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ABSTRACT

The ASTM D5764 standard, Standard Test Method for Evaluating Dowel-Bearing Strength of

Wood andWood-Based Products, for testing dowel connections provides a procedure for meas-

uring the dowel bearing strength of wood and wood-based products. Laminated veneer bam-

boo (LVB) is a new building product that is employed in similar sizes and applications as

dimensional lumber. Being new, more research is needed to understand the key factors and

fundamental failure mechanisms that occur in LVB dowel connections to help ensure safe stan-

dards for further LVB product adoption and design. This study develops three-dimensional bi-

linear finite element models for half- and full-hole specimens in accordance with ASTM D5764

when loaded in compression parallel to the grain. The models simulate LVB fracture initiation

due to shear stresses in the dowel joint by incorporating frictional stresses in the contact region

between a steel bolt and LVB. The model also predicts displacement at failure, which is validated

through comparison with experimental results: the material fails at 1 and 1.18 mm displacement

loading parallel to the grain for half- and full-hole specimens, respectively. It is found that, de-

spite the higher load-bearing capacity (strength) of the half-hole specimen, both specimens fail

at approximately the same displacement because of in-plane shear stresses. This article clarifies

the complex interactive state of in-plane shear, tension perpendicular to the grain, and com-

pression parallel-to-grain stresses using the Tsai–Wu failure criterion in the critical zone beneath

the bolt hole for half- and full-hole specimens. These findings suggest that care should be taken

to select a test method that captures the performance of LVB dowel joints because of different

failure mechanisms that occur for full- and half-hole specimens.
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Introduction

Laminated veneer bamboo (LVB) is employed in the same manner as engineered lumber, typically as posts and
beams. Being a relatively new building material in North America, it was only recently added to the material
testing standard ASTMD5456, Standard Specification for Evaluation of Structural Composite Lumber Products, in
2017.1 This standard recommends the test same protocols for LVB and wood alike. Recent research, however, on
LVB dowel connections2,3 has indicated that bamboo lumber exhibits different failure mechanisms than softwood
lumber, especially for the dowel bearing response. This finding raises questions about the appropriateness of
adopting a wood standard for LVB.

A handful of research studies compare standard test methods and specimens for the dowel bearing response, but
their focus has primarily been softwood species. For example, Santos et al.4 used maritime pinewood and did a com-
parison between two standard test methods: BS EN 383, Timber Structures. Test Methods. Determination of Embedment
Strength and Foundation Values for Dowel Type Fasteners,5 and ASTM D5764, Standard Test Method for Evaluating
Dowel-Bearing Strength of Wood and Wood-Based Products,6 one with a full-hole specimen and the other with a half-
hole specimen, as described in the respective standards. The authors concluded that the embedment strength measured
for both standards are essentially the same. They also found a positive relationship between the embedment strength
and density following the ASTM D5764 method. It is noteworthy that, according to their outcomes, in the BS EN 383
method, the average specimen displacement at yield was nearly twice as much as that of the specimens following the
ASTM D5764 method for the longitudinal compression test because of the proposed half-hole geometry.4

Similarly, but using spruce specimens, Franke and Magniere7 evaluated different dowel embedment testing
methods and highlighted the major differences between standards. The authors showed that the variation in the
specimen geometry and loading and differences in the evaluation method of finding stiffness and bearing strength
affect the embedment strength significantly.

Importantly, recent work by Reynolds et al.2 and Khoshbakht et al.3 revealed a meaningful difference in failure
mechanism between Moso LVB dowel joints and timber dowel joints: both studies found that high shear stresses
around the bolt hole were primarily responsible for bamboo dowel failure, while tensile stresses perpendicular to the
grain were the primary cause of failure in timber joints – the latter also being affirmed by Reynolds et al.2

ASTM D5764 recommends using half-hole specimens “unless the specimens tend to split before the com-
pletion of the test,” in which case the full-hole test is required.6 To the authors’ knowledge, the effect of using these
different test setups (specifically full- versus half-hole specimens) on the dowel failure behavior of LVB and other
similar hardwood materials has not yet been fully investigated. In this article, we evaluate the ASTM method
specifically, with regards to the embedment test procedure for LVB specimens, to recommend an appropriate test
method for LVB dowel joints. We base our work on experimental data and nonlinear finite element (FE) sim-
ulations by describing the behavior of Moso LVB dowel connections under compressive loading using orthotropic
material properties for both the full- and half-hole arrangements. In so doing, we aim to provide insight into LVB
failure mechanisms, which can further support the development of codes and standards for bamboo connection
detailing and design to facilitate the worldwide adoption of bamboo in modern construction.

