
Round holes in glulam beams arranged ec-
centrically or in groups 
 
 

Martin Danzer, Philipp Dietsch and Stefan Winter 

Chair of Timber Structures and Building Construction 

Technical University of Munich 

 

 

Keywords: timber, glulam beams, holes, holes arranged eccentrically, groups of holes, 
reinforcement 

 

 

1 Introduction 
The current edition of the European Timber Design Code EN 1995-1-1 (2004) does not 
contain design provisions for holes in beams. The German National Annex DIN EN 
1995-1-1/NA (2013) provides such design and construction rules, which are, however, 
restrictive with regard to the positioning of holes in the beam. Experimental investiga-
tions in the form of small- and large-scale tests and numerical investigations on round 
holes in glulam beams were realized considering the unreinforced as well as the rein-
forced state in the form of fully threaded screws and threaded rods. The objective was 
to generate an experimental basis for deriving a design format and to study the general 
structural behaviour as well as the influence of parameters like eccentricity over the 
beam height, clear distance between two holes and effect of reinforcement.     

 

2 Experimental investigations 
Basis of the experimental investigations were two test series in the form of small-scale 
tests (b x h = 120 mm x 400 mm) and large-scale tests (b x h = 200 mm x 1000 mm). 

2.1 Test program  

In Figure 1 the main configurations of the small-scale tests are shown. With respect to 
eccentric arrangements of individual holes the location was varied in four steps 
(e / h = ± 0.175; ± 0.100), regarding groups of holes arranged in horizontal direction the 
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clear distance was varied in three steps (lz = 1.05 h; 0.70 h; 0.35 h). To enable a compar-
ison between the aforementioned configurations a consistent hole diameter 
d / h = 0.35 was chosen. Groups of holes arranged in vertical direction were tested in 
only one configuration with a smaller hole diameter d / h = 0.25 due to fewer possibili-
ties in variation given by the geometry. The configuration for comparative tests on in-
dividual holes is not shown separately in Figure 1. For these tests, only two new speci-
mens were available. All other configurations consisted of three specimens. The mate-
rial used was glulam GL 28h. For the reinforced specimens two fully threaded screws 
d = 10 mm arranged over the beam width were used. The inclination between screw 
axis and fibre direction was set to α = 60° in most cases, except α = 90° in case of the 
vertical group. For further information see Danzer et al. (2017). 

 
Figure 1: Configurations of the small-scale tests 

In the large-scale tests two configurations of individual holes arranged eccentrically 
(e / h = ± 0.175), one configuration of a horizontal group (lz = 0.35 h) and one configura-
tion of a vertical group (lz = 0.20 h) were tested, see Figure 2. All configurations were 
reinforced by two screwed-in threaded rods d = 16 mm arranged over the beam width. 
Based on results of numerical investigations the inclination of the reinforcing elements 
in the configurations individual hole (e / h = 0.175) and vertical group was adapted to 
α = 45°. In addition, two configurations of individual holes (d / h = 0.40; e / h = ± 0.100) 
were tested without reinforcement under pure bending moment. Each configuration 
consisted of four specimens. Two out of the four specimens corresponded to strength 
class GL 24h and two corresponded to strength class GL 28h, respectively.  
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Figure 2: Configurations of the large-scale tests 

 

2.2 Results 

Due to the failure characteristics the tests results given in the following were differen-
tiated according to the three steps crack initiation in the middle of the cross sectional 
width, full crack over the whole beam width and ultimate load. 

 Individual holes arranged eccentrically (d / h = 0.35) 

In case of the small-scale tests in the unreinforced state only a marginal influence of 
the eccentricity can be stated for all three levels of failure, see Figure 3. In the rein-
forced state the influence of the eccentricity at the load levels full crack and ultimate 
load was more pronounced in the form of decreasing load-bearing capacities when 
grouping the eccentricity from the edge under compressive bending stresses to the 
edge under tensile bending stresses. In comparison to the unreinforced state load in-
creases of up to 98 % could be observed, depending on the eccentricity. 

