 2. TV is the ratio between load

capacity and shear strength (in kN/MPa), which will be

introduced in the next paragraph; therefore, RSð0:05Þ is not

dependent on the ratio TV used.

TV in Eq. (1) is defined as the ratio between the shear

stress value and the sectional rolling shear load-carrying

capacity calculated from different beam theories (the lay-

ered beam theory, the gamma beam theory and the shear

analogy theory). For each beam theory, the relationship

between the sectional load-carrying capacity and the shear

stress value is introduced in the literature [14–17]. The

calculated TV values for five-layer and three-layer CLT are

shown in Table 3.

From Eq. (1), the performance factor / will affect the

reliability index b. For instance, with a given /, the per-

formance function G for the calculation of the reliability

index b is:

G ¼ R� Dþ Qð Þ

in which, R is the random variable related to the rolling

shear load-carrying capacity (based on the observation

from the short-term ramp loading tests in the previous

study) [10] corrected with the expected strength increase

due to the higher loading rate for modeling purpose, which

is consistent with the term RSð0:05Þ in Eq. (1); D is the

random dead load; Q is the random live load. Then, the

ratio of the design dead load to the design live load is

defined as (here chosen to be 0.25):

r ¼ Dn

Qn

;

therefore, the performance function G is:

G ¼ R�
/RSð0:05ÞTV

ð1:25r þ 1:50Þ dr þ qð Þ; ð2Þ

where the random variables d and q are:

d ¼ D

Dn

q ¼ Q

Qn

Table 1 Calibration results for cross laminated timber (CLT)

Mean Standard deviation

Model parameters for five-layer CLT

b 39.857 2.219

c 3:483� 10�3 2:446� 10�3

n 6.754 0.117

s0 0.194 0.247

Model parameters for three-layer CLT

b 257.249 229.738

c 9:861� 10�2 1:104� 10�5

n 14.911 0.045

s0 0.059 0.001
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the calculation of the random variables d and q can be

found in the literature [11, 17].

With regard to the short-term rolling shear strength

design method for the CLT beam under the concentrated

load, the snow loads from two sites (in Halifax and Van-

couver) were first investigated and included in the fol-

lowing reliability analysis process. The snow load

information comes from the statistics on the maximum

annual snow depth, the snow duration and the ground-to-

roof snow conversion factors provided by the National

Research Council of Canada [11].

The objective of this reliability analysis, adopting the

first order reliability method (FORM), is to evaluate the

relationship between the reliability index b and the per-

formance factor /. Figures 3 and 4 give the results on the

relationship between b and / in five-layer CLT products

under the different snow load cases; Figs. 5 and 6 give the

results on the relationship between b and / in three-layer

CLT products.

From the above results from Figs. 3, 4, 5 and 6, under

different beam theories, the obtained b�/ relationship is

slightly different. This small difference comes from the dif-

ferent interpretations of the defined term TV in Eq. (2), and

this TV is changing when different beam theories are adopted.

The average b from Figs. 3, 4, 5 and 6 is then summarized

from the b calculated from the different beam theories to get

an average estimation over the error from the different

assumptions. The average curve values are also given in

Table 4. According to the previous reliability research of

timber structures, 2.80was determined as the target reliability

index for the investigation of CLT rolling shear duration-of-

load behaviour and it is consistent with the previous research

on duration of load of dimensional lumber [11].

From Figs. 3, 4, 5 and 6, it shows that the / factor is

close to 0.9 at the target reliability index b ¼ 2:80 (for five-

layer CLT, / ¼ 0:834 in Fig. 3 and / ¼ 0:855 in Fig. 4;

for three-layer CLT, / ¼ 0:868 in Fig. 5 and / ¼ 0:776 in

Fig. 6). For the short-term bending strength of lumber in

the Canadian design code, the performance factor is / ¼
0:9 [11]. Therefore, the obtained / from Figs. 3, 4, 5 and 6

for CLT is close to the / in the code for lumber.

