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Executive Summary 

Joints utilizing glued-in steel rods have been used for many years.  Nowadays, these joints are a 

successful solution for connecting new and reinforcing existing members in timber structures.  

Their main advantage is that the connection itself is concealed within the timber member, 

effectively providing the joint with a higher fire rating as well as a more aesthetically pleasing 

“look” in comparison with traditional dowel-type connections.  Since the 1980s, extensive 

research has been conducted to better understand and predict the performance of joints with 

glued-in steel rods.  Unfortunately, no consensus has been agreed upon by the research 

community and the best design guidance remains an informative annex to Eurocode 5 part 2 

(EN 1995).  Furthermore, most of the research has been conducted specifically on perfectly 

centric placed single rods, and very little tests have been carried out on connections with 

manufacturing inaccuracies or multiple glued-in rods.   

This project focused on conducting tests of joints with single and multiple glued-in steel rods 

under uniaxial tension loads.  First, tests were carried out utilizing a single mild steel threaded 

rod in a glulam member, followed by similar uniaxial tension tests on glulam members with 

multiple glued-in rods.  In addition, a series with single glued in rods was manufactured with 

“defects” to determine the effects, if any, that these manufacturing errors cause on the 

performance of this type of connections. The objectives of this project were:  

i) Determine the performance and parameters affecting the behavior of joints using a 

single glued-in steel rod (Phase #1).  

ii) Gain insight on the influence that manufacturing defects can potentially have on the 

performance and behavior of joints using a single glued-in rod (Phase #2). 

iii) Determine the performance and parameters affecting the behavior of joints using a 

multiple glued-in rods (Phase #3). 

iv) Study the effects that the tested parameters (type of glue, embedment length and 

spacing between rods) have on the failure mode of glued in rods to safely predict the 

conditions upon which a ductile type failure mode will occur. 

v) Serve as platform for continuing studies on glued in steel rod connections.   
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In Phase #1, three different types of adhesives (a two-component Polyurethane, a high viscosity 

Epoxy, and a low viscosity Epoxy), two different rods diameters, d, (1/2” an 3/4") and five 

different embedment lengths (5d, 7.5d, 10d, 15d and 20d) were studied in a total of 200 tests.  

The results provided insight on the “ductility threshold” for glued-in steel rod connections.  For 

rod diameters of 1/2", ductility was attained in 100% of tested samples when the embedment 

length of the rod was equal or larger 10d.  For 3/4" rods, ductility at 10d embedment length 

occurred in 79% of the samples, implying that the “ductility threshold” occurs past this 

embedment length.  In terms of brittle timber capacity (for smaller embedment lengths), all 

tests specimens with the same rod diameter had similar capacities; with GelMagic® leading to 

slightly higher capacities but higher coefficient of variation and Purbond CR-421 producing the 

most consistent results.   

In Phase #2, two types of manufacturing inaccuracies were studied (“Eccentric rods and rods 

inserted at an angle) on 1/2” diameter rods.  Manufacturing defects did not reduce capacity if 

the connections were designed with embedment lengths longer than their “ductility threshold”.  

All specimens for both manufacturing errors, with embedment lengths of 10d or larger, failed in 

ductile rod yielding just as the specimens that were produced with centric rods.  The stiffness of 

the connection, however, was affected; it was consistently lower for specimens with their rods 

“eccentric” and utilizing the GelMagic® adhesive, while the stiffness using Purbond CR-421 was 

not decreased. 

In Phase #3, only the best performing adhesive (Purbond CR-421) was used to test specimens 

with two, three, and four rods in parallel with different spacing between them were produced 

and tested demonstrating the importance of rod spacing.  Previous research suggested that 

spacing larger than 3d was “safe”; yet, this project showed that this spacing should be at a 

minimum 4d to prevent premature wood splitting which effectively reduces the connection 

capacity.   