In the large-scale tests a similar structural behaviour when compared to the small-scale 
tests could be observed. Comparing the ratios of the ultimate loads reached for the 
two extreme eccentricities in both test series reveals a marginally higher value in case 
of the large-scale tests (0.77 instead of 0.72). This means that the adapted inclination 
of reinforcement (α = 45°) resulted in a slightly better performance. 
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Figure 3: Test results for individual holes arranged eccentrically (d/h = 0.35); left: small-scale tests; 
right: large-scale tests 

 Groups of holes arranged in horizontal direction (d / h = 0.35) 

In case of the small-scale tests in the unreinforced state a decreasing clear distance 
resulted in decreasing load-bearing capacities to a minimum level of about 73 % in case 
of the smallest clear distance, see Figure 4. The group arrangement with the largest 
clear distance failed at only negligibly lower loads when compared to the results for 
the individual holes. In the reinforced state neither in the small-scale tests nor in the 
large-scale tests a clear statement is possible at the load level ultimate load due to 
premature beam failure in global bending/shear distant to the holes. 

  
Figure 4: Test results for groups of holes arranged in horizontal direction (d/h = 0.35); left: small-scale 
tests; right: large-scale tests 

 Groups of holes arranged in vertical direction (d / h = 0.25) 

In case of the small-scale tests in the unreinforced state only a small mutual influence 
of the group arrangement could be observed compared to the individual holes, see 
Figure 5. However, the percentage load increases in the reinforced state are small in 
comparison to those of the individual holes with inclined applications of the reinforce-
ment. Reasons are different failure modes but also a small reinforcing effect as a result 
of an application under α = 90°.  
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Figure 5: Test results for groups of holes arranged in vertical direction (d/h = 0.25); left: small-scale 
tests; right: large-scale tests 

At ultimate load levels calculated load-bearing capacities in shear based on the gross 
cross-sections reveal similar values for small- and large-scale tests. The larger area ex-
posed to shear in case of the large-scale tests, resulting in smaller estimated shear 
strength, indicate the higher reinforcing effect of the application under α = 45°.  

 Individual holes arranged eccentrically under pure bending moment (d / h = 0.40) 

The observed failure of both configurations at the ultimate load level was a bending 
tension failure in the region of the hole. At the levels of crack initiation and full crack 
almost no difference in load level can be seen for the two configurations, see Figure 6. 
At the ultimate load level the influence of the hole located in the bending tension zone 
was more pronounced. 

 
Figure 6: Test results for individual holes arranged eccentrically under pure bending moment (d/h = 
0.40) 

In addition to stresses in tension perpendicular to the grain and shear also concen-
trated stresses in grain direction occur close to the hole edges above and below the 
hole. According to numerical simulations the magnitude of these stress concentrations 
can be several times higher than the bending stresses at the beam edge, see Figure 7 
for an exemplary location of the hole in the area of compressive bending stresses. To 
further investigate that behaviour strain gauges were placed on some specimens at 
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the hole edge inside the hole and in the direct vicinity of the hole edge as well as the 
beam edge.  

 

 

 
 

 
 

 
 

Figure 7: Strain measurements to investigate the concentration of stresses in direction of the grain 
around the hole (specimen no. 1, GL 28h, e/h = -0.10) 

A comparison of the results at the hole edge and the beam edge confirms the results 
of the numerical investigations in the form of significantly higher values at the hole 
edge. Up to a moment M = 600 kNm an approximately linear elastic behaviour can be 
observed at the hole edge. Further load increase results in a disproportionate strain 
increase, i.e. a plastic behaviour. Analysing the strain gauges at the side face it can be 
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seen that the stress concentration decreases rapidly with increasing distance to the 
hole edge and that the extension of the plastic zone increases with further load in-
crease. 

For the configuration with the hole in the area under bending tension also significantly 
higher strains were measured at the hole edge. In contrast to the arrangement in the 
area of compressive bending stresses a linear elastic behaviour was observed until fail-
ure at ultimate load. 