Table 2 Summary of the finite

element evaluation results on

the rolling shear strength

Rolling shear strength (MPa)

Mean Coefficient of variation (%) 5th percentile

Five-layer CLT 2.02 12.2 1.56

Three-layer CLT 1.62 23.3 1.04

CLT cross laminated timber

Table 3 Summary of the

calculated TV values (in

kN=MPa) for cross laminated

timber (CLT)

TV from layered

beam theory

TV from gamma

beam theory

TV from shear

analogy theory

Five-layer CLT 11.24 11.90 11.76

Three-layer CLT 7.46 10.20 7.46

Fig. 3 Curves between the reliability index and the performance

factor (five-layer/Halifax)

Fig. 4 Curves between the reliability index and the performance

factor (five-layer/Vancouver)
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From Fig. 7 which shows the average curves between

the reliability indices and the performance factors from the

previous results under different snow load cases. When the

performance factor is less than 0.8, the probability of

rolling shear failure in the three-layer CLT is higher than

that in the five-layer products. This is consistent with the

performed short-term ramp loading test results, where the

three-layer CLT products showed the lower rolling shear

load-carrying capacity in the tests [10]. It is not clear why

the trend is opposite when the performance factor is larger

than 0.8 so more research and tests are suggested for fur-

ther reliability analysis. Also, this reliability analysis on the

short-term rolling shear strength will provide necessary

information for the following investigation on duration of

load.

Reliability analysis of CLT rolling shear strength

under 30-year snow load

This section introduces the reliability analysis on the limit

state of CLT products under a 30-year snow load, with

consideration of load duration effect on the rolling shear

strength. The objective of this reliability analysis is to

evaluate the relationship between the reliability index b
and the performance factor / when duration-of-load effect

is included. A Monte Carlo simulation procedure, incor-

porating the verified damage accumulation model in

Table 1, was used to determine the probability of the

rolling shear failure of a single bending CLT beam speci-

men under load for a prescribed service life [11]. Then,

Fig. 5 Curves between the reliability index and the performance

factor (three-layer/Halifax)

Fig. 6 Curves between the reliability index and the performance

factor (three-layer/Vancouver)

Table 4 Reliability results for the strength adjustment factors in the

five-layer and three-layer cross laminated timber (CLT)

Reliability results

b /I /II KD

Five-layer

Halifax 3.0 0.758 0.354 0.467

2.8 0.834 0.388 0.466

2.5 0.961 0.444 0.463

2.0 1.205 0.554 0.460

Vancouver 3.0 0.794 0.496 0.625

2.8 0.855 0.528 0.617

2.5 0.953 0.580 0.609

2.0 1.131 0.683 0.604

Three-layer

Halifax 3.0 0.760 0.346 0.456

2.8 0.868 0.402 0.462

2.5 1.050 0.492 0.469

2.0 1.398 0.670 0.480

Vancouver 3.0 0.682 0.378 0.553

2.8 0.776 0.440 0.566

2.5 0.929 0.542 0.583

2.0 1.216 0.743 0.611

Fig. 7 Average curves between the reliability index and the perfor-

mance factor without considering the duration-of-load effect
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based on the previous results from the short-term rolling

shear strength reliability analysis (without considering the

duration-of-load effect) as shown from Figs. 3, 4, 5 and 6,

the duration-of-load adjustment factor for the rolling shear

strength can be obtained with one margin of safety.

The Monte Carlo simulation was used to determine the

probability of rolling shear failure for a service life ranging

from 1–30 years. Based on the verified damage accumu-

lation model, a sample size of NR = 1000 replications was

chosen and these simulated samples were tested under the

30-year snow loading history as introduced in the literature

[11, 17]. Consistent with the procedure in reliability anal-

ysis of short-term rolling shear strength of CLT, the snow

loads from two sites (in Halifax and Vancouver) were

considered, and dead load was also included in the service

life. Then, the performance function G is:

G ¼ 1� a; ð3Þ

where a is the damage parameter from the damage accu-

mulation model. If G[ 0, the sample will survive. If

G\ 0, the sample will fail.

