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HOLES IN GLULAM — ORIENTATION AND DESIGN OF INTERNA L

REINFORCEMENTS

Cristébal Tapia®, Simon Aicher

ABSTRACT: The usage of holes in glulam and LVL beams israrnon practice in timber constructions and requires
in many cases the application of reinforcementprésent, Eurocode 5 does not contain design rafelsdies, nor for
their reinforcement, which are, however, regulatethe German National Annex to EC5. Although is lieen proven
that internal rod-like reinforcements improve thear force capacity of a beam with holes, sevamtblpms still re-
main, particularly the inability to successfullydtee peak stresses at the periphery of the hglecidly shear stresses.
Inclined internal steel rod reinforcements wereligid and compared with vertically oriented rodsjolhs currently
the only regulated application. The analysis resga reduction of both perpendicular to grain lensiresses and
shear stresses, which for the case of vertical asd:ot reduced at all. A first attempt at theigle®f such inclined
reinforcements was made by deriving an equatiordas the results from FEM simulations. The desigproach was
then applied to an example case. Experimentalivatibn of the theoretical observations is stilt@ssary and ongoing,
though a very promising approach for an improvedriral reinforcement and its respective designateeady be ob-

served.
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1 INTRODUCTION

The use of large holes in beams made of glulam (GLT
or laminated veneer lumber (LVL) is often necessary
constructions, as they are required for the passing
through of plumbing, electrical and other servieter
vant infrastructure systems. These apertures repres
significantly weak region in the beam, leading atice-
able decreases in maximum loading capacities.

The failure mechanism is well known and is manddst
by the propagation of cracks in the direction @& grain
and beam length axis, starting from two zones Witfh
tensile stresses perpendicular to the grain locdizglo-
nally opposite on the periphery of the hole, asnshn
Figure 1.

The European Timber Design Code, EN 1995-1-1 [1]
also known as EC5, contains no provisions for eithe
unreinforced or reinforced holes. The current verf
the German National Annex to EC5 [2] regulates rexte
nal plate-type hole reinforcements, as well asubege

of internal, rod-like reinforcements to improve three-
chanical response of the glulam/LVL in the regiam-s
rounding a given aperture. The internal reinforcetse
are normally preferred to external, plate-like grsésce,
from a feasibility standpoint, they are easily agbiwith
rather low cost, and from an architectural/aestheti
standpoint, they are invisible, as they are embedde
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the glulam/LVL beam. The positive effect of intelrnad
reinforcements on ultimate load of a beam with & ho
has been proven both experimentally and by means of
computer simulations in [3]. In this study some dew
sides to internal rod reinforcements were seenjrtbst
important of which being the inability of this kinalf
reinforcement to reduce the shear stresses atritizalc
regions where cracks are expected to occur [3}thEnr
such shear stresses were found to be of greataralev
for the long-term crack growth in the vicinity d¢fet hole.
The use of inclined rod-like internal reinforcenemas
experimentally studied in [4] for rectangular hogles
where a clear improvement in load bearing capaedy
observed. This was explained as an increasedes#fof
the beam on the region of the hole, which leads to
reduction in the shear stresses at the peripherthef
hole. Further results of this promising approachldo
not be found in literature.

2 DESIGN OF HOLE REINFORCE-
MENT ACCORDING TO GERMAN
NATIONAL ANNEX TO EN 1995-1-1

The present design of hole reinforcements accortbing
DIN EN 1995-1-1/NA [2] is based, analogously to the
verification of unreinforced holes, on a fictivensde
force, F, 9o, composed of two additive parts: one ac-
counting for the shear force part, which cannotrbas-
ferred in the hole area, and a second part rekatete
moment present in the cross-section:



forced holes for which self-tapping screws and diire
rods (applied perpendicular to beam axis) were ,used
showed that the reinforced beams did not fully hethe
load capacities predicted by the approach currarggd

in [2]. It was shown that on average the ultimdieas
force reached was 40% lower as compared to the ulti
mate share force of the full cross section.