 

3 Numerical investigations 
3.1 Influence of eccentricity 

In general, placing a hole in a timber beam has an effect on all three stress compo-
nents, σm, σ90 and τ. The structural behaviour can always be derived from the shares of 
the stress distributions σm and τ of the gross cross-section, which cannot be transferred 
through the hole and thus have to be redistributed around the hole, see Figure 8.  

 
Figure 8: Shares of the stress distributions which have to be redistributed around the hole 

In case of the distribution of shear stresses τ the magnitude of this share slightly de-
creases with increasing eccentricity. In case of the distribution of bending stresses σm 
the magnitude of this share significantly increases. Thus an increasing eccentricity has 
a positive effect on the structural behaviour in case of a shear force V and a negative 
effect in case of a moment M. For each consideration of the influence of a hole a su-
perposition of these contrary effects of different magnitude is necessary. Thus, the 
location of the hole in the beam (e / h, M / V) is decisive to determine its entire effect. 

Exemplarily this behaviour can be illustrated by means of resulting load-bearing capac-
ities in tension perpendicular to the grain in the unreinforced state. Load-bearing ca-
pacities were determined by numerical simulations, that were combined to a Weibull 
based design approach, investigated by Höfflin (2005) for centrically located holes. In 
Figure 9 the resulting load-bearing capacities are shown for two different hole diame-
ters in dependence of the location in the beam (b x h = 120 mm x 400 mm). The assumed 
strength in tension perpendicular to the grain for a reference volume V0 = 0.01 m³ was 
ft,90,mean = 0.83 N/mm². For very small ratios of M/V (marginal influence of M) the influ-
ence of the eccentricity is slightly positive but becomes more negative with increasing 
ratio M/V (increasing influence of M). 
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Figure 9: Load-bearing capacities in tension perpendicular to the grain (b x h = 120 mm x 400 mm) 

 

3.2 Effect of reinforcement 

To quantifiy the effect of the reinforcement, the configurations of the eccentrically 
located holes of the small-scale tests were investigated in numerical simulations, sep-
arating between tension perpendicular to the grain and shear. Reinforcement by two 
fully threaded screws d = 10 mm over the beam width with different inclinations but 
constant distance between screw axis and hole edge was considered. For general mod-
elling of the reinforced state, experiments to determine the axial stiffness between 
screw and timber and validation of the numerical model it is referred to Danzer et al. 
(2016) and Danzer et al. (2017). 

 Effect of reinforcement regarding tension perpendicular to the grain 

In Figure 10 the effect of different inclinations of the reinforcing elements regarding 
tension perpendicular to the grain is displayed. In analogy to the unreinforced state 
the Weibull-based design approach also was used for the reinforced state. Clearly vis-
ible are the higher load-bearing capacities in the cases of an inclined application. For 
locations of the holes in the area under compressive bending stresses α = 60° reveals 
the highest values, for locations of the holes in the area under tensile bending stresses 
α = 45° reveals the highest values. 

 
Figure 10: Load-bearing capacities in tension perpendicular to the grain without/with reinforcement 

The numerical results determined for the unreinforced state show good agreement 
with the experimental results, the results determined for the reinforced state tend to 
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underestimate the experimental results, see Danzer et al. (2016) and Danzer et al. 
(2017) for an in-depth comparison. 

 

 Effect of reinforcement regarding shear 

To quantify the effect regarding shear, distributions of shear stresses were determined 
along two paths representing planes of potential crack formation, extended from the 
middle of the hole towards the beam end/midspan. In addition, the axial forces in the 
reinforcing elements were determined and displayed at the side of the diagrams. Fig-
ure 11 exemplarily shows the results for the eccentricity e / h = - 0.175 in the uncracked 
state.  