One additional factor that has not been considered in the standards for dowel bearing properties is the
surface roughness of the dowel hole. This effect has been addressed in past studies8,9 and recent papers10

and is shown to be a critical factor in determining the load-bearing capacity of the connection. The foci of these
studies, however, are softwood species. Hence, in this article, the effect of surface roughness on the load-bearing
capacity of the LVB dowel joint will also be addressed.

Embedment Test Setup

Prior to conducting the embedment test, the material properties of LVB (shear, tension, and compression parallel
to and perpendicular to the grain), were experimentally determined per ASTM D143, Standard Test Methods for
Small Clear Specimens of Timber.11 These values were necessary as input parameters for subsequent FE studies of
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the dowel joints. In the experimental tests, the commercially available LVB boards used were made from Moso
bamboo (Phyllostachys heterocycla var. pubescens) procured by the company Lamboo® Technologies. This LVB
material consists of 6.4 mm by 19 mm bamboo culm strips that are bonded together with an ANSI/HPVA Type 1
adhesive. The boards were conditioned for a minimum of 2 months in constant ambient environmental con-
ditions. The mean moisture content of the samples was 5.4 %.

The material preparation and test procedure for the evaluation of embedment properties followed ASTM
D5764, which is designed for testing a single dowel joint of wood-based products (see fig. 1). The sample consisted
of 10 replications for each full- and half-hole arrangement as determined by ASTM D2915, Standard Practice for
Evaluating Allowable Properties for Grades of Structural Lumber.12 An MTS3000 testing machine was utilized in
combination with a linear variable differential transformer (LVDT) to measure the displacement at the contact
surface of the dowel joints to obtain the load-displacement curves.

The LVB were specimens measured 152 by 63 by 32 mm3 and 90 by 63 by 32 mm3 for full- and half-hole
specimens, respectively. Using a 17.5 mm (11/16th inch) diameter drill bit, a hole was drilled in the middle of the
block to accommodate a 15.9 mm (5/8th inch) diameter steel (grade 5.5) bolt. As the finished drilled surface was
smooth and even, the hole was not reamed. A different steel loading apparatus was used for the full- and half-hole
specimens to ensure the application of the load onto the wood contact surface follows the standard. Per the
standard, a crosshead rate of 1 mm/min was used to produce failure between 1–10 minutes. The test was con-
ducted in displacement control mode, and the displacement directly beneath the contact zone was obtained by
means of an LVDT (see fig. 2).

Embedment Test Results

The embedment test results, shown in Table 1, reveal the stiffness at the contact surface, which in turn leads to
finding the local modulus of elasticity (MOE) in the contact zone.

FIG. 1

Embedment test setup

based on ASTM D5764:

(A) half-hole and

(B) full-hole test.
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In figure 3, representative curves for full- and half-hole tests are shown where the difference in the load-
bearing capacity of LVB from each test is noticeable. Although the measured embedment yield load in the half-
hole arrangement is higher than that of the full-hole, fracture occurs at approximately the same displacement for
both. The rationale behind this phenomenon will be explained in a later discussion section of this article through

FIG. 2

Embedment test setup:

displacement was

measured in contact

zone for (A) full-hole and

(B) half-hole specimens.

FIG. 3

Load-bearing capacity

comparison between

full- and half-hole

LVB dowel joints

(displacement

control mode).

TABLE 1
Stiffness measured at contact surface

Stiffness at Contact

Surface, N/mm

Ultimate

Displacement, mm

Yield Load (%5 Dowel

Diameter), kN

Embedment Strength

Parallel to Grain, MPa

Full-Hole Test

Mean 32,400 1.18 27.1 34.4

CV 5.6 % 24 % 8 % 8 %

Half-Hole Test

Mean 45,900 1 28.8 36.6

CV 15 % 25 % 10 % 10 %

Note: CV= Coefficient of variation.
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FE results. Figure 4 illustrates the failure of the full- and half-hole dowel joints after being loaded in compression
parallel to the grain up to their maximum stress.

For the full-hole test, in 80 % of the specimens, the crack started and continued to grow at between 4 to
4.7 mm off-center (i.e., lower 1/6th of the hole perimeter) and in 20 % of the specimens, an on-center crack was
also detected beneath the loaded area. These tests suggest that a combination of tension perpendicular to the grain
and shear stresses on the specimen is responsible for failure.

