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Plain and reinforcement concrete columns have agmoitant function in
the structural concept of many structures. Oftemeseé columns are
vulnerable to exceptional loads (such as impagt/asion or seismic loads),
load increase (increasing use or change of functibstructures, etc.) and
degradation (corrosion of steel reinforcement, dlisdlica reaction, etc.).
On the other hand, confinement of concrete is diciit technique to
enhance the structural behavior of concrete mempensarily subjected to
compression. Since the introduction of Fiber Rettdd Polymer (FRP) as
externally bonded reinforcement confinement by mesinCarbon Fiber
Reinforced Polymer (CFRP) wrapping has been of idenable interest for
the upgrading of columns, piers, chimneys, etmdy also be necessary to
strengthen old RC structures a result of new cagiepement or because of
damage to the structure of environmental stresses.

The efficiency of this strengthening technique ddpemainly upon the
encountered parameters such as concrete strengthceptage of
longitudinal reinforcement, volume of internal stp, shape and size of
cross-section, volume of wrapped reinforcement andingements of
wrapped sheets. Therefore, the herein work dessdipeexperimental work
of 37 columns to study the behavior of plain andthforced concrete
circular, square and rectangular short axially loadl unconfined and
confined columns with externally CFRP wrapping feioement. The
measured strains in axial direction were recordédhe different axial load
levels for the different tested columns and ploégainst the corresponding
axial stresses comparing the axial stress- axiahist relations of the
strengthened columns with that of non-strengthexodaimns. The program
was planned to investigate the effect of size o$xisection of columns,
shape of cross section and percentage of longighdsteel of columns,
percentage of lateral steel (stirrups) and stremgiing system of columns
on the confined concrete behavamd the efficiency of such confinement in
terms of the induced axial nominal stress, axiahmal strain, the initial
modulus of elasticity and the modulus of toughmnelsieh represents the
area under stress-strain curve and the percentdgmarease of modulus
of toughness .
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1- INTRODUCTION

Fiber reinforcement polymer (FRP) materials are posites which consist of organic or
inorganic fibers embedded in matrix, the matrix stmes referred to as binder, is a
polymer resin, often with some fillers and additive various natures.

Externally bonded Carbon Fiber Reinforced Polym@&FRP) sheets are
particularly suitable for strengthening and repariof reinforced concrete structure
elements due to the high axial strength comparedtéel , low weight, excellent
corrosion resistance and non susceptibility to @ewrange of aggressive media,
electromagnetic neutrality, excellent fatigue chseastics for CFRP, low axial
coefficient of thermal expansion and very simpleb® applied in a wide variety
without any difficulties, which is considered frothe principals when applying the
alternative techniques e.g. steel plate technibiegeover, CFRP sheets are very easy to
be cut and wrapped in order to be applied as retttesed stirrups or U-jacket strips
[1,2,3,4,5,6,7, 8,9,10].

Previous Works

Mark et al.[11] carried out tests to investigate the size effeaially loaded square-
section concrete prisms strengthened Using CFRPBpirrg:. The percentage increase in
peak axial strain achieved by wrapping is redudeghtty as the cross- sectional size
was increased. The effect of size on the in inereéaspeak axial strain was not
significant as its effect on the increase in sttkndReza et al[12] carried out tests to
study the effect of shape. They concluded that:atkial strength of circular columns
strengthened with two layers of FRP increased byoup06 % than the case of square.
The application of FRP wrap may not increase thal sstrength of square columns.
However, if the corners of the square columns awended appropriately, the axial
strength and ductility of columns increase considst. Where the axial strength of the
square columns C (rounded edge 12 mm) improvedodp 15 % than the sharp edges,
also the ductility has improved.

The aim of herein work is, from one hand to stuldg behavior of plain and
reinforced concrete axially loaded short unconfiaed confined columns with various
shapes and sizes in terms of stress and straimaatbéstics. From the other hand, the
aim is to evaluate their strength, ductility, stéss as well as toughness showing the
effect of both size and shape on such propertiegthé same time showing how the
efficiency of confinement andsed technique is affected by same included paramete
such as: type of column either plain or reinforcidof lateral reinforcement (stirrups),
strengthening technique, shape and size of cras®se

2- EXPERMENTAL PROGRAM

2-1 Test Specimens

Tests of thirty-seven plain and reinforced shortazete columns with different sizes and
shapes of cross-sections were constructed to shedincluded parameters under axial
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static loading . The concrete columns were diviaaol two main groups; eighteen plain
concrete columns and nineteen reinforced concr@tenms with different longitudinal
and lateral reinforcements. The height for plainl a@inforced concrete columns was
100 cm. The experimental program was divided ieteea groupgGroups A, B, C, D,

