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Abstract:  This paper presents the results of an experimental and numerical study of the compressive capacity of longitudinally
cracked wooden columns retrofitted using self-tapping screws. The screws were driven into the wood perpendicular to the wood
grain to alleviate the propagation of existing cracks and to improve the structural integrity of the cracked columns. Full-scale
concentric and eccentric compression tests were conducted to investigate the failure modes and maximum load carrying capacity
of such columns. A 3D finite element model was developed, verified, and then used for a parametric study. The test results indi-
cated that the cracks (of 6 mm wide) caused a resistance loss of up to 19% compared with an intact column, but most of this
resistance loss can be remedied by using self-tapping screws. It was also found that such resistance loss and recovery are de-
pendent on the seriousness of the cracking, and generally increase with the increased initial mid-height deflection and decreased

screw spacing, whereas a screw spacing of 100 mm would be sufficient for most cases considered in this study.
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1 Introduction

Wood members of historical timber structures
may experience significant damage and cracking
during their service life due to fungal decay, mois-
ture changes and/or external loadings. This damage
and cracking may significantly affect the compres-
sive behavior of wood columns and impair their load
carrying capacity, especially when longitudinal
cracks occur and propagate through the length of the
timber. In such case, the reduced stability capacity
(due to loss of structural integrity) may cause prema-
ture failures. Retrofitting of such members is neces-
sary and urgent to preserve the social and cultural
values of historical timber structures.
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A longitudinal crack in a wood column can di-
vide the column into two separated limbs and cause
resistance loss in two ways. The first is that any
propagation of the crack can increase the unre-
strained length of the two limbs, which are under
eccentric compression, and thus decrease their load
carrying capacity as a result of the increased slen-
derness ratio. The second is through the loss of com-
posite action between the two limbs causing these
limbs to deflect separately, and the entire column
capacity to be dominated by the capacity of the
weaker limb.

Taking into account the failure mechanism of
cracked wood columns, many techniques have been
developed for retrofitting purposes, including the
replacement of local damaged materials, the injec-
tion of resin or other materials to fill cracks, the use
of steel jackets or cages, and the use of fiber rein-
forcing polymer (FRP) sheet wrapping (MOHURD,
1992; Plevris and Triantafillou, 1992; Davalos ef al.,
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1999; Chidiaq, 2003; Ehsani et al., 2004; Emerson,
2004; Oprisan et al., 2004, Najm et al., 2007,
Foraboschi and Vanin, 2015). However, the material
replacement and resin injection methods are essen-
tially based on experience and the extent to which
this promotes recovery is difficult to quantify, whilst
the metallic confinement method has compatibility
problems with wood, and rusted confinements may
subsequently cause a second wave of damage. FRP
wrapping has been proven to be an effective method
for retrofitting wood columns (Zhang et al., 2012),
but it may significantly affect the architectural ap-
pearance of the wood itself. Moreover, retrofitting
with FRP sheets is time-consuming regarding the
gluing and hardening process of FRP sheets.

More recently, the use of self-tapping screws as
reinforcement for wood materials, inserted in a
perpendicular-to-wood-grain direction near the con-
nections or openings, has been studied in depth
(Blass and Schmid, 2001; Blass and Bejtka, 2004;
Jonsson, 2005; Echavarria, 2007; Tannert and Lam,
2009; Gehloff et al., 2010). It was found that speci-
mens which had been reinforced using this method
exhibited more flexible resilience than the unrein-
forced specimens by postponing the occurrence, or
alleviating the propagation of perpendicular-to-
wood-grain cracks. Trautz (2009) also reported that
the self-tapping screws could significantly increase
the shear stiffness of glulam beams. Crucially, the
application of self-tapping screws does not require
pre-drilling and is therefore much more time-
efficient in terms of construction than the aforemen-
tioned methods. However, no research work has sur-
faced dealing with its application in retrofitting
cracked wood columns against concentric or eccen-
tric compression loads.

