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This paper presents an experimental analysis of the pullout strength of bonded and axially loaded steel rods
used as connector elements in log-concrete composite bridge decks. Static and cyclic tests were carried out to
evaluate the fatigue of the connectors using two species of reforested wood, three types of commercial adhesives
and three levels of wood moisture content. It was found that six failure modes (rod interface failure, timber
interface failure, combined timber interface/rod interface failure, combined rod interface/timber substrate failure,
rod failure, and adhesive failure) can occur in the geometry of a single test specimen. The results indicate the good
performance of epoxy glued steel rod connectors for use in log-concrete composite bridge decks.
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1. Introduction

The importance of preserving Brazil’s tropical rainforests has
gained increasing recognition in the country in recent years. Refor-
ested pine and eucalyptus species grow rapidly and adapt easily to
different climates. They are therefore major sources of wood around
the world, and especially in Brazil, where these species are abundantly
available'. The joint use of wood and concrete in the construction of
log-concrete composite bridge decks results in elements with excel-
lent structural characteristics, combining the best properties of each
material, i.e., the wood works in the tension and the concrete in the
compression. However, the use of a connection system is essential to
enable the two materials to work together, as indicated in Figure 1.
A connection system frequently used to join timber and concrete is
the glued steel rod system, which is a low cost solution that is easy
to implement. Brazil has no regulatory standards for the use of glued
steel rod connectors in wood elements, although such standards have
existed for over twenty years in several Scandinavian countries and
in Germany?>3#.

There are no limits for the length of anchorage of steel rod in the
timber, but for anchorage lengths superior to twenty times the rod diam-
eter the increments in the static strength of anchorage are insignificant.
It is recommended that the diameter of the hole should be 1.25 times
the diameter of the rod. Larger holes allow more tolerances but they
should not be larger than 1.50 times the diameter of the bar'2.

Besides, the ratios “A” recommended to glued-in length “1”
and the steel rod diameter “d” for rod test with axial loads are
10 and 2017,

This paper presents the results of an experimental investigation of
the pullout strength of steel rods glued in holes with large diameters
in blocks of wood with different levels of moisture content, using
commercial adhesives, for use in composite bridge decks.

2. Materials and Methods

The method used here to estimate the ultimate fatigue strength
(F) of the connection system analyzed in the specimens followed the
Brazilian wood standard °. Two wood species, Eucalyptus citriodora
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and Pinus taeda, and three types of commercial adhesives, two epoxy
adhesives, Sikadur 32 and Compound Adhesive, with compressive
strengths of 60 and 100 MPa, respectively, and a PUR adhesive,
Purweld 665, with density of 1100 kg.m™ were used in this study.
According to manufacturer, a thickness of the layer adhesive between
1 and 2 mm is enough to promote the adherence. The number of cycles
to failure and the failure mode were examined for one test specimen
geometry and one rod diameter, as indicated in Table 1.

In the specimens, the dimensions of the blocks of wood were
defined based on the assumption that the failure happened in the con-
nection between wood and steel rod’. The hole diameter used was of
1.25 times the diameter of the rod'?, resulting a thickness of the layer
adhesive of 1.6 mm, that is according to recommended the adhesive
manufacturer. The anchorage length was defined with A = 10 in the
ratio A =1/d". For each moisture content, wood specimen and type of
adhesive, six replications of rods were considered. Therefore, three
tests have been performed for each amplitude level, and the medium
values of these tests were used as result.

