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The purpose of this study is to determine type and magnitude of residual
stresses occurring on steel I-beams, which are manufactured by using pre-
stressing with welding method. In order to achieve this purpose, 50, 100,
150, 200 and 272 MPa prestressed steel I-beams (PSIB) are manufactured.
Residual stresses on these beams are determined with the hole-drilling meth-
od. As determined, the longitudinal residual tensile stress increases with in-
creasing prestressing stress up to 200 MPa. As also detected, the residual
tensile stress up to 92 MPa on crosscut in surface centre of lower flange oc-
curs, and it converts to residual compressive stress through edges of lower
flange. Moreover, residual compressive stress is determined at web of beam.
This stress converts to tensile stress on lower flange, and this variability on
stress type creates shearing stress on welding seam.

Key words: welding, prestressed steel beam, residual stress, hole-drilling
method.
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Kax BHU3HAYAJMCA METO0I0 CBePAJiHHA oTBOpPiB. By0 BCcTaHOBIEHO, IO II03-
JIOBYKHE B3aJIMIIIKOBE PO3TATryBaJIbHE HANPY:KEeHHS 3pocTae 3i 30iJbIIeHHAM
TonepegHLOr0 HAnpy:KeHHA ak 1o 200 MIIa. Bysio Tako:x BUABJIEHO, IO BU-
HUKAaE 3aJIMIIKOBE PO3TATYBaJbHE HANpPy:KeHHA aX n0 92 Mlla Ha momepeu-
HOMY Ilepepisi B I[eHTPi HOBepXHi HMKHBOTO (DJIaHILA, 1 BOHO IIePeTBOPIOETHCA
B 3aJIMIITKOBE HAIIPYsKEHHA CTHUCKAHHA uyepe3 Kpal HUMKHBOro (uaHIg. Kpim
IbOT0, 3AJIUIIIKOBE HAIPY/KEeHHA CTUCKAHHSA BU3HAYAJIOCA OiJ1d CTiHKY GaJIKHU.
e manpy:KeHHS IePEeTBOPIOBAJIOCA B PO3TATIYBajJbHE HAIPYMKEHHA Ha HUMK-
HbOMY (piraHIli, I Taka BapigbGeJbHiCTh THUIY HANPYKEHHSA CTBOPIOE HAIIPY-
JKeHH{ 3CyBY Ha 3BapHOMY HIBi.

KarouoBi cioBa: 3BapioBaHHs, IMOTIEPeIHL0 HANIpY KeHa cTajeBa 60aika, 3au-
IIKOBa HAIIPyTa, METOAA CBEPAJIiHHSA OTBOPiB.

ITenp gamHOIl PAGOTHI — OIPEAENUTDH TUIl ¥ BEIUYNHY OCTATOUHBIX HAIPsKe-
HUM, BOBHUKAIOINX B CTAJbHBIX JBYTAaBPOBLIX 0AJTKaX, N3TOTOBJIEHHBIX C HC-
MOJIL30BaHMEM METOJla CBapKHU C IIPeIBapUTEJbHLIM HaOpsasKeHueM. [aa mo-
CTHKEHHUS DTOU IeJu OBLIJIM M3TOTOBJEHLI CTaJIbHBIE ABYTABPOBLIE OaJIKH C
npeaBapuTeJabHBIM HanpsxeHueM 50, 100, 150, 200 u 272 MIla. OcraTouHbie
HAIPSKeHUA B 9TUX OAJKax OIpenessalich METOAOM CBepPJIEHUS OTBEPCTHIA.
BELI0 yCTaHOBJIEHO, UTO ITPOAOJLHOE OCTATOUHOE PACTATHBAIOINEe HAIpPKe-
HUe BO3pacTaeT C BO3pacTaHUEM HpeIBapUTEeNILHOTO HATIPSIKEeHUA BILIOTH 0
200 MIIa. Briio Takke oOHAPYKEHO, YTO BOBHUKAET OCTATOUHOE PaCTATHBA-
[oIfee HampsKeHre BILIOTh A0 92 MIla Ha momepeuHoM paspese B IIeHTpPe IO0-
BEPXHOCTH HHKHero (JaHIla, X OHO IIPeodpPa3sOBBHIBAETCA B OCTATOYHOE
HaIpsoKeHNte CXKAaTUA uepes Kpad HuKHero ¢uianmna. Kpome Toro, ocrarounoe
HaTpssKeHNte CXKaTUS ONpPeNessigoch V HOJKY OalKu. ITO HANpAKEHMe mpeos-
Pas3oBBLIBAJIOCH B PACTATHUBAIOIEe HATIPSIKeHNe Ha HIKHeM (JIaHIle, U TaKasd
BapmabebHOCTD THUIIA HATIPSKEeHUA CO3MAET HANIPAKEHNe CABUTAa HA CBADHOM
IBe.