E, F, and G) as shown iTable (1). Groups (A, Band C) to study the effect of size of
cross-section of plain concretgroup( D) to study the effect shape of cross- section of
plain concrete column group (E ) to study the effect shape of cross- section of
reinforced concrete columngroup ( F) to study the effect size of cross- section of
reinforced concrete columns aagbup ( G ) to study the effect of stirrup percentage and
strengthening technique,

Table (1) Description of test specimens including the expental program
(Series 1) Group A, B, C and D (Plain Concrete Comns)

. . % of
Group (.:OI' . Constants Parameter | Shape Crpss- s_ect|on Strengthening confinement
designation dimensions system (w%)
f
Ac 1-0 ® D= 12.50 cm
2 1 layer 5 strip
- Q =
Ac 1-1 £ D=1250cm | = S0 Lo 0.14
() —
Ac 2-0 cE 8 D= 15.00 cm
A Se 3 1 layer 5 strip
- o = = =
Ac 2-1 - € 5 D=15.00cm | = 0.14
Ac 3-0 g° = D= 17.00 cm
< ko) -
Ac 3-1 2 5 D= 17.00 cm | T [2yer 5 strip 0.14
S bf=75 mm
Bs 1-0 @ ° B=12.50 cm
3] S -
S = 1 layer 5 strip
- o (<% =
Bs 1-1 g . = B=1250cm | = Ll 0.14
o
Bs 2-0 c & 5 o B= 15.00 cm
B = 8 3 1 layer 5 stri
L o= o] =y - ayer 5 strip
Bs 2-1 PE # 3 B=15.00cm | 0.14
Bs 3-0 g° 2 B=17.00 cm
< o =
: 7} o _ 1 layer 5 strip
Bs 3-1 5 B=17.00cm |~ o2 0.14
Bs 2-0 o N 15cm x 15¢m
2 @ 1 layer 5 strip
L o
Bs 2-1 § - 15cm x 15cm b= 66 mm 0.14
[}
Cr2-0 c £ £ | 15cm x22.50 cn
C Se 3 1 layer 5 stri
Cr2-1 & = & | 15cm x 22.50 cn bfi’ 20 mnf’ 0.14
Crso g° 15cm x 30.00cn]
< N
Cra1 2 15cm x 30.00cn] - 1Yer 5 strip 0.14
b= 88 mm
Ac 3-0 . s 5 - D=17.00 cm
[0 = i
Ac 3-1 @ 5 <8 5 D=17.00cm | L /Yerssting 44,
S« Y o . T br=75 mm :
Hh O @© @©
Bs 2-0 82 85E 23 | B=1500cm
D Bs 2-1 5 E 58 & | B-15000cm | LIverssting o,
o "g 5 £ S 8% . bf= 66 mm )
br 1.0 J: 2 3 = [1250cm x 18.00
N C— o cm
[} 5 @9 -
Dri-1 w3 12.50cm x 18.00Q 1 layer 5strips 014
cm b= 66 mm )
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(Series 2) Group E, F and G (Reinforced Concrete Qamns)

% of
Col. ICross-sectiof Longitudinal Lateral steel Strengtheninkonﬁnemer
Group designatio ConstantParameteShaps dimensions| steel (U %) L %) system (%)
S —~ - = =1.39%
- () e = K =
Ec 1-0 . % G c c_g D=17.00cm As = 4010 Ast = Zero
—<c |E®Bo | = =1.39% 1 layer 5stri
B D= | o = H = Y P
Ec 1-1 % £ z s 10 O |D=17.00 cm As = 4010 Ast = Zero b= 75 mm 0.14
z° |28 _ H=139% _
Es 1-0 c g2 o |B=15.00 cm _ Ast = Zero
5 E ) % = As = 4010
22 |wog| 2 _ 0 1 layer 5
E Es 1-1 8’,—? 5 55| 9 |B=15.00cn W __1'39 % Ast = Zero strips 0.14
9 |%w® pE =iy br= 66 mm
e} w— D
'3 | o8 12.50cm x| p =1.39 %
N E= Ea| &8 H -
Er1-0 % 2 | 25%| 3 | 1800cm | As=410 Ast = Zero
Er1-1 o |2 % 12.50cm x| U =1.39%) st~ Zero 1sl?r3i/e;5 0.14
€ T | 18.00cm | As=4p10 - ot
= o =1.73%
- (4] - = H =
Fc 1-0 N g 8’6 <_8r5 D=1250cm As = 4D8 Ast = Zero
O = ) = = 0 i
B QE | XD = _ p=173% - 1 layer 5strip
Fc 1-1 B E Z g . O |D=12.50 cm As = 4D8 Ast = Zero br= 55 mm 0.14
© O [ ] —
R £, | 8o _ u=173% B
Fc 2-0 S < g 8_% % D= 15.00 cm As = 608 Ast = Zero
20 o & S 1 layer 5
o)) f = o = 0
Fl o1 | E2 1 25S| & |p=1500chP=173%| ast=zero | strips 0.14
22| eBE As = 608 by= 66 mm
= c§5¢ =
2 |[v5°2| B u=173%
- = o = =
Fc 3-0 c% 5 o < = |D=17.00cm As = 5010 Ast = Zero
ne 152 g _173% 1 layer 5
Fc 3-1 e & |D=17.00cm H o % Ast = Zero strips 0.14
As = 5010 5= 73 i
Fc3-0 p* =0.00%
s L layer 5strip
= = 0,
Fc3-1 £ u =0.00% b= 75 mm 0.14
£ 1 =0.33 % St
Gc 1-0 . & 1@6mm _
g _E’ @17.5cm
m c p =0 .33 % St .
Gell | B 2 196mm | 'f)fyfrfs Pl 014
5 2 @17.50cm -
= 2 I =0.33% St| 2 layers5
(o)) 0
Ge 1-2 = ~T 3 . 146mm strips 0.28
G - 5 5 3 |D=17.00 cm |1A=_1-;§lg) @17.50cm | by=75 mm
Ge 1-3 o |EY S S = H* =0 .58 % St
=3 g 1@6mm @10cim
8 — -
] 5 9] p" =0.58 % St.llayer 5 strips
Ge1-4 : % 1@6mm@10cm b= 75 mm Dt
(&) Q. N 0, ] i
} N py p" =0.58 % Stllayers 5 strip
P 2 2 186mm @10cmbs= 75 mm v
=
2 layers 5
Gc 1-6 p* =0.00 % strips 0.28
b= 75 mm
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M= (As/Ac)x 100 and K1 =s(V Vc) x 100 Where
s = M (for circular cross-sections columns)
SxD
M = (b * t)x 2xb, xt; xn (for Reagautar square cross-sections)
bxtxS
Where,