4 STRESS DISTRIBUTIONS AT HOLES
WITH INCLINED ROD REIN-

Figure 1: Distribution of stresses perpendicular to the grai FORCEMENTS
in the vicinity of a hole in a glulam beam, in anecsubjected
to shear force and moment 4.1 FINITE ELEMENT MODEL
Using the Finite Element Method (FEM) a parametric
model of a beam with a hole and inclined interreh+
Fio0 = Fry + Fem (1) forcements was created, for which the software Abaq
5 2016 was employed. The elements chosen for thamglul
Foo= V- hq _ h_a @) were linear 3-dimensional hexagonal elements with
YT 4p h2 reduced integration (C3D8R). The rods were also-mod

eled as 3-dimensional continua using the same @lisme
as used for the glulam. The interaction on theriate
of both materials (glulam and reinforcements) was d
scribed by means of so-calledié constraint§ applied
) to the respective surface pairs in contact, ext@pthe
The shear force parf,, , conforms sensibly to half of  ong face of the rods, as the force should onlyraest
the integral of the parabolically distributed shsetiesses  ferred by the side areas of the rods (modeled &s-cy
along the full hole depth (rectangular hole) or iffes  gers). The employed material properties of theagtul
of the hole depth for the case of the round haégamded  (pyilt up homogeneously, exclusively from one laaain
here. The moment related pafity, is in contrast rather  tion strength class) corresponded to strength class
diffuse and needs amendment, as discussed preyiousl GL32h according to EN 14080 [6] and are summarized
[5]. The dimensional notation of reinforced holesad- in Table 1, along with the properties used for sheel
ing to [2] is shown in Figure 2. rods.

The dimensions of the glulam beam modeled in the pa

ametric study are shown in Figure 3a.The hole was
3 VERIFICATION OF REINFORCE- placed centrally between the support and the point
MENTS BY TEST RESULTS load application, in the constant shear area, wishear
. ) ) o ) force to moment ratio//M = 1.03. Although the FEM
In a brief summary of previous investigations réeoin  model was designed parametrically, for this studly @
[3] the following issues are noteworthy. Althoudtet ratio h,/h = 0.3 was used. The diameter, length and
study was limited to glulam beams with a depth of jhclination of the rod are free parameters. Symynetas
450 mm (beam width = 120 mm) and a hole diameter toapplied on two planes, the first one at mid-spanfre
beam depth ratiog,/h, of 0.4, exceeding the currently pjane containing the cross-section (ZY-plane) anel t
allowed limits for screwed reinforcements [2], ttest second one located at mid-widtz=0), on the vertical
indicates an improvement in the load bearing capaci plane cutting the beam in the longitudinal direat{XY-
due to internal reinforcements with vertical rod®st plane). The rotation points of the reinforcemenithw
series comparing beams with unreinforced and rein-gjferent inclinationsg vs. the vertical axis (Figure 3b)
b were defined to be at the intersection of a velrfiice
G located at a horizontal distance from the hole eafga5
E ‘[ times the diameter of the rod,, and a horizontal line
=

M
FtM =0.008 - — . (3)
» hr

I
I

G
B M ! . .

< o~ | - starting at the periphery of the hole, at an amjle
Vi O 3 ) 1 ¢ = 45° (+180°, accordingly) with respect to theihon-
1 tal direction (see Figure 3). The reasoning behimal

| 4 - i choice of the specific rotation points, is that thexi-
o mum stresses perpendicular to the graif) @re ex-
— - pected to occur under an angle: 45° (+180°), which

| ¢! lp-—--_= t SCITe JE g also defines the most probable/empirically verifoedck
o 4 surface. The stresses observed on this surfacesa

Sl g for comparison of the effect of the different imetions
. With regard to the above, it is therefore dedeab

Figure 2: Dimensional notations of reinforced round holes maintain the distance between the hole periphetyrad
according tof2] axis constant, by rotating the rod around the dieeci

rotation point.