This project was carried out at the University of British Columbia Vancouver (UBC) as part of a 

MASc thesis in collaboration with nicolalogworks and with material support by Purbond AG 

and financial support from NSERC through and Engage grant.  
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Materials & Methods 

Specimen description 

The experimental campaign for this research project consisted of 3 separate test phases and 

was carried out at the UBC Materials and Wood Mechanics laboratories between the months of 

January and October of 2014. 

The experimental series were: 

i) Phase #1: Specimens with a single steel glued in rod 

ii) Phase #2: Specimens with a single steel glued in rod with a manufacturing defect 

iii) Phase #3: Specimens with multiple steel glued in rods 

All specimens in each of the test phases had a similar layout.  For specimens with 1/2” rods in 

Phase #1 and #2, the specimen cross section was 79 x 79mm. For specimens with 3/4” rods in 

Phase #1 the cross section was 114 x 114mm.  For specimens in Phase #3, where the number of 

rods varied, the depth was 79mm and the specimen width varied according to the number of 

rods.  Finally, the edge distance between rod and the edge of the timber member was kept 

constant for all specimens at 3d.   

Past research on glue-in rod connections suggests that pull-pull loading conditions using 

specimens with glued in rods in both ends of the specimens is optimal.  Yet, in order to reduce 

fabrication time and the quantity of materials utilized in this project, only one threaded rod was 

inserted per test sample.   

Materials  

Connections with glued in rods are complex hybrid joints as they involve three different 

materials simultaneously resisting the external loads (timber, rod and adhesive).  Consequently, 

the axial capacity of glued in rods is strongly related to the timber species, the type of rod 

material and the adhesive type.  For this particular project, both timber species and rod 

material were kept constant while different adhesive types were studied.   
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All test specimens were fabricated using Douglas-Fir 20f-E grade glulam as the timber member 

and mild grade steel (F’y=~410MPa, experimentally confirmed on five randomly selected parts) 

threaded rebar as rod material.  It is important to mention that moisture measurements were 

performed on all specimens before testing. The average moisture content (MC) was 11.0% 

across all three phases with maximum and minimum values of 13.8% and 9.0%. 

Threaded rods were chosen because they provide the benefit that load-transfer can be 

assumed to occur entirely through mechanical interlock of the threads with the adhesive, 

instead of through bonding between adhesive and rod material.  Mild grade steel was chosen in 

order to facilitate a ductile type of failure.  Figure 1 shows the typical timber and rod materials 

utilized throughout the project.   

 

Figure 1 – Timber member (left) and mild steel threaded rods (right) 

For Phase #1 & #2 three types of adhesives were considered: 

i) CR-421 by Purbond®, (two-component Polyurethane) 

ii) T88® by System Three® (Low viscosity Epoxy) 

iii) Gel Magic® by System Three® (High viscosity Epoxy) 

For simplicity, from this point onwards adhesives will be referred to using their commercial 

names; CR-421®, T88® and GelMagic®.  All three adhesives were used in phases #1 and #2; only 

CR-421® was utilized for Phase #3.  Figure 2 shows the three types of adhesives used 

throughout this project.   



4 

 

 

Figure 2 - CR-421® (left) and T88® & GelMagic® (right) adhesives  

Manufacturing process 

Fabrication of the test samples consisted of 4 steps.   

First, the timber members were cut into their test dimensions from a larger 6m long beam.  

Blind holes were drilled where each rod would be subsequently embedded.  The embedment 

length, L, was varied throughout the testing campaign.  This blind hole, with diameter D, was 

constantly 4mm larger than the rod diameter, d, in order to maintain a constant thickness of 

the glue line of approximately 2mm.  Side holes were drilled into the specimens for 

subsequently attaching them with steel bolts to metal side plates.  These bolted connections 

were intentionally “over-designed” to guarantee failure in the glued-in rod connection and 

correctly capture the glued in rod joint performance and capacity, rather than the hold down 

fixture’s capacity.  Efficiency for this task was high as all specimens were cut and all holes were 

drilled using UBC’s CNC heavy timber processor Hundegger® Robot Drive.   