After performing the Monte Carlo simulation giving

the relationship between the reliability index b and the

performance factor /, the duration-of-load strength

adjustment factor KD can then be derived. The basic

determination procedure for the factor KD is shown in

Fig. 8. In this figure, two cases are displayed for the

relationship between b and /. The first case in the fig-

ure is known as curve one, when the duration-of-load

effect is not considered and only the short-term rolling

shear strength is analyzed. This information comes from

the previous reliability analysis on the short-term rolling

shear strength of CLT (the results of the average b�/
relationship from Figs. 3, 4, 5 and 6). The second curve

(curve two) in Fig. 8 includes the performed Monte Carlo

simulation results with consideration of the duration-of-

load effect. Based on the Monte Carlo simulation results

(the points in curve two which are dispersed due to each

point represents a calculated b with regard to the proba-

bility of failure in a Monte Carlo simulation procedure

with a given / value), curve two is calculated from the

exponential regression fitting method consistent with the

duration-of-load research on dimensional lumber [11]. In

Fig. 8, at the same reliability index level b (the target

reliability), the performance factor for curve one is

defined as /I, and /II is the factor calculated from curve

two. Then the strength adjustment factor KD for the

rolling shear strength is defined as:

KD ¼ /II

/I

: ð4Þ

For example, Figs. 9 and 10 show the relationship

between the reliability index b and the performance factor

/ in the five-layer CLT products, for both curve one and

curve two; Figs. 11 and 12 show the relationship between

the reliability index b and the performance factor / in the

three-layer CLT products. The same results from Figs. 9,

10, 11 and 12 are also given in Table 4.

Then, from Eq. (4), the derived duration-of-load rolling

shear strength adjustment factor KD is given in Table 4.

Take the five-layer CLT under the 30-year Halifax snow

load combined with the dead load case as an example, KD

is 0.466 when the reliability index b ¼ 2:80. On the other

hand, for the three-layer CLT, Table 4 shows that KD is

around 0.462 under the same circumstances.

Based on Eq. (4) and the same reliability analysis pro-

cedure, the reliability results for the rolling shear strength

adjustment factors are summarized in Table 5 for another

three different locations: Quebec City, Ottawa and Saska-

toon (The snow load information for these cities and the

analysis process are introduced in detail in the literature)

[11, 17].

Fig. 8 The basic factor determination procedure (curve one-without

duration-of-load effect; curve two-with duration-of-load effect)

Fig. 9 Curves between the reliability index and the performance

factor (five-layer/Halifax)
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Take the five-layer CLT under the 30-year snow load

combined with the dead load case as an example, KD is

around 0.428–0.617 shown in Table 5 when the reliability

index b ¼ 2:80, i.e., the target reliability in design codes

[11, 18]. The factor difference comes from the different

snow load in each location, and the average factor from the

five cities is 0.481. On the other hand, for the three-layer

CLT, Table 5 shows that KD is around 0.422–0.566 under

the same circumstances; the average factor from the five

cities is 0.472. In the Canadian design code, for lumber, the

factor KD is 0.8. Therefore, the results suggest that the

duration-of-load strength adjustment factor for rolling

shear strength in CLT products seems to be very different

from that in lumber. Specifically, the rolling shear dura-

tion-of-load strength adjustment factor for CLT was found

to be more severe compared to the general duration-of-load

adjustment factor for lumber.

Reliability analysis of CLT rolling shear strength

under 30-year dead load only

One question raised is what the duration-of-load adjust-

ment factor is for the CLT rolling shear strength under a

30-year dead load only case. To answer this question, the

rolling shear strength adjustment factor KD with consider-

ation of the duration-of-load effect for this constant dead

loading case was evaluated. The performed procedure for

this evaluation was similar to that introduced in the pre-

vious sections, except the dead load only case was char-

acterized not only by changing the load factor 1.25 in

Eq. (2) to be 1.40 (considering the different load combi-

nation factor from the design code for the dead load only

loading case) [18], but also by letting r tend to infinity

(here chosen to be 1000 consistent with the duration-of-

load research on dimensional lumber) leading to the ran-

domness from snow load can be ignored in the following

reliability calculation [11].

In the reliability analysis on the short-term rolling shear

strength without considering the duration-of-load effect,

the performance function G is:

G ¼ R�
/RSð0:05ÞTV

ð1:40r þ 1:50Þ dr þ qð Þ; ð5Þ

where r ¼ 1000:

Consistent with the reliability analysis procedure in the

previous sections, three beam theories (the layered beam

theory, the gamma beam theory and the shear analogy

theory) were adopted in the reliability analysis on the short-

term rolling shear strength without considering the dura-

tion-of-load effect. The Monte Carlo simulation was used

to determine the probability of rolling shear failure for a

service life ranging from 1–30 years on the limit state of

CLT products under a 30-year dead load only case, with

the consideration of load duration effect on the rolling

shear strength. After performing the Monte Carlo simula-

tion, the simulation results are shown in Figs. 13 and 14.

