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Abstract In factory production control (FPC) of glued-
laminated timber the integrity of glue lines according to
product standards has to be checked by carrying out either
delamination or block shear tests. The chosen test method
should provide reliable and reproducible results, and from a
practical point of view should be as cheap and easy to
perform as possible. An extensive experimental study
aiming at systematically comparing the outcomes of
delamination and shear tests on structural softwood glue
lines using different wood species and adhesives was car-
ried out. In the delamination tests, the length of open glue
lines was assessed after subjecting the test specimens to
vacuum- and pressure-soaking and to subsequent drying. In
the block shear tests, the shear strength and wood failure
percentage were determined. Only if the benchmark values
in the product standards were met or exceeded, the
respective specimen passed the test and the glue lines were
regarded as sound. As a main overall result it turned out
that the outcomes of both test methods generally agree
well, but will not necessarily lead to the same pass/fail
conclusion in any case. Therefore, for FPC the choice of
their application should be defined more specifically.
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CEN European Committee for Standardization

DIB Percentage of intact glue line length after the
delamination test (aggregated result of
delamination tests, averaged over methods A
and B)

EN European standard

EPI Emulsion Polymer Isocyanate

FPC Factory production control

Glulam Glued-laminated timber

MC Moisture content

MUF Melamine-Urea—Formaldehyde

PUR Polyurethane

PRF Phenol-Resorcinol-Formaldehyde

RH Relative humidity (of air)

SC Service class

SFV Shear strength (aggregated result of block shear
tests, averaged over 3 pre-conditioning
treatments)

SWF Wood failure percentage (aggregated result of
block shear tests, averaged over 3 pre-
conditioning treatments)

UF Urea—Formaldehyde

WEFP Wood failure percentage (in block shear tests)

1 Introduction

Due to natural limits in size of sawn wood, timber struc-
tural elements in many cases consist of glued members like
glued-laminated (glulam) columns and beams or glued
solid timber. The major requirement for structural elements
is to guarantee their reliability in use in terms of strength,
stiffness and durability. Besides tensile strength and stiff-
ness of the finger jointed boards (lamellas), the quality of
glue lines between the lamellas (face gluing) decisively
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impacts the performance of glulam. Factory production
control (FPC) therefore is an important tool in guaranteeing
the required performance. FPC usually follows strict rules
and procedures laid down in standards. In this study, a set
of European standards consisting of EN 386 (European
Committee for Standardization CEN 2001a), EN 391
(European Committee for Standardization CEN 2001b) and
EN 392 (European Committee for Standardization CEN
1995) was used. These standards were valid at the time of
planning and carrying out the experiments. In the mean-
time, the mentioned standards became part of the current
European product standard EN 14080 (European Com-
mittee for Standardization CEN 2013), which prescribes
the requirements in glued laminated and glued solid timber.
According to the provisions, FPC of glued members
requires checking the integrity of the glue lines by either
delamination or block shear tests.

Delamination tests assess the integrity of glue lines by
exposing them to different climatic conditions and, hence,
are regularly used in the course of developing and
improving structural adhesives as well as in FPC of glued
timber products intended to be used in load-bearing
structures. The delamination test shows in terms of “Pass/
Fail” whether the adhesive bond can withstand climatic
stresses. The procedure is to vacuum-pressure saturate
cross-sectional test pieces in different cycles with water
and to dry them rapidly so that the resulting drying stresses
will produce either cracks in the wood, cohesion failure in
the glue line or adhesion failure in the wood-adhesive
interface. The latter types of failures together with wood
failure occurring within the first one or two layers of cells
beyond the glue line are evaluated as delamination
(European Committee for Standardization CEN 2013). The
amount of delamination is influenced by the severity of the
applied climatic cycles (soaking and drying of the speci-
mens). That is why standards used in FPC of glulam (e.g.
EN 386 or EN 14080) define different delamination
methods being suitable for different types of adhesives or
different climatic exposure conditions of the structural
members, respectively. The validity of the delamination
test method is not based on a differentiated evaluation of
the variety of climatic situations a glue line may be
exposed to during its service life, but rather on long-term
practical experience that the glue line will keep its integ-
rity, provided the delamination test has been passed suc-
cessfully (Aicher and Reinhardt 2007).

Depending on the local climate the glulam structural
element will be exposed to when in use, the standard
EN 391 (European Committee for Standardization CEN
2001b) (or Annex C of EN 14080 (European Committee
for Standardization CEN 2013)) provides three different
delamination test methods (A, B, C) to assess the glue line
integrity (Table 1). Methods A and B can be applied to
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structural products for use in all service classes (SC),
method C is limited to SC 1 and 2. SC 1 is characterized
by a wood moisture content (MC) corresponding to a
temperature of 20 °C and the relative humidity (RH) of the
surrounding air exceeding 65 % for only a few weeks per
year, SC 2 with the MC in the wood corresponding to a
temperature of 20 °C and RH of the surrounding air
exceeding 85 % for only a few weeks per year and SC 3 is
characterized by climatic conditions leading to higher MC
than in SC 2 (European Committee for Standardization
CEN 2004).