Second, all threaded rods were cut to their appropriate lengths for gluing using a simple rebar 

cutter.  The rods were used in their original state as delivered by the supplier; no cleaning 

solvents or liquids were used on the rods prior to gluing to re-create on-site conditions as 

closely as possible.   

Third, using a standard gluing (or caulking) gun, the required amount of adhesive was pushed 

into the blind holes and the rods were glued into their timber members.  Various different 
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methods for fabrication exist. Herein, to center the rods, toothpicks were utilized, as illustrated 

in Figure 3, for its simplicity and popularity for on-site applications among local fabricators.  

Furthermore, in order to minimize the amount of entrapped air inside the adhesive after 

insertion, a twisting motion was used when inserting the rods.   

Fourth, the glued test specimens were left to air-cure overnight in the workshop. The following 

morning the test samples were placed into a constant temperature and humidity room (20°C 

and 65%RH) for final curing, lasting at least 21 days before testing to achieve maximum 

adhesive performance.   

 

Figure 3 - Rod centering method using common toothpicks 

Test methods 

Taking advantage of the metric threaded rods, steel fixtures were fabricated to easily connect 

the rods to the fixture by means of nuts and washers.  This simple approach allowed for an 

efficient test setup and reduced the amount of set-up time between tests.   

Tests of Phases #1 & #2 were carried out utilizing an MTS® universal testing machine (125kN 

capacity) located in the Wood Mechanics Laboratory while the tests of Phase #3 were carried 

out utilizing an Instron® universal testing machine (250kN capacity) in the Materials Laboratory.  

Figure 4 illustrates the general test set-ups. 
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Figure 4 - Test set-up for Phase #1 (left) and Phase #3 (middle) and detail showing 

displacement measurement (right) 

The tests were performed using a displacement based loading protocol with a constant loading 

rate of 1.0mm/min.  This rate was chosen so tests would take between 5-7 minutes each, and 

the loading pattern was still considered quasi-static monotonic.  Linear Variable Differential 

Transformers (LVDT’s), a type of electromechanical transducer, were attached to the test 

specimens to capture the relative displacement between the rod and the timber member.  The 

applied load and the relative displacement were recorded during testing. From the data 

acquired, it was possible then to determine the connection capacity and the load-displacement 

(stiffness) curves.   
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Phase #1: Single glued-in steel rod 

Phase #1: Specimen description 

Phase #1 focused on single and centered glued-in rods.  A schematic is shown in Figure 5.     

 

Figure 5 – Phase #1 test specimen geometry  

Several key parameters were left constant throughout this series:  

i) Edge distance from center of rod to edge of timber specimen (>3d) 

ii) Wood species & Average density (20f-E D.Fir-L with ~520kg/m
3
) 

iii) Orientation of rod relative to wood grain direction (parallel to grain) 

iv) Thickness of glue-line (~2mm) 
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Meanwhile, the varying parameters under investigation for this Series were: 

A. Rod diameter (1/2” and 3/4”) 

B. Effective embedment length (5d, 7.5d, 10d, 15d and 20d for 1/2” rods and 5d, 10d and 

20d for 3/4” rods) 

C. Adhesive type (CR-421®, T88® and GelMagic®) 

 

Phase#1: Test results 

In this phase, five specimens were tested for each embedment length using the same type of 

adhesive; this resulted in 100 specimens tested in total.  Table 1 provides a list of all the test 

series with 1/2” rod diameter as well as their average capacity and Coefficient of Variation 

(COV).  Similarly, Table 2 summarizes the results for the 3/4” rod diameter.  

Figure 6 illustrates that the relative displacement between rod and timber was linear up to 

reaching capacity (either brittle for embedment length smaller than 10d or ductile for greater L 

for rod diameter 1/2").  According to common practice, stiffness was computed for the loading 

range between 10% and 40% of capacity in order to capture the initial stiffness of the joint but 

eliminating the initial slip and non-linarites at higher load levels.   