Fig. 10 Curves between the reliability index and the performance

factor (five-layer/Vancouver)

Fig. 11 Curves between the reliability index and the performance

factor (three-layer/Halifax)

Fig. 12 Curves between the reliability index and the performance

factor (three-layer/Vancouver)
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Based on Eq. (4), the rolling shear strength adjustment

factor KD for the 30-year dead load application case is

summarized in Table 5. From this table, KD is from 0.371

to 0.445 at the target reliability level b ¼ 2:80 for five-

layer and three-layer CLT products. This result suggests

that there is an approximate 55–63 % strength reduction

from the short-term rolling shear strength when duration-

of-load effect is considered in the 30-year dead load only

case. Based on previous reliability research of the duration-

of-load effect on lumber [11], the strength adjustment

factor (KD) for lumber in a 30-year dead load only case is

around 0.5. From Table 5, the five-layer and three-layer

CLT products show smaller values; KD is less than 0.5 in a

30-year dead load only case.

Duration-of-load factors based on the stress ratio
evaluation approach from model predictions

The previous sections introduced the evaluation of the

duration-of-load effect on CLT rolling shear strength using

reliability analysis methods. The duration-of-load strength

adjustment factor can also be evaluated by another

approach, i.e., the stress ratio evaluation approach intro-

duced as follows.

The damage accumulation model has been calibrated

and verified by the test data from the short-term ramp and

low cycle trapezoidal fatigue loading tests, as given in

Table 1; this verified model can be used to predict the

duration-of-load behaviour under arbitrary loading history

[11].

As shown in Fig. 15, the ramp and constant loading

protocol is the combination of the ramp load and the

constant load. This loading protocol can simulate the dead

load history, and the stress history of the protocol is:

r tð Þ ¼ Kat; 0� t� tm
rmax; t[ tm

�
;

where, Ka is the loading rate, and tm is the duration of

uploading segment. rmax ¼ Katm is the constant applied

load stress.

According to the damage accumulation theory under the

ramp loading protocol as introduced in the literature, when

0� t� tm, the damage accumulated at time step t ¼ tm is

[11]:

a tmð Þ ffi rmax � s0rs
rs � s0rs

� � 1þbð Þ

When t[ tm, the time to failure Tf under the ramp and

constant loading protocol is expressed as follows [11]:

Table 5 Summary of the

reliability results for the

strength adjustment factors in

cross laminated timber (CLT)

Load case Factor KD when b ¼ 2:8 in the reliability analysis

Five-layer Three-layer

Thirty-year snow load in Quebec City 0.428 0.422

Thirty-year snow load in Ottawa 0.434 0.448

Thirty-year snow load in Saskatoon 0.460 0.464

Thirty-year snow load in Halifax 0.466 0.462

Thirty-year snow load in Vancouver 0.617 0.566

Thirty-year dead load only 0.371 0.445

Fig. 13 Curves between the reliability index and the performance

factor (five-layer/dead load only)

Fig. 14 Curves between the reliability index and the performance

factor (three-layer/dead load only)
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Tf ¼ tm þ 1

cðrmax � s0rsÞn

� ln
cþ aðrmax � s0rsÞb�n

a tmð Þcþ aðrmax � s0rsÞb�n

" #

However, when the applied maximum stress exceeds the

short-term capacity (rmax [ rs), the time to failure Tf will

be:

Tf ¼ rs=Ka

When the applied maximum stress does not exceed the

threshold (rmax\s0rs), there will be no damage

accumulated.

By modeling duration-of-load behaviour under the long-

term constant loading protocol simulating the dead load

shown in Fig. 15, the rolling shear duration-of-load effect

of CLT can also be quantified in terms of the relationship

between the time to failure and the applied stress ratio.

Using the verified model in Table 1, a sample size of

NR = 500 replications was chosen (consistent with the

duration-of-load research method on dimensional lumber)

[11], and these simulated samples were tested under the

ramp and constant loading protocol.

