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ABSTRACT

The need for strengthening structural members is well known and research is progressing in this
field. In recent years the use of fiber reinforced polymers (FRP) for strengthening has shown 1o be o
efficient method both regarding structural performance and economical aspects. However, most of
the research in this Iield has been undertaken on concrete of old and damaged structures and for
flexural and shear strengthening. So, this paper presents axially loaded steel columns strengthened
for inoreased load capacity and improved stsbility. The topic is studied theoretically. The theory
covers analytical method, and a numerical fnite clements (FE) analvsis. Different types of most
commaon commercial FRP syslems have been examined and used in this study.
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INTRODUCTION

Columns are the most important members in a stractural system, Slender columns subjected to
compression should be designed 1o carry the load requirement without failing by vielding or
instabihty, i.c. buckling. However, for cases of changing, for example due to increased loads or
change m use, it is required to improve the load capacity. In addition, structures may be affected by
aceadents, I the function of a structure becomes inadequate by one of the above reasons, it might be
possible to keep it in service by repairing or strengthening. It should be determined whether it is
more economical in strengthening e structure compared (o replacement.

If' a steel c+lumn that subjected to compression needs to be strengthened, many methods exist. For
example, extra sleel sections can be welded or holted 1o the column, but sometimes this method is
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too expensive. One method that has become established for strengthening existing concrete
slructures is to bond {iber composite materials to the surfaces (ACT 440:2002),

The most common materials to be used are fiber reinforced pulymers (FRP) in combination with
epoxy resin, In this study the possibility of using fiber compesite for increasing global buckling
load for steel pipe under pure compression has been investigated. The work includes a theoretical
study consiting of both analytical and numerical finite element solutions.

THEORY

For the theories, Young's modulus (F) ami moment of inertia (1) of the involved miaterials are
needed. Young's modulus for the steel is well known, For the compasite, the modulus 15 dependent
an the fiber content. The moment of inerti is only dependent on geometry and for a pipe section
with notation as in Fig. (1) it is caleulated in accordance 1o Eq.{1).

Fig. (1) Cross-section of nonstrengthened (left} and strengthened (right )
member,
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For the sirengthened members, the modulus will be varied over the cross-section and it is most
conventent to calculate the product of the Young's modulus and the moment of inertia (E1). Here,
the property {El)w of the strengthened cross-section may be calculated as in Eq. (2). This is possible
since the two materials have the same center of 2ravity and is based upon the assumption that plang
cross-sections remain plane (Popov 1990),
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By defining the Young’s modulus for the FRP as a ratio of Young's modulus of steel as:
E, =ak, (3)

lig

Then eq. (2) may be written as;
Emx P : a .
{EI}_h=—ﬁ4-[u{l}+Etw} +D*(1— o) —d’] 4)

From Eqg. (4}, the moment of inertia 1., forthe strengihencd cross-scetion corresponding to a cross-
section with Young's modulus for stee] can he identified as:

I, :%[ﬂ:{[}+215p]" + D1~ o) —d’] (5
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A stiffness improvement constant (c) is defined as the stiffness of the strengthened cross-section in
relation to the stiffncss of the non-strengthened cross-section.

(BI), I, a(D+2t, ) +D'(1-a)-d
C=—7=
EI.II

v R = - = (f
I (D —d)

ANALYTICAL ANALYSIS

The critice stahility load for a member with uniform stiffiess over its whole length can easily be

analytically described by the Euler formula, Eq. (7). The stiffness 13 unilorm lor & member without

strengthening and for a member with uniform strengthening over the whole length. For a hinged

member with length (1), the critical load (P can be described by Euler formula (Popov, 1990).
°EIl

P, =— {7
L_

However, an examination of the bending-moment diagram for a buckled column indicates thal a
uniform cross-section along the length s net the most economical form for strengtheming lor
increasing stability. The greater parl of the strengthening material should be applied in the mid-
portion of the column. The buckling moede of a column with higher moment of inertia in the mid-
portion, shown in Fig. (2-a), is presented ir Fig. (2-b). By comparing Fig. (2-b) and Fig. (2-¢), it 15
found that the column can be studied as in Fig. (2-d).
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Fig. {2) Axially loaded colamn partially strengthened.
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By using the energy spproach, the critical load for a colunmn, as in Fig. (2-d) may be analyticaily
determined. The increase in internal work (or strain energy) to deform the column as in Fig. (2-¢)
Ay be expressed as:

Lr2 g
A= | —dx %
;[ 2EL i

where, M = Py, The deformation of the buckled column is approximated by:

X
=8 i e
¥ cus[._ [ ] | (9}

This givesy =& atx =0 (bottom end) and v =D at x - [/7 (top end),
By combining Eq. (8) and Eq. (%) and with notutions as in Fig. (2-d), the inmemal work becomes:

1 [aiz 3 LY [
ﬁU:—P-H-hf _[::4::5! E]:.i:u.'.+i—"’ cos”| Ede-‘ {10)
2EL | ; L I f

The vertical displacement { 2. ) is described by {Timeshenko and Gere, 1961) as:

Lit 2 1.1
;'L:]. I[E]dxhaﬂ

s {11
2 5 \dx 8L o

and the inciement in external work to move the el ol the column the distance A becomes:

P&'s?
AT= 12
m {12)
For encrgy equilibrium, the intermal amd exiernal work must he equal.
AU=AT (13)
Accordingly, the critical load for the member may be wrillen as:
T'ET 1
Pﬁz—; T e e — (£4)
L g L=gl. TIL: . TX
+— 2 = =1{sm-—
L I ?IL I, J L

Eq. (14) only describes a member with two cross-scetions where one is mid-portion and the other
symmetrically placed on both sides.

FINITE ELEMENTS ANALYSIS
To solve the problem for a member subjected (v axial load wilh non-unifonm cross-section or nor
symmetrical strengthening, a numerical approach is suggested, The relation between forces an
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deformations is the stiffness matrix [k], as shown in Eq. (15) with notations as shown in Fig. (3),
where Ri denotes [orces and moments, Displacements and rotations are denoted by .

Journal of Engineering |
]

R, f
Rl ell®t (15)
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Fig. {3) Notations for member subjected to end bending loads

The symmetric stiffness matrix for the member subjected (o axial load () and length (L) can be
described as Eq. {16} (Gardner, 1968).

i3y i E]I—
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BIf & “2 | 10 5%,
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~

I, ) I .
ShilTness matrix Liznmetric matx
For the calculations, ten clements have been used, Instability occurs when the load increases to

such a level that singularity occurs for the stiffness matrix, 1. ¢ buckling of the column occurs when
ithe determinant of the stiffness matrix is no longer positive.,

CASE STUDY
To investigete il a steel pipe can be strengthened for improved stability with FRP bonding, a case
study is taken for a steel pipe with two simply supported ends served as a reference in this paper.
The following data are assumed:
Pipe outer diameten(T¥): 150 mm
Young's modulus (E.): 210 GPa

Pipe inner diameter (d); 142 mm.
Yield swess (£): 245 MPa.
L5
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Pipe length (L}): 6000 mm.

There are numerous FRP systems commercially available [rom various manufactures. The
properties of the FRP materials offered also vary from one manufacturers to another, The syslem
Sika (2000 and MBrace FRP (2001) were used in this study with the following propertics listed in
Table {1}

Table {17 Material data.

Young's modulus Thickness

FRI* system (GPa) | (mm)

Sika carbodur H 30 1.4
MBrace CI 530 40 | 019

Parameters suggested in this case study are the ratio ol /1, FRP material type, and number of
layers.

RESULTS

Analytical Results

The critical buckling load for a non-strengthened pipe is ealeulated by Eq. (7) to be 282 kN. The
yield load for the pipe is 449 kN and should be taken as an upper limit for sirengthening. The
critical buckling load for different strengthened ratios, lavers and malerials are calculated by
Eq. (14) and presented in Table (Z).

Table (2) Critical buckling load (KN) Irom analytical model.

~ Sikacarbodurll | MBrace CF 530
Wl One [wi ] e One Twa Thees
layer , || layers layers layer | lavers layers
0.1 291 298 L | 286 287 291
0.2 303 | 316 323 200 | 296 301
0.3 316 336 | 345 294 304 312
0.4 310 3159 379 208 312 324
0.5 343 383 T 320 336
06 | 359 al6__ | as4® 307 379 350
0.7 376 | 451* S11% 312 33 364
0.8 395 493* 5790+ | 316 | 349 380
B 417 | 545* 6o7* | 321 | 3 397
i) 440 BOR* 787* | 31 | 371

Note: (*) refers to the case which cxceeds vielding load.
it is more convenicnt to use the term strengthening effect ratio for the buckling loud for a

strengthened member in comparison o a control member. This strengthening elfect ratio is
presented in Table (3).
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Table (3) Strengthening effect ratio from analytical model.

Sikacatbodur Il WBrace CF 530 .
Ome Two | Three | (On= Two Three
laver lavers lavers layer lavers layers
1.04 1.06 1.07 o1 | 102
1.07 T 1.03 1.05
1.12 Eig. {122 | o4 1.0¥
1.17 1.27 1.34 | 1.06 1.11
1,22 1.37 149 .07 1.13
127 | 148 .60 .09 1.17
1.33 1.60* | 1.81° N 1.20

140 | st 2.05% 112 | 124
1.46 1,93* 2.37* 114 | 128
1.56 2.16% 2.79% 116 1.32

Mote: (*) refers to the case which exceeds yielding load.