 

Figure 6 - Sample stiffness curve (GelMagic®, d=1/2”, L=20d) 
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Table 1 - Test series and results for Phase #1 – 1/2" rod diameter 

Rod 

Diameter 

 

Series 

Label 

Embedment 

Length (mm) 
Adhesive 

Avg. 

Capacity 

(kN) 

Coefficient of 

Variation (%) 

Avg. Initial  

Joint 

Stiffness 

(kN/mm) 

1/2" 

A1 

60 (5d) 

CR-421® 29.1 4% 95.2 

B1 T88® 20.7 6% --- 

C1 GelMagic® 29.9 1% 40.8 

A7 85 (7.5d) CR-421® 36.6 8% --- 

A2 

120 (10d) 

CR-421® 45.3 1% 157.5 

B2 T88® 44.4 4% 130.0 

C2 GelMagic® 43.9 4% 53.7 

A8 180 (15d) CR-421® 45.6 <1% --- 

A3 

240 (20d) 

CR-421® 45.5 1% 112.0 

B3 T88® 45.7 <1% 74.5 

C3 GelMagic® 45.4 2% 151.7 

 

Table 2 - Test series and results for Phase #1 – 3/4" rod diameter 

Rod 

Diameter 

(mm) 

Series 

Label 

Embedment 

Length (mm) 

Adhesive 

Type 

Avg. 

Capacity 

(kN) 

Coefficient of 

Variation (%) 

3/4" 

A4 

95 (5d) 

CR-421® 45.5 9% 

B4 T88® 40.2 7% 

C4 GelMagic® 54.5 15% 

A5 

190 (10d) 

CR-421® 87.0 13% 

B5 T88® 77.8 6% 

C5 GelMagic® 90.9 12% 

A6 

380 (20d) 

CR-421® 106.8 1% 

B6 T88® 105.8 2% 

C6 GelMagic® 106.8 2% 
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Phase #1: Discussion 

The experimental campaign on centered single rods proved that the parameters under study 

have an effect on the axial capacity of timber joints with glued-in steel rods.   

The first parameter under study was the rod diameter.  This study confirmed that splitting of 

the timber can be avoided with a minimum edge distance of 2.5d.  Furthermore, the connection 

capacity is almost doubled when using 3/4" rods instead of 1/2".  This increase was expected as 

the capacity depends on the yield strength of the rods.   

The second parameter under study was the embedment length L.  As expected, L governs not 

only axial capacity but also eventual failure mode.  For 3/4" rods, the point at which a ductile 

steel yielding failure mode is attainable is at a higher L/d ratio than for 1/2" rods; herein this 

point is labeled ”ductility threshold”.  For 1/2" rods it occurs at L=10d as all samples with 7.5d 

exhibited a brittle type failure while 100% of samples with 10d failed by rod yielding.  For 

samples with 3/4" rods, at L=10d none of the rods yielded and all specimens exhibited brittle 

wood shear failure. Splitting only occurred in very few specimens with 3/4" rods. The different 

types of failure modes observed in Phase #1 are illustrated in Figure 7.   

Finally, the third varied parameter for Phase #1 was the type of adhesive.  In general, results 

utilizing both epoxies had higher variation, whereas the results for samples using CR-421® were 

more consistent.  In terms of capacity, for short L (before rod yielding occurred) higher results 

were obtained from samples using GelMagic® while T88® resulted in the lowest brittle 

capacities.  These results were consistent for L=5d and 7.5d for 1/2" rods, and for L=5d and 

L=10d for 3/4" rods.  After reaching the “ductility threshold”, the type of adhesive became 

irrelevant as the yield strength of the rods governed the failure.  Therefore, it is safe to 

conclude that for 1/2" and 3/4" mild steel glued in rods, the yield point of the joint is unaltered 

by the type of adhesive.  Furthermore, for connections using CR-421® exhibited a higher 

average initial stiffness (~115 kN/m) than when using either type of epoxy (~80 kN/m).  But all 

adhesives facilitate the fabrication of very stiff connections when compared to other timber 

connections using mechanical fasteners.  
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The results obtained in Phase #1 demonstrate that glued-in rods can be categorized as very 

strong and stiff connections, but ductility can be achieved by choosing an appropriate 

embedment length.  This finding is crucial for the applicability of glued in rod connections in 

moment resisting connections in a seismic active region.  Further studies on this topic should 

focus on ductility and the ability of these connections to dissipate energy under cyclic loading.   