To fill this gap in our collective knowledge, a
series of studies have been conducted at Tongji
University which focus on retrofitting longitudinally
cracked wood beams and columns using self-
tapping screws. This paper presents the results of
the retrofitting of longitudinally cracked wood col-
umns under compression loading. Full-scale column
tests were conducted to investigate the failure
modes and maximum compression load of intact,
cracked, and retrofitted wood columns under con-

centric and eccentric loading. A 3D finite element
model was developed, verified, and used for an ex-
tended study into the influence of these factors. As
noted by Foraboschi (2013) and Foraboschi and
Vanin (2014), it would not be feasible to maximize
the screw confinement by reducing the screw spac-
ing since closely driven screws may induce localized
damage to the wood. Thus, the primary objective of
this study is to identify a balanced screw spacing to
ensure the prevention of crack propagation and to aid
in the recombining of column limbs separated by
existing cracks.

2 Experimental

The experimental study consisted of material
property tests (including compression tests on
parallel-to-wood-grain small clear specimens and
pull-out tests of self-tapping screws) and concentric
and eccentric compression tests on full-scale wood
columns with and without artificially induced cracks.

2.1 Material property tests and results

Small clear wood specimens, 25 mmXx25 mmx
100 mm in size, were taken from the damaged col-
umn specimens near the failure zone after compres-
sion column tests had been conducted. Five speci-
mens were taken from each column specimen and
numbered accordingly. The specimen tests were
conducted parallel-to-wood-grain according to the
specifications in ASTM standard D143-09 (ASTM,
2014). The loading rate was 0.3 mm/min. The aver-
aged test results, including the modulus of elasticity,
E;, and the parallel-to-wood-grain compression
strength, £, are listed in Table 1.

Fully threaded self-tapping screws, ASSY Plus
VG, supplied by a Germany based company, Wurth®,
in a diameter of 6 mm and a length of 200 mm, were
tested for tensile strength. The nominal tensile
strength was found to be 114.2 MPa with a coeffi-
cient of variation of 0.028. Screws were also tested
for bonding behavior with wood by drilling them into
a wood block of 80 mmx80 mmx90 mm with a pen-
etration depth of 5 times that of the screw diameter
(30 mm in this study). The loading rate was
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Table 1 Specimen configurations and averaged material property test results of the column specimens

Specimen group f. (MPa)’ E; (MPa) Specimen status Replication
) S1 30.85 17025 Intact 5
Concentric S2 29.36 21402 Cracked 5

loading

S3 28.01 16042 Screw retrofitted 5
Eccentric loading S4 30.63 19856 Intact 5
(load eccentricity S5 31.01 20616 Cracked 5
e of 15 mm) S6 31.98 19379 Screw retrofitted 5

* f. and E;, were obtained from parallel-to-wood-grain small clear specimen compression tests with 25 specimens comprising each speci-

men group

1.74 mm/min. The nominal bonding stress, z, was
calculated as the quotient of the applied load and the
nominal area (screw circumference multiplied by
penetration length) of the bonding surface. The test
setup and the test results of the maximum bonding
stress, 7,, and the initial stiffness, &y, based on 10
specimens are shown in Fig. 1.

2.2 Compression tests of wood columns

The main purpose of the compression tests of
the wood columns was to evaluate the retrofitting
efficiency of the self-tapping screws in concentric
and eccentric loading scenarios, as well as to provide
a database for verification of the 3D finite element
model.

2.3 Column materials and specimen preparation

The column specimens were made from Doug-
las fir lumber (Pseudotsuga menziesii var. menziesii)
due to it being readily available. The lumber was
randomly selected from a local mill. No grading was
performed due to the lack of a technician at the mill
although grading would ideally be preferred. The
column specimens were cut into square cross-

sections of 200 mm*200 mm and 2400 mm in length.