By means of block shear tests on prismatic specimens
with a  pre-defined cross-sectional area (e.g.
t x b = (40-50) mm x (40-50) mm according to the
European standard EN 392 (European Committee for
Standardization CEN 1995) or 1.75 inch x 2 inch
according to the American standard ASTM D 905-03
(American Society for Testing and Materials ASTM 2003)
respectively), the shear strength and the wood failure per-
centage (WFP) of glue lines can be assessed. The shear
strength depends on the strength of the adherend materials
wood and adhesive, on the stress distribution within the
glue line and on the ability of the adhesive to transfer the
acting stress into the glue line and thus from one adherend
surface to the other. The WFP indicates which of the
materials (wood, adhesive) is weaker in terms of the ratio
of areas which failed within the glue line (cohesive failure)
or in the wood-adhesive interface (adhesion failure), and
those failed in the wood itself. Several studies (e.g. Bodig
and Jayne 1993; Coker and Coleman 1935; Radcliffe and
Suddarth 1955; Steiger et al. 2010) have shown that results
of block shear tests are influenced by the type of test
equipment and by the constructional detailing of the sup-
port as well as by the way the specimens are set and loaded
in the test apparatus. According to EN 392 (or Annex D of
EN 14080) standard block shear tests can be performed to
assess glue line integrity of glulam structural elements in
SC 1 and 2.

Both block shear and delamination tests have been
applied frequently in research as well as in FPC. Current
practice of glulam FPC in Europe following the rules in
EN 386 assumes a positive correlation of delamination
tests and short-term block shear tests (Aicher and Rein-
hardt 2007; Zeppenfeld and Grunwald 2005) at least for
SC 1 and 2. Hence, state-of-the-art regulations for FPC of
glulam base on the assumption that glue line integrity can
be proven if the standardized limits in either delamination
tests or block shear tests are passed by a sample of speci-
mens. The respective benchmark values are presented in
Tables 2 and 3.

Some studies indicate that the results of delamination
tests are in line with those from block shear tests, while
others show contradicting results between the two test
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Table 1 EN 391 methods for delamination testing of glue lines
Treatment Method
A B C
Vacuum- and pressure-soaking Water temperature [°C] 10-20 10-20 10-20
cycles in water Vacuum Absolute pressure [kPa] 15-30 15-30 15-30
Duration [min] 5 30 30
Pressure Absolute pressure [kPa] 600-700 600-700 600-700
Duration [min] 60 120 120
Number of cycles 2 1 2
Total duration [min] 130 150 300
Drying cycles Temperature [°C] 65 +5 70 £5 275 +£25
Relative humidity [%] <15 9+ 1 305
Velocity of circulating air [m/s] 254+05 254+05 254+05
Duration [h] 21-22 10-15 90
Termination criterion 4 b a
General parameters
Number of initial cycles 2 1 1
Number of extra cycles (repetitions)® 1 1 0
Overall duration [h]" 48 (72) 12.5-17.5 (25-35) 95

Drying cycle passed

® The actual drying is controlled by the mass of the specimen. The drying cycle ends when the mass of the specimen has returned to within

100-110 % of the original mass

¢ An extra test cycle only has to be carried out, if the total delamination percentage according to Eq. (1) is larger than the prescribed maximum

value

9" The value in brackets indicates the duration for cases with extra cycles

Table 2 EN 386 benchmarks for delamination tests

Method Maximum total delamination percentage (Eq. (1)) after

Table 3 Minimum required wood failure percentage related to shear
strength according to EN 386

cycle number: Parameter Average values  Individual values
1 2 3 Shear strength f, 6 8 f,>11 4<f,<6 6 f,>10
[N/mm?]
A - 5 10 ..
Minimum wood 90 72 45 100 74 20
B 4 8 - failure percentage
C 10 - - WEP [%]*

For all delamination methods the maximum delamination percentage
(Eq. 2) shall be less than or equal to 40 % (In the current standard
EN 14080 this value was reduced to 30 %)

methods. In Norway, Raknes (Raknes 1983, 1997) carried
out durability tests on several types of adhesives used for
structural softwood (Norway spruce, Picea abies L.)
bonding. Some of the specimens showed acceptable
strength in block shear tests after 30 years of indoor and
(protected as well as unprotected) outdoor exposure, but
comparative specimens did not fulfil the delamination
requirements of at that time relevant standard
ASTM D 1101-59 (American Society for Testing and
Materials ASTM 1959). Tests reported in Aicher and
Reinhardt (2007) to derive delamination properties and
shear strength of glued beech wood (Fagus sylvatica L.)

% For average values the minimum wood failure percentage WFP,, is:
144-9 f, .. For individual values the minimum wood failure per-
centage WFP; for shear strengths f,; > 6 N/mm® is: 153.3-13.3 f,;
Indexes a and i refer to average and individual values, respectively

laminations with red heartwood have shown partly con-
tradicting results from both test methods, and the authors
suggested to perform further research. Two recently pub-
lished studies on the glueability of European beech wood
(Fagus sylvatica L.) for load bearing timber structures
(Schmidt et al. 2010) and on the influence of wood prop-
erties and bonding parameters on bond durability (Ohne-
sorge et al. 2010) again revealed that there was no clear
link between the results from block shear and delamination
tests. Hence, the authors of the latter study recommended
delamination tests rather than block shear tests for FPC of
structural beech wood bonding.
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These findings raise questions regarding the validity and
correspondence of the two test methods. On the one hand, a
test method should guarantee reliable and reproducible
results not suffering from being influenced by the person
who carries out the tests. On the other hand, from a prac-
tical point of view, the applied method should be as cheap
and easy to perform as possible.

