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ABSTRACT

The aim of this work was the study of embedment strength of dowels in reforested wood pieces. Analytical 
and experimental approaches were considered. Specimens for testing were made of Pinus elliottii (C30) and 
Eucalyptus saligna (C50) wood with steel rods with diameter of 6.35 mm (1/4”). The tests were performed 
according to the recommendations of ABNT NBR 7190:1997 and ASTM D5764:2007 Standards with 
subsequent comparison between the analytical and experimental results for embedment strength in the 
parallel and perpendicular directions to the grain. The results showed that the analytical and experimental 
values for embedment strength according to American Standard presented closer to each other compared 
to the Brazilian Standard in this case. Moreover, the American Standard recommended test specimen 
dimensions, which facilitate the manufacture, especially in the direction perpendicular the to wood fibers.
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RESUMEN

El objetivo de este trabajo fue estudiar la resistencia al aplastamiento de pernos de acero en cuerpos 
de pruebas de madera de reforestación. Dos enfoques principales han sido considerados: analítico y 
experimental. Las muestras para los ensayos estaban hechas de madera de Pinus elliottii (C30) y Eucalyptus 
saligna (C50) y los pernos de acero común con 6,35 mm (1/4”) de diámetro. Los ensayos se realizaron de 
acuerdo con las recomendaciones de las normas ABNT NBR 7190:1997 y ASTM D5764:2007 con posterior 
comparación entre los resultados analíticos y experimentales, que se obtuvieron para las resistencias 
al aplastamiento en las direcciones paralela y perpendicular a las fibras de la madera. Los resultados 
mostraron que los valores analíticos y experimentales obtenidos para la resistencia al aplastamiento de 
acuerdo con la norma técnica americana, se mostraron menos dispersos entre sí en comparación con los 
de la norma brasileña. Además, la norma técnica americana recomienda dimensiones para los cuerpos 
de prueba que hace que sean más fáciles de ser fabricados, principalmente en los cuerpos de dirección 
normal a las fibras de la madera.
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INTRODUCTION

The knowledge of the behavior and the quality 
assurance of the connection system used in wood 
structures are very important for the efficiency of 
the structural system altogether. Among the types of 
connections used in timber structures, there are for 
instance metallic pins, connectors, glued connections 
and the bolts. The steel dowel is composed of by 
nails, screws and steel bars, while the connectors 
may be metal rings or metal plates stamped with 
teeth. The connections constitute the critical point 
of the timber structures and require experimental 
studies to assess their real behavior.

When designing joints for steel dowel use in structural 
elements two failure modes are basically considered: the 
embedment of the dowel in the wood and the bending 
of the pin. However, the ABNT NBR 7190:1997 
[1] (Brazilian Standard) and the main International 
Standards, such as, the ASTM D5764:2007 [2] 
(American Standard) and the EN 383:2007 [3] 
(European Standard) show different methods for 
the determination of the embedment strength. The 
Brazilian Standard [1] defines the embedment strength 
of a joint as the specific deformation 2‰. According 
to the European Standard [3-4] the embedment 
strength is determined by the force, which causes the 
displacement of 5 mm or ultimate load obtained by the 
specimen. The American Standard [2] uses the force 
that causes the displacement between the dowel and 
the timber equal to 5% of the diameter of the metallic 
dowel to determine the embedment strength. So, it 
is observed that the Brazilian Standard [1] uses the 
specific deformation as a parameter for determining 
the embedment strength, unlikely the European [3-4] 
and the American [2] Standards, which use the relative 
displacement between the dowel steel and the wood. 
The embedment of the steel dowel in the wood is 
characterized by the displacement of the joint towards 
a certain applied force. Contributions to the study of 
this phenomenon have been conducted for several 
researchers [5-10] to improve understanding of the 
timber structure joints. However, despite the growing 
interest in the study of timber structure joints in Brazil, 
it is observed that the investigations conducted so far 
have not produced enough conclusions for a correct 
analysis of timber structure joints behavior.

The main objective of this research is to evaluate the 
methods for the determination of the embedment 

strength for timber based on Brazilian [1] and 
American [2-11] Standards.

ABNT NBR 7190:1997 “DESIGN 
OF TIMBER STRUCTURES”

Experimentally, the Brazilian Standard [1] defines the 
embedment strength of wood (fe) as the ratio between 
the force applied that can cause a residual deformation 
of 2‰ (Fe2‰) in the joint and the embedding area 
of the steel dowel in the wood (product between 
the pin diameter (d) and thickness (t) of the wood 
piece) in accordance with equation (1).

fe
Fe2‰
t ⋅d

(1)

To conduct the embedment test shall be determined 
an estimated strength from a destructive testing of 
a twin specimen [1].