For the half-hole test, on the other hand, the fracture consistently occurred off-center in the lower 1/6th of
the hole perimeter (see fig. 3B), which suggests that shear stress (only) is the primary cause of failure.

FE Model

To find a more detailed explanation of the different failure behavior of the LVB dowel joints in full- and half-hole
setup, a nonlinear three-dimensional FE model was built using ANSYS Mechanical APDL17.2 (ANSYS, Inc.,
Canonsburg, PA). The two test setups described in ASTM D5764 (full- and half-hole) were followed explicitly.

The model was developed with hexahedra homogenous 20-node elements (SOLID186) to investigate the
stress distribution and clarify the cause of failure in each test method. Displacement-controlled compressive load-
ing was applied to the steel bolt, and the specimen model was fixed at the bottom. The bolt hole diameter was
modeled as 1/16th inch larger than the bolt diameter to reflect realistic building practice as specified in the
National Design Specification for Wood Construction.13 Because of symmetry, half of the dowel was modeled
and symmetric planes were restricted in the direction normal to the plane of symmetry. Mesh refinement was
performed in the area of interest around the bolt hole. The number of elements used in the models are 6,142 and
4,186 for the full- and half-hole models, respectively.

Contact elements (CONTA174 and TARGE170) were employed to create flexible surface-to-surface contact
for the steel bolt and LVB hole. Then, an augmented Lagrange algorithm was used to solve the contact problem,
implementing parameter FKN= 0.1 to adjust the contact stiffness in the contact area. The other important con-
tact parameter is contact tolerance (FTOL), which is the minimum distance that the program searches for contact,
and calculates contact force with a lower computer cost. The FTOL parameter is important because choosing
proper contact tolerance, together with proper load increment, leads to converged and more accurate results. For
our work, after choosing different values (given in Tables 2 and 3) FTOL was considered as 0.15 and 0.01 for the
full- and half-hole models, respectively. Finally, value 0.2 for the coefficient of friction between the LVB and steel
dowel was chosen.2

CONTACT MODELING

To define the most efficient mesh at the contact area and decrease the amount of unrealistic penetration, there are
two things that should be considered:

FIG. 4

Splitting failure in LVB

dowel joint when loaded

parallel to the grain:

(A) full- and (B) half-hole.
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• Choice of contact/target surfaces: considering the target element characteristic and definition, no penetra-
tion is allowed between the target element nodes.14 Hence, the target element is usually selected for mod-
eling a stiffer body, which, in our case, is the steel bolt (see fig. 5).

• Contact/target surface relative mesh size: a finer mesh was considered for the target surface (steel dowel) to
allow a permissible penetration to the contact surface (wood surface) in the FE model (see fig. 5).

It is notable that—regarding choosing the proper mesh size—because of the C0 continuity (zero degree of
continuity) across the contact boundary, the contact force is very sensitive to mesh discretization. It was found
that the results change abruptly with mesh refinement, so mesh refinement at the contact boundary does not
necessarily lead to converged results.

MATERIAL MODEL

An orthotropic bilinear material model with hardening was assumed for the Moso LVB, and the constitutive
properties were chosen from the experiment results given in Table 4 for the elastic region. To calculate the

TABLE 2
Full-hole model calibration results

Model Results

FE Model Mesh Size, mm FKN FTOL

Constraint

Method

Contact Stiffness in Elastic

Zone, K, N/mm

1 1 0.1 0.15 Penalty 31,300

2 1 0.1 0.15 Augmented 31,500

3 1.5 N/A 0.1 Lagrange 38,800

4 1.5 0.1 0.15 Augmented 32,000

5 1.5 0.1 0.1 Augmented 34,300

TABLE 3
Half-hole model calibration results

Model Results

FE Model Mesh Size, mm FKN FTOL

Constraint

Method

Contact Stiffness in Elastic

Zone, K, N/mm

1 1 0.1 0.01 Augmented Not converged

2 1 0.1 0.1 Augmented 39,000

3 1.5 0.1 0.15 Augmented 36,000

4 1.5 0.1 0.05 Augmented 41,000

5 1.5 0.1 0.01 Augmented 43,000

FIG. 5

The effect of contact

area mesh on

penetration: contact

body with coarser mesh.
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required parameters for the plastic region—which is defined by yield stress and tangential modulus—the average
slope and yield load of 10 embedment tests were used, and the calculated stress and tangential modulus were
incorporated in the FE model (reference fig. 6).

