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Abstract

A new approach was developed to predict the compressive resistance of cross-laminated timber (CLT) using the compressive
strength of small samples of different grade lamina from E12 and E8 larch, and E10 and E6 nut pine. CLT of three different
thicknesses was manufactured using different grades of laminas from each species. To evaluate the compressive resistance
of CLT, three different methods were employed. The first method was used to determine the compressive resistance, which
was predicted by multiplying the compressive strength of lamina aligned with the loading direction, and the cross-sectional
areas of the lamina. The second method is similar to the first method, but additionally considering the stiffness ratio of the
laminas. The third method developed from the current study accounts for load sharing and weakest lamina effects in the pre-
diction of compressive resistance. When the lower 5th percentile compressive resistance in a major direction was predicted
using the first two methods, the difference between the experimental test and the predicted value ranged from 2.5 to 43.4%.
However, when the compressive resistance in a major direction was predicted using the developed method from the current

study, the difference between the experimental test and predicted value ranged from — 8.7 to 10.8%.

Keywords Compressive resistance - Cross-laminated timber - Load sharing - Weakest lamina - In plane

Introduction

High-rise wood buildings have been built around the world,
and it would appear that taller buildings would be designed
using cross-laminated timber (CLT) [1]. In high-rise build-
ing, since the vertical loads are accumulated, the compres-
sive resistance of CLT is critical to identify and assess in
the structural design of the building. The CLT compres-
sive resistance should be predicted in a more reliable way.
Brandner et al. [2] reviewed several state-of-the-art reports
related to CLT. These referenced reports pointed out that
although the CLT compressive resistance perpendicular-to-
plane loading was investigated by several researchers [3-5],
the CLT compressive resistance in-plane loading was rarely
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reported. Subsequently, there are two approaches for predict-
ing the CLT compressive resistance under in-plane loading.

The first approach can be briefly described as follows.
When utilizing the CLT, there are several layers of laminas
usually stacked in a crosswise sequence. The compressive
strength of a lamina perpendicular to the loading direction is
approximately 10% of that of the lamina parallel to the load-
ing direction [6]. Thus, when using the CLT, the compres-
sive strengths of the cross layers in this example are assumed
to be zero. As a result, the CLT compression resistance can
be predicted by multiplying the compressive strength and
cross-sectional area of the laminas parallel to the loading
direction (Fig. 1, Eq. 1) [7]. Oh et al. [8] predicted the com-
pressive strength of the CLT using this approach. The tested
CLTs were three ply samples composed with one lamina
grade (E11 from larch). They generated the lamina strengths
using Monte Carlo simulation and showed a good agreement
between the predicted CLT values and experimentally tested
CLT values. The CLT can be manufactured from various
lamina grades. Thus, there should be further validations that
will be required for different combinations.

P parallel =0¢ X Aparallel ( 1)
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Fig.1 Applied area for com-
pression design (A ;e CrOSS-
sectional area of lamina parallel
to loading direction)

Aparallel

where P, compressive resistance of CLT, o, compres-
sion strength of lamina parallel to the loading direction,
Aparaiiel CTOSS-section area of lamina parallel to the loading
direction.

In the second approach, the net cross-section area was
applied to calculate the CLT compressive resistance [9]. The
net cross-section area reflects the relative MOE of laminas
in CLT (Eq. 2). The MOEs of laminas perpendicular to the
loading direction were assumed to be zero, as noted in the
first Method 1. As a result, the CLT compressive resistance
can be predicted by multiplying the net cross-section area
and the compressive strengths of laminas parallel to the
loading direction.

n

A =Z:5 XA; 2)

net 14
i=1 ¢

where A, net cross-sectional area (mm?), E; modulus of
elasticity of ith laminas parallel to the loading direction
(MPa), E.modulus of elasticity of reference laminas (MPa),
A, the loading area of ith laminas parallel to the loading
direction (mm?).