KaroueBsie ciioBa: cBapka, IIpeJBapUTEJbHO HANPAKEHHAS cTaJIbHAas 0ajkKa,
OCTaTOUHOE HAIIPAYKeHUe, MeTO ] CBePJIeHUS OTBEPCTHIH.

(Received July 15,2015)

1. INTRODUCTION

Prestressing is application of residual stress deliberately to a construc-
tion element in order to increase its strength under various working
loads. The term of prestressing is first used for reinforced concrete
constructions. However, there have been ongoing studies on providing
steel construction elements with advantages of prestressed construc-
tion elements in reinforced concrete constructions, such as low deflec-
tion under service loads, high elastic behaviour under high loads and
high resistance.

Until now, by applying different prestressing techniques, various
prestressed steel beams have been manufactured and patented. Most of
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studies conducted on this subject aim to create residual compressive
stress on lower flange of beam with guy lines from outside. Elements
manufactured with this technique are denominated as ‘external pre-
stressed steel construction elements’ [1-3].

In studies conducted in recent years, however, internal prestressed
steel I-beam has been manufactured using different techniques. In the
study conducted by Ozcatalbas and Ozer [4], they manufactured inter-
nal prestressed steel I-beam (IPSIB) by joining the steel lower flange
plate, to which prestressing was applied within elastic limits, and T-
profile with help of welding. Authors applied flexural test to the pre-
stressed steel I-beams, which were fabricated using this technique.
They emphasized that the stress distribution formed on upper and low-
er flanges show resistance to flexural load applied on beam. Therefore,
it was stated in the test results that flexural strength of prestressed
steel I-beams is increased by approximately 30% compared with that of
non-prestressed beams.

Chapeau [5], on the other hand, positioned two T-profile bodies by
creating I-section in order to produce internal prestressed steel beam.
Then, load was applied in such a way to create predeflection to bending
load and they were joined by welding. Therefore, prestressed steel I-
beam was manufactured.

Kim et al.[6] applied a different method to manufacture prestressed
steel I-beam. In that study, a new method called as ‘multi-stepwise
thermal prestressing method (M-TPSM)’ was used. In this method,
plate heated using electromagnetic heat source was fixed to beam with
high-strength bolts so as to come into contact with beam. Dimensional
contraction occurring with cooling in plate created prestressing on
beam. After the static loading tests, it was detected that the prestress
formed in beams increases the load carrying capacity of the beam.
Therefore, the fact that there occurs less deflection in a prestressed
beam than a non-prestressed beam is emphasized as an important ad-
vantage of the prestressed beam.

In addition to manufacturing of prestressed steel beam, a number of
studies on strengthening of current steel structures with application
of prestressing have also been conducted. Adhesive bonding/joint of
prestressed laminates to steel structures can be given as example for
this method [7]. In this method, prestressed-applied carbon fibre rein-
forced polymer (CFRP) is adhered to lower surface of steel beam by
means of laminate adhesive bonding. After carrying out adherence,
prestressing applied to CFRP laminate is removed. This way pre-
stressed steel beam is fabricated. Compressive prestressing force, F, is
formed by removal of prestress force applied on CFRP-laminate. The
moment occurring as a result of prestress force will form compressive
stress on lower flange and tensile stress on upper flange. Thus, stress
distribution formed on beam due to the effect of prestress force will
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increased the load carrying capacity of the beam.