 

Figure 7 – Observed failure modes in phase 1, shear pull-out (left), rod yielding (center) and 

splitting of timber member (right) 
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Phase #2: Single glued-in steel rod with manufacturing defect 

Phase #2: Specimen description 

Phase #2, focused on the behavior of connections with single glued-in steel threaded rods that 

were fabricated with a defect.  The main purpose of this experimental series was to determine 

the effect, if any, that common fabrication errors can have on the connection capacity, stiffness 

and eventual failure mode.  Two common defects are: i) rods that are completely off-set 

(eccentric) to one side of the bore hole  and ii) rods placed at an angle not perfectly parallel to 

the timber member.   

For evaluating the first defect, the rods were placed completely off-set to one side of the bore-

hole to maximize the possible negative effects inherent with this construction error while 

maintaining a parallel orientation relative to the grain of the timber member.  This positioning 

effectively reduces the bond surface area between the adhesive and the timber element.  The 

second defect was created by placing the rods “centered” within the bore-hole plane, but the 

rods were inserted at an angle inside the timber member.  As a result, the rods were not 

parallel but at “an angle” relative to the grain orientation of the timber member.  Schematic 

illustrations of these specimen configurations are illustrated in Figure 8 and Figure 9.  

 

Figure 8 – Test specimen geometry with rod inserted at an angle 



13 

 

 

Figure 9 – Test specimen geometry with eccentric rod 

Phase #2: Test results 

Five specimens were tested for each embedment length using the same type of adhesive and 

for each type of defect; this resulted in 90 specimens tested in total.  For phase #2, only steel 

rods with a diameter of 1/2" were utilized.  A complete specimen list and the test results for 

Phase #2 are presented table 3, 4 and 5 along with a comparison against test results from the 

“control” series of samples with centered rods from Phase #1.   

Table 3- Test series and results for Phase #2 using CR-421® Adhesive  

Rod 

Diameter 

 

 Defect 
Series 

Label 

Embedment 

Length (mm) 

Avg. 

Capacity 

(kN) 

COV (%) 

Stiffness 

(kN/mm) 

1/2" 

“Eccentri

c Rod” 

AX1-i 60 (5d) 28.5 6% --- 

AX2-i 120 (10d) 45.7 <1% 65.2 

AX3-i 240 (20d) 45.6 2% 141.4 

Control 

A1 60 (5d) 29.1 4% 95.2 

A2 120 (10d) 45.3 1% 157.5 

A3 240 (20d) 45.5 1% 112.0 

Rod at 

an Angle 

AX1-ii 60 (5d) 27.9 9% --- 

AX2-ii 120 (10d) 45.7 <1% 63.0 

AX3-ii 240 (20d) 45.5 2% 83.4 
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Table 4 - Test series and results for Phase #2 using T88® Adhesive 

Rod 

Diameter 

 

 Defect 
Series 

Label 

Embedment 

Length (mm) 

Avg. 