An artificial crack was created along the longitudinal
axis of some specimens to simulate a standardized
cracking scenario. This was done by slotting together
the columns at the middle point of the cross-section
with a nominal width of 6 mm and over the middle
2000 mm of the total length of 2400 mm of the col-
umns, as shown in Fig. 2. The crack width and
length were determined following those outlined by
Zhang et al. (2012) for comparison purposes. The
corners of the slots were chamfered with a radius of
3 mm to avoid stress concentration.

Ty feee o [

k,=8.55 N/mm®
7,=7.01 N/mm?

snp:a
(b)

Fig. 1 Test setup (a) and averaged test results (b) of
screw pull-out tests

In total six specimen groups, each containing
five specimens, were prepared for testing as listed in
Table 1. Three specimen configurations, namely in-
tact, cracked, and retrofitted columns, and two load-
ing scenarios, concentric and eccentric with a load
eccentricity, e, of 15 mm, were set up. The retrofitted
columns were initially slotted with the specified
crack width and retrofitted by applying self-tapping
screws perpendicular to the cracking plane at a cer-
tain spacing (250 mm was used in the tests), as
shown in Fig. 2.
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2.4 Testing frame and loading scheme

The column specimens were placed vertically
and simply supported at both ends: the bottom end
rested on a steel plate, and the upper end was con-
nected to the loading head of a hydraulic actuator
using a knife-edge bearing plate. Both the steel plate
and the knife-edge bearing plate were adjustable for
eccentric loading, and were free to rotate around the
weak axis of the column cross-sections, i.e., parallel
with the artificial crack.

The compression load was applied by means of
a hydraulic actuator at a speed of nearly 0.5 kN/s.
Steel supports were placed beside the column speci-
mens (with no contact) to prevent unexpected lateral
deflections.

Before testing, the specimens were measured for
initial lateral deflection (crookedness) ey at mid-height
cross-section, cross-section dimension, and moisture
content. The moisture content was found to be rough-
ly 17% on average. An initial loading of roughly 25%
of the estimated maximum load was applied twice to
remove any potential loose contact between the bear-
ing plates and the specimen ends. Subsequently, the
specimens were loaded up to the point of failure or
when the load dropped to 85% of the maximum load.
The layout of the testing frame is also shown in Fig. 2.

2.5 Data measurement

The applied compression load and the lateral
deflection at the mid-height cross-section (two

readings in the case of the cracked specimens) were
measured (Fig. 3). The axial compression load was
measured via the built-in load cell of the hydraulic
actuator and the lateral deflection was measured by
linear variable differential transducers (LVDTs) of a
range of 100 mm.

3 Testresults
3.1 Typical failure modes

It was found that there was no substantial dif-
ference between the failure modes of columns sub-
jected to concentric and eccentric loading, except
with different load-deflection responses. Therefore,
the following description of failures considers both
loading scenarios.

The intact columns exhibited typical combined
compression and bending failure with compression
wrinkles on one side and tensile fractures on the oth-
er side near the most strength-reducing defect, such
as knots, as shown in Fig. 4. It can therefore be in-
ferred that column resistance is dominated more by
flexural strength of the wood than compression
strength. This has provided evidence to support the
normalizing of the column resistance based on the
Euler critical load (flexural failure mode) instead of
axial compression resistance, in order to remove the
influence of specimen quality variation.

In the case of the cracked columns, the two
limbs separated by the artificial crack displaced in
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Fig. 4 Typical failure modes of intact, cracked and retrofitted wood columns under concentric and eccentric loading

the same direction (as cracked column I in Fig. 4) in
most cases due to the tying effect of the uncracked
area of the column ends, but in different pace (with
one exception which displaced in the opposite direc-
tion as cracked column II in Fig. 4 and was not stud-
ied due to the rareness of the occurrence and the ran-
dom nature of the shape of the initial deflection of
the two limbs). When the load approached the max-
imum value, the two limbs came into contact near
the most strength-reducing defect whilst at the other
cross-sections the crack became wider and propagat-
ed into the uncracked region near the column end,
leading to a higher slenderness ratio of the column

limbs. Eventually, both limbs failed due to flexural
fractures. In extreme cases, the artificial crack
reached the column ends, and the entire column split
into two limbs, as shown in Fig. 4.