Narmashiri and Jumaat [8] examined linear and non-linear analysis
of steel plates and CFRP reinforced steel I-beams in 2D and 3D with
finite elements method. They stated that the load carrying capacity of
beam is increased particularly in the plastic region and lateral torsion-
al-buckling is diminished as the thickness of strengthening laminates,
which are used in steel I-beam, is increased.

Although prestressed steel I-beam manufacturing studies have been
conducted by using different techniques, there is no study in the liter-
ature that focuses on characterization of residual stress on prestressed
beams manufactured. In addition to this, condition of residual stress is
quite important in prestressed steel beams. The purpose of this study is
to conduct characterization of residual stresses on prestressed steel I-
beams.

As a result, manufacturing internal prestressed steel I-beam with
welded joint method as the experimental element, measuring of resid-
ual stresses, which the welded joint creates on beams together with
prestressing using the hole-drilling method and analysing results were
conducted in this study.

2. EXPERIMENTAL

Prestressed I-beam manufacturing with welded joint. Steel plate with
50x5 mm® cross-section and semi-finished steel T-profile with
50x50x5 mm?® cross-section were used to manufacture steel I-beam. Ta-
ble illustrates mechanical properties used in the experiments.
Prestressed I-beam manufacturing is conducted using the method
developed by Ozcatalbas and Ozer [4, 9]. Test setup is used to fabricate
internally prestressed steel I-beam as shown in Fig. 1. In order to man-
ufacture prestressed steel I-beams according to this method, 50, 100,
150, 200 and 272 MPa prestressings were applied to lower flange steel
plate, which would create lower flange of the beam, within elastic lim-
its. T-profile was joined to lower flanges, on which tensile prestressing
was applied, using gas metal arc welding (GMAW) method. Therefore,
internal prestressed steel I-beams and non-prestressed I-beams were

TABLE. Mechanical properties of experimental materials.

. Yield stress 6, | Tensile stress o,, | Elongation,
Material MPa y MPa %
Steel plate (lower flange)
(EN 10025) 372 459 29
T-profile 376 465 24

(EN 10025)
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produced. In order to remove effects of residual stresses that would
occur due to welded joining, some of non-prestressed I-beams under-
went the stress relief heat treatment at 630°C for 1 hour.

Determining residual stresses on beams with prestressing. As illus-
trated in Fig. 2, it was planned to conduct residual stress measure-
ments in eight points (MP) on beams. However, approximately same
values were obtained on MP1 and MP2 coded measurement points on
beams manufactured with 200 MPa prestressing in which maximum
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Fig. 1. Test set-up (a), schematic illustration (b).
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predeflection occurred (max. stress difference 4 MPa). The fact that
residual stress has similar magnitudes on these two measurement
points is interpreted such that only prestressing had an effect on re-
sidual stresses on this region as upper flange of beam is far away from
weld zone. Therefore, residual stress measurements were taken only on
MP1 coded point in upper flanges of other beams.

In measurements of residual stress, rosette strain gauges (RSG)

coded as EA-06-062RE-120 by the producing firm are used. Drilling
processes are conducted at the pressure of 276 kPa using a RS-200
high-speed air turbine that reaches to =300000 rpm rotation speed
[10]. Along with commencement of drilling processes on beam, strain
data are taken in pe by strain indicator. Afterwards, obtained data are
analysed using H-drill analyser software [11].
Residual stress measurements conducted in three stages. Firstly,
measurement on MP8, , is taken on the beam to which stress relief heat
treatment is applied at 630°C. During the second stage, residual
stresses are measured on MP1, , and MP8, , of all other beams. In the
third stage, residual stress is measured on other measurement points
of non-prestressed, 200 MPa and 272 MPa prestressed beams.

3. RESULTS AND DISCUSSION

After stress relief heat treatment, residual stress measured is 6,,,, =0,
O, = —2 MPa on non-prestressed beam. According to obtained data of
residual stress, residual stresses that occurred on non-prestressed
beams using the welded joint are removed with heat treatment applied.

1.2
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Fig. 3. Residual stresses in direction of x on MP1 and MP8 and change in pre-
deflection due to residual stress.
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Stress relief heat treatment is based on reduction of yield stress of the
material with increasing temperature [12—-15].