From a survey among five important Swiss glulam
producers (A-E) regarding their raw material (wood spe-
cies) and the adhesives for surface gluing of the lamellas
mainly used in their glulam production it turned out that
the producers mainly use Norway spruce (Picea abies L.)
and silver fir (Abies alba Mill.) (>90 %) with lamella
thicknesses between 25 and 43 mm for glulam members
primarily part of structures exposed to SC 1 and 2 (Euro-
pean Committee for Standardization CEN 2004). Four
producers also process European larch wood (Larix
decidua Mill.) and Douglas fir (Pseudotsuga mencziesii
Mirb.) and one producer reported to occasionally produce
glulam from Maritime pine (Pinus pinaster Ait.). The
survey furthermore revealed that four producers mainly use
Melamine-Urea—Formaldehyde (MUF) type adhesives and
one producer applies a Polyurethane (PUR) product.
Occasionally, adhesives of the types Urea—Formaldehyde
(UF), Phenol-Resorcinol- Formaldehyde (PRF) and Emul-
sion Polymer Isocyanate (EPI) are used.

Therefore, the authors recently carried out a study with
the aim to systematically compare the results of delami-
nation and block shear tests and to assess the respective
test’s power in evaluating the integrity of structural glue
lines in softwood glulam. The following questions were
addressed in particular:

e Do the two test methods agree in assigning “Pass” or
“Fail” to a specific specimen?

e s there a correlation between the results of both test
methods?

e How sensitive are the assessed test parameters?

e Do both methods agree in detecting single weak glue
lines?

2 Materials and methods
2.1 General test procedure

The experimental plan was based on the results of the men-
tioned survey. The power of different test methods to assess
the integrity of glue lines can only be evaluated if stan-
dardized test methods are used. Hence, it was decided to rely
the study on the European standards EN 386 (European
Committee for Standardization CEN 2001a), EN 391
(European Committee for Standardization CEN 2001b) and
EN 392 (European Committee for Standardization CEN
1995). All tests were carried out by one single person.

2.2 Test specimens

Each producer supplied six end-matched prismatic glulam
cross-sections for each test series consisting of different
wood species and adhesives (Table 4). Four test pieces
were 45 mm thick and served as raw material to cut two
parallel block shear test bars (series 7-9: only one bar) with
glue line dimensions of 45 x 50 mm?, the length of the

Table 4 Overview of test series with the key parameters of the tested glulam material

Series Producer Wood Type of Glulam cross-section Lamella Number of Number of bars
species” adhesive® width x height (mm) thickness (mm) glue lines in block shear test
1 B S MUF 160 x 440 41 10 2
2 B L MUF 100 x 320 30 10 2
3 D D MUF 160 x 250 43 2
4 D L MUF 160 x 250 32 2
5 D P MUF 160 x 250 25 2
6 E S PUR 180 x 480 41 11 2
7 A S EPI 75 x 400 40 9 1
8 A L EPI 75 x 420 38 10 1
9 A D EPI 75 x 331 30 10 1
10 C S UF 140 x 365 34 10 2
11 C S PRF 140 x 365 34 10 2
12 C S MUF 140 x 365 34 10 2

% Wood species: D, Douglas fir (Pseudotsuga mengziesii); L, European larch (Larix decidua); P, Maritime pine (Pinus pinaster); S, Norway

spruce (Picea abies)

b Type of adhesives: MUF, Melamine-Urea—Formaldehyde; PUR, Polyurethane; EPI, Emulsion Polymer Isocyanate; UF, Urea-Formaldehyde;

PRF, Phenol-Resorcinol-Formaldehyde
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bars corresponding to the height of the original glulam
cross-section and the smaller dimension (45 mm) corre-
sponding to the grain direction. The remaining two glulam
test pieces were 75 mm thick and subjected as full-size
specimens to delamination tests. The used test specimens
thus resemble a ‘typical’ sample of industrially produced
glulam, with limited comparability because of variable
cross-sectional dimensions as well as variable thickness
and number of lamellas.

2.3 Delamination tests

Being applicable to glulam in all service classes SC 1-3,
glue line integrity was assessed according to EN 391
methods A and B (Table 1) and benchmarked according to
EN 386 (Table 2). A further reason not to test according to
method C was the long overall duration of 95 h, which is
not feasible for industrial application. The duration of test
methods A and B is 48 h and 12.5-17.5 h, respectively.

Prior to testing, the specimens were stored for 8 weeks
in standard climate (20 °C/65 % RH). The procedure
started with vacuum-soaking the specimens in water and
afterwards pressure-soaking them. Then the specimens
were dried in a special drying device (ULWA-E, Ulrich
Liibbert Warenhandel GmbH & Co. KG, Germany). The
parameters of the different treatment steps depend on the
actual delamination method (A, B) (Table 1).