Once known the estimated strength, the load should 
be applied initially in two charge and discharge 
cycles (with speed of 10MPa/min), ranging from 
10% and 50% of the estimated value for the load 
of rupture. Then, the third and final cycle is applied 
until the final break. In this case, according to the 
ABNT NBR 7190:1997 [1], the rupture load applied 
corresponds to the force capable of causing a residual 
deformation of 2‰ in the joint. Figure 1 illustrates 

Figure 1. Embedment specimen for tests in parallel 
and perpendicular directions to the grain [1].
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the configuration of the specimen and Figure 2 the 
behavior of the strength curve versus deformation for 
embedment test according Brazilian Standard [1].

ASTM D5764:2007 “EVALUATING DOWEL-
BEARING STRENGTH OF WOOD AND 

WOOD-BASED PRODUCTS”

According to the American Standard [2] the 
embedment strength of the wood is a function of 
the ratio 5% of the steel dowel diameter with the 
area of the specimen where the embedding force 
occurs, according to equation (2).

fe
Fe5
t ⋅d

(2)

The experimental procedure recommended by 
the American Standard [2] does not foresee the 
estimation of a breaking strength of the specimen for 
the execution of the loading cycles. The specimen 
setup for determining the embedment strength for 
both the parallel direction and the perpendicular 
directions to the grain is shown in Figure 3, according 
to the American Standard [2].

Where: A: ≥ the highest between 25 mm or 2d; B: ≥ 
the highest between 50 mm or 4d; C: ≥ the highest 
between 50 mm or 4d; D: ≥ the lowest between 
38 mm or 2d.

The Figure  4 shows the way to obtain the 
embedment strength from the embedment force 

versus deformation diagram using the criteria of 
the American standard [2].

CALCULATED EMBEDMENT STRENGHT

The American and Brazilian Standards [2-11] 
have their specific equations for determining the 
embedment strength parallel and perpendicular to 
the grain, and these are listed in Table 1.

Table 1. Equations to calculate the embedment 
strength according to the norms analyzed.

Standard fe0 fe90

[1] fe0 = fc0 fc90 = 0.25.fc0. e

[2-11] fe0 = 0.07725. fc90 = 212.(0.001 )1.45.d-0.5
Figure 2. Behavior of the embedment force curve 

versus specific deformation [1].

Figure 3. Embedment specimen for testing according 
to the American Standard [2].

Figure 4. Curve embedment force versus relative 
displacement [2].
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Where:
•	 fc0: mean value of compressive strength parallel 

to the grain (MPa);
•	 fc90: mean value of compressive strength 

perpendicular to the grain (MPa);
•	 e: coefficient given as a function of the diameter 

of the steel dowel by the Brazilian Standard 
[1];

•	 : mean values of apparent density (kg/m3);
•	 d: steel dowel diameter (mm).

MATERIAL AND METHODS

In the embedment tests two kinds of reforested timber 
were used, without any kind of preservative treatment: 
Pinus elliottii (C30 strength class: compression 
strength equal to 30 MPa) and Eucalyptus salligna 
(C50 strength class: compression strength equal to 
50 MPa). The choice of these species was based on 
the fact that the coverage of two different strength 
grades defined by the Brazilian Standard [1] and also 
on the availability of these species in Itapeva city, 
São Paulo state, Brazil. To execute the embedment 
tests on wood specimens common steel bars were 
used , type 1020, with diameter of 6.35 mm (1/4”) 
and length of 12 cm. All samples were tested with 
moisture content of 12%. To conduct the embedment 
tests a universal testing machine EMIC (DL30000) 
was used with capacity of 300 kN (30000 kgf), 
available in the Material Properties Test Laboratory 
of the São Paulo State University (UNESP), Itapeva 
Campus, Brazil.

Six replications of specimens (S1-S6) for each 
species of wood were considered , fiber direction, 
and specific standard, totaling 48 embedment 
specimens. To characterize the moisture and the 
density of the wood as well as the characterization 
of the steel dowel six replications of the specimens 
were also used.

DESCRIPTION OF THE 
EMBEDMENT TESTS

The dimensions admitted for the specimens according 
to the recommendations of the Standards [1-2] used 
in this study are shown in Figures 5 and 6. In the 
normative situation considered, it was necessary to 
do more than one load cycle, and so an additional 
specimen (twin) was made to estimate preliminary 
embedment strength.

Figure 5. Embedment specimen for testing according 
to the Brazilian Standard [1].

Figure 6. Embedment specimen for testing according 
to the American Standard [2].

The details of the specimens made for the embedment 
tests based on each of the Standards [1-2] analyzed 
in this work are shown in Figure 7.

The load application during the embedment tests was 
made by the use of Universal Testing Machine EMIC 
and controlled by a load cell with 100 kN of capacity.