Quantity of prestressing on graph of Fig. 3 illustrates changes in
predeflection due to residual stress and residual stresses in x direction,
taken from MP1 and MP8. Predeflections occurring with increasing
quantity of prestressing applied on beams and residual stresses in-
creased up to beam manufactured by applying of 200 MPa prestress-
ing. On beam manufactured with 272 MPa prestressing, it may be said
that residual stresses and correspondingly predeflection reduced due
to partial plastic yield as a result of heat generated during welded
joint.

Figure 4 illustrates residual stresses measured on MP1 point. In-
creasing residual tensile stresses (0,) with prestressing increasing up
to 200 MPa in the x direction, and increasing residual compressive
stresses (0,) in the y direction were determined. Stress distribution on
upper flange is generated with the effect of moment (predeflection)
generated due to applied prestressing and welded joint. Figure 4 illus-
trates that o,,,, and o, stresses, and o,,, and o, stresses give considera-
bly similar values. Therefore, residual tensile stresses in the direction
of x and y are major and minor principal stresses. For this reason, axial
residual stresses may exist on upper flanges of beam.

Figure 5 illustrates residual stresses generated on MP8. o,,., and G,
stresses and 0,,;, and o, stresses gave close values. However, proximity
between stress values is not as much as on MP1, because residual
stresses generated on lower flange with the effect of welded joint are
more effective in comparison to upper flange, which was distant from
welding seam. According to data of H-drill analysis, angle between o,,,,
and o, residual stresses is approximately —19°. The reason for this an-
gular difference may be caused by torsional effect generated due to ir-
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Fig. 4. Residual tensile and compressive stresses on MP1.
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regularity in welding seam because accumulation of seams to lower
flange plate or beam web was not homogenous although internal edge
welding seams were made using a robotic GMAW system. This irregu-
lar accumulation on seams (< 1/5 mm) affects distribution of residual
stresses and can generate torsional effect in beams.

Figure 5, on the other hand, illustrates changes in ¢, and ¢, residual
stresses on MP8 due to prestressing and welded joint. Generation of
residual tensile stresses based on the prestressing increasing up to
200 MPa in the x direction was determined. Due to existence of residu-
al tensile stresses on upper flanges of the beam in the direction of x, it
may be thought that there should be residual compressive stresses on
lower flanges in the direction of x. The matter that should be given at-
tention here is the effect of welded joint and applied prestressing on
residual stresses. In welded T-joints, generation of residual tensile
stress on lower area of welding seam in the direction of x is inevitable.
The reason for this situation is shrinkage effect of welding metal based
on melting and solidification combinations generated during welded
joint[16, 17].

In beam manufactured with welded joint without applying pre-
stressing, residual tensile stress of 53 MPa was determined on MPS8 in
the direction of x. In their study on T-joint, Barsoum and Lundback
[18], presence of residual tensile stress of nearly 75 MPa on middle
point of lower flange was determined as a result of residual stress
measurement tests conducted with X-ray diffraction. The important
matter, apart from difference of 22 MPa caused from different weld-
ing parameters or construction, is the residual tensile stress that weld-
ing seam generates under lower flange.

In beams manufactured with application of prestressing, lower

300
250 A -© Oy
—8- 0y
200 A N :
AN E —A— Omax
150 R —*— Onin

100

Residual Stress, MPa

0 50 100 150 200 272
Prestress, MPa

Fig. 5. Residual tensile stresses on MP8.
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flanges of the beam try to apply compressive stress to T-profile by re-
moving prestressing applied after welded joint. T-profile, on the other
hand, displays resistance against this compressive stress. As a result,
lower flange plate to which prestressing is applied remain under influ-
ence of residual tensile stress in the direction of x with the effect of
welded joint and applied prestressing (Fig. 5).

It is determined that residual stresses on the lower flange in the di-
rection of y increased in the direction of tensile along with the pre-
stressing increasing up to 200 MPa (Fig. 5). Since residual stresses in
the direction of x on the lower flange are tensile stresses, it may be
thought that residual stresses in the direction of y should be compres-
sive stress. However, residual tensile stresses occur in the direction of
y due to thermal cycles generated during welded joint [14]. Moreover,
angular distortions generated on lower flange in double sided internal
edge weldings cause residual tensile stress on centre line (y-axis) lati-
tudinal to lower surface of lower flange [16, 19, 20]. Another matter
that should be considered is that with increasing prestressing, quanti-
ty of the residual tensile stress generating in direction of y increases.