3. Description of Tests

Static and cyclic fatigue tests were performed using a DARTEC
M1000/RC universal testing machine at the Laboratory of Wood
and Timber Structures (LAMEM), Sdo Carlos School of Engineer-
ing — EESC, USP, Brazil. To determine the fatigue test parameters,
the specimens were loaded to failure, starting from static loads at
0.10 kN/s. To accommodate the specimens, the static tests were
carried out in three load cycles, as recommended by the Brazilian
standard®. Thus, the load applied in first and second cycles represented
50% of the estimated ultimate strength of the connection, and the
third cycle was loaded up to failure of the connection. Six replicates
of test specimens were considered for each analyzed situation. In
each case, the failure mode was recorded for each level of moisture
content and type of adhesive. Figure 2 shows the configuration of the
test specimens used in the static and fatigue tests of steel rods glued
into the wood at a 45° angle to the grain and loaded axially®’.
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The test specimens with bonded-in steel rods were subjected
to 1 x 10°load cycles at constant amplitude, and sinusoidal fatigue
cycles at a frequency of 3 Hz!®%\. Figure 3 shows the parameters
used in the fatigue tests, with three load levels, using axial cy-
clic fatigue loading (R = 0.1). Data obtained from static tests
on twinned specimens were used to establish the maximum and
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minimum loads to be applied in the cyclic fatigue tests. Thus, the
maximum levels of force (F ) applied in the cyclic tests were
30, 40 and 50% of the ultimate static strength (F)), estimated
from the static tests of twinned specimens. The minimum level
of force (F ) was determined as 10% of the maximum force
(0.10F, ) 'o1tr2,

Table 1. Static and fatigue test specimens.

Test series 1 2 3
Wood species E. citriodora P. taeda P. taeda
(C60) (C40) (C40)
Strength of wood in 45° to the grain (MPa) 24 16 16
Strength of wood in grain direction (MPa) 60 40 40
12% £ 1% 12% £ 1%
Moisture content (%) 17% £ 1% 17% + 1% 22% + 1%
22% £ 1% 22% £ 1%
Rod diameter CA 50 - d (cm) 0.63 0.63 0.63
Hole diameter (mm) 7.90 7.90 7.90
Anchorage length - 1 (cm) 6.30 6.30 6.30
Ratio of anchorage length to rod diameter, A =1/d 10 10 10
Young modulus of rod (MPa) 210000 210000 210000
Nominal mass of rod (kg.m™) 0.245 0.245 0.245
Yield stress of rod - fyk (MPa) 500 500 500
Strength limit of rod (MPa) 0.1 fyk 0.1 fyk 0.1 fyk
Adhesive Epoxy Epoxy PUR

Concrete

'_-._._......__..._

*HHHHf/H.ﬂHH*HH

Ft Ft

Figure 1. Wood/concrete connection system: a) Detail of a composite bridge deck before concreting; b) Glued steel rod connector at the interface of the

materials.
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(a)
Figure 2. Fatigue and static tests: a) Test specimens with bonded-in rod; b) Test configuration; c¢) Test in progress — DARTEC M1000/RC.

(b)
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4. Results and Discussion

Six distinct failure modes were observed in the fatigue tests: a) Rod

interface failure; b) Timber interface failure; ¢) Combined timber/rod
interface failure; d) Combined rod interface/timber substrate failure; e)
Rod failure, and f) Cohesive failure of the adhesive. Figure 4 and the

/ Tables from 2 to 3 shows these fatigue failure modes and Table 4 shows
the ultimate strength of the connection in the static tests.

Fu=01F,, 4.1. Rod interface failure

Predominant failure mode in Pine test specimens with rods

glued in with epoxy adhesives: Sikadur (about 83% of failures), and

Compound (88% of failures). This failure mode also predominated

F =04 Fu (94% of failure) in the Eucalyptus test specimens with rods glued in
with Sikadur epoxy adhesive.

F .=03Fu

m;

Force (kN)

Time (seconds)

4.2. Timber interface failure

Predominant failure mode in the Eucalyptus test specimens with
rods glued in with Compound epoxy adhesive (89% of failures), for
F Z01F the highest gluing moisture contents.

min

Force (kN)

4.3. Combined timber/rod interface failure

Failure mode observed in the Eucalyptus test specimens with rods
glued in with Compound epoxy adhesive (about 12% of failures).
F . =05Fu This failure mode was also found in the Pine test specimens with

rods glued in with Compound adhesive (11% of failures).

Time (seconds)

4.4. Combined rod interface/timber substrate failure

Force (kN)

Pullout failure mode in the Pine test specimens with rods glued
in with Sikadur epoxy adhesive (10% of failures).