The self-tapping screw retrofitted columns
failed in a similar pattern to the intact columns. Due
to the tying effect of the screws, the two limbs sepa-
rated by the artificial crack displaced at nearly the
same pace. The crack width remained virtually iden-
tical except in the vicinity of the failure zone, where
the material failure impaired the bonding between
the wood and the screw and the two limbs came into
contact, as did the cracked columns. The propagation
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of the crack towards the uncracked region was also
well restrained. An example of a typical failure is
shown in Fig. 4.

3.2 Load and mid-height lateral deflection curves

Typical load and mid-height lateral deflection
curves are shown in Fig. 5. As is evident, the mid-
height lateral deflections, measured from the two
separated limbs of the cracked columns, increased at
different paces whilst those of retrofitted columns
increased at almost the same pace and in the same
direction, in both concentric and eccentric loading
tests, with increased loading. This implied a better
composite action caused by the tying effect of the
SCrews.

For comparison and model verification purpos-
es, the load and mid-height lateral deflection curves
of all intact, cracked, and screw retrofitted columns,
tested concentrically and eccentrically, are shown in
Fig. 6. Since in most cases (with only one noted
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exception, as shown in Fig. 5) the lateral deflections
of the two limbs tended to be in the same direction
and differed only by a small magnitude, the averaged
results measured from the two limbs are shown for
the sake of clarity.

3.3 Maximum compression load and retrofitting
efficiency

As can be seen from Fig. 6, the maximum com-
pression load exhibited substantial variation within
the specimen groups. To reasonably compare the
load resistance of intact, cracked, and retrofitted col-
umns, the measured maximum compression load,
Fnax, was normalized in accordance with Euler’s
critical load, Fj Euler=7'c2EI/lz, as  Foom=F max/FEulers
where EI and [ are the flexural stiffness and the clear
length of the intact columns, respectively. For each
specimen group, £l and / were taken as the mean
values of all the specimens. Although the true values
of the Euler critical loads for the uncracked and arti-
ficially cracked columns are different, this normali-
zation is acceptable for comparison purposes, i.e., on
a dimensionless level.

The normalized maximum compression loads,
Foom, Of the intact, cracked, and retrofitted columns
were then used to calculate the resistance loss, o,
and «, of the cracked and retrofitted columns, re-
spectively, as

a =1- uorm,c’

c
norm,i

Elormr

r

norm,i

and the retrofitting factor, f, as

B= Fnorm,r B Fnonn,c -1 a, )
- Ewrm,i - norm,c - ac ’

where Fiomm,is Frorm.cs ad Fiom, stand for the normal-
ized maximum loads of the intact, cracked, and ret-
rofitted columns, respectively. During this process,
the cross-sectional area loss of the cracked and retro-
fitted columns was ignored since its influence on the
column’s flexural stiffness is immaterial.

The test results are listed in Table 2, where it is
clear that the resistance loss due to the presence of

the longitudinal cracks can be up to 19%, and that
80% and 159% of the loss can be recovered by use
of self-tapping screws for columns under concentric
and eccentric loading, respectively. The latter im-
plies that the retrofitted column can take more load
than the corresponding intact column. It is also evi-
dent that the cracked columns under concentric load-
ings exhibited a higher resistance loss than that un-
der eccentric loading. This was due to the fact that in
eccentric loading the two limbs always came into
contact, and thus the influence of the crack on the
composite action between the two limbs was
alleviated.

Note that this retrofitting effect is less formida-
ble than that of wrapping FRP sheets, for which an
increase of up to 20% with respect to the intact col-
umns was reported by Zhang et al. (2012). This is
mainly due to the fact that the FRP confined wood is
subjected to a tri-axial stress strain and its mechani-
cal properties can be improved. However, consider-
ing the nearly invisible retrofitting and high con-
struction efficiency of self-tapping screws, they have
certain unique advantages for retrofitting historical
timber buildings.