Figure 6 illustrates that o, residual stresses generating on MP8 are
greater than o, residual stress generating on MP1. The c,=53 MPa on
MPS8 and 6, =22 MPa on MP1 determined in non-prestressed beams are
the residual stress values. These residual stresses are the stresses gen-
erated only by welding seam. In addition to this, the reason for residual
stresses higher than prestressing applied in lower flange is common
effect of welding joint and applied prestressing. Residual tensile
stresses reducing to 138 MPa on lower flange plate of the 272 MPa pre-
stressed beam demonstrated that plastic deformation in the material
occurred during welded joint process with this prestressing.

250
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- MP1

200

~
<
S

~
S
S
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Residual Stress, MPa
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Fig. 6. The 6, residual stresses in MP1 and MP8.
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In order to characterize residual stresses generating due to pre-
stressing in I-beams, residual stress was also measured on MP3, MP4,
MP5, MP6, and MP7 measurement points in beams with 200 MPa,
272 MPa prestressed and non-prestressed beams. Figures 7 and 8 illus-
trate results of measurements.

Figure 7 illustrates type and magnitude of o, residual stresses after
measurements on MP1, MP3, MP4, MP5 and MP8 points. In all beams,
there were residual tensile stresses on MP8 in the direction of x—x.
These stresses are generated by the effect of welding joint and especial-
ly applied prestressing. The effect of prestressing can be explained as
that return of elongation generated by elastic tensile stress on lower
flange is not allowed by welding seam of T-profile.

Figure 7 illustrates that the o, residual stresses on beam webs are
stresses in terms of compressive as a result of measurements conduct-
ed on MP3, MP4, and MP5 points. The reason for generation of residu-
al compressive stress on non-prestressed beam web is welding joint
(Fig. 7, a). Due to cooling after welded joint process, the welding seam
would try to shrink based on shrinkage effect of welding seam. This
situation would lead to generation of residual tensile stresses through-
out welding seam. Due to tensile stress throughout axis of the seam,
high residual compressive stresses generated in areas near seam on
beam web and residual compressive stresses decreased as moved away
from the seam.

In prestressed beams, on the other hand, this situation is different

22 MPa z 93 MPa , z
Tensile (+) Compressive (—) Tensile (+) Compressive (—)
x / 65 MPa \ xz 98 MPa
\ 92 MPa = 166 MPa
118 MPa 205 MPa
/))) NN D NP NI DN N NPIIFIINIIGIIIGIIIIIIINIINIIIINITG )),! /)))))))))‘)) INNNT P )TN NN I )J)I]
53 MPa 230 MPa
Non-prestressed beam 200 MPa prestressed beam
a b
53 MPa , 2
Tensile (+) Compressive (-)
X 38 MPa
8 MPa
126 MPa
L i ]
138 MPa ‘'

272 MPa prestressed beam
C

Fig. 7. Residual stresses in direction of x—x on upper/lower flanges and web of
beams.
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and higher residual compressive stresses generated the on beam web
(Fig. 7, b, ¢). It is caused by the fact that residual stresses on pre-
stressed beam webs are generated with welding joint and applied pre-
stressing. Welding seam of T-profile prevents return of axial and elas-
tic tensile stress generated on lower flange with prestressing. In this
case, tensile stress applied to lower flange applies the compressive
stress to T-profile due to elastic recycle. This residual compressive
stress due to prestressing combines with residual compressive stress
caused by welding joint and as a result, causes generation of high re-
sidual compressive stresses on beam web. Another important matter is
also that T-profile displays resistance against residual compressive
stress which lower flange applies to T-profile. In this case, T-profile,
with its resistance, causes residual tensile stress at high rate on lower
flange. As a result, what transmits high residual tensile and compres-
sive stresses to lower flange and T-profile is the welding seam, and
therefore welding seam is exposed to shearing stress (Fig. 7, b, ¢).
Figure 7, c illustrates results obtained in 272 MPa prestressed beam
in which plastic yield occurs due to applied prestressing. Generation of
residual stresses are characteristically the same as that of 200 MPa
prestressed beam. However, generated stress values are lower. Due to
plastic yield that occurs on lower flange because of the effect of heat
generating, welded joint reduces desired residual stresses in the beam.
Figure 8 illustrates residual stresses in directions of y—y and z—z on
cross-sections of beams with 200 MPa and 272 MPa prestressing.
Dashed lines in the figure illustrate residual stresses (MP3, MP4, and
MP5) on cross-section of beam in the direction of z—z; on the other