After these cycles of vacuum- and pressure-soaking in
water and subsequent drying, the amount and length of
delamination in the above mentioned 75 mm thick glulam
pieces were measured. Two different percentages of
delamination as defined in EN 391 were calculated: (1) the
total delamination of a single specimen (D), which
expresses the proportion of the delamination length
(Liot.delam) Of all glue lines on both end-grain surfaces to the
total length of all glue lines of a specimen (/o glye 1ine) and
(2) the maximum delamination (D,,,) in any single glue
line representing the proportion of the largest delamination
length on both end-grain surfaces of a single glue line
(Imax.detam) to the total length on both end-grain surfaces of
the same glue line (2 lgjue tine):

l
Dtot [%] — 100 tot,delam (1)
ltot,glueline
and
lm X,delam
Dinay [%] = 100 2xdelam (2)
2 lglueline

Following the requirements in EN 391 (European
Committee for Standardization CEN 2001b), glue line
openings were considered as delamination if the openings
resulted from (a) a cohesive crack within the adhesive
layer, (b) a failure of the glue line exactly between the

adhesive layer and the wood substrate (no fibres are left
attached to the adhesive layer) or (c) a wood failure which
was invariably within the first one or two layers of cells
beyond the adhesive layer, in which the fracture path was
not influenced by the grain angle and the growth-ring
structure.

As benchmarks for delamination tests EN 386 limits the
maximum total delamination percentage D, to 5 % after 2
cycles and 10 % after 3 cycles when testing according to
method A. Specimens tested according to method B may
not suffer from total delamination percentages higher than
4 % after 1 cycle and 8 % after 2 cycles (Table 2). For
both methods A and B the maximum delamination per-
centage D,.x shall be less than or equal 40 %. (In the
follow-up standard EN 14080 this value has been reduced
to 30 %.)

2.4 Block shear tests

Block shear tests were carried out according to EN 392
(European Committee for Standardization CEN 1995) on
cross-sectional bars with shear areas of 45 x 50 mm?
(height x width).

In order to include different pre-test climatic exposures
(similar to the concept of service classes) three subseries
with a different pre-conditioning treatment were tested:
Subseries 1-specimens were stored in standard climate 1
(20 °C/65 % RH), subseries 2-specimens in standard cli-
mate 2 (20 °C/85 % RH) and subseries 3-specimens were
exposed to a “stress climate” (vacuum- and pressure-
soaking in water according to EN 391 method B followed
by drying the specimens in standard climate 3, 20 °C/35 %
RH).

The shear tests were carried out in force controlled
regime on a universal testing machine (Zwick 1474, Zwick
GmbH & Co. KG, Germany) with a constant crosshead
displacement rate such that failures occurred after 20 s at
the earliest. In preceding studies it turned out that the
results of shear tests may be influenced by the way the test
specimen is supported and loaded in the test apparatus
(Steiger et al. 2010). In the current tests the shear apparatus
allowed a free lift-off of the specimen bars and the surface
of the steel plate support was corrugated.The shear strength
fv [N/mm?] was calculated from the failure load F, [N] and
the sheared area A [mmz] as follows:

Fu[N]

 [Nrmm?] =k

fv [N/mm?] Afmm?] (3)
with

k=0.78 +0.0044 ¢. 4)

The factor k accounts for situations where the shape of
the sheared area is not quadratic (European Committee for
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Table 5 Overview of results of 12 test series

Series ~ Wood species  Type of adhesive  Delamination test” Block shear test*

Method Average values of test pieces after pre-conditioning at

A B 1: 20 °C/65 % RH 2: 20 °C/85 % RH 3: Stress climate”

Diy Dioy foa WFP,  fia WFP,  fia WFP,

(%] [%] [N/mm?]  [%] [N/mm?]  [%] [Nmm?]  [%]
1 S MUF 4.5 35 9.9° 83.8° 8.3° 89.5° 10.8 95.0
2 L MUF 3.1 0.9 11.8 91.8 10.1 93.8 11.6 95.3
3 D MUF 34 0.8 10.7 92.0 8.7 94.0 11.0 96.5
4 L MUF 1.1 1.8 124 91.1 10.1 98.2 11.7 93.9
5 P MUF 0.1 1.5 13.6 95.6 11.2 97.5 11.8 96.1
6 S PUR 1.3 1.0 10.1 97.1 9.0 92.1 11.4 94.8
7 S EPI 8.8/10.7 5.3/9.3 9.2 88.9 8.3 80.0 9.6 91.7
8 L EPI 8.2/10.1¢  12.2¢ 11.8° 82.5° 11.1° 84.0° 10.4 89.0
9 D EPI 8.7/10.1 6.3/9.2 9.8 72.0 9.5° 75.6° 10.6 88.9
10 S UF 2.0 4.0 9.9° 59.5° 8.9° 71.5° 11.3 72.0
11 S PRF 0.2 0.0 9.3° 82.3° 8.7 75.3 11.7 79.8
12 S MUF 14.2¢ 14.7¢ 8.8f 58.3° 9.2° 82.5° 11.2 68.8

Bold values indicate failure to meet requirements

Failure to meet requirements for individual glue lines (f,,;, WFP;)
Failure to meet requirements for individual and average values

Standardization CEN 1995). In this case with t = 45 mm
instead of 50 mm, k equals 0.978.