In this case, the same lamina grades are used for all par-
allel layers in the American CLT standard [10], addition-
ally the different lamina grades can also be used for the
parallel layers similar to the Japanese CLT standard [11].
In the latter case, the different loads will be applied to the
various laminas depending on the axial stiffness. Therefore,
when utilizing this particular mechanism, it is shown that

the load is dispersed depending on the lamina grades, and
needs to be carefully assessed and considered for predicting
the compressive resistance of the applicable CLT. However,
the existing two methods do not reflect this mechanism as
described.

In this study, a new approach was developed for predict-
ing the CLT compressive resistance under in-plane loading.
The new approach and the two existing methods were exper-
imentally compared to determine a reliable method for the
compressive resistance of CLT made from different lamina
grades parallel to the loading direction.

Materials and methods
Specimens

In this experiment, two species, larch (Larix kaempferi,
560 kg/m?) and pine (Pinus koraiensis, 430 kg/m?), were
used for laminas of 100 mm (width) X 30 mm (thick-
ness) X 3600 mm (length). The laminas were not connected
by finger joint. There were four lamina grades, namely E8
and E12 for larch, E6 and E10 for pine, which were used
for manufacturing the CLT specimens (Table 1). The mois-
ture contents of the laminas and CLT specimens were in
the range of 7.20-9.03% and 6.27-8.22%, respectively. The
oven-dry weight of specimens was measured after compres-
sion test and the moisture contents were calculated by Eq. 3.

Moisture content (%)

_ (Initial weight) — (Oven dry weight) % 100 3)
- (Oven dry weight)

The produced laminas were graded according to Korean
Standard F3021 [12]. The laminas were classified by modu-
lus of elasticity (MOE) measured by a machine stress rating
(MSR), then each lamina was given a grade which specifies
a corresponding minimum MOE to satisfy the assessment
review. For example, the noted grade E8 of lamina should
have recorded the MOE of 8 GPa or higher.

To measure the actual compressive resistance of CLT,
there were three different thickness 90, 120, 150 mm of
CLT were manufactured using two different lamina grades
for each species (Fig. 2). Table 2 shows the nomenclature
of CLT specimens with respect to species, the number of
layers, and the CLT thickness. The first letter indicates the
lamina species that was used in this study. The second letter
indicates the number of layers. The last number indicates
the thickness (mm) of the CLT specimen that was used in
this experiment.

@ Springer



540

Journal of Wood Science (2018) 64:538-550

Table 1 Compressive strength of each lamina grade

Lamina grade Species MOE? (GPa) Number of Moisture Compressive strength (MPa)

specimens contents (%)

Average ~ COV®(%)  Weibull distribution
Scale Shape 5% WPE*®

E12¢ Larch 12-13 30 8.01 58.8 13.6 62.6 7.5 42.0
E8 Larch 89 30 9.03 459 17.0 493 6.2 304
E10 Pine 10-11 30 8.17 455 15.7 48.6 6.8 314
E6 Pine 67 30 7.20 31.7 18.0 343 5.6 20.2
#Modulus of elasticity
bCoefficient of variation
“Parametric Sth percentile point estimate using Weibull distribution fit
9E-rated grade which was determined by average of localized MOEs in a lamina
90 mm 90 mm
. S— 4+«——
g2 |30 mm E10 | 30 mm
90 mm Es |30 mm 90 mm E6 |30 mm
E12 |30 mm E10 |30 mm
() (b)
120 mm 120 mm
4+—>
E12 30 mm E10 30 mm
E8 20 mm E6 20 mm
120 mm ES 20 mm 120 mm E6 20 mm
ES 20 mm E6 20 mm
E12 30 mm E10 30 mm
() (d)
150 mm . 150 mm
E12 30 mm E10 30 mm
ES 30 mm EG 30 mm
150mm [ _Es _ |30mm 150mm [ Es |30 mm
ES8 30 mm E6 30 mm
E12 30 mm E10 30 mm

(e)
Fig.2 Lamina grades and lay-up of CLT specimens

Compressive strength of different grade lamina

There were 30 specimens that were randomly extracted
from each lamina grades to reflect the localized com-
pressive strength of the corresponding lamina grade. The
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dimension of specimen was 30 mm (width) X 30 mm (thick-
ness) X 120 mm (length) (Fig. 3a). The compression test was
carried out using a universal test machine (UTM, SFM-20
Model, USA) according to ASTM D143 [13]. The loading
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Table 2 Actual compressive resistance and specification for cross-laminated timber