Based on the stress ratio evaluation approach, Fig. 16

shows the predicted relationship between the time to failure

and the stress ratio applied in the verified five-layer CLT

model (denoted as SPF5-0.4) [10]. By analyzing the pre-

diction in the figure, the stress ratio corresponding to dif-

ferent load duration cases can be quantified; assuming that

the factor in a short-term case (10-min) is equal to one,

factors can be derived for each load duration case by cal-

culating the ratio between the quantified stress ratio values,

as given in Table 6. For example, the stress ratio values are

0.3942 and 0.7967 in the short-term and standard-term

cases (3-month); then, the factor in standard-term case is

calculated as 0.3942/0.7967 & 0.49. Similarly, the pre-

dicted results for three-layer CLT specimens (denoted as

SPF3-0.4) are shown in Fig. 16 and Table 6.

In Table 6, based on the factor calculated from the

verified models, the ratio of the 30-year long-term rolling

shear strength to the 10-min short-term strength is 37 % for

five-layer CLT and is 48 % for three-layer CLT, which

agreed well with the reliability analysis results in Table 5

(between 37 and 44 % when b ¼ 2:8).

Discussion of the duration-of-load rolling shear
strength adjustment factors

Based on the previous reliability research of the duration-

of-load effect on dimensional lumber, the strength adjust-

ment factor (KD) for lumber in a 30-year snow load case is

around 0.7–0.8, and in a 30-year dead load only case is

around 0.5 [11]. From Table 5, five-layer CLT shows

smaller values, e.g., KD in a 30-year snow load case is

around 0.428–0.617 (the average factor of the five cities is

0.481), and KD is 0.371 which is less than 0.5 in a 30-year

dead load only case. The decreasing trend in lumber KD

from snow to dead load cases in the reliability analysis

(0.7–0.8 to 0.5) is consistent with that of five-layer CLTFig. 15 Ramp and constant loading protocol

Fig. 16 Time to failure

prediction (minutes in the

logarithm to base 10) under the

ramp and constant loading

protocol (five-layer CLT is

denoted as SPF5-0.4; three-

layer CLT is denoted as SPF3-

0.4)
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(0.428–0.617 to 0.371). However, the specific values and

the decreasing magnitudes of five-layer CLT are different

from those of lumber. The five-layer CLT specimens also

exhibited similar results in another approach (0.49 to 0.37)

through the evaluation of the factors between the different

load duration cases as presented in Table 6.

Three-layer CLT specimens exhibited the similar results

as five-layer CLT. Factor KD in the 30-year snow load case

is around 0.422–0.566 (the average factor of the five cities

is 0.472). KD in the 30-year dead load only case is 0.445

and is also lower than the average factor of the five cities

(0.472). These factors in three-layer CLT are also different

from those of lumber.

In the stress ratio investigation approach for three-layer

CLT in Table 6, the factors between the different load

duration cases had similar results as those from the relia-

bility analysis in Table 5. For example, the factor for the

long-term constant loading case is 0.48 in Table 6, and it is

also lower than 0.5 (in Table 5 it is 0.445 which is lower

than 0.5).

Based on the reliability-based approach (shown in

Table 5), the load duration adjustment factor from short-

term test duration (10 min for short-term test specimen

failure) to 30-year return period snow loads is approxi-

mately between 0.4 and 0.6 for the five-layer CLT, and is

also approximately between 0.4 and 0.6 for the three-layer

CLT. Considering the stress ratio investigation approach

(based on the rolling shear failure result at different load

levels as shown in Table 6), the load duration adjustment

factor from short-term test duration (10 min) to standard

term (3 months) is approximately 0.5 for the five-layer

CLT, and is 0.6 for the three-layer CLT. The evaluated

adjustment factor from the stress ratio investigation

approach is approximately in the range of the calculated

factors from the reliability-based approach.

For code implementation, further adjustments are nee-

ded to convert the values from short-term test duration

(10 min) to the short-term seven-day duration (7 days);

typically, an adjustment factor of 1:25=1:15 ¼ 1:087 for

such load-case conversion can be assumed [18].

In summary, the five-layer and three-layer CLT results

in Tables 5 and 6 are different from those of lumber, but

the five-layer and three-layer products gave similar results

in both the reliability analysis and the stress ratio evalua-

tion approach. This stress ratio evaluation approach pre-

sented very close output to that of the reliability theory

based method. The CLT rolling shear duration-of-load

strength adjustment factor was found to be more severe

compared to the general duration-of-load adjustment factor

for lumber.