The choice of Poisson ratio and shear modulus values did not affect the stress results noticeably. Hence, they
were selected from the literature: the former value being between 0.22–0.25, as noted by Yu et al.,15 and the latter
being 745 MPa, as reported for Moso bamboo.16 The second and third shear moduli were estimated to be 1/2 and
1/10th (respectively) that of the first shear modulus based on similar mechanical properties for hardwood given in
the Wood Handbook.17

For the steel bolt, the elastic material model was assumed with a yield stress of 210 GPa and Poisson’s
ratio of 0.3.

In orthotropic material modeling, care should be taken to choose the right direction of input material prop-
erties, especially for the Poisson ratio, to ensure that the stiffness and compliance matrices are positive definite. As
a result, the material axes’ directions were modeled to coincide with the software global axes and the strongest
direction of the LVB, aligned with the global X-axis to avoid any confusion (see fig. 7).

In both the Lagrange multiplier and penalty methods, the contact is treated as a constraint14 in structural equi-
librium, which is why the contact formulation is independent of the material constitutive models. In this case, the
MOE values from the conventional LVB test in Table 4 were used. After running the FE model and achieving the
results, for the contact surface validation of our FE model, the contact surface load-displacement curve (in the longi-
tudinal direction) was obtained and compared with the measured load-displacement results by means of an LVDT.

By considering all the aforementioned, the full- and half-hole models were calibrated to the experimental results
by considering different combinations ofmesh size, load increments, and contact tolerance. The calibration results are
presented in figure8 and Tables 2 and 3. Correspondingly, for obtaining the experimental curves shown in figure8,
an LVDT was employed to observe the material load-displacement curve in the midpoint of the contact surface for a

TABLE 4
Material properties of Moso LVB

Compression Tension Shear

Loading Direction Density, kg/m3 MOE, MPa Strength, MPa MOE, MPa Strength, MPa Strength, MPa

Parallel 650 11,600 62 9,219 95 13.15

CV 7 % 3.2 % 15 % 12 % 11 %

Perpendicular 650 1,440 28 200 5.43 –

CV 30 % 11 % 9 % 22 %

Note: CV= Coefficient of variation.

FIG. 6

Elastic-plastic material

model for full- and half-

hole specimens based on

embedment test curves:

(A) bilinear material

model (full-hole) and

(B) bilinear material

model (half-hole).
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sample size of 10. The measured stiffnesses (i.e., load/displacement) at the contact zone were 32,400 N/mm for the
full-hole and 45,500 N/mm for the half-hole specimens in the linear elastic region of the curves.

An initial bulge in the experimental curves was observed, which is the result of self-alignment and self-ad-
justment between the hole and steel bolt. The applied incremental displacement was increased to 1.2 mm until the
LVB dowel joint reached its maximum stress, according to the experimental results in Table 1. A comparison of
the FE models and experimental test results in figure 8 led to a verified FE model with an element length of
1.5 mm at the contact edge.

LOCAL ELASTIC MODULI EVALUATION

The local elastic modulus (EL) parallel to the grain (needed for the FE model) was determined following an
empirical approach that uses the slope of the load-displacement curves of the embedment test. The method
is fully explained in the authors’ previous work2, in which the attained local MOE is calculated based on the dowel
geometry and joint stiffness (N/mm). Also, the assumedMOE corresponded to that of the lowest strength direction
(i.e., perpendicular to the grain) because, in ANSYS, only one tensile or compressive elastic modulus (independent
of material direction) is allowed in the material property input section. The results are summarized in Table 5.

FIG. 7

FE model mesh:

(A) full-hole model and

(B) half-hole model. The

strongest direction of

LVB is aligned with the

global X-axis.

FIG. 8

FE model calibration in

compressive loading

parallel to the grain:

(A) full-hole model and

(B) half-hole model.
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FE Failure Analysis

In this analysis, the validated FE models for the full- and half-hole tests as described earlier, were implemented to
study the internal stresses in the LVB joint contact area as the displacement was increased to near failure (1.18 and
1 mm upper limits based on the experimental results of the embedment tests).

It is noted that in some FE models, the contact points may oscillate between an open and closed status. This is
called “chattering,” and in our case (shown in fig. 9), contact chattering occurred at the point of separation between
the contact and target surface (LVB and steel dowel). This phenomenon created a singular point at this location that
led to false high stresses in this point. They were ignored wherever found in the following analysis.