Type Species  Number of layers (grade of Dimensions (mm) Loading  Actual compressive resist-
lamina) direction  ance of CLT (kN)
Thickness (thickness of ~ Width  Length AVE* COV® 5% WPE’
lamina)
L9-32.90'  Larch 3 layers (E12/E8/E12) 90 (30/30/30) 90 300 Major 234.4 6.1 198.6
Minor 118.8 5.8 101.7
L-5-120 5 layers (E12/E8/E8/E8/E12) 120 (30/20/20/20/30) 120 300 Major 4243 4.8 373.1
Minor 204.8 9.0 160.7
L-5-150 5 layers (E12/E8/E8/E8/E12) 150 (30/30/30/30/30) 150 300 Major 620.7 7.0 511.0
Minor 426.6 6.1 361.1
P-3-90 Pine 3 layers (E10/E7/E10) 90 (30/30/30) 90 300 Major 189.3 114 136.8
Minor 83.0 128 584
P-5-120 5 layers (E10/E7/E7/E7/E10) 120 (30/20/20/20/30) 120 300 Major 3224 112 235.2
Minor 160.7 8.1 128.4
P-5-150 5 layers (E10/E7/E7/E7/E10) 150 (30/30/30/30/30) 150 300 Major 484.8 5.8 414.6
Minor 301.7 9.9 228.6

#Average value

®Coefficient of variation

“Parametric Sth percentile point estimate using Weibull distribution fit
dSpecies; Llarch, Ppine

“Number of layers

fThickness of cross-laminated timber (mm)

rate was 0.5 mm/min. The compressive strength of lamina
was calculated using Eq. 4.

= Prax /A )
where 6),i,, compressive strength of lamina (MPa), P .,
the maximum load carrying capacity (N), A the loading area
of small specimen (mm>).

Olamina

Compressive resistance of CLT

Since the CLT has major and minor directions [7], the
CLT specimens for the two in-plane loading were prepared
according to the specifications noted in the Fig. 3b—g. The
number of repetitions was 10, and there were a total of 120
CLT specimens [six lamina combinations (Fig. 2) X two
loading directions X 10 repetitions] that were prepared for
this experiment.

The compression test for the CLT specimens was carried
out using a UTM equipped with 2000 kN load cell accord-
ing to ASTM D198 [14]. The loading rate was 2 mm/min.
The actual compressive resistances of CLT specimens were
defined as the measured maximum load-carrying capacity
(Eq. 5).

P CLT—actual — P max (5)
where P,,, the maximum load — carrying capacity (N).

Prediction of compressive resistance of CLT
Generation of the lamina compressive strength

The compressive strengths of laminas are required to predict
the compressive resistance of the CLT. Several research-
ers [15-18] investigated to find suitable parametric models
for representing strength properties of Korean species. Two
parameter (2P) weibull distribution was revealed as a suit-
able model and Oh et al. [8] and Pang et al. [19] used this
model to generate the compression and tensile strength of
larch laminas. In this study, the compressive strengths for
each lamina were also generated using two parameter (2P)
Weibull distribution (Eq. 6). The scale parameter (7) and
the shape parameter (@) for each lamina grade were derived
by the experimental test. A random number between 0 and
1 was inserted into p for generating the lamina compressive
strength.

Weibull point estimate (WPE) = ,1[_ In (1 —p)] 1/a ©)

where n Weibull scale parameter, p percentile as a decimal,
a Weibull shape parameter.
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Fig.3 Specimens for compression test (mm)

Lower 5th percentile strength

The parametric point estimate was derived based on the two
parameter (2P) Weibull distribution (Eq. 6). In the Eq. 5,
when the p was 0.05, the calculated value was lower 5th
percentile point estimate. The scale parameter (#) and the
shape parameter (a) were derived for compressive strength
of different grade lamina and CLTs.