4 Finite element model

The laboratory test was inevitably affected by
the variation in specimen quality and did not cover a
sufficient range of screw spacing due to the limited
availability of resources. In addition, the propagation
of the existing crack near the crack tip was difficult
to quantify using analytical models due to the com-
plexity in stress concentration and brittle nature of
wood fracture. A properly verified finite element
model could provide an economic and efficient al-
ternative capable of performing fracture mechanics
analysis. Thus, in this study, a refined 3D finite ele-
ment model was developed to extend the experi-
mental study to facilitate further investigations into
the retrofitting efficiency of self-tapping screws, as
well as to quantify the influence of the crack width,
wood strength, load eccentricity, and screw spacing.

4.1 Model development

The numerical analysis model was developed
based on the commercially available finite element
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method software, Abaqus®, chosen for its robust
computational capacity and user friendly graphic
interface. The wood columns and the self-tapping
screws were simulated using the embedded 8-node
linear hexahedral reduced integration element,
C3D8R.

Wood was assumed to be orthotropic in the lin-
ear elastic stage. The parallel-to-wood-grain modu-
lus of elasticity, £;, was determined based on the
small clear specimen tests, as listed in Table 1. The
modulus of elasticity in the radial and tangential di-
rections, the modulus of rigidity, G, and Poisson’s
ratio, v, in the three principal planes were determined
using the commonly accepted ratios to £ (Simpson
and TenWolde, 1999) due to their complexity in la-
boratory testing.

In the nonlinear stage, wood was assumed to be
isotropic to evade the consistency and closed yield-
ing surface requirements (Hong, 2007). The nonline-
ar stress-strain relationship was established based on
the parallel-to-wood-grain compression test results
taking into consideration the nature of the compres-
sion failures of the wood columns. The relationship
can be mathematically described as

p

Eje-¢)+ [,

2
&
Ee-f|2|,  e<e,
o={"F f{g] £25 (3)

g, <€2¢,,

where ¢ and ¢ are the stress and strain; E, and Eq4 are
the modulus of elasticity and the slope of the de-
scending branch of the stress-strain curve, respec-
tively, as shown in Fig. 7, with E, taken as £ and E4
taken as 10% of Ey; &, is the strain corresponding to
the peak stress and can be determined as 2f./Ey; &, is
the ultimate strain and was determined as &+
0.15//E4 assuming that wood fails when the stress
reaches 85% of the peak stress on the descending
branch of the stress-strain curve.

The parallel-to-wood-grain compression strength
f. must be adjusted to take into account the differ-
ence between the geometries of the small clear spec-
imens and the wood columns. According to
Weibull’s weakest link theory (Weibull, 1939), the
strength adjustment can be done as follows:

f;’a ) K 1/k
TC - [V;olumn j ’ (4)

where f;, is the adjusted strength; Vs and Veomn are
the volumes of the small clear specimens and the
wood columns, respectively; k is the size effect fac-
tor. In this study, the size effect factor k£ was deter-
mined based on the comparison of the maximum
concentric compression load of small clear speci-
mens, wood columns of 2400 mm, and wood col-
umns of 1800 mm long. The latter was reported pre-
viously by Song et al. (2012). The mean value of the
size effect factor k£ was set as 6.58.

«y

flEo & &

Fig. 7 A parallel-to-wood-grain compressive stress-strain
curve model

Generally speaking, the self-tapping screws and
the bonding behavior can be considered as contact
elements, which often require higher computation
capacity and may cause convergence difficulty. In
this study, since no apparent bonding failure was
observed in the tests, the screws were simulated us-
ing an equivalent stiffness, i.e., the bonding slippage
(20) of the screws was lumped to the screw segment
within the width of the artificial crack as the elastic
elongation 4:

2F 25— A Fw’ ()
nDlk,

where F is any given force carried by a screw; D is
the screw diameter; / is the penetration depth of the
screw into the wood; k, is the initial bonding stiff-
ness of the screws determined by the pull-out tests;
w is the crack width; E.q is the modulus of elasticity
of the equivalent spring; A is the cross-sectional area
of the spring, as shown in Fig. 8.
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Assuming that the equivalent spring has the
same diameter as the screws, . can then be calcu-
lated as