Table 1: Material properties used for the glulam and theetteds in the FEM model

Material Bx Ey E V(xy) Uxz Vyz Gy Gy, Gy,
N/mm? N/mm? N/mn? N/mn? N/mn? N/mn? - N/mn? - N/mn? N/mn?
GL32h 13000 430 430 0.02 0.02 0.2 810 810 81
Steel 210000 - - 0.3 - - - - -

P/2 show the tensile stresses perpendicular to then grai
| plane 2 of the glulam with reinforcements incliney
i anglesp = 0°, i.e. vertically oriented bars, apd= 45°,

Lo respectively, compared to the case where no raiefor
Q Lo ment is used. A marked reduction of the tensilessis
| ; perpendicular to the grain can be observed aloeg th
J length and width directions of plane 2 for the a&iton
: ' where the rod is rotated by 45°, shown in Figure &b
compared to Figure 5a, depicting the stress sitn&tr
the vertically placed internal reinforcements. Rbe
case of the vertical rods, stressgsdirectly at the pe-
riphery of the hole (Figure 5a) are reduced onighsly
between 5% at w/2 and 14% at mid-width with respect
to the unreinforced case. In contrast, the stregsatthe
same locations are reduced by 28% and 40%, regpecti
ly, in case of the inclined rodg € 45°). Furthermore the
o, stress reduction is far more uniform as for theeca
with vertical rods.
Regarding the effect on shear stresses, as expehted
inclined rods resulted in throughout plane 2 aifigant

=
\ r’*
= 450

(b)

Figure 3: (a) Dimensions of the glulam beam and hole used
for the FEM simulations; (b) positioning and oriatibn of
internal reinforcements, and notations of the défe dimen-
sions used.

The mesh size on the perimeter of the hole waserhtus

be around 2 mm and increases slightly (to 3 mmjhen
region surrounding the rod. Along the directiontbé
beam width, the elements had a length of 5 mm.rEigu
4a depicts the meshing at the vicinity of the hiae
reinforcements with inclination anghe= 45°.

The damaged situation, in which a crack has spread
horizontally along planes 1 and 2 accordingly (Beg

ure 3b), starting from the periphery of the holegsw @)
modeled using the Extended Finite Element Method
(XFEM). Accordingly, an unmeshed surface was placed
in the position of the expected crack location aghe

rod axis, which automatically cuts the enrichedreats

it intersects. Note: no crack growth was considdred
this specific analysis, but only the effect of ofudly
developed crack on the stresses and rod forcesavas
garded. This means that no considerations regarding
fracture mechanics were taken.

4.2 STRESSES IN THE UNDAMAGED GLULAM

The effect of different angles of the rods was wred in

a parametric study. Stresses perpendicular to thm g
direction ©,) along with shear stresses,) were evalu-

ated on the mentioned planes 1 and 2, where highly (b)
elevated stresses at the hole vicinity occur. énfttiow- Figure 4: (a) Discretization of the FEM model in the vicynit
ing, exemplary results for a rod diameter ptd_8 mm, of the hole and location of int.ernal reinfOItcemeﬂ.tB:I. crack
lengths €, =200mm and cross-sectional width planes; (b) Stresses perpendicular to grain obtdiméth the

w =120 mm are discussed. Figure 5a and Figure SbEErLVIﬂ Tagfl for a rod diameter of=18 mm and an inclina-
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Figure 5: Comparison of stress distributions on plane 2 (see
Figure 3) between the unreinforced situation andagturein-
forced with internal rods at inclinations @f= 0° andg = 45°.
Figs. (@) and (b) show stresses perpendicular toirgand
Figs. (c) and (d) represent the shear stresses.

reduction of 30% to 40% vs. the unreinforced stde
shown in Figure 5d. Conversely, the vertical rods a
almost ineffective (reductions of 5% to 14% between
hole periphery and rod), and even lead to sheasstr
increase, when regarding locations beyond the rdista
between hole and rod (Figure 5c).