 

e / h = - 0.175 

  

Figure 11: Distributions of shear stresses along two paths representing planes of potential crack for-
mations 

Regarding the reduction of shear stresses in dependence of the inclination of the rein-
forcing elements an inclination of α = 90° shows almost no effect due to the low stiff-
ness perpendicular to the screw axis. Inclined applications result in a more pronounced 
reduction whereby the largest effect is obtained for an inclination of α = 45°. 
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4 Design approach 
4.1 Individual holes arranged eccentrically 

Basis of the following design approach is a parametric study within the context of nu-
merical simulations (b/h = 120 mm/400 mm; V = 10 kN; M = 16 kNm). The results re-
ceived therein were benchmarked against the experimental results. A comparison of 
test results and estimated load-bearing capacities based on Weibull theory showed 
good agreement (see Danzer et al. (2016) and Danzer et al. (2017) for more infor-
mation), hence it was decided to transfer this approach into the existing design format 
of the German National Annex DIN EN 1995-1-1/NA (2013), see equations (1) to (9). 

𝐹𝑡,90,𝑉
𝑙𝑡,90,𝑉

+
𝐹𝑡,90,𝑀
𝑙𝑡,90,𝑀

0.5 ⋅ 𝑏 ⋅ 𝑘𝑣𝑜𝑙 ⋅ 𝑓𝑡,90
≤ 1.0 

(1) 

with 𝐹𝑡,90,𝑉,𝐼/𝐼𝐼𝐼 =
𝑉 ⋅ 0.7 ⋅ 𝑑

4 ⋅ ℎ
⋅ [3 − (

0.7 ⋅ 𝑑

ℎ
)
2

] ⋅ 𝑘𝑒𝑐𝑐 (2) 

 𝑘𝑒𝑐𝑐 = 0.1 +
𝑑

ℎ
+ 4.5 ⋅

ℎ𝑟𝑜/𝑟𝑢

ℎ
+ 0.2 ⋅

𝑑

ℎ
⋅
ℎ𝑟𝑜/𝑟𝑢

ℎ
− 4.9 ⋅ (

ℎ𝑟𝑜/𝑟𝑢

ℎ
)

2

 (3) 

 𝑙𝑡,90,𝑉,𝐼/𝐼𝐼𝐼 = 1.3 ∙ 𝑑 (4) 

and 𝐹𝑡,90,𝑀,𝐼 = 𝑀 ⋅
𝑑

ℎ3
⋅ 𝑀𝑎𝑥 {

−0.62 ⋅ (𝑒 − 0.13 ⋅ 𝑑)

−0.2 ⋅ (𝑒 − 0.45 ⋅ 𝑑)

0.3 ⋅ (𝑒 − 0.08 ⋅ 𝑑)
} (5) 

 𝑙𝑡,90,𝑀,𝐼 = 0.8 ∙ 𝑑 ⋅ (1 −
𝑒

𝑑
)              𝑤𝑖𝑡ℎ 0.6 ⋅ 𝑑 ≤ 𝑙𝑡,90,𝑀,𝐼 ≤ 1.0 ⋅ 𝑑 (6) 

 𝐹𝑡,90,𝑀,𝐼𝐼𝐼 = 𝑀 ⋅
𝑑

ℎ3
⋅ 0.22 ⋅ (𝑒 + 0.19 ⋅ 𝑑) (7) 

 𝑙𝑡,90,𝑀,𝐼𝐼𝐼 = 0.4 ∙ 𝑑 (8) 

 𝑘𝑣𝑜𝑙 = (
𝑉0

0.072 ⋅ 𝑏 ⋅ 𝑑2 ⋅ 𝜋
)
0.2

         𝑤𝑖𝑡ℎ 𝑉0 = 0.01𝑚
3 (9) 

 

According to equation (1) the load cases shear force V and moment M are considered 
with individual distribution lengths lt,90 in the form of a simplified addition regardless 
the differing locations of the individual maxima. In contrast to the existing design for-
mat two possible locations of maximum stresses (quadrant I and III) have to be taken 
into account for eccentric arrangements, see Figure 12. In case of the shear force V the 
established equation to determine the resultant force perpendicular to the grain of a 
hole located centrically was extended by a factor kecc to account for the eccentricity of 
the hole, see equations (2) and (3). If quadrant I is considered, the distance to the up-
per edge hro has to be used, in case of quadrant III the distance to the lower edge hru. 
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In case of the moment M the resultant forces in the two different quadrants were ap-
proximated by sectionally linear functions, see equations (5) and (7). 