The measurement of the displacement for the 
specimens of wood was performed by an external 
displacement transducer of the LVDT (Linear 
Variable Differential Transformer) type, with a 
maximum of 10 mm of travel range.

Figure 8 shows the details of the instrumentation 
used to obtain the displacements and strain of the 
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specimens as well as the details of the embedment 
tests in the Universal Testing Machine EMIC.

Figure 7. Details of the specimens for embedment 
test in the parallel and perpendicular 
directions to the grain: (a) Brazilian 
Standard [1]; (b) American Standard [2].

For the analytical calculation of the embedment 
strength according to equations displaced in 
Table 1, proposed by the Brazilian Standard [1] 
and the American Standard [2], it was necessary 
to characterize the species of wood as well as the 
steel dowel used in it. For the steel dowel the yield 
load and the failure load was determined according 
to Eurocode 5: 2004 and by direct tensile tests.

The parameter e used to calculate the embedment 
strength in the perpendicular direction to the grain, 
according to the Brazilian Standard [1], is determined 
based on the diameter of the steel dowel. For the 

intermediate diameters values to tabulated ones, e 
is determined by linear interpolation. For the steel 
dowel used in this work with a diameter of 6.35 mm 
(1/4”) the e value used was 2.52, and this value 
was obtained by linear interpolation according to 
the Brazilian Standard [1].

The mechanical properties determined for the 
woods (Pinus elliottii and Eucalyptus salligna) 
were the compression strength parallel to the grain 
(fc0), the modulus of elasticity in compression 
parallel to the grain (Ec0), and the shear strength 
parallel to the grain (fv0). The physical properties 
of wood determined were the apparent density 
( ap) and the moisture content (U%). To calculate 
the embedment strength in the parallel direction 
to the grain was used according to the Brazilian 
Standard [1] the average values of the compressive 

Figure 8. Embedment test using the EMIC machine: 
(a) Embedment test instrumentation; 
(b) Conduction of the embedment test.
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strength parallel to the grain were used, these were 
determined with the characterization of the woods. 
For the calculation of the analytical values of the 
embedment strength according to the American 
Standard [2] were admitted the average values of 
apparent density ( ap) of the woods.

RESULTS

Initially, it will be displaced the results of the 
characterization of the steel and the wood materials, 
and then, the results of the embedding strength 
obtained analytically. Tables 2 and 3 show, 
respectively, the results of mechanical and physical 
characterization of the woods used (U=12%).

Table 2. Characterization of Eucalyptus salligna 
at 12% of moisture content, according to 
Brazilian Standard [1].

Specimens
fc0

(MPa)
fc90

(MPa)
fv0

(MPa)
Ec0

(MPa)

S1 90.52 8.90 21.78 23669
S2 60.14 7.64 17.67 16169
S3 87.31 7.84 12.66 40330
S4 93.54 8.03 15.15 22038
S5 65.00 8.58 18.44 31413
S6 61.21 7.61 13.29 18849

Mean 76.29 8.10 16.50 25412
15.73 0.52 3.46 8960

Cv (%) 20.62 6.52 20.98 35.26

Cv: coefficient of variation ( /mean).
: Standard deviation.

Table 3. Characterization of Pinus elliotti at 12% 
of moisture content, according to Brazilian 
Standard [1].

Specimens
fc0

(MPa)
fc90

(MPa)
fv0

(MPa)
Ec0

(MPa)

S1 45.09 4.34 10.80 15092

S2 39.32 2.91 11.89 18869

S3 49.01 4.45 9.20 21735

S4 51.45 4.42 7.09 17040

S5 41.87 4.80 13.13 19833

S6 40.83 4.68 8.48 13522

Mean 44.59 4.27 10.10 17682

4.82 0.69 2.25 3062

Cv (%) 10.81 16.10 22.31 17.32

Table 4 shows a comparison between the ave- 
rage embedment strength (fe) values, obtained 
experimental ly in the paral lel  (0º)  and 
perpendicular (90º) directions to the grain, 
with the embedding strength values calculated 
analytically according to the Brazilian [1] and 
American [2] Standards.

Table 4. Comparison between the analytical and 
the experimental values of embedment 
strength achieved at 12% of moisture 
content.

Standard Dir.

fe (MPa)

Eucalyptus 
salligna

Pinus elliotti

Exp. Anal. Exp. Anal.

[1]
 0º 49.30 78.38 29.36 44.57
90º 20.34 48.60 19.36 27.63

[2]
 0º 51.89 64.45 47.61 41.28
90º 43.90 59.46 26.50 27.85

Dir.: Direction in relation to the grain;
Exp.: Experimental values of embedment strength;
Anal.: Analytical values of embedment strength.