Capacity 

(kN) 

COV (%) 

Stiffness 

(kN/mm) 

1/2" 

“Eccentri

c Rod” 

BX1-i 60 (5d) 21.2 5% --- 

BX2-i 120 (10d) 44.8 2% 119.3 

BX3-i 240 (20d) 46.3 <1% 196.5 

Control 

B1 60 (5d) 20.7 6% --- 

B2 120 (10d) 44.4 4% 130.0 

B3 240 (20d) 45.7 <1% 74.5 

Rod at 

an Angle 

BX1-ii 60 (5d) 28.4 13% --- 

BX2-ii 120 (10d) 42.1 11% 111.5 

BX3-ii 240 (20d) 45.2 2% 69.2 

 

Table 5 - Test series and results for Phase #2 using GelMagic® Adhesive 

Rod 

Diameter 

 

 Defect 
Series 

Label 

Embedment 

Length (mm) 

Avg. 

Capacity 

(kN) 

COV (%) 

Stiffness 

(kN/mm) 

1/2" 

“Eccentri

c Rod” 

CX1-i 60 (5d) 25.1 19% --- 

CX2-i 120 (10d) 37.8 17% 118.1 

CX3-i 240 (20d) 45.2 2% 65.3 

Control 

C1 60 (5d) 29.9 1% 40.8 

C2 120 (10d) 43.9 4% 55.9 

C3 240 (20d) 45.4 2% 151.7 

Rod at 

an Angle 

CX1-ii 60 (5d) 28.4 13% --- 

CX2-ii 120 (10d) 42.1 11% 53.7 

CX3-ii 240 (20d) 45.2 2% --- 
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Phase #2: Discussion 

The results gathered in Phase #2 proved that while a slight effect was evident, the 

manufacturing defects explored by this project can be considered non-relevant for the capacity 

of timber connections with glued-in steel rods.  Compared against the capacities of specimens 

that had centered rods, “eccentric rods” showed a minimal reduction on their capacity and 

exhibited a somewhat higher variation in their failure modes, while samples with a rod “at an 

angle” were basically unaffected.  The minor variances observed with “eccentric rods” were the 

following: 

Inserting the rod at an angle proved to bear negligible effect on the average capacity of the 

joint if compared to fully centered glued in rod joints.  This was valid for all rod embedment 

lengths, and all adhesive types that were tested.   

All “eccentric” rod samples showed a reduction in their capacities, at L=5d for all three 

adhesives.  Most significantly, GelMagic® samples had their average capacity reduced by almost 

15%.  The capacities for L=10d and L=20d) of all three adhesives showed no evident effect if 

compared to results gathered from specimens without defects.   

For L=10d (rod d=1/2”), both CR-421® and T88® had similar results as centered rod samples as 

their rods achieved yielding and therefore a ductile type of failure mode.  GelMagic® samples 

on the other hand, had their average capacity reduced by about 13% and some of the samples 

did not achieve rod yielding as they failed through a combination of specimen splitting and 

wood shear pull-out.  Finally, all samples with L=20d) were unaffected and all samples achieved 

a ductile failure mode for both types of defects.  

For test samples using GelMagic® and L= 5d, the brittle type of failure was also a bit different 

that for test specimens with rods inserted at an angle and centered rods.  Typically, either 

splitting of the timber member or a shear pull-out failure around the inserted rod was 

expected.  Yet, due to the fact the rod’s bond surface area was effectively reduced by placing it 

offset within the bore hole, some “de-bonding” failures were observed with few wood fibers on 

the pulled out block. This poorer bonding could eventually explain the reduction in capacity. 

These observed failure modes are illustrated in Figure 10.  
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Lastly, all specimens with an “eccentric” rod, for all three tested adhesives, showed an increase 

in the average initial stiffness if compared to test specimens without manufacturing defects.  

On the contrary, specimens with rods inserted at an angle for all embedment lengths and 

adhesive types, showed a lower initial stiffness than fully centered samples.  Even though these 

reductions were evident, joints having any of the prescribed manufacturing defects had an 

average initial stiffness in excess of 60kN/mm.  Consequently, they can still be described as a 

very rigid connection.  