The WFP was estimated after testing on both faces of
the opened glue line with the help of a grid virtually laid
over the sheared area and rounded to the nearest percentage
figure divisible by 5. Both shear strength and WFP were
finally compared to the benchmarks given in the perfor-
mance standard EN 386, indicating minimum wood failure
percentages depending on the shear strength for both
average values per test piece (f,, 4, WFP,) and individual
glue lines (f,, ;, WFP;), respectively (Table 3). According to
the EN 386 requirements, the shear strength f, should reach
a value of at least 6 N/mmz, with a minimum WFP of 90 %
for average values and 100 % for individual values. For
softwoods, individual values down to f, = 4 N/mm? are
acceptable if the WFP is 100 %.

2.5 Data analysis

The initial analysis of the primary test data was based on
the “Pass/Fail” evaluation according to the standards.
Additionally, to analyse general trends and relationships in
the data of the different test series, three ‘aggregate’
measures of glue line integrity were calculated according to
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Vacuum- and pressure-soaking in water according to EN 391 method B, followed by drying at 20° C/35 % RH
Second value indicates results of additional delamination test cycle due to high delamination in the first cycle

Additionally exceeding maximum value for D, of an individual glue line: 48.7 % in series 8 and 42.9 % in series 12

formulas 5-7, namely the percentage of intact glue line
length after the delamination test (DIB), the shear strength
(SFV) and the wood failure percentage after the block shear
test (SWF):

(Dior.A ‘; DioiB) (5)

where subscripts A and B refer to delamination methods A
and B (see Table 1), respectively.

:fv,l +fv.2 +fv‘3

DIB [%] = 100 —

SFV [N/mm’ 6

[N/mm?] : (©)
WFP, + WFP, + WFP

SWF[% | = 1+ 32+ 3 (7)

where subscripts 1-3 refer to pre-conditioning treatments
1-3 (see Table 5), respectively.

For the above calculations, the following rules were
defined:

e In order to get a numerical representation of the extent
of delamination similar to wood failure percentage
(WFP) in block shear tests (a higher value means a
better result), a new parameter called ‘intact glue lines’
was calculated as 100—D,.,, describing the not-delami-
nated percentage of glue lines. The new parameter has
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Test Delaminination EN 391:2001
Species Spruce
Adhesive MUF
Method B
Cycles 1
Series | Bond End-grain surface 1 End-grain surface 2 1+2
line | Length | Single delaminations |~ Delaminations| Length | Single delaminations |~ Delaminations| % Delamination
bondline1|2|3|4|5 bondline1|2|3|4|5
[mm] [mm [mm] [%] [mm] [mm [mm] [%] [mm] [%]
12 1 140 0.0 0.0 140 0.0 0.0 0.0 0.0
2 140 |12 12.0 8.6 140 0.0 0.0 12.0 4.3
3 140 20|18 12 50.0 | 35.7 140 |15 15.0 | 10.7 | 65.0 | 23.2
4 140 |70 70.0 | 50.0 140 |50 50.0 | 35.7 | 120.0 | 42.9"
5 140 |11]| 4 15.0 | 10.7 140 0.0 0.0 15.0 5.4
6 140 |15 15.0 | 10.7 140 0.0 0.0 15.0 5.4
7 140 |42 42.0 | 30.0 140 |44 44.0 | 31.4 | 86.0 | 30.7
8 140 |48 48.0 | 34.3 140 |35 35.0 | 25.0 | 83.0 | 29.6
9 140 |15 15.0 | 10.7 140 0.0 0.0 15.0 5.4
10 140 0.0 0.0 140 0.0 0.0 0.0 0.0
1400 267.0 | 19.1 1400 144.0 | 10.3 | 411.0 | 14.7*

Fig. 1 Example of delamination test protocol (Series 12, Species: Norway spruce, Type of adhesive:

do not reach the requested benchmark values (see Table 2)

MUF, Method B). Values with an asterisk

Fig. 2 Example of block shear Test Block shear test EN 392:1995
test protocol (Series 11.1 at Species Spruce
20 °C/65 % RH, Species: Adhesive PRF
Norway spruce, Type of Conditiqning 20°C/ 65% RH
adhesive: PRF). Values with an Series Bond Bar 1 Bar 2 Mean of bars 1 and 2
. line fy WFP fy WFP fy WFP
asterisk do not reach the N o T o] N o]
requested benchmark values 13 y o1 a5 6.5 o5t 78 70
(see Table 3) 2 5.5 85" 8.7 9% 7.4 88
3 8.5 70 10.3 90 9.4 80
4 10.0 95 11.2 100 10.6 98
5 7.2 65 7.0 80 71 73
6 9.5 75 10.4 95 9.9 85
7 9.9 85 9.7 70 9.8 78
8 11.1 80 10.1 100 10.6 90
9 11.5 75 10.9 80 11.2 78
10 9.0 90 9.9 80 9.5 85
Mean 9.1 80.5 9.5 84 9.3 82
Standard deviation 1.76 9.3 1.59 14.1 1.47 8
Coeff. of variation 19% 12% 17% 17% 16% 10%
Minimum 5.5 65 6.5 55 71 70
Maximum 11.5 95 11.2 100 11.2 98
Nai 1 1 -
Pass / Fail Fail Fail Pass

the additional advantage, that its variability can directly
be compared to the variability of WFP.

e To combine the information of different test conditions,
the results of delamination methods A and B were
averaged. Average values were also calculated over the
pre-conditioning treatments 1-3 in the block shear tests.

e To allow a correct comparison over all delamination

test series, only the results of the initial cycles were
used (only few test series required extra cycles).