    

   

 
 

 

Figure 12: Comparison of resultant forces perpendicular to grain (FEM vs. equations (2), (3), (5) and 
(7))  

In order to obtain the best possible agreement to experimental results the individual 
distribution lengths lt,90 based on numerical investigations were slightly adapted, re-
sulting in equations (4), (6) and (8). The volume defined by the expression in the de-
nominator of equation (9) has the geometry of a segment of a ring with an aperture 
angle θ = 50°, a radial extension of ∆r = 3/8 ∙ d and a thickness of the beam width b. A 
variation of these geometrical parameters had only a negligible effect on the results, 
hence the definition mentioned above is assessed sufficient and insensitive with re-
spect to small changes of its parameters. 

For assessment of the safety level a comparison of test results and the presented de-
sign approach at the level of characteristic values is shown in Figure 13. In addition to 
own test results of holes arranged eccentrically also test results of holes arranged cen-
trically, based on investigations of Aicher & Höfflin (2006), were used. The character-
istic values of the test series were determined based on a logarithmic normal distribu-
tion according to EN 14358 (2016) in combination with a global coefficient of variation 
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(COVg = 15,8 %) according to EN 14545 (2008), determined by considering all test re-
sults shown in Figure 13. The characteristic strength in tension perpendicular to the 
grain used in the design approach was ft,90,k = 0.5 N/mm². 

 

 

 

 

 

 

 

Figure 13: Comparison of test results vs. design approach at the level of characteristic values (load 
level: full crack over the whole beam width)  

With the exception of test series no. 16 the design approach does not exceed the char-
acteristic values of the experimental results. The results of test series no. 16 is assumed 
less relevant because of several reasons. Test series 15 – 17 show no clear trend alt-
hough the diameter is increasing continuously whereas the other parameters remain 
constant. A comparison of test series 13 and 16 indicates a lower load-bearing capacity 
for the configuration featuring a beam height twice as large. A comparison of different 
ratios M/V (test series 10 – 12 with 15 – 17) shows only a marginal influence in cases 
of d/h = 0.20 and 0.40 but a pronounced one in case of d/h = 0.30. 

 

4.2 Design of inclined reinforcement 

With regard to designing inclined reinforcing elements, two different approaches were 
pursued to obtain the axial forces in the reinforcement. Towards this aim simplified 
numerical simulations of the partially cracked state in the form of a specified crack 
length d/2 were done.   
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The first approach is based on forces resulting from the stress distribution in tension 
perpendicular to the grain (uncracked state), which are converted by trigonometric 
functions in dependence of the angle of the inclined reinforcing elements, see Figure 
14. A comparison of this procedure with axial forces in the reinforcing elements ob-
tained with the numerical model mostly resulted in conservative results but also in 
non-conservative results. 

  

  

Figure 14: Scheme showing the determination of the axial forces in the reinforcement based on result-
ant forces in tension perpendicular to the grain  

The second approach is based on shares of the horizontal shear flow due to a shear 
force V at the expected levels of crack formation, see Figure 15. Here, the fact that 
shear stresses at a hole also occur because of a moment M, is neglected for reason of 
simplification. Based on the horizontal components of the axial forces in the reinforc-
ing elements obtained in the numerical model a length of about 0.3d was determined 
for an inclination α = 60° and a length of about 0.55d was determined for α = 45° (d 
hole diameter). Strain measurements inside the threaded rods realized during the 
large-scale tests confirm the order of magnitude but reveal slightly lower values com-
pared to the simulations which were based on the small-scale tests reinforced by fully 
threaded screws.  

  

  

Figure 15: Schematically figure of determining the axial forces of the reinforcement based on resultant 
shares of the horizontal shear flow  

Due to the simplified nature of the numerical considerations and the limited variation 
of parameters no general design concept can be given at this stage. Towards this aim, 
further investigations are necessary. 
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4.3 Groups of holes 

4.3.1 Arrangement in horizontal direction 

With regard to groups of holes arranged in horizontal direction the mutual influence 
in dependence of the clear distance lz was also quantified in numerical parametric stud-
ies. Considering the unreinforced state, load-bearing capacities (determined using 
Weibull theory, see chapter 3.1) of groups of holes were compared to those of the 
respective individual holes. In this context load-bearing capacities describe a failure in 
tension perpendicular to the grain in the form of a crack over the whole beam width. 
In Figure 16 the general procedure as well as the varied parameters are shown. 