Method 1

The compressive resistance of CLT can be predicted by mul-
tiplying the compressive strength of lamina and the area of
the layers where the grain direction of lamina is run paral-
lel to the loading direction (Eq. 1). Equation 7 was derived
from Eq. 1 which was used for accounting for two different
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grade laminas, as used for outer or inner layers. To predict
compressive resistance of CLT using method 1, the compres-
sive strength of each lamina parallel to the loading direction
(Clamina,;) Was randomly generated by Eq. 6 and multiplied
by the corresponding area of each layer, and the calculated
compressive resistances for each layer were summed.

n
PCLT—predicted by methodl = Z Olamina,i X Ai (7)
i=1

where Pepr_predicted by methoat Predicted CLT compressive
resistance by method 1 (N), 6y,i,,; cOmpressive strength
of lamina in ith layer (MPa), A, the loading area of ith layer
parallel to the loading direction (mm?), n the number of lay-
ers parallel to the loading direction.
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Method 2

The compressive resistance of each layer was predicted by
multiplying the net cross-section area (Eq. 2) of each layer
with the compressive strength of the corresponding lamina.
The compressive resistance of CLT was calculated by sum-
ming the predicted compressive resistance of each layer
(Eq. 8). The MOE of outer lamina was applied for E_ and
the MOE of ith lamina was applied for E;.

n

i
P CLT—predicted by method2 — Z E_ X Olamina,i X Ai ®)

i=1 ¢

where Pepr_predicted by method2 Predicted CLT compressive
resistance by method 2 (N), 6y,i,; cOmpressive strength
of lamina in ith layer (MPa), A, the loading area of ith layer
parallel to the loading direction (mm?), n the number of lay-
ers parallel to the loading direction.

Method 3

Low stiffness member does not transfer significant load.
Similarly, very stiff member transfer large amounts of load.
Cramer and Wolfe [20] applied this concept for predicting
load distributions among various stiffness trusses. In a com-
pression test for the CLT, all the layers in the CLT were
shown to have the same vertical deflection, but each layer
carries different load capacities which are directly propor-
tional to its relative stiffness and area. The load distributions
among layers can be derived as follows.

Considering the five layers of the CLT, the CLT has three
layers parallel to the loading direction. The deformation of
the three layers in the loading direction would be identical
(Eq. 9). If Eq. 9 is rearranged by applied load in each layer,
Eq. 10 can be derived.

PL PL PiL

E\A B E,A, B E5A3 ©)
P = EA E1A1P
1T EA, 2T EA, (10

where P, the applied load for layer 1 (N), L the initial length
of CLT specimen (mm), E, the stiffness of layer 1 (MPa),
A, the loading area of layer 1 (mm?), P, the applied load for
layer 2 (N), E, the stiffness of layer 2 (MPa), A, the loading
area of layer 2 (mm?), P the applied load for layer 3 (N), E;
the stiffness of layer 3 (MPa), A5 the loading area of layer
3 (mm?).

The sum of the each load supported by each layer is equal
to the load that the CLT can support (Eq. 11)

Py + P, + Py=Pqr (11

where P, 1 the applied load for CLT (N).

Substituting Eq. 10 into Eq. 11 leads to Eq. 12. The
Eq. 12 shows that a specific layer carries a load in propor-
tion to its relative stiffness and area.

E\A, + EyA, + E3A,
ElAl

Pepr = P (12)

As a result, Eq. 13 can be derived for predicting com-
pressive resistance of CLT, which reflects the load sharing
effect. Although the load sharing effect is derived from Eq. 9
to 12 assuming elastic behavior of layers, the load sharing
effect assumed constant until ultimate failure occurs at the
weakest lamina.

Zj:l EjAj
EA;

Pepr, i = X A; (13)

O-lamina, i

where Pqp 1 ; the compressive resistances of CLT in case
that ith layer fails (N), n the number of layers parallel to the
loading direction, Ej the stiffness of jth layer (MPa), Aj the
loading area of jth layer (mm?), E, the stiffness of ith layer
(MPa), A, the loading area of ith layer (mm?), Olamina,; COM-
pressive strength of lamina in ith layer (MPa).

When a weakest layer fails, the load-carrying capacity of
the CLT will be decreased after ultimate state. The compres-
sive resistance of CLT could be determined by the lowest
value of individual layers among all layers parallel to the
loading direction.