(6)

Artificial crack

L

|

Wood I
column I
|

|

Equivalent spring

F<—W—>F

Fig. 8 Equivalent bonding spring of self-tapping screws

Consequently, the entire self-tapping screw can
be assumed to have the same E.q, while those sur-
rounded by wood are rigidly connected with the
wood elements. The stress concentration effect on
the wood surrounding the screws was not considered
as the global lateral deflection of the entire column,
instead of the screw pulling out or wood crushing
near the screws, dominated the member failure.

In addition to the artificial cracks, the model al-
so considered the initial mid-height lateral deflection,
ey, which can be introduced into the wood columns
due to the changes of humidity and temperature. The
distribution of the initial deflection along the height
of the columns was assumed to be half-sinusoidal
with the maximum at the mid-height cross-section.
Averaged measurements of ¢y from the column spec-
imens, as listed in Table 2, were used as the model
input. The generated model is shown in Fig. 9 for
illustrative purposes.

4.2 Model verification

The model predictions of the load-mid-height-
lateral-deflection curves of the six specimen groups
are shown in comparison with the test results in
Fig. 6, where a positive correlation between the ini-
tial stiffness and the maximum load can be observed.
As indicated in Table 2, the modeling error of the
maximum compression load is less than 6%.

5 Parametric studies

A parametric study was conducted using the
verified model to further investigate the influence of
the initial lateral deflection, screw spacing, and the
load eccentricity on the retrofitting efficiency of the
self-tapping screws. The initial lateral deflection e
was considered for cracked columns, since in most
practical cases cracks, once formed, will continue to
spread and cause crookedness of the column limbs,
while not affecting the cross-sectional area. For sim-
plicity and to be conservative in our considerations,
in this parametric study the two limbs of a cracked

Table 2 Maximum loads and retrofitting effect of concentrically and eccentrically loaded wood columns

: Feuler eo (mm)' Resistance  Retrofitting Modeling result

S - Frax (KN)  Finax/Fruler

pecimen group (kN) Left Right (kN) Eul loss, a factor, B Fpax (KN)  Error (%)
Concenric 51 267 0105776 (0.152  0.18 0 - 762 ~1.80
1(:;3?2 "¢ 52 4889 0.1 05 735(0.16)  0.15 0.19 - 703 -4.35
& S3 3665 —0.5 1.0 643 (0.18) 0.18 0.04 0.80 666 3.58
. S4 4536 0.3 —03 600(0.13) 0.13 0 - 631 5.17
Eccentric

loadin S5 4710 0.1 0.4 586 (0.18) 0.12 0.06 - 605 3.24
& S6 4427 1.0 -0.2 606 (0.20) 0.14 —0.03 1.59 622 2.64

Note: ' signs of the measured initial mid-height lateral deflection of the two limbs were defined with respect to a common reference direc-
tion; 2 within parentheses are the coefficient of variations of the measured maximum load Finx
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Fig. 9 Finite element method based column model and modeling results

column are assumed to have the same initial deflec-

tion, when moving in opposite and outward direction.

For example, an initial deflection of 5mm and a
6 mm wide crack will eventually cause a crack of
16 mm wide.

The parametric study was based on two scenar-
ios, as listed in Table 3. The first scenario (PS1)
represents a generic scenario, in which the column
carries small initial deflection when subjected to a
concentric load; whilst in the second scenario (PS2)
the column suffers material deterioration (a strength
factor of 0.6) and a load eccentricity of 30 mm and
carries significant initial deflections. The initial de-
flection will cause a crack width at the mid-height
cross-section of 36 mm, a state where retrofitting is
mandatory, as stated in the technical code for
maintenance and strengthening of ancient timber
buildings (MOHURD, 1992).