FE Analysis Results and Discussion

The predicted maximum tensile stress perpendicular to the grain for the full-hole model (see fig. 10A) was
4.5 MPa and occurred at 8.5 mm beneath the contact surface. This value is slightly less than the mean tensile
perpendicular-to-grain strength given in Table 4 (5.4 MPa). The relatively high coefficient of variation of the
tensile strength in the experimental results of 22 % would suggest that the tensile stress would be a substantial
contributing factor to material failure in the full-hole specimens, particularly for weaker specimens in which
the strength is less than the predicted stress of 4.5 MPa. On the contrary, for the half-hole specimen, shown in

TABLE 5
Calculated local MOE for full- and half-hole models

Test Data Used for Calculations Sample Size

Failure Load, N Displacement at Failure, mm Calculated Local MOE, MPa

Full-Hole Half-Hole Full-Hole Half-Hole Full-Hole Half-Hole

Parallel to grain (LVB embedment test) 10 28,197 35,100 1.18 1 1,007 1,400

Perpendicular to grain (LVB tension test) 10 N/A N/A N/A N/A 200 200

FIG. 9

Contact chattering

occurs at the point of

contact/target

separation.
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figure 10B, the maximum tensile stress reaches only 1.5 MPa (13 mm beneath the contact surface), which is far less
than the experimental mean strength of 5.4 MPa and thus would have little contribution to material failure.

Figure 11 depicts the maximum in-plane shear stress pattern at failure. In both the full and half-hole models,
the maximum shear stress occurs at the lower 1/6th of the hole perimeter, which coincides with the location of the
fracture initiation observed in the experiments (see fig. 4).

FIG. 10

Tensile stress pattern

perpendicular to the

grain for (A) full-hole

model at 1.1 mm loading

and (B) half-hole model

at 0.9 mm loading.
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The FE model for the full-hole specimens indicated that the maximum shear stress reached 13.6 MPa at 1.1 mm
displacement (see fig. 11A), which corresponds well with the experimental shear strength of 13.2 MPa at mean 1.2 mm
loading (given inTable4). For thehalf-hole specimen, themaximumshear stresswaspredicted tobe13.3MPaat 0.9mm
loading (see fig. 11B) comparedwith the experimental value of 13.2MPa atmean 1.0mm loading. Both the experimental
and FE models confirmed that the half-hole specimens fail at less displacement than the full-hole specimens.

FIG. 11

In-plane shear stress

pattern for (A) full-hole

model at 1.1 mm loading

and (B) half-hole model

at 0.9 mm loading.
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The Tsai–Wu failure criteria was employed to predict the insipient failure location based on a combined
stress state of shear and tensile stress perpendicular to the grain. This criterion is a general quadratic interaction
equation in which the failure surface is in the form of a tensor polynomial:

FIG. 12

Full-hole model at 1.1 mm

loading: (A) Tsai–Wu

failure criteria compared

with (B) actual failure

pattern.

Journal of Testing and Evaluation

2728 KHOSHBAKHT ET AL. ON LVB DOWEL CONNECTION TEST 

Copyright by ASTM Int'l (all rights reserved); Fri Feb  7 13:33:30 EST 2020
Downloaded/printed by
Umass Amherst (Umass Amherst) pursuant to License Agreement. No further reproductions authorized.



Fiσi + Fijσiσj = 1 for i, j = 1, 2, : : : , 6 (1)

where:
Fi= first rank stress tensor, and
Fij= fourth rank stress tensor.
F parameters are experimentally determined and can be expressed in the terms of uniaxial and shear strength

except for F12, which needs a biaxial test to be determined. Hence, when applying the Tsai–Wu failure criteria,
these F parameters were requested through the ANSYS dialogue box:

FIG. 13

Half-hole model at 1 mm

loading: (A) Tsai–Wu

failure criteria compared

with actual (B) failure

pattern.
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• Longitudinal and transverse tensile strength (obtained from Table 4).
• Longitudinal and transverse compressive strength (obtained from Table 4).
• Longitudinal and transverse shear strength (obtained from Table 4).
• Stress coupling coefficient (XY, YZ, XZ): This parameter equals 2Fij in ANSYS nomenclature. The value Fij

was assumed to be 0.00012 using the off-axis tension test data on Glubam, a laminated bamboo product.18

FIG. 14

Contact status at 1.1 mm

displacement for

(A) μ=0.2 and

(B) μ=0.4.
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Figures 12 and 13 show how the Tsai–Wu criteria effectively predict the location of insipient failure.
In figure 12A (after disregarding the value at a singularity due to contact chattering), it is shown that the
full-hole model fails at 1.1 mm loading, and the most probable failure area includes the central lower part

FIG. 15

Contact sliding distance

at 1.1 mm displacement

for (A) μ=0.2 and

(B) μ=0.4.
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up to the lower 1/6th of the hole perimeter. While in the half-hole model (see fig. 13A), the failure loca-
tion is predicted to be just off-center and at the lower 1/6th of the hole perimeter. Considering these
results, the Tsai–Wu criteria appears to be a good measure to predict the failure of the LVB dowel
joint.