P r—predicted-by-methoas = MIn(Perr, ;) (14)

where Per_predicted by methoa3 Predicted CLT compressive
resistance by method 3 (N).

Results and discussion
Compressive strength of lamina

The failure modes of lamina specimens were crushing or
shearing by the compression test (Fig. 4a, b). Especially,
these failures obviously occurred around knots (Fig. 4c).
The higher lamina grade in the same species had higher
compressive strength (Table 1). In the larch samples, the
average and lower 5th percentile compressive strength for
E12 grade were approximately 28 and 38% higher than those
for E8 grade, respectively. In pine species, the average and
lower 5th percentile compressive strength for E10 grade
were approximately 43 and 55% higher than those for E6
grade, respectively.

When the species was different, the higher grade lam-
ina did not have higher compressive strength, as compared
to the results of the lower grades. The average compres-
sive strength of the E10 grade (45.5 MPa) was slightly
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(a)

Fig.4 Failure modes of lamina specimens

less than E8 grade (45.9 MPa). The 5th percentile com-
pressive strength of E10 grade (31.4 MPa) also was not
significantly higher than the E8 grade (30.4 MPa). This
result shows that the compression strength of lamina was
significantly related to the species as well as MOE grades.
These results were in line with research results by Green
and Kretschmann [21] where it was found that the com-
pressive strengths of the same MOE lumber were different
depending on the lumber species. Thus, the database for
compressive strength of laminas was constructed by the
species and grade in this study.

Compressive resistance of CLT

In the CLT compression test, crushing failure appeared
around the knot (Fig. 5). The load-carrying capacity of CLT
was continuously decreased when a crushing failure hap-
pened in a lamina (Fig. 6). The actual compressive resist-
ances of CLTs (Table 2) show that the larger size speci-
men had higher compressive resistance. The increase of
compressive resistance was analyzed according to the area
ratios. The gross cross-sectional area (Ag,,,) of each speci-
men was 90X 90, 120x 120, and 150 x 150 mm? for 90,
120, and 150 mm thick CLT in both major and minor direc-
tions. Thus, the Ay, ratio was 1:1.78:2.78 for 90, 120, and
150 mm thick CLT.

In case of major direction, the area of layers parallel to
the loading direction (A ;) Was 6090, 80x 120, and
90 x 150 mm? for 90, 120, and 150 mm thick CLT. The
Apgrane ratio was 1:1.78:2.50 for 90, 120, and 150 mm thick

@ Springer

CLT (Fig. 7a). The average compressive resistance ratio
of 120 mm thick CLT to 90 mm thick CLT was 1.81 for
larch CLT and 1.70 for pine CLT, which were similar to the
Agposs Tatio and A, ratio. The compressive resistance
ratio of 150 mm thick CLT to 90 mm thick CLT was 2.65
for larch CLT and 2.56 for pine CLT, which were smaller
than the A, ratio, but higher than the A, ratio. It
shows that the compressive resistance can be overestimated

Fig.5 Failure mode of cross-laminated timber (crushing)
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(a)

400
300
200
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Load-carrying capacity (kN)

0 1 2 3 4 5 6
Displacement (mm)

(b)

Fig.6 Load-carrying capacity of CLT in major direction

if the resistance is predicted by multiplying the A, and a
normalized strength. If the resistance is predicted by multi-
plying the A, . and a normalized strength, the resistance
of larger cross-sectional area CLT will be conservatively
designed.

In case of minor direction, the area of layers parallel to
the loading direction (A ;) Was 3090, 40x 120, and
60x 150 mm” for 90, 120, and 150 mm thick CLT. The
Aparanier Tatio was 1:1.78:3.33 for 90, 120, and 150 mm thick
CLT (Fig. 7b). The average compressive resistance ratio of
120 mm thick CLT to 90 mm thick CLT was 1.72 for larch
CLT and 1.94 for pine CLT, which were similar to the Ao
ratio and A, ¢ ratio. The compressive resistance ratio of
150 mm thick CLT to 90 mm thick CLT was 3.59 for larch
CLT and 3.63 for pine CLT, which was higher than both
Agross Tatio and A, ratio. The compressive resistance
ratio was approximately 30% and 8% higher than the A,
ratio and the A, ratio, respectively. Thus, it is more rea-
sonable to predict the compressive resistance of CLT using
the A, ¢ Tather than the A, . These experimental results
show that the laminas parallel to the loading direction sup-
ported the most of the compressive load.