Based on the two scenarios (PS1 and PS2) var-
ied initial mid-height deflections (5, 10, 15, 20, 25,
and 30 mm) and self-tapping screw spacings (50,
100, 250, and 500 mm) were considered to calculate
the maximum compression loads of intact, cracked,
and retrofitted columns. The resistance loss of the
cracked columns and the retrofitting factor of the
screw retrofitted columns were determined. The re-
sults are shown in Fig. 10.

It can be seen that both the resistance loss & and
the retrofitting factor f increase with the increased
mid-height initial deflection. In the first scenario, the
column is mildly cracked and concentrically loaded

Table 3 Parametric study scenarios based on tested
specimen group S3

Specimen Initial mid- Load eccen-  Strength
P ou height deflec- tricity, e reduction
group tion, ey (mm) (mm) factor

PS1 5 0 1.0
PS2 15 30 0.6
1.2

Q.

L 4=0.085

T 0.8 !

E’ 0.6 ! PS2

£ 04 ! 4=0.061 PS1

o I

5 02 !

14 0 L L 1 I I )

0 100 200 300 400 500 600

Self-tapping screw spacing (mm)

(a)

0 10 20 30 40
Initial mid-height lateral deflection (mm)

(b)

Fig. 10 Variation of retrofitting factor of wood columns
sampled with different self-tapping screw spacing (a) and
initial mid-height deflections (b)
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and the resistance loss and the retrofitting factor can
be up to 17% and 80%, respectively. In the second
scenario, where the column is seriously cracked and
subjected to eccentric loading, the resistance loss and
the retrofitting factor can be up to 10% and 105%,
respectively. A mid-height initial deflection of
30 mm implies a significant loss of compression re-
sistance (more than 10%), when provision of self-
tapping screws as reinforcement can achieve approx-
imately 100% recovery of the resistance. Such indi-
ces can be used as reference for thresholds where
screw reinforcing is both necessary and efficient.
Meanwhile, the retrofitting factor is also affect-
ed by the self-tapping screw spacing. In the first sce-
nario, the retrofitting factor decreases slightly with
the increased screw spacing and is nearly 55% for a
spacing of 500 mm, whilst in the second scenario it
decreases from 110% to 65%, the latter correspond-
ing to a screw spacing of 500 mm. A screw spacing
of 100 mm leads to a retrofitting factor of approxi-
mately 1.0, i.e., all resistance loss due to the pres-

ence of a crack can be recovered by using the screws.

6 Conclusions

This paper presents the results of an experi-
mental and numerical study of the compressive ca-
pacity of longitudinally cracked wood columns retro-
fitted using self-tapping screws. Based on the test
results and parametric analysis results, the following
conclusions can be drawn:

1. Longitudinal cracks impair column resistance
by increasing unrestrained length as existing cracks
propagate, and weakening the composite action be-
tween column limbs, leading to a lower resistance
dominated by the weaker limb.

2. The self-tapping screws can prevent the
propagation of existing cracks and retie the separated
limbs, by means of a biting action between screw
threads and the wood, thus recovering much of the
resistance loss caused by the cracks.

3. The resistance loss escalates with increased
initial crookedness induced by the cracked opening,
as does the retrofitting efficiency of using self-
tapping screws. A mid-height initial deflection
(crookedness) of 30 mm was suggested as the
threshold for reinforcing provision.

4. The retrofitting efficiency generally increases
with decreased screw spacing, and a spacing of
100 mm was suggested as the most efficient spacing
for a column of 2400 mm high and 200 mmx>200 mm
in cross-section.

Due to limited recourses, this study focused
predominantly on cracks at symmetrical axes of the
column cross-sections, as it can be assumed from
elementary knowledge of mechanics that an asym-
metric crack can lead to a much weaker limb than a
symmetric crack (although the other limb will be
stronger), and thus may result in a more significant
loss of column resistance. Only limited column ge-
ometry, slenderness ratio, and crack width were con-
sidered for the reason mentioned above. These issues
will be addressed in future studies.
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