Figure 16 shows the relationship of the model predic-

tions between the three-layer and five-layer CLT speci-

mens under ramp and constant loading protocol as given in

Fig. 15. It is suggested that, under the same stress ratio, the

three-layer CLT product will fail sooner than five-layer

CLT when the duration is between 10 min and 2 days (the

short-term duration when 1:0\LOGðTimeÞ\3:5 in

Fig. 16). This may be due to the single middle layer in

three-layer CLT takes almost all the high shear stress (as

shown in the stress evaluation results in the previous

study), which is consistent with the short-term ramp load-

ing test results [10]. Also, in the long-term duration, five-

layer CLT and three-layer CLT show similar long-term

behaviour with small difference, as suggested in Fig. 16.

Compared to three-layer CLT products, the five-layer CLT

includes more pieces of laminated boards in the cross layer.

This difference might increase the probability of the rolling

shear failure in the long-term behaviour of five-layer CLT

considering more pieces of boards under rolling shear

stress, as suggested in Fig. 16.

Figure 16 also shows that the curves of the five-layer

and three-layer CLT group do not have the same shape as

lumber based on previous research of the duration-of-load

effect on lumber [11]. This result suggests that the dura-

tion-of-load behaviour of rolling shear strength in CLT is

different from that of lumber. This duration-of-load test

was performed under concentrated loading on the CLT

short-span beam, which may be different from other cases,

such as the uniformly distributed loading pattern on a two-

dimensional CLT panel. Future research is recommended

on the load protocol influence on the duration-of-load

effect on the rolling shear strength of CLT.

In this study, the rolling shear failure was defined when

the first rolling shear crack was observed [10]. After the

first crack occurred, the specimen could still carry a further

but limited load. However, under long-term sustained

loads, the rolling shear cracks, although small, may reduce

the long-term panel stiffness of CLT. The reduced stiffness

issue should raise concerns about the overall structural

performance in CLT systems, such as the system influence

from floor panels with the soften stiffness. Therefore, the

choice of first observable rolling shear crack as the failure

criteria is conservative; future research is needed for the

analysis of the rolling shear behaviour in terms of different

failure criteria and its impact on the CLT system

performance.

Table 6 Summary of the factor calculation in cross laminated timber

(CLT)

Loading Duration Factor between the quantified stress ratio

Five-layer Three-layer

Short term 10 min 1.00 1.00

Standard term 3 months 0.49 0.61

Long term 30 years 0.37 0.48
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Conclusions

The stress-based damage accumulation model theory was

adopted to evaluate the duration-of-load effect on the

rolling shear strength of CLT. This model has been cali-

brated and verified based on the collected test results. As

the developed duration-of-load model is a probabilistic

model, a time-reliability study of the CLT products was

performed. The reliability results provided further infor-

mation about the duration-of-load effect on the rolling

shear behaviour of CLT. The predictions of the time to

failure from this model and this investigation process elu-

cidated the duration-of-load effect and provided guidance

for the evaluation of the CLT duration-of-load effect.

The verified damage accumulation model is also able to

predict the duration-of-load behaviour of wood-based

products under arbitrary loading history, including the

long-term dead load case; then, the predictions of time to

failure from the model under dead load can evaluate

duration of load using the stress ratio evaluation approach.

The duration-of-load adjustment factors on the rolling

shear strength of CLT were discussed, and it is suggested

that this adjustment factor for CLT is more severe than the

general duration-of-load adjustment factor for lumber.

Therefore, when CLT is introduced into the building codes

for engineered wood design, the duration-of-load adjust-

ment factor on the rolling shear strength should be

considered.

This study considered the duration-of-load effect only

for CLT beam specimens under concentrated load cases;

therefore, different loading patterns, such as uniformly

distributed loading on CLT two-dimensional panels, may

influence CLT duration-of-load behaviour. This influence

needs more investigation in the future research.

Since the rolling shear failure was defined at the time

point when the first rolling shear crack was observed, the

derived adjustment factor for CLT could be relatively

conservative based on this failure definition. Therefore,

further research on the rolling shear failure mechanism and

its impact on the structural performance of CLT systems

are suggested.
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