Gross cross-sectional area
— Area of layers parallel to loading direction
«+ @-+ Compressive resistance of larch CLT
++ O+« Compressive resistance of pine CLT

7
>
z

Ratio to 90 mm thick CLT

120 mm thickness 150 mm thickness

CLT type

(a)

90 mm thickness

Gross cross-sectional area
= Area of layers parallel to loading direction .0
«+ @+« Compressive resistance of larch CLT *
++ Q-+ Compressive resistance of pine CLT

Ratio to 90 mm thick CLT

90 mm thickness 120 mm thickness 150 mm thickness

CLT type

(b)

Fig. 7 Gross cross-sectional area, area of layers parallel to the loading
direction, and the compressive resistance ratios (90, 120 and 150 mm
thick CLT to 90 mm thick CLT)

Prediction of compressive resistance
for cross-laminated timber using three different
methods

Table 3 shows the predicted values from the three meth-
ods and the measured values from the experimental test.
In method 1, the CLT compressive resistances were pre-
dicted by Eq. 6 and lamina compressive strengths. A thou-
sand lamina compressive strengths, parallel to the loading
direction, were generated using the Weibull distribution
parameters of corresponding lamina grade in Table 1. The
generated compressive strengths (MPa) were multiplied by
the cross-sectional area of the corresponding laminas to pre-
dict the compressive resistance (kN) of the individual layer.
The sum of the predicted values of the individual layers
was regarded as the CLT compressive resistance. In major
direction, the predicted average resistances and 5% WPEs
were 13.7-34.7% and 13.6-43.4% higher than the actually
measured values, respectively.

In the minor direction, the differences of average resist-
ance between the predicted values and actual values were
— 5.3-29.7%. The differences of 5% WPE of the predicted

@ Springer



Journal of Wood Science (2018) 64:538-550

546

(o) T9qUIT) PAJEUTIR]-SSOIO JO SSAUIIYL,

sIoAe] JO Ioquunu Y[,

surd 4 ‘yore7 tsaroadg,,

IN[eA PAINSBIW/(AN[BA PIAINSBIW—N[RA PAJOIpaid) :onfeA painseaw pue uonoipald usamiaq douaIayid,
1y uonnqLUSIp [nqopy Sulsn sjewnss jutod s[nuadIad yig 1emoT,

on[ea ageIoAy,

8CI— ¥col I'vl— €68C 'l 0'1¢c €6— 8¢8C 'l 0 1¢c €6— 8¢8C 98¢  L'10¢ IouIN
L'8— '8LE 1o 14%:14 4 0°sTy 0c L'v6y 9°¢l 6'0LY Ler V1SS 9vivy  8V8y Iofey  0G1-6-d
Sve— 0'L6 9¢l— 88l 8'L— €811 [ 3R N4Y! 8'L— €811 Ts—  €Tll ¥'8Cl  L091 JOUTA
'8 0°66¢ 88 6°0S¢ Sog 6'90¢ ¥'Sl 07TLE v'ey TLEE 6ve  8T0v TSET Y'iie Iofey  0zI-6-d
L'L= 6'¢cs (43 LS8 LL— 6°¢cS (42 LS8 LL— 6°¢S e LS8 ¥'8¢ 0°¢8 JOUIA
801 9161 €Ll 0cee 8'8¢ 6681 L'8C  9EvC 8'8¢ 6681 L'8C  9EvC 89¢l €68l JTofe 06-¢-d
I'vl— €0lI¢ re— cely gce ey L'6c  €ess §Te ey Le6c  ¢ess I'9e 99ty JoutjN
L0 SyIS (4% 6'9Y9 0¢l 9LLS L 'S99 I'vc €19 I'81  0¢ceL 0 TIS L0279 TofelN  0GT1-6-1
66— ((Radl e ¥'00¢ 6’6 L9LT 8 S I¢C 66 L9LT 8 ¢'1ee L09T  810¢ ERLH A
€S- yese 801 0Ly €cl ool 'Lt 896 81T 19494 L'ST  ¢€ees I'eLe  €vey TofelN  0TI-6-1
0el— '8 (44 8'¢Cl 0el— ¥'C8 (4% 8'¢Cl oel— '8 (A% 8'¢Cl L 10T 88II JOUtN
'S §'60C 74 6°'16C £9¢ 8°0S¢C Lve  LSIe £9¢ 8°05¢C Lve  LSIe 9861 VYEC TofeN  ,067€pT
(%) WA ddM %S (B FaA dAV (%) FAd ddM %S (%) PBd  dAV (%) PBd  ddM %S (%), Bd  dAV  JdM %S HAV
€ POURIN C POUIRIN I POWIRIA e —
11D Jo ooue)stsal aAIssardwiod pajorparg  oarssaxdwod [enoy  UOTORIIP JUIpeo] adAy,