p = Percentage of longitudinal steel reinforcemant= the percentage of lateral steel
(stirrups), s = the percentage of confinement, sAcross-sectional area of longitudinal
steel reinforcement, Ac = cross-sectional areaococrete, Vs = volume oflateral steel
reinforcementV: = volume of concrete, ;= total width of the bounded CFRP;, +
CFRP thickness, n = number of layer of CFRP /dimension of column cross-section
and S = centre to centre spacing of the CFRPeffamples seEig. (1) to Fig. (3).

Steel cap 3mm thick CFRP

1000 mm

O

Ac1-0 D=125cm Ac 1-1 D=12.5 cm Ac2-1D=15cm  Ac 3-1D=17 cm

Ac2-0 D =15cm

Ac3-0 D =17cm

Fig. (1) Plain concrete columns - circular sections
(1= 0.00 % and = 0.00 %) Group A
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1000 mm

O

Fc 1-0 D=12.5cm
Fc2-0D =15cm
Fc3-0D =17cm

45.5

?
CFRP strip Steel cap 3mm Thick

Fc 1-1D=12.5cm Fc¢2-1D=15cm Fc 3-1 D=17 cm
(1 layer) (1 laye)

(1 layer)

Fig. (2) Reinforced concrete columns - circular sections
(u=1.73 % and 1= 0.00 % ) Group F

Steel cap 3mm Thick

0 O 0O

Fc 3-0 Gc1l-0 Gc 1-3
1=0.00% u=0.33% u=0.58%

Fc 3-1 1=0.00%
Gc 1-1 p=0.33%
Gc 1-2 1=0.33%
Gc 1-4 1=0.58%
Gc 1-5 §=0.58%
Gc 1-6 1'=0.00%

CFRP strip

1 layer
1 layer
2 layers
1 layer
2 layers
2 layel

Fig. (3) Reinforced concrete columns - circular sections
(D=17cmand p=1.73 %roup G
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2-2 Materials and Concrete Mix Proportion

All columns were casted from concrete having theesatrength, therefore concrete mix
design was done to give cube strength of aboutkgp0cnf after 28 days using the
following materials:

- Ordinary Portland cement.

- Sar31d (fineness modulus = 3.50, specific gravity.& &1d unit weight of 1.6

t/m”).

- Gravel (20 mm maximum nominal size, fineness maslulu6.75, specific
gravity = 2.65 and unit weight of 1.6 thn
- No additives were incorporated in concrete.

The concrete mix proportions by weight for £ ame given inTable (2). High
tensile steel deformed bars of grade 36/52 andetemi0 mm were used as longitudinal
steel, and diameter 8 mm mild steel plain barsraflg 24/35 were used for longitudinal
steel for columnsKc 1-0), ( Fc 1-1), (Fc 2-0), and(Fc 2-1), while mild steel plain bars
of grade 24/35 and diameter 6 mm were used foups.