All three parameters DIB, SFV and SWF were first
calculated for each glue line and in a second step averaged
for each test series. In the test series with two parallel block
shear test bars, the values were first averaged into one ‘glue

line value’ for direct comparison with delamination, which
includes the full width of the glulam cross-section.

3 Results and discussion

Selected examples of the raw data from the delamination
and the shear tests are shown in Figs. 1 and 2, respectively.
“Pass/Fail” evaluation of the delamination tests was done
directly based on these data tables, while for the block
shear tests it was assisted by two-dimensional graphs as
presented in Fig. 3. Strictly speaking, the benchmark val-
ues for the block shear tests according to EN 386 are valid

@ Springer
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Fig. 3 Shear strengths and
wood failure percentages of

20°C/65% RH

Mt . . o A20°C/85% RH O Stress conditioning
individual glue lines of series 1
after pre-conditioning at 20 °C/ 100
65 % RH, 20 °C/85 % RH and
stress conditioning. The EN 386 AL
limit according to Table 3 is 90 AA—FO—O0
marked with a thick solid line A AO O
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Fig. 4 Overview of mean test 100 = 14

results described by the three
measures of glue line integrity
DIB (Intact glue lines after
delamination), SWF (Wood
failure percentage) and SFV
(Shear strength). The
abbreviations below the x-axis
indicate type of adhesive, wood
species and test series number 60 1
(see Table 2). The test series are

ranked according to the value of

the parameter SFV

80 -

DIB / SWF [%]

-8-DIB

—o-SWF

SFV [N/mm?]

L 10 —4-SFV

40

S S
7 1

only for tests after specimen conditioning at standard cli-
mate 20 °C/65 % RH. However, since no adapted bench-
mark values are available, they were also applied to tests
after conditioning at 20 °C/85 % RH and after the stress
climate.

A compact overview of the results for both delamination
and block shear tests is given in Table 5. Test results not
reaching the requirements are indicated by bold values. For
the 12 test series, cross-sectional values of total delami-
nation length D, ranged from 0 to 14.7 %, shear strength

@ Springer

EPI |MUF |MUF|PRF | UF | EPI |PUR [MUF| EPI [MUF|MUF|MUF

S | S S| D| S| D L L: L P
121110 | 9 6 3 8 2 4 5

fv.a from 8.3 to 13.6 N/mm? and wood failure percentage
WFP from 58.3 to 98.2 %. Accordingly, the range of the
individual glue line values in the shear tests was larger
(shear strength f, , from 4.6 to 16.1 N/mm?, wood failure
percentage WFP from 20 to 100 %).

Wood species, type of adhesive and the production
quality will certainly influence the test results and their
relationship. However, the graphical representation of the
aggregated parameters DIB, SFV and SWF in Fig. 4 did not
reveal any clear pattern in terms of wood species,
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Table 6 Comparison of test methods in terms of “Pass”/*“Fail” outcomes

Series ~ Wood species  Type of adhesive ~ Delamination test Block shear test

Method After pre-conditioning at

A B 1: 20 °C/65 % RH 2: 20 °C/85 % RH 3: stress climate®

AV® Iv® AV® Iv® AV® Iv®

1 S MUF Pass Pass Pass Fail Pass Fail Pass Pass
2 L MUF Pass Pass Pass Pass Pass Pass Pass Pass
3 D MUF Pass Pass Pass Pass Pass Pass Pass Pass
4 L MUF Pass Pass Pass Pass Pass Pass Pass Pass
5 P MUF Pass Pass Pass Pass Pass Pass Pass Pass
6 S PUR Pass Pass Pass Pass Pass Pass Pass Pass
7 S EPI Fail Fail Pass Pass Pass Pass Pass Pass
8 L EPI Fail Fail Pass Fail Pass Fail Pass Pass
9 D EPI Fail Fail Pass Pass Pass Fail Pass Pass
10 S UF Pass Pass Pass Fail Pass Fail Pass Pass
11 S PRF Pass Pass Pass Fail Pass Pass Pass Pass
12 S MUF Fail Fail Fail Fail Pass Fail Pass Pass

* Vacuum- and pressure-soaking in water according to EN 391 method B, followed by drying at 20° C/35 % RH

b Average (AV) and individual values (IV) of all tested glue lines

adhesives or specific combinations of the two. The test data
also did not show any peculiarity in terms of origin of the
test specimens. That is why in the further analysis the
parameter “producer” was neglected. Because of the non-
systematic sample plan some adhesives were available only
with single producers and thus no detailed analysis was
possible in this regard. However, since the study aimed at
comparing the results of different test methods and not the
performance of individual producers and adhesives, this
was not regarded as limitation.