 

Figure 10 - Brittle failure modes for specimens with eccentric rods 
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Phase #3: Multiple glued-in steel rods 

Phase #3: Specimen description 

For this experimental phase, the following parameters were left constant: 

i) Rod diameter (1/2”) 

ii) Two-component Polyurethane adhesive (CR-421®) 

iii) Edge distance from center of rod to edge of timber specimen (>3d) 

iv) Wood species & Average density (20f-E D.Fir-L with ~540 kg/m
3
) 

v) Orientation of rod relative to wood grain direction (parallel to grain) 

vi) Thickness of glue-line (~2mm) 

Meanwhile, the parameters varied for this phase were: 

A. Number of Rods (2, 3 and 4) 

B. Effective embedment length (5d, 7.5d, 10d, and 15d)  

C. Rod Spacing, S (varied as a function of Rod diameter, 3d, 4d and 5d) 

Figure 11 shows some examples of test specimens of phase #3 prior to testing, while Figure 12 

shows the schematic layout for samples in Phase #3. 

.  

Figure 11 – Test specimens with multiple glued-in rods 
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Figure 12 - Phase #3 test specimen geometry 

Similarly performed as in Phases #1 and #2, data was collected during tests using LVDT’s.  For 

Phase #3, each individual rod had its own LVDT and therefore data was collected for each rod 

independently.  With this data the stiffness curves were recreated for the test samples utilizing 

the average of the rods within each test specimen.  By doing so, the recreated stiffness curves 

effectively capture the relative displacement of the joint as a whole, instead of as a set of 

individual responses.   

Phase #3: Test results 

Three specimens were tested for each test series with a specific embedment length, while 

varying the number of rods and spacing between the rods within each series.  This resulted in 

99 total specimens tested for this experimental series.  Table 6 and Figures 13 and 14 

summarize the results.   
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Table 6 – Test series and results for Phase #3 

# Rods 
Embedment 

Length (mm) 

Spacing 

rods (mm) 

Series 

Label 
Capacity (kN) COV (%) 

Stiffness 

(kN/mm) 

2 

60 (5d) 

36 (3d) M1-A 29.8 18% 92.5 

48 (4d) M1-B 36.5 17% 201.9 

60 (5d) M1-C 49.6 11% 142.5 

85 (7.5d) 

36 (3d) M10-A 62.3 14% --- 

48 (4d) M10-B 67.7 9% --- 

60 (5d) M10-C 58.21 17% --- 

120 (10d) 

36 (3d) M2-A 83.3 8% 91.9 

48 (4d) M2-B 73.6 26% 172.7 

60 (5d) M2-C 87.1 4% +400.0 

180 (15d) 

36 (3d) M3-A 89.2 17% 82.0 

48 (4d) M3-B 101.5 <1% 121.0 

60 (5d) M3-C 100.6 1% 76.0 

3 

60 (5d) 

36 (3d) M4-A 67.5 9% 221.0 

48 (4d) M4-B 58.4 2% +400.0 

60 (5d) M4-C 68.2 8% 154.1 

85 (7.5d) 

36 (3d) M11-A 74.2 17% --- 

48 (4d) M11-B 99.5 14% --- 

60 (5d) M11-C 90.8 14% --- 

120 (10d) 

36 (3d) M5-A 108.1 7% 348.9 

48 (4d) M5-B 115.8 16% +400.0 

60 (5d) M5-C 112.2 18% 398.2 

180 (15d) 

36 (3d) M6-A 110.8 5% +400.0 

48 (4d) M6-B 123.8 30% 326.8 

60 (5d) M6-C 149.3 2% +400.0 

4 

60 (5d) 

36 (3d) M7-A 70.8 7% 204.2 

48 (4d) M7-B 70.3 2% +400.0 

60 (5d) M7-C 98.7 6% +400.0 

85 (7.5d) 

36 (3d) M12-A 102.2 4% --- 

48 (4d) M12-B 129.0 2% --- 

60 (5d) M12-C 129.7 19% --- 

120 (10d) 

36 (3d) M8-A 136.3 5% +400.0 

48 (4d) M8-B 149.6 7% +400.0 

60 (5d) M8-C 155.9 9% 217.5 

180 (15d) 