(NDY) Toquun} pajeurle] SSOId JO d0UR)SISaT 9AIssaIdwod pajdIpald € d|qel

pringer

Qs



Journal of Wood Science (2018) 64:538-550

547

1.0 X +X ,-m
209 X X
2 0.8 X !X
207 X X o
2 :
Q‘: 0.6 X .: X I B [-5-150 actual
@ 05 X: X ! L-5-150 predicted
g 04 xoox | X L-5-120 actual
= 0.3 X X = = L-5-120 predicted
g 0.2 xe$ x| X L-3-90 actual
O 0.1 Xs x Im ¢+ 1-3-90 predicted
0.0 -
0 150 300 450 600 750 900
Load carrying capacity (kN)
(a)
1.0 X X- [
£009 X ]
2038 X X! n
So07 X X m
€06 >£ N B L-5-150 actual
Sos 2 X, L-5-150 predicted
-E 0.4 >§ >K: X L-5-120 actual
i; 0.3 X % - = —L-5-120 predicted
£02 'X 74 X L-3-90 actual
8 0.1 XA oo eeL-3-90 predicted
0.0 =7

0 150 300 450 600 750 900
Load carrying capacity (kN)

(b)

Cumulative Probability

1.0 X X -
0.9 X & X 1 m

0.8 x i x | =

0.7 X ¢ X [ ]

0.6 X & X B P-5-150 actual
0.5 X !X P-5-150 predicted
0.4 xiox | X P-5-120 actual
0.3 X& X = = P-5-120 predicted

0.2 X X ,' X P-3-90 predicted

0.1 XX B/ «P-3-90 actual

0.0 R

0 100 200 300 400 500 600 700
Load carrying capacity (kN)
(©
1.0 o Xe
209 x ¥
2 07 ¢ f
= ]
£ 0.6 X Xk
% 0.5 >C. #( B P-5-150 actuz'ﬂ
'E 04 >€. I P-5-150 predicted
] e X P-5-120 actual
= 03 >.{ }K = = =P-5-120 predicted
50'2 >:{ ,bK X P-3-90 predicted
© 0.1 XX eeeee P-3:90 actual
00 == =7
0 100 200 300 400

Load carrying capacity (kN)
(d)

Fig.8 Compressive resistance distributions of cross-laminated timber by Method 1

values and actual values were — 19.0-2.5%. The cumula-
tive distributions clearly showed that the predicted distri-
butions in the minor direction were closer to the measured
values than those predictions in the major direction (Fig. 8).
It would be caused by the lamina combination. In the major
direction, two lamina grades were used for layers parallel
to the loading direction. However, only one lamina grade
was used for layers parallel to the loading direction in the
minor direction. Thus, the prediction accuracy was better in
the minor direction than in major direction. These results
show that the Method 1 has a limitation to predict the CLT
compressive resistance composed with different grades of
lamina parallel to the loading direction.