Fra=01F, 4.5. Steel rod failure

Failure mode observed in the Pine (7% of tailures) and Eucalyptus
(6% of failures) test specimens with rods glued in with Sikadur epoxy
Figure 3. Fatigue test parameters. adhesive, at fewer cycles than the material’s data would suggest. This

(b) (©
(e) (H

Time (seconds)

(@)

Figure 4. Different failure modes observed in the fatigue tests.
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fact may be attributed to the threaded surface of the rods, which acted
as a series of stress-raising notches. This result also indicates the
influence of the sample’s geometry on its fatigue behavior.

4.6. Cohesive failure of the adhesive

This failure mode, which was observed only in the test specimens

with rods glued in with PUR Purweld 665 (100% failure), was at-
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Figure 5. Fatigue performance of the epoxy adhesives — Moisture = 12%.
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Figure 6. Fatigue performance of the epoxy adhesives — Moisture = 17%.
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ed to the formation of CO, bubbles in the bond, which reduced

the effective area of cohesion due to the reaction of the adhesive with
the moisture in the wood.

4.7. Fatigue graphs

F

igures 5 to 8 show the data obtained from the fatigue tests at

R = 0.1 (i.e., maximum tensile load = 10x minimum tensile load),
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Table 2. Failure modes observed in fatigue tests — Pinus taeda.

Adhesive Failure modes recorded
@ ® @© @ @© @®
Sikadur * * i
Compound * *
Purweld 665 *

Table 3. Failure modes recorded in fatigue tests — Eucalyptus citriodora.

Adhesive Failure modes
@ ® © @ @ ®
Sikadur * *
Compound * *

Table 4. Ultimate strength of the connection in the specimens — Static tests.
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illustrating the performance of each specimen and presented in the
form of cycles to failure.

The experimental data were to fit with a linear approximation in
a log graph. In this case, the linear approximation was used to get
better and to facilitate the visualization of the results. The fatigue lives
illustrated in Figures 5-8 illustrate the performance of specimens for
a total 1 x 10° load cycles through variations of forces and stress.
This is the order that would be expected from variable tensions tests
at R = 0.1. It must be noted that observations and projected fatigue
lives presented herein must be taken in the context of extrapolations
based upon a limited data set.

5. Conclusions

The results of the fatigue tests indicated that the test specimens
composed of rods glued into Eucalyptus citriodora wood blocks
showed higher anchoring strength than the rods glued into the Pinus

Adhesive F, (kN)
Pinus taeda Eucalyptus citriodora
U=12% U=17% U=22% U=12% U=17% U=22%
Sikadur 7.42 5.82 11.52 5.76 10.89 8.06
Compound 4.04 397 3.06 6.90 3.98 3.60
Purweld 665 - - 0.97 - - -
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Figure 7. Fatigue performance for the epoxy adhesives — Moisture = 22%.
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Figure 8. Fatigue performance of the PUR adhesive — Moisture = 22%.

taeda test specimens. The tests also revealed that increasing the level
of loading substantially reduced the number of cycles to failure of
the connections. The pullout strength of the connection after a total
of 1 x 10 cycles (with R = 0.10) was 50% lower than its pullout
strength in a single loading cycle.

Most of the fatigue failure modes were similar to those observed
in the counterpart static tests. In other words, except for the rod fail-
ure mode, the fatigue failure modes were relatively consistent with
those observed in the static tests. The fatigue behavior was affected
by the moisture content and type of adhesive used. In general, the
higher the wood moisture content the lower the anchoring strength
of the steel rod.

The steel rods glued in with Sikadur 32 epoxy adhesive showed
an excellent performance at all the moisture contents analyzed: 12,
17 and 22%, and the predominant failure mode, in this case, was
rod interface failure. The steel rods glued in with Compound epoxy
adhesive also presented good results at a wood moisture content of
12%. The PUR adhesive was found to be unsuitable for bonding
rods in timber test specimens because the surface of PUR adhesive
often contains CO, which forms bubbles in the bond, weakening its
effective cohesion.
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Fatigue failure may occur in any of the materials of the connec-
tion, i.e., steel rod, adhesive, or timber. The fatigue behavior exhib-
ited a visible impact, damaging mainly the steel rods. This behavior
represents a potential fatigue risk of glued in rods used to form the
connection in log-concrete composite bridge decks.
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