It was observed that the average values of the 
experimental embedment strength were relatively 
smaller than the resistance of the analytical values 
for both Standards [1-2]. However, for the parallel 
direction to the grain according to the American 
Standard [2], the average experimental value 
obtained was smaller than the analytical value 
calculated. Furthermore, the biggest proximity 
between the analytical and experimental values 
was observed for the American Standard [2]. 
For the Eucalyptus salligna the differences 
between the analytical and experimental values 
for embedment strength was 23.44% for the 
Americana Standard [2] and 47.62% for the 
Brazilian Standard [1]. On the other hand, for 
Pinus elliottii the differences between these 
values were 9.08% for the American Standard [2] 
and 32.03% for the Brazilian Standard [1]. The 
value of the compressive strength in the parallel 
direction to the grain used, as an estimation of the 
embedment standard according to the Brazilian 
Standard [1], is not a good agreement. The 
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experimental method adopted by the Brazilian 
Standard [1] leads to underestimate the values of 
the embedment strength. Furthermore, the limit 
established in function of the residual specific 
deformation 2% has a little relevance to determine 
the embedment strength, in order that, the stress 
versus specific deformation curve behavior does 
not have a clear limit of proportionality. The 
embedment tests performed according to the 
recommendations of the American Standard [2] 
indicated the occurrence of bending of the steel 
dowel in the parallel and perpendicular direction 
to the grain of Eucalyptus salligna, as well as 
in the parallel direction to the grain of Pinus 
elliotti. In the perpendicular direction to the 
grain of Pinus elliotti the tests according to the 

Figure 9. Curve Embedment force x Specific 
deformation of Pinus elliotti [1]: (a) 
Parallel to the grain; (b) Perpendicular 
to the grain.

Figure 10. Curve Embedment force x Specific 
deformation of Eucalyptus salligna [1]: 
(a) Parallel to the grain; (b) Perpendicular 
to the grain.

American Standard [2] indicated the occurrence 
of embedment of the steel dowel in the wood. 
The embedment tests executed according to the 
recommendations of the Brazilian Standard [1] 
indicated the occurrence of embedment of the 
steel dowel in the parallel and perpendicular 
directions to the grain of Pinus elliottii, as well 
as in the perpendicular direction to the grain of 
Eucalyptus salligna. In the parallel direction to the 
grain of Eucalyptus salligna, the tests indicated 
the occurrence of bending of the steel dowel. 
The behavior of the curves, which correlates the 
forces applied in the specimens of embedment 
until the limits of displacement or the deformation 
established by each of the norms analyzed [1-2], 
are shown in Figures 9-12.
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CONCLUSIONS

For both species of wood Eucalyptus salligna and 
Pinus elliotti the highest mean values of embedment 
strength were obtained by the experimental 
methodology proposed by the American Standard [2].

This is due to the Brazilian Standard [1], which 
uses a graphical method leading to lower values 
of embedment strength when it is compared with 
methodology of the American Standard [2].

The analytical and experimental results obtained 
for both analyzed Standards [1-2], for specimens 
of Pinus elliottii and Eucalyptus salligna tested 
with steel dowel of 6.35 mm, showed significant 
differences when compared to each other values.

These differences may be attributed in part to the 
influence of the bending effect of the steel dowel 

associated to its embedment in the wood in the final 
response of the experimental test.

For it was opted to use a more flexible steel 
dowel as the starting point of this research. In 
this context, it is highlighted the relevance of 
the recommendation of the Brazilian Standard 
[1] to use steel dowel with diameters equal or 
greater than 10 mm. Thus, it is expected that the 
experimental test be conditioned by embedment 
of the steel dowel in the wood so the bending of 
the steel dowel does not occur.

The use of the force that causes the residual 
displacement equal to 5% in relation to the 
diameter of the steel dowel, as a criterion to 
determine the wood’s embedment strength by 
the American Standard [2], showed being more 
appropriate by the criterion adopted by the 
Brazilian Standard [1].

Figure 11. Curve Embedment force x Relative 
displacement of Eucalyptus salligna [2]: 
(a) Parallel to the grain; (b) Perpendicular 
to the grain.

Figure 12. Curve Embedment force x Relative 
displacement of Pinus elliotti [2]: 
(a) Parallel to the grain; (b) Perpendicular 
to the grain.
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For Pinus elliottii, for which the bending of the 
steel dowel had a lower influence on the answer, 
the analytical and experimental results were closer 
to each other when they are compared to the results 
of the Eucalyptus salligna, where the bending of the 
steel dowel had greater influence on the final results.

For a more definitive conclusion about the best 
test method, there is still the need for additional 
embedment tests to consider the steel dowel with 
a larger diameter.

Another strategy of analysis is to keep the diameter of 
the steel dowel of 6.35 mm and then, consider a steel 
dowel with higher values of yield stress. For instance 
nails, which have yield stress around 600 MPa rather 
than steel 1020 that has around 384.82 MPa of yield 
stress, which was used in this study.
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