Observing these results, it could be concluded tihat
internal reinforcement has effectively taken up wbo
34% of the shear force responsible for the stressdhe
analyzed region. This percentage was calculatethes
mean of the previously given values, obtained at th
borders and mid-width of the glulam. For the region
located on plane 1, the reduction of the sheaefar¢he
glulam is even higher, reaching approximately 47%.
this point it has to be noted that these valuesnate
calculated on the basis of the maximum stressekeat
periphery of the hole, but rather from the valuetamed

at ¢ =45°. When considering the maximum stresses
perpendicular to the grain (not necessarily lyinghe
position ¢ = 45°) it becomes evident that for the upper
right region of the hole this value still holds,tiar the
opposite region (lower left sector of the hole) ghear
force is reduced by about 35%, almost the samehas w

is obtained on plane 2, which makes both sides con-
sistent with each other. The difference is duentfact
that for the case of plane 2 the position of theimam
stresses is very close go= 45°, whereas for plane 1 the
location of maximum stresses lays under an anglarigl
above 45°, which is what normally occurs aroundeol
under these loading conditions [7].

4.3 STRESSES IN THE DAMAGED GLULAM

The redistribution of the analyzed stressgsandr,y, in
the damaged situation, induced by the horizontatlcin
planes 1 and 2 (see Figure 3b), is depicted inrEiGa
and Figure 6b. Each figure compares the resulisirdd
for the glulam with rod inclinations off=0° and
£ =45° 1t can be observed that the stresses paiqen
lar to the grain in Figure 6a are successfully ceduby
the presence of the vertical rod, but still shownaall
peak at the crack tip, while for the inclined reirde-
ment the stresses are further reduced to a signific
degree. In case of the shear stresses (Figurd éai be
seen that they suffered absolutely no change irrghe
gion preceding the reinforcement, having practjctie
same values as observed in the situation with@akcin
Figure 5c. It is interesting to see that in theecakthe
inclined rod, the shear stresses maintain a lemy o
slightly higher as in the undamaged situation, Whic
shows that the length of the crack has apparerdly n
effect on the shear stresses.

4.4 FORCES ALONG REINFORCEMENTS

It has been shown that an effective reduction & th
stressess, andt,, is achieved if the internal reinforce-
ment is rotated by 45°. In the following, the axiaices

in the reinforcements, for the cases previouslysihat-
ed, will be presented and discussed, which widr&ielp

in the derivation of a design rule for the rod feine-
ments.



- 8 mm

(= 200 mm Orthotropic model
@ p3=45°
o B=0 5
4 N:
Location of rod o=
3 I
9 &,
B
1 b
0
60
0 40 )
U9 0 M
Distance 1 60 g 90 0 ~2\f\\~'\t\‘\‘\
fropy j, 80 100 — 40 20 g
10]e [ 12060 , “gyor
nm] Dt
@)
d, = I8 mm i
("_"l = 200 mm Orthotropic model
@ [B=45°
@ B=0 5
N
4 g
Ldcation of rod =
3 -
) 2
IS
0
0
0 \\
20 20 v
Distance 0 60 g5 20 0 o
from o 100 190~ 65~ 40 o
e /111111] 0-\%\_ v
(b)

Figure 6: Comparison of stress distributions in plane 2 (see
Figure 3), with a fully developed crack from theénpkriphery

to the center of the rod, with rods inclined By 0° and

S =45°; (a) shows the stresses perpendicular targead (b)
depicts the shear stresses.
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Figure 7: Axial forces along the rod reinforcements under
inclinationsg of 45°. Fig. (a) and (b) show the results for the
reinforcement No. 1 and 2, respectively (the leftl aight
reinforcement in (c)).

300 - 100

B o200 El
E g
= 100 a
i 9 2
85 &
E‘D 3_‘0
2 2
< =100 <
é —200 d, = 18 mm é —200 d, = 18 mm
Rod 1 Rod 2
—300 - —300 -
Axial force along rod [kN] Axial force along rod [kN]
(@) (b)

Figure 8: Axial forces along the rod reinforcements for incl
nationsp between 0° and 45° in steps of 5°, for a rod ofrdia
eterd = 18 mm.