z
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Fig. 8. Residual stresses in direction of y—y and z—z in beams.
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hand, straight lines illustrate residual stress measurement results in
the direction of y—y taken from MP6, MP7, and MP8 on the lower
flange. While residual stress distribution in the direction of y—y on
lower flanges of both two beams is in the form of tensile stress on MP8,
it converts into compressive stress through the flange edge (on MP7
and MP6).

In beams, residual tensile stress at high rate is determined in direc-
tion of y—y on MP8 with the effect of welded joint and applied pre-
stressing. Figure 8 illustrates that, on MP8, residual tensile stress oc-
curring in beam with 200 MPa prestressing is greater than residual
tensile stress in beam with 272 MPa prestressing. It may be stated that
plastic yield generating on the lower flange plate due to high tempera-
ture during welded joint causes low residual tensile stress on the lower
flange centre of the beam with 272 MPa prestressing.

It is determined that residual tensile stress occurs in beams in the
direction of z—z. Beam web is exposed to residual compressive stress in
the direction of x—x with the effect of prestressing. Prestressing forc-
es applied to beams create axial stress condition in beams. Hence, re-
sidual tensile stresses are determined in direction of z—z vertical to re-
sidual compressive stresses in the direction of x—x.

Figure 9 illustrates residual stress measurement results in the di-
rection of x—x taken from MP6, MP7 and MP8 points on the graph.
Measurement results of non-prestressed beam reveal that residual ten-
sile stresses generated on areas near seam (MP8,) converted into resid-
ual compressive stresses as moved away from the seam (MP7,, MP6,).
This stress distribution in non-prestressed beam is a typical residual
stress distribution generated with the effect of welded joint [14, 19,
20]. Stress distributions generated in 200 MPa and 272 MPa pre-
stressed beams show similarity. Existence of residual tensile stress
with the effect of prestressing applied in lower flanges of the beam is
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Fig. 9. Residual stresses in direction of x—x on MP6, MP7 and MP8.
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in question. However, magnitude of residual tensile stress reduces
from centre to edge (MP8,, MP7,, MP6,). Presence of high tensile re-
sidual stresses on area of welding seam, where prestressing is trans-
mitted to T-profile, displays natural stress distribution.

4. CONCLUSIONS

Results obtained in this study aiming to characterize residual stresses
that occur with the effect of prestressing and welded joint on pre-
stressed steel I-beams manufactured with method of welded joint, us-
ing the hole drilling method, are summarized as the following:

It is found out that axial residual tensile stress occurred on lower
flanges of the beam together with prestressing increasing up to 200
MPa.

Non-axial (-19° deviation) complex stress distribution caused by ir-
regularity of welding seam is determined on lower flanges.

Tensile stress on lower area of welding in direction of y—y axis on
lower flanges of beams and residual stress distribution in form of com-
pressive on edge of the flange is observed.

It is found out that magnitude of residual stress vertical to beam ax-
is (y—y) and on the centre of lower surface of lower flange manufac-
tured with 200 MPa prestressing is greater than stress value occurring
on non-prestressed and 272 MPa prestressed beams.

Residual tensile stress distribution is formed in the direction of (z—
z) on webs of prestressed beams. Furthermore, on beam web, residual
compressive stresses occurred as longitudinal (x—x direction) to beam
increasing from upper flange to prestressed lower flange up to
200 MPa.

Residual tensile stresses existed on lower flange of the beam and in
direction of prestressing (x—x) together with prestressing increasing
up to 200 MPa. In prestressing higher (272 MPa) than this, residual
tensile stress value decreased.

The authors thank Gazi University for the financial support of this
research work (07/2009-21).
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