In Method 2, the CLT compressive resistances were pre-
dicted by Eq. 7 and lamina compressive strengths. In the
major direction, the predicted average resistances and 5%
WPEs were 2.0-34.7% and 2.5-38.8% higher than the actu-
ally measured values, respectively. The differences between
predicted values and actually measured values were
slightly reduced comparing to Method 1. The cumulative

distribution graphs by Method 2 (Fig. 9a, b) clearly showed
that the predicted distributions became closer to the meas-
ured values rather than the graphs by Method 1 (Fig. 8a, c).
The stiffness ratio of the two lamina grades used for layers
parallel to the loading direction was reflected in Method 2,
which led to these results. In the minor direction, the dif-
ferences of average resistance and 5% WPE between the
predicted values and actual values were same as Method 1,
because only one lamina grade was used for layers parallel
to the loading direction and in that case, the resulting stiff-
ness ratio was equal to 1. Thus, the prediction accuracy was
only improved in the major direction in this case.

In Method 3, the CLT compressive resistances were
predicted by Eq. 13 using lamina compressive strengths
of different grade laminas. In the major direction, the pre-
dicted average resistances and 5% WPEs were 0.1-24.5%
and — 8.7-10.8%. The differences between predicted
values and actually measured values were significantly
reduced compared to Methods 1 and 2. The cumulative
distribution graphs by Method 3 (Fig. 10) also showed
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Fig. 9 Compressive resistance distributions of cross-laminated timber
by Method 2

that the predicted distributions became closer to the meas-
ured values rather than the graphs by method 1 (Fig. 8)
and Method 2 (Fig. 9). The small differences between the
predicted values and the measured values were achieved
by accounting for the load sharing effect and the weakest
lamina effect in the prediction. The load sharing effect
indicates that the higher load was applied to the higher
grade lamina in the CLT. The weakest lamina effect indi-
cates that the load-carrying capacity of the CLT decreased
when the weakest lamina parallel to the loading direction
failed. The Method 2 reflected the combination of the dif-
ferent lamina grades in the CLT by just changing the width
of a specific layer based on the stiffness ratio [22, 23].
Therefore, in this case, the Method 2 could not reflect the
load sharing effect.

Although only one lamina grade was used in the minor
direction of different thickness of the CLT specimens, dif-
ferent compressive resistances were predicted by Method

@ Springer

3 due to the weakest lamina effect. The predicted average
resistances and 5% WPEs by Method 3 were — 14.1-4.2%
and —24.5-7.7%. Especially, the predicted 5% WPE:s for the
compressive resistance of different thickness CLT became
lower than the measured values, which meant that the CLT
compressive resistance could be predicted more safely when
Method 3 was employed.

Overall, when different grade laminas were used for the
layers parallel to the loading direction, the CLT compressive
resistance could be predicted more accurately using Method
3. For this reason, the load sharing and weakest lamina
effect should be considered in the prediction of compres-
sive load-carrying capacity of the CLT consist of different

grade laminas.

Conclusion

In this study, a new approach (Method 3) for predicting the
CLT compressive resistance was developed and compared
with the existing two methods (Methods 1 and 2). Method
1 was useful when one lamina grade was used for all layers
parallel to the loading direction, but the predicted 5% WPE
result showed an overestimation noted up to 43.4% when
two different grade laminas were used parallel to the load-
ing direction.

In Method 2, compressive resistances of each lamina
were predicted in the same way as Method 1, in addition
to Method 1, a stiffness ratio between lamina grades was
reflected. When two different grade laminas were used for
layers parallel to the loading direction, the overestimated
values by Method 1 became closer to being an accurate
measurement, as compared to the measured values. How-
ever, the predicted 5% WPE values were still overestimated
by 38.8%.

In the new approach (Method 3), a load shearing effect
and weakest lamina effect were accounted for the prediction
of compressive resistance of the CLT. As a result, when
two different grade laminas were used for layers parallel to
the loading direction, the differences between the predicted
5% WPE values and the measured values were reduced as
—8.7-10.8%.

Overall, the Method 3 showed the best prediction accu-
racy for results in this experiment. Especially, when CLT
was composed of different lamina grades parallel to the load-
ing direction, the prediction accuracy of compressive resist-
ance of the CLT in-plane could be improved by considering
the load sharing and weakest lamina effect.
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Fig. 10 Compressive resistance distributions of cross-laminated timber by Method 3
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