Figures 7a and 7b show the axial forces for thedetl
right rods in Figure 8c for inclination anglgs= 0° and

£ =45°. It can be clearly noticed that the axiacés of
the inclined reinforcements are significantly higltgan

in the case of the vertical rods. The maximum fercge
the inclined rods are about five and four timest @ad
right rod, respectively) higher as compared to mmaxn
values of the vertically placed rods. For rod Igah be
observed that the maximum value of the rod axieddo
does not lay as close y@ = 0 as in the case of the rod 2,
which is due to the mentioned fact, that the maxmu
vertical tensile stresses in the stress regiore& Egure
1) are located an angjelarger than 45°. Apart from the
highly increased tensile force level in the inctineds,
the second most important fact to state is relédethe
force distribution along the rods. In the caseh# in-
clined rods, the force is throughout a tensile amgich
increases rather parabolically from the rod endsh&o
maximum value occurring very roughly at,y 0. This
force evolution is very different from the forcesttibu-
tion observed in vertical rods, where a sign changa
tensile to compressive force always occurs. Notee T
vertical rods exhibit a tensile force throughout tiotal
tensile perpendicular to grain stress regions 1 Zahadit
change to compression in the above (rod 1) andwbelo
(rod 2) located compression perpendicular to grain
gion (compare Figure 1).

The location of the maximum value of the axial &rc
should indicate, more or less, the vertical positat
which the respective crack will initiate and lapopa-
gate. In the presented analysis, however, the sratk
both sides of the hole are placedgat 45° (planes 1
and 2) for the reasons mentioned in Section 4durEs
7a and 7b also show the forces for the damaged case
with g = 45°, where a moderate increase, with peaks on
the crack locations, can be observed.

The evolution of the distribution of axial forcesg the
rods with increasing inclination angfecan be seen in
Figures 8a and 8b. It is interesting to notice fioatin-
clinations greater than 10°, no compressive formes
observed in the reinforcement any longer. Thisctffe
due to the fact that with increasing angles the mod
longer crosses the zone with compressive stresses p
pendicular to the grain as is shown in Figure 1lother
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Figure 9: (a) and (b) illustrate the increase of the progstt
area of the rod into the crack plane; (c) Desigmoept for the
inclined internal reinforcements

aspect worth mentioning is the clear effect of blead-

ing stresses (tensile and compressive) that canbbe
served, when comparing the rods 1 and 2. While the
axial forces in the rod 1 foy; > 0 get noticeably larger
with each angle increment, the contrary seems ppdra

in rod 2, where the axial forces are being rest@irand
pulled to the compression zone at the end of tte ro

5 DESIGN MODEL AND DETAILING
FOR INCLINED ROD REINFORCE-
MENTS

A design equation that enables a good assessméme of
axial force in the rods should take into accoumst tte-
havior observed in the presented FEM models. First,
has to be noted that the axial force to be takém ac-
count is the one obtained in the damaged situgser
Figures 7a and 7b). This is due to the fact tHttpagh
the maximum stresses at the periphery of the hade a
greatly reduced, the possibility for the crackdritiate
is still present, and the rods should be able $&istén
this state. Nevertheless, the crack propagatiorulgho
stop at the location of the internal reinforcemerhe
other aspect is the angle of inclination, which agkeast
two effects on the resulting axial force of the .r@he
effect is the fact that, looking at the possiblacsr sur-
face, if the rod is inclined, then the surface leé tein-
forcements on that plane increases, which shodld-in
ence the amount of vertical force that is takenhgyrod
(see Figures 9a and 9b). The other effect is theuabof
shear force that the reinforcement takes from tss:
section, before it gets to the critical zone in tanity
of the hole. The closer the inclination angleomes to
45°, the more shear force the rod is able to ted the
cross section, which at the end reduces the sgetdbe
periphery of the hole, as previously shown.

. dy
Eo=|(Fy-ci+Fy-cy) sing- W Fi 90

d,
-C3-ﬁ-

Based on these observations the below given equatio
was derived and calibrated with preliminary FEM re-
sults:

(4)
1

cosf

F,y: is the integral of the shear force between
the end of the rod and the crack plane, as de-
scribed in Figure 9c (green area),

Fry = f ( 2) dy

Yo
F, y: is the integral of the bending stresses, as
shown in Figure 9c (blue area),

h2
T_y

iy

T (5)

(6)

c1,Cy, C3. are constants, which are calibrated
with FEM results, and have the following val-
ues: ¢; =0.63;c, =0.008;c; =0.36
d:: is the diameter of the rod, and
w: is the width of the cross-section of the beam.