The more or less parallel course of DIB and SWF (with
exception of test series 10) suggested some relationship
between the two parameters, while SFV clearly showed a
different pattern. As expected due to the higher wood
density, SFV recorded with the European larch (L) and
Maritime pine (P) series was higher than with Douglas fir
(D) and Norway spruce (S).

3.1 Agreement of both test methods in terms of “Pass”
or “Fail” outcomes

Based on the overall evaluation of the test results shown in
Table 5, the “Pass/Fail” outcomes of the different tests are
compiled in Table 6. The delamination tests led to four
‘Fail’ results, with a perfect agreement of methods A and
B. These four test series failed to meet the requirements
regarding total delamination (D), and two of them addi-
tionally did not meet the requirements regarding the
maximum delamination of single glue lines (D,..). The
adopted lower limit of 30 % in EN 14080 (European

Committee for Standardization CEN 2013) would not
change these results.

The block shear tests resulted in between zero and five
‘Fail’ results with only a partial agreement. The “Pass/
Fail” decision based on individual glue line values clearly
was the more restrictive requirement than the average value
of the whole glulam cross-sections and was determining
the test outcome. Subjecting the test specimens to stress
climate prior to block shear testing obviously did not
increase the test severity and did not help in detecting
weaker glue lines with increased accuracy or in reaching a
better agreement between delamination tests and block
shear tests.

The agreement of the “Pass/Fail” outcomes was further
analysed by a cross-tabulation of matching and con-
tradicting results between delamination and shear tests
(Table 7). Agreement of the “Pass/Fail” outcomes was
between 58 and 75 % of the 12 test series, which on the
other hand means contradicting results in between three
and five cases. However, as an indicator for statistical
relevance a McNemar’s test taking into account the mat-
ched pairs situation with dichotomous ‘“Pass/Fail”
responses, did not indicate any significant deviation from
the expected marginal proportions of the contradicting
results. Thus, despite some deviating test outcomes, no
systematic disagreement between delamination and block
shear tests was detected. The best agreement with the
delamination test results was observed for the individual
values of the block shear test after conditioning at 20 °C/
85 % RH.

@ Springer



744

Eur. J. Wood Prod. (2014) 72:735-748

Table 7 Cross tabulation of “Pass/Fail” outcomes in delamination and block shear tests

Block shear test

After pre-conditioning at

20 °C/65 % RH

20 °C/85 % RH

Stress conditioning®

AV® Iv® AV® v° AV® I\
Pass Fail Pass Fail Pass Fail Pass Fail Pass Fail Pass Fail
Delamination test Pass 8 0 5 3 8 0 6 2 8 0 8 0
67 % 0 % 41 % 25 % 67 % 0 % 50 % 17 % 67 % 0 % 67 % 0 %
Fail 3 1 2 2 4 0 1 3 4 0 4 0
25 % 8 % 17 % 17 % 33 % 0 % 8 % 25 % 33 % 0 % 33 % 0 %
Agreement Pass/Fail® 75 % 58 % 67 % 75 % 67 % 67 %

? Vacuum- and pressure-soaking in water according to EN 391 method B, followed by drying at 20° C/35 % RH

o Average (AV) and individual values (IV) of all tested glue lines
Cn=12

3.2 Correlation between delamination and shear test
results

In Figs. 5 and 6 the relationship between the numerical
results of the delamination and the shear tests is presented
in bivariate graphs of the ‘aggregate’ measures of glue line
integrity DIB versus SFV and SWF, based on individual
glue line values and on test series averages, respectively.

The individual glue line values (Fig. 5) did not reveal
distinct correlations. A good example is the PRF adhesive,
where some variability in the block shear test results (SFV,
SWF) has been seen, but virtually none in the delamination
results (DIB). Such data structures rule out any significant
correlations from the beginning.

Based on test series averages, a weak correlation was
present between DIB and SWF, while no clear relationships
was visible between DIB and SFV (Fig. 6). But despite the
limited correlation, some interesting patterns could be
detected. Generally, variability increased with decreasing
property values. SFV clearly depends on wood species
(wood density), which is shown in the higher SFV values
for the European larch and Maritime pine series (Fig. 6, top
right). On the other hand, SWF and DIB appear to be more
grouped by type of adhesive (Fig. 6, bottom left). The
observation that the three measures of glue line integrity
are influenced by different factors and thus express dif-
ferent material properties, may be another reason for lim-
ited correlation. This may also explain why very little
specific information on correlations is found in the
literature.

3.3 Sensitivity of the test methods

A possible selection criterion for a specific test method
may be its sensitivity to changing material characteristics.

@ Springer

As a measure for test sensitivity, the variability of results
between the different test units could be used, provided that
the variability is caused by the investigated experimental
factors and not by inherent variability of the test method.

In Fig. 7, the variability of the three ‘aggregate’ mea-
sures of glue line integrity DIB, SFV and SWF between the
individual glue lines in the 12 test series is compared using
the coefficient of variation. Variability between the indi-
vidual glue lines in the test series varied in a wide range
between 0.3 and 25.9 %. Variability between the test pie-
ces appeared to be more constant for SFV than for DIB and
SWEF, which on the other hand showed a good agreement
concerning high or low variability within test pieces.