36 (3d) M9-A 201.3 <1% +400.0 

48 (4d) M9-B 201.6 <1% 397.3 

60 (5d) M9-C 190.5 6% +400.0 
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Phase #3: Discussion 

Results validated the assumption that the varied parameters under study have a significant 

impact on the capacity, yet after careful analysis some particularities appeared. The first varied 

parameter was the number of rods.  As expected, as the number of embedded rods increases, 

so does the capacity of the connection.  This relationship – if the rods are embedded deep 

enough to facilitate steel yielding – is linear, e.g. by doubling or tripling the number of rods, the 

capacity increases twofold and threefold, respectively. Second, the embedment length was 

varied.  Similar to tests with single rods, rod yielding occurred for L>=10d, 1/2" mild steel rods.  

This assertion is deeply intertwined with the last parameter under study, rod spacing S between 

rods in the same sample.   

Third, the rod spacing was varied. For ductility to be achieved in the connection, any brittle type 

of failure had to be prevented by sufficient rod spacing. A minimum of S=3d is recommended in 

the literature to avoid group effects that lead to wood related brittle type of failures.  Yet, after 

analysis of the data in this project, and to safely guarantee that ductility can be reached using 

L=10d embedment with 1/2" mild steel rods, S>4d has to be recommend.  The group effect of 

having the rods placed close to each other manifested itself with a sudden, dramatic splitting 

failure of the timber member.  The failure initiated from the loaded face where the rods were 

inserted.  This was observed for all test samples under these conditions.  Contrary to what was 

suggested, a “group tear out” was not observed during failure. Some examples of the observed 

brittle failure modes for Phase #3 are shown in Figure 13. 

    

Figure 13 –Pull-out Shear Failure (left), Splitting failure caused by short rod spacing (3d) 
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Furthermore, rod spacing also had a significant impact on the connection capacity.  For 

example, in some cases, even samples with a much smaller rod embedment length but with 

higher rod spacing can have similar or higher ultimate capacity than samples with a higher rod 

embedment length but smaller rod spacing distance.  Figure 14 illustrates this finding. 

 

Figure 14 - Effect of Rod Spacing on Joint Capacity 

Results also showed that connections with fewer rods but larger S can have similar capacity as 

connections with more rods and smaller S (same L); e.g. specimens with 2 rods at L=15d and 

S=5d had an average capacity of 100kN while 3 rods at L=15d and S=3d shad an average 

capacity of 110kN.  These results reinforce the significance in the role that rod spacing as a 26% 

reduction in capacity per glued in rod occurred for this case.  Figure 15 illustrates this example.  

 

Figure 15 - Effect of Rod Spacing on Joint Capacity 
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Stiffness for these types of joints can safely be deemed very rigid.  For specimens with the same 

number of rods, the initial stiffness tends to increase when increasing the rod embedment 

length. Moreover, test specimens with different number of rods at L=15d and S=5d (all of which 

failed governed by rod yielding) exhibit very similar initial stiffness values.  These results can be 

seen in Figure 16. 

 

Figure 16 - Stiffness Curves for Multiple Glued in rod specimens with L=180mm & S=5d 

Finally, some inconsistencies were observed that should lead to further investigation in 

subsequent research projects.  All steel rods were tested in tension before testing and their 

experimental yielding capacity was observed at 45kN.  Results obtained in Series 1 and 2 of this 

project also validated this result.  Yet, in phase #3, all test samples that ultimately failed in a 

ductile manner exhibited an increase in connection capacity of 11%.  Yielding occurred at 

100kN for samples with 2 rods, at 150 for samples with 3, and at 200 for samples with 4 rods.  

Predictions suggested yielding should have occurred at 90kN, 135kN and 180kN, respectively.  

This increase could possibly be caused by minor variations in the yield strength of each rod that 

consequently leads to a redistribution of forces after yielding occurs.  A more in-depth analysis 

of this finding will be carried out. 
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