Fig. (4) shows the strengthening effect on the eritical buckling load ol 2 steel pipe [or dafferent
strengthening ratios, layers and materials of FRIP.

umher of layers

B0 = )
. 3
4 [—e—  sikacmoodo H
T — o
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Fig. (4} The strengthening effect on the coiteal buckling lowd of a steel pipe for
diffesent strengthening ratios, lavers and malerials of FRP.

Tables (2) and (3) and Fig. (4) can be used to identify the strengihening length needed to achieve a
desired strengthening effect.

FINITE ELEMENTS MODEL

The finite elements model gives a critical load o 282 kN for the control member withoul any
strengthening. The calculated buckling loads are normalized with the (hevretical buckling load for 2
non-sirengthened member and presented o Table (4).
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Table (4} Strengthening etfect ratio from FE-moaodel.

MBrace CF 530

Two Three One Two Three

lavers lavers layer | layers layers
1.06 1.07 1.1 1.02 1.03
g 1.14 Lo | 1.05 1.07
118 1.20 T4 | .07 110

1.26 ¥ 106 | 110 1.14

.36 1T LE .17
|46 Lo | Lie 1.22
|.58* L1 1 Tio8 1.27
1.73¢ 2403 EATE 1.34
.14

!

1
i

1.92% | 127 1.40
16 1.32 1.48

It was shown that the analytical model and 1he (inite clements model give the same results for the
non-strengthened member, The analytical mode] gives valuss 1-3% higher compared 1o finite
elements model when using more than one laver. The reason for this difference is the divergence
between the real buckling deformation and the sssumed one. which was approximated as mentioned
1n Eq. (9} for 2 non-uniform member.

To check th:is procedure, a 3-dimensional finite element anatyvsis has been done using the MSN-
NASTRAN program version 4. Due to the symimetry in both seomelry and loading, only half of the
column is considered in the finite element idealization by introducing the appropriate boundary
conditions along the column mid-length,

The steel is idealized by using 720 four-noded plate elements as shown in Fig. (5). FRI" is
represented by plate elements o, conuected with steel elements by rigid elements. The rigid
element in MSN-NASTRAN program is different than the other types ol elements. [t connects onc
independent node 1o a variable number up to 19 of dependent nodes, One independent and one
dependent node must be specified at least, but all other dependemt nodes are aplional. In addition
1o the nodes, onc or more degrees of fieedom must be specificd w be rigidly connected between the
independent and all dependent nodes.

Ly (b
Fig. (5) 3-dimensional finive element Afresentation of the column
(a} before buckling (b} at buckling.
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The load is applied 'n previously defined twenty increments up to the buckling lead. The 3-
dimensional finite elements model results approach the analvtical resulls very closely. A stiffer
behavior of the FE-model was observed when multl lavers of FRP were used. Table (5) shows a
comparison in the vbtoined critical buckling load from analytical and 3-D F. E. medel for 4 column
strengthened with MBrace FRP,

Table {5) Comparison in critical buckling Toad (kNJ between analytical and 3-13 F. E. models.

MBrace CF 530

Two lavers Three lavers _

~ | Analytic. | 3-DFE. | Analytic. | 3-DFE. | Analytic. 13- 1 |
(.1 286 285 28 | 287 vy’ S
02 290 289 2906 | 297 301 302
0.3 204 204 T T T
0.4 29% 208 312 314 5324 327

0.5 302 301 320 423 336 339 |

0.6 307 306 I EET 350 154 |
0.7 | 313 | s@ | 3}y | a4 164 369

0.8 316 37 | 49 | 357 | 380 | 386 |
21 360 | 3bd 197 404
171 | 376 416 424

MSCUSSION AND CONCLUSHINS
The analytical model and the finite element model show that Ober composites can be used for
strengtheniang of stecl columns. Derived models may be used to caleulate the strengthening effects.
If practical tests are undertaken it might be possible o asses the efficiency of the denived models
used to caleulate the sirengthening ellect.
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NOTATIONS

[+ Stiffness improvement constant.

B Outer diameter of the pipe.

d: Inner diameter of the pipe.

E: Young's modulus,

E. Egp: Young's modulus for steel and ERP.

Lz Moment of e,

L : Moment of inertia for steel pipe.

G Momenl of inertia Tor the strengthened pipe.

K] : Stiffness matrix.

L : Length of colume.

i I Momient,

P Applicd axial load.

P Critical lpad.

B;: , Forees and moments at ends of beam element.

T © Diisplacements and rotations at end of beam clement.
iy FRP thickness,

¥ DPeformation { deflection) of the buckled colunm.
o Modular ratio = Egp/l,.

AT ¢ Exterpal work increment.

Fu | KR intemal work increment.

& Muaxamum delormation for the buckled column.

A Vertical deformation.
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