This approach is extended in Fig. 8, which compares the
variability between individual glue lines (average value
over 12 test series) and the variability between the average
property values of the 12 test series. Both aspects closely
agreed in an increasing variability of the three measures of
glue line integrity from DIB over SFV to SWF. Being
aware that the variability of all three parameters may be
influenced by both the precision of the assessments (mea-
surement, visual rating) and the ‘real’ variation of prop-
erties, it is still regarded as a general indication of the
ability to discriminate between different bonding qualities.
Based on these results, test sensitivity appeared to be
higher for SWF than for DIB.

3.4 Detection of weak glue lines

A final aspect of tests of glue line integrity is their ability to
detect particularly ‘weak’ glue lines. This was studied by
comparing the performance of individual glue lines
according to the three measures of glue line integrity DIB,
SFV and SWF. Selected examples are shown in Fig. 9 for
test series 1, 8, 9 and 12.
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In test series 1, the three ‘aggregate’ measures of glue
line integrity showed more or less uniform properties over
all glue lines and no particularly weak glue lines were
detected. In test series 8, glue lines 1-5 appeared to be
clearly weaker than glue lines 6-10. However, again there
was no agreement between the three measures regarding

particularly weak individual glue lines. Glue line 6 in test
series 9 is a rather rare example where all three parameters
pointed to the same weak glue line. And finally in test
series 12, the parameters DIB and SWF showed a large
variability, while SFV again was relatively stable. Glue
lines 3, 4 and 7 with particularly low values for DIB or
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Fig. 6 Relationship of average values per test series between DIB
(Intact glue lines after delamination) and SFV (Shear strength) or
SWF (Wood failure percentage). Left and right hand graphs show the
same data, but grouped according to type of adhesive (left column)
and wood species (right column), respectively. The error bars

Fig. 7 Variability between
individual glue lines in the 12
test series of the three measures
of glue line integrity DIB (Intact
glue lines after delamination),
SFV (Shear strength) and SWF
(Wood failure percentage)
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SWF did not show suspicious results in the other two

measures of glue line integrity.

A possible explanation for the limited agreement of
the three measures of glue line integrity regarding
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weak glue lines may be that there were no really weak
glue lines. In fact, samples from high quality glulam
were tested, where one does not expect weak glue
lines.
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Fig. 8 Variability between individual glue lines (average value over
12 test series) and between average values of test series of the three
measures of glue line integrity DIB (Intact glue lines after delam-
ination), SFV (Shear strength) and SWF (Wood failure percentage)

4 Conclusion

The comparison of delamination and block shear test
results from 12 series of structural softwood glulam
including several wood species (Norway spruce, European
larch, Douglas fir and Maritime pine) and different types of
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adhesives (MUF, PUR, EPI, UF, PRF) led to the following
conclusions:

Delamination testing according to EN 391 procedure B
and according to the more severe and time-consuming
procedure A did not reveal different results. Hence in
FPC of softwood glulam produced from lamellas of the
species Norway spruce, European larch, Douglas fir and
Maritime pine it is sufficient to use procedure B. D
was the more restrictive requirement than D ,y.

e In block shear testing, “Pass/Fail” decision is deter-
mined by insufficient test results of individual glue
lines rather than insufficient mean values over all
glue lines. Subjecting the test specimens to stress
climate prior to carrying out the block shear tests did
not improve the accuracy in detecting weak glue
lines nor the agreement with results from delamina-
tion testing.

e The agreement of both delamination and block shear
tests in assigning “Pass” or “Fail” to a single glue line
in general is quite high. In 67-75 % of the cases there
was agreement when the “Pass/Fail” decision in the
block shear tests was taken based on mean values of
glue lines of test pieces. In the case of starting from
100 = B 5 §>"‘ £ 150
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Fig. 9 Comparison of the performance of individual glue lines regarding the three measures of glue line integrity DIB (Intact glue lines after
delamination), SFV (Shear strength) and SWF (Wood failure percentage) for selected test series
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individual glue line values the agreement was slightly
lower (58-75 %).

e There is no strong correlation between test results from
delamination and block shear tests (neither for the
parameter shear strength nor for the wood failure
percentage). On the mean level a weak correlation
between the delamination test results and the wood
failure percentage derived in block shear tests could be
observed.

e Based on a comparison of the variability of the test
results, test sensitivity regarding changing material
properties appeared to increase from DIB (Parameter to
describe the percentage of intact glue lines after the
delamination test) over SFV (Shear strength) to SWF
(Wood failure percentage after the block shear test).
However, it has to be taken into account that the
variability of the three parameters is composed of both
the precision of the assessments and the ‘real’ variation
of the properties.

e No general agreement in detecting weak glue lines was
found between the three measures of glue line integrity
DIB, SFV and SWF.

Overall it was concluded, that the outcomes of delami-
nation and block shear tests generally agree, but will not
necessarily lead to the same test results in any case.
Therefore, for FPC the choice of their application should
be defined more specifically.
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