 

 

         

 

 

 

         

 

         

 

         

 

 

The numerical parameter study shows that the mutual influence is not only dependent 
on the clear distance lz but also on the location in the beam, i.e. in general on the situ-
ation of loading. Thereby an increasing ratio M / V has a positive effect, i.e. the most 
critical location is the region near the supports, dominated by shear forces. The mutual 
influence also is affected by the number of holes in the form of a slightly more pro-
nounced influence in case of three holes. 

Parameters: 

 number of holes: 

n = 2; 3 

 hole diameter: 

d / h = 0.10; 0.30 

 clear distance: 

lz = 2.0 h – 0.125 h / 0.25 h 

 eccentricity: 

e / h = -0.15; 0.00; 0.15 

 ratio M / V: 

M / V = 1.5 h; 6.0 h; “∞“ 

V 

M / V lz 

h 

d 

e neg. 

e pos. 

V 

V 

V 

Comparison of load-bearing 
capacities of a group and the 

respective individual holes 

Figure 16: Procedure and varied parameters for determining the influence of the clear distance lz 

lz 

d d 
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Regardless the number of holes and the location in the beam the following reduction 
factor for the load-bearing capacity of a group was derived for the most critical situa-
tion (n = 3; M / V = 1.5 h): 

𝑘𝑠𝑝𝑎𝑐𝑒,ℎ𝑜𝑟 = 𝑀𝑖𝑛

{
  
 

  
 

1

1 − 0.2 ⋅
1.5 ⋅ ℎ − 𝑙𝑧
1.5 ⋅ ℎ

1 − 0.4 ⋅
5 ⋅ 𝑑 − 𝑙𝑧
5 ⋅ 𝑑 }

  
 

  
 

 

limitations: 

 n ≤ 3 

 d / h ≤ 0.30 
 lz ≥ 1 d 

(10) 

In Figure 17 this reduction factor is compared to the numerical results.  

d / h = 0.10 d / h = 0.30 

  

Figure 17: Comparison between the derived reduction factor and results from simulations for horizon-
tal groups of three holes (M/V = 1.5h) 

A comparison between equation (10) and the test results of the small-scale tests is 
debatable due to the violated limitations (d / h = 0.35). However, an extrapolation of 
equation (10) would result in a conservative reduction compared to the test results.  

 

4.3.2 Arrangement in vertical direction 

The structural behaviour of groups of holes arranged in vertical direction was investi-
gated in a similar way to those arranged in horizontal direction. Due to geometrical 
limitations the hole diameter was limited to d / h = 0.15. By means of these investiga-
tions the following reduction factor could be derived:  

𝑘𝑠𝑝𝑎𝑐𝑒,𝑣𝑒𝑟𝑡 = 𝑀𝑖𝑛{

1

1 − 0.15 ⋅
5 ⋅ 𝑑 − 𝑙𝑧
5 ⋅ 𝑑

} 

limitations: 

 n ≤ 3 

 d / h ≤ 0.15 
 lz ≥ 1 d 
 symmetric arrangement 

(11) 

In Figure 18 a comparison of this reduction factor and the numerical results is shown 
for the most critical case. 
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d / h = 0.075 d / h = 0.15 

  

Figure 18: Comparison between the derived reduction factor and results from simulations for vertical 
groups of three holes (M/V = 1.5h) 

A comparison between equation (11) and test results of the small-scale tests is also 
debatable due to the violated limitations. However, an extrapolation of equation (11) 
would be on the safe side compared to the test results. 
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Discussion 
 

The paper was presented by M Danzer 

 

S Aicher received clarification that in Figure 17 effect of multiple holes in horizontal di-
rection the minimum clear distance used was 1d. 
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