In a further explanation, equation (4) can be dididnto
three parts. The first part is the teffy, and accounts
for the amount of shear force that goes into tlikinahe
region not influenced by the hole, which, for simjpy,
can be assumed to be the extension of the rod bblew
crack plane (see Figure 9c). The second part iotee
related to the ternf, ,,, which tries to account for the
difference in the axial force observed at both sifleft
and right), caused by the bending stresses abowe th
crack plane. These stresses pull or compress tteino
the positive and negative bending zones accordirglg
is marked as the blue area in Figure 9c. The tiairch
corresponds to the amount of vertical force that ith
ternal reinforcement takes up at the crack pland, ia
here related to the vertical for€gy,. The factorl/cos
results from the increase of the projected arehefod
on the crack surface, as shown in Figure 9a andr&ig
9b. This increase is also taken into account inatiner
terms, since the inclination of the rod increasestotal
volume of reinforcement, which couses the forcestak

up by the rod to also increase. Finally, the tegfds/w

and d,/v/w are multiplied accordingly, as presented in
equation (4), to properly scale for different cross

sections and rod diameters.

Figures 9a and 9b show the axial forces obtaindd wi

the FEM model and with Eq. (4) for diameters
d =18 mm and 12mm and cross-section widths
w =100 mm and 120 mm, for the left and right rein-



forcements. A good agreement between the proposedompared to the vertical rod, whefg, is limited by
equation and the axial forces obtained from theudm  equation (7).

tions can be observed for the range of inclinatiagles The screw diameter was chosen as 12 mm, delivering

defined by 0% 8 < 45°. characteristic pull-out capacity qf = 430 kg/m3)

5.1 DESIGN EXAMPLE Ropi = 801075 p £,y - d,

In this section, two configurations of a glulam breaith =14.8-180-12 = 32.0 kN (8)
a round hole, reinforced internally by self-tappstgews
are regarded. The two configurations differ by ittai-

nation of the rods: Example A considers vertically In the example, the applied load of 252 kN is chose

placed reinforcements, as considered today exellysiv such that the characteristic shear capacity ofbiem
in [2], and Example B considers an inclination hét  Without hole

rods by 45°. Both examples are shown in FigureALl.

beam of dimensions’ x h xw=3500 mm %450 mm 2

x 120 mm and a span of 3150 mm is loaded at mid;spa Vi =3-3.5-450-120 = 126 kN 9)
and a round hole with diameter of 135 mm is plaaed

distancef, =720 mm, as shown in Figure 11. The prop-

erties of the glulam are those of the strength sclas

GL32h, according to EN 14080 [6]. Figure 2a is uged IS reached (considering the hole, the shear capacit

refer to the different dimensions. The distancetraf ~ Would be 88.2 kN).
vertical rods from the hole periphery is choser2 &g, b 95N
specified as the minimum in [2]. In order to givdadr L ¥

>
>

A - w
comparison between the vertical and the inclined ro _ \\ ; ! L []s
arrangements the effective anchorage lefigibpecified ¥ \(\3 —_ i = e
in [2] as 5 ) A= B

‘ ", (a=720 I3 720 !
= . ‘ €= 3500 ‘
taa = ruro + 015 hq ) Figure 11: Example of a glulam beam with a hole, reinforced

=1575+0.15-135 = 180 mm with inclined rods.

was also chosen fdf,. Note: An inherent advantage of 5.1.1 SECTION FORCES AT BOTH SIDES OF
inclined rods consists of the fact that the effextan- THE HOLE

chorage length can by chosen considerably longer as
The section forces at both sides of the hole are:

25

Z ) o. (l,=1811m.1: w=120mm {
g 20H @ 11,:1%1111115 \\::1‘2()mm . A VI = 126 kN ; V” = 126 kN (10)
: ¢ d,=18mm; w=100mm : - ¢
= .. : g (] : )
e o - M, = 90.7 kNm; M,, = 107.7 kNm (11)
[SSEETY I e (] j
8 —% : 5
8 sF° : : : 5.1.2 DETERMINATION OF THE VERTICAL
? i Left rod FORCE
< 1 I 1 I i 1 I 1 J
0 5 10 15 20 25 30 35 40 45 . . . .
rod inclination [degree] Applying Equations (1) to (3), the vertical forE@,‘)O IS
@ calculated at sections | and II:
a
— 25 ... U U
._‘/4; @ d,=18mm; w=120mm : : Ft‘,90,I = 24.0kN ; Ft‘,90,II = 249kN (12)
"5‘ 20 ®m  d,=12mm; w=120mm : : 4
: ¢ d,=18mm; w=100mm ) O (]
£= I L O S N A e 5.1.3 DESIGN OF THE RODS
4 r " S — 8
SR TY SO RO U ==es SO SO oot SO . . _
g L% , Vertical reinforcements:
& F ' : : For the vertical reinforcements the utilization téacof
2 0 " Right rod the reinforcement is given by (evaluated for thd &
- l)(l '1) 1;) l!') 2‘() '_)i') Jill) 55‘3 4I0 -l‘-') section ”)
rod inclinaiton [degree]
F, 249
(0) . . . . L0 -2 = 0.78<1 (13)
Figure 10: Maximum axial force in the rod reinforcement Ra.y  32.0

obtained with the FEM model and with Eq. (4) for efiét . . .
inclination angless, under a damaged state, where the crack Which means that the chosen screw is apt for t#8e.c
surface extends horizontally up to the center efreinforce-

ments cross-section.



Inclined reinforcements:

Using now the same reinforcements, this time with a
inclination of 8 = 45°, the new utilization factor will be
computed. Accordingly, in a first step the forées and
F, are obtained, where the limits used in equatids (
and (6) are given as (all values in mm)

Yoi = 94;y1, = —47;y,, = —225 (14)

You= —9%4;y1u=47;Yu = 225 (15)

for the section | and Il are respectively.

With these limits applied to equations (5) and (6¢
following values for the force¢,, and F,, are ob-
tained:

FT,V,I = 51.87kN; FT',V,II = 51.7 kN (16)

FT',M,I = 289.1 kN; FT',M,II = —343.3 kN . (17)

These results are used in equation (4) to obtainmthx-
imum axial force in the internal reinforcement:

F.;= 244kN; F.;; = 233kN. (18)

The utilization factor of the screws are then clatad,
obtaining

(19)

Although the utilization factors obtained for batkam-
ples (vertical and inclined screws) are very similis
important to notice, that this may not always be ¢hse,
for example with increasing rod diameters. In ttese,
the axial forces of the inclined reinforcementsl vink
crease, as compared to the current design methnislisT
mainly explained by the fact that in equation @used
implicitly the diameter of the reinforcement.

Also important to mention, is the fact that, redesd of
the similar utilization factor obtained, the in@uh rein-
forcement has the added effect of significantlyucdg
the shear stresses and the stresses perpendigieir
in the periphery of the hole.

6 CONCLUSIONS

Using a parametric finite element model it was shmow
that internal reinforcements of beams with rountesio
by means of glued-in steel rods or screws, placad p
pendicular to beam axis, as described in the cuxen
sion the German National Annex to EC5 [2], have a
rather small impact on the stresses perpendicaldne
grain at the periphery of the hole. Furthermore, dffect

of the vertical reinforcements on the shear stesse
negligible. In order to overcome these deficienctes
effect of inclined internal rod reinforcements wasges-

tigated numerically. These inclined reinforcemerds
sulted in, depending on the rod inclination, a e®-

bly more expressed reduction of peak stresseseat th
periphery of the hole. In the case of an angle %, 4
reductions between 30% and 40% were observed for
both vertical tensile stresses and shear streasesom-
pared to the unreinforced case.

A first draft of a design procedure is presentexsenl on
the results of the FEM simulations introduced. Aé t
present, the validity of this proposed equatiofingted

to the investigated configurations (100 mm < beam
width <120 mm and 12 mm <rod diameter < 18 mm).
Real-size experiments will be further pursued ideorto
assess the effectiveness of inclined rods as remfo
ments in beams with holes, and to validate the robse
tions made with the FEM model presented here.
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