FIG. 16

Contact frictional

stresses at 1.1 mm

displacement for

(A) μ=0.2 and

(B) μ=0.4.
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Frictional Stresses in the Contact Zone

Sjödin, Serrano, and Enquist10 showed that, for softwood species, roughening the surface area of the dowel increases
shear stresses and decreases tensile stresses in the perpendicular-to-grain direction. And, since tensile stresses

FIG. 17

Shear stress pattern at

1.1 mm displacement for

(A) μ=0.2 and

(B) μ=0.4.
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perpendicular to the grain are the dominant factor in defining the strength of wood specimens, they suggest that
designing dowel joints with a rough contact surface (0.3< μ< 0.5) improves the load-bearing capacity.

Given that in the LVB dowel joint (which is arguably similar to a hardwood species) the determining factor of
the load-bearing capacity is shear stress, the effect of a friction coefficient on the shear stress results are of

FIG. 18

Shear stress pattern at

0.1 mm displacement for

(A) μ=0.2 and

(B) μ=0.4.
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particular interest. Consequently, two FE models of dowel joints are considered here: one with μ= 0.2 and the
other with μ= 0.4.

Both models are the same in the terms of material properties and boundary conditions, except for the co-
efficient of friction. Figure 14, which represents the contact status in both models, shows that the FE model with
μ= 0.4 has a larger area in sticking status for the same applied displacement. This leads to less sliding distance in
this model, according to figure 15. Consequently, the frictional stresses are much higher in the μ= 0.4 FE model
(see fig. 16), which in turn leads to higher shear stresses, as shown in figure 17. By increasing the coefficient of
friction to 0.4, the maximum shear stress has increased by 4 %, which—compared with the results for softwood
species9—is not significant. However, it confirms that, in dowel joints with similar size, material, and loading
conditions, shear stresses are higher in the dowels with rough contact surfaces. This means that, contrary to wood
connections, the smoother contact surface contributes to higher strength of the LVB dowel connections. It is
noted that this conjecture should be confirmed in a future study by carrying out experiments on rough and
smooth surfaces for LVB material.

Figure 18 shows shear stresses in the first sub-step of loading in both the frictional models. Since the
dowel is still in the sticking status for both models, the shear results are equal in the beginning, and the
maximum shear stress is also closer to the centerline. As the loading increases and the steel dowel begins
to slide, the location and value of the maximum shear stresses change, depending on the coefficient of friction
(see fig. 15).

Conclusion

In this article, two separate methods described in the material testing standard ASTM D5764 for evaluating
dowel joints of wood and wood-based products were investigated for LVB material: full- and half-hole speci-
men procedures. After performing a mixed mode analysis of internal stresses and investigating the LVB frac-
ture behavior in experiments, both FE and experimental analysis revealed a noticeable difference between the
failure behavior of the LVB full- and half-hole dowel joints: for the full-hole specimen, a combination of shear
stresses (as the main cause of failure) and tensile stresses perpendicular to the grain (as a secondary cause of
failure) were responsible, while for the half-hole specimens, shear stresses parallel to the grain dominated
failure.

It was also shown, both numerically and experimentally, that for the same applied displacement, the half-
hole specimen failed at slightly less displacement than the full-hole specimens, despite a higher load-bearing
capacity and stiffness. This is because the higher internal shear stresses exceeded the LVB shear strength sooner
than in the full-hole specimen. This suggests that higher dowel stiffness and load-bearing capacity does not lead to
stronger joint design for displacement-based loading.

In view of all aforementioned, the authors recommend that only the full-hole specimen test procedure be
used to evaluate LVB dowel joint behavior, as it more closely represents real-life connection conditions.

It has been advised in the literature to incorporate the frictional property of the dowel in the standard dowel
test methods. This is because the findings for timber show that the smoother frictional surface in the dowel joints
leads to lower strength and vice versa. Contrary to this finding, as was mentioned in this article, since the failure
mechanism of the LVB dowel joint is different from timber and shear stresses are a determinant factor for
strength calculations, further experimental program is suggested to see the importance of surface smoothness
in LVB and other engineered wood materials with similar orthotropic properties.
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