The composite strengthening system used in thiystomprised of four basic
components namely: primer, putty, saturant, and EEReets under a commercial of
Sika Wrap Hex-23(4] ,[13]. Such CFRP sheet is available in rolled shedl.®8 mm
effective thickness and 300 mm width.. Some medadmproperties of CFRP are shown
in Table (3).

Table (2 Concrete mix proportions

Cement Fine aggregate Coarse aggregate Water
(kg / ) (kg / n?) (kg /n?) (liter /n?)
350 567 1267.54 192.5

Table (3) Mechanical properties @FRP [4],[13]

Tensile Modulus of . , Weight of
strength Elasticity Ulst;gﬁ;[e T?'r%kmniss CFRP
(kg /cnf ) (kg / cnf ) (g/nt)

35500 2400000 1.4% 0.13 200

2-3 Instrumentation

Universal testing machine of (500 ton) capacity wssd mainly in testing the columns.
The deformation of the tested columns were measusid) two mechanical dial gauges
having an accuracy of 0.01 inch, were placed antbeing head of the machinetwo
similar , were placed in the middle part of theurohs . The distance between dial
gauges was 20 cm to measure the vertical stragoérete column. Also, the induced
strain in concrete and CFRP was measured by mdamsealectrical strain gauges of 10
mm. gauge length. The reading of dial and straingga were recorded, each load
incremented by 4 ton up to the failure of the catum
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3- TEST RESULTS
3-1 With Respect to Failure Mode of Tested Columns:

During tests, three failure mechanisms of failuerevobserved as follows:
Photos from (1) to (6) show some examples for the different modes o@ifaifor both
tested plain and reinforced concrete columns.

The first mechanismwas due to shear failure, in non-strengthenednso$
which is referred as control plain concrete colupfiaiture governed by sudden crushing
of the unconfined plain concrete columns, and thlerans finally separated into two
cones for circular plain concrete columns. Failuess governed by shear failure between
the medium third to the upper third for all columiifiis mechanism was observed in
case of reference colum@c1-0), (Ac 2-0), (Ac 3-0), (Bs 1-0), (Bs2-0), (Bs 3-0), (Dr 1-

0), (Ec1-0), (Es1-0), (Er 1-0), (Fc1-0), (Fc2-0) and(Fc 3-0).

The second mechanismvas due to both rapture of one of CFRP stripatiedt at
the middle third and also located at the uppether lower third accompanied with
delamination of concrete cover along the whole pemof that strips and a complete
concrete crushing at that zone simultaneously s Téchanism was observed in case of
strengthened columns with a number of CFRP stipme ply(Acl-1), (Ac 2-1), (Ac
3-1), (Bs1-1), (Bs 2-1), (Bs 3-1), (Cr 2-1), (Cr 3-1), (Dr 1-1), (Ec 1-1), (Es 1-1), (Er 1-

1), (Fc 1-1), ( Fc 2-1), (Fc3-1), (Gc 1-1), (Gc 1-3) and Gc 1-4) For non — circular
columns the CFRP failed near the corners.

The third mechanisnwas due to concrete crushing at unconfined zeheden
CFRP strips. This mechanism was observed in casmlamns strengthened with a
number of CFRP strips of two pli€&c 1-2), (Gc 1-5) and(Gc 1-6), seePhotos (3-1) to
(3-37) where modes of failure for both unconfined andficmu plain and reinforced
concrete columns as shown for different sizes aiapes.

Photo (1) Final failure mode (Bs 3-0) Photo (2)inal failure mod€Es 1-0).
(The first mechanism)



Photo (3)Final failure modeHs 3-0) Photo (4)Final failure modeKEc 1-1).
(The second mechanism)

Photo (5)Final failure mod¢GC 1-5)  Photo (6)Final failure modeGC 1-6)
(The third mechanism)

3-2 With Respect to the Axial Nominal Stress - Axia | Nominal Strain
Relationship of Tested Columns :

The axial nominal stress defined by the appliedi loger the gross area = P/A (kg /
cnt ), the axial nominal strain define by the changénéight (deformation ) over the
overall height of the columa= 47 (cm/cm) for all tested columns av@luated
during the testing of each column up to failuFdgures (4) to (5) show the relationship
between the axial nominal stress and axial nomatidin for all tested groups of
columns either plain or reinforced.
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Based on these relationships the values of masl éo@d, the max. nominal
axial stress, the max. Nominal strain, modulus laétecity as well as the modulus of
toughness for all tested columns are tabulatdabhes (4) and(5).

Table (4) The values of axial nominal stresses and nominaihs as well as the
different values of efficiencies for plain concretdumns

Y [7p] Y—
o — 0O o 7)) o
T @ = 8= )
§ | ¥ | £ |S3-|wgc|we | S| £ | 8
- o © S SN 5} S5 o =i
Cg 8~ 7 2 -Bmv “5CU 3= 1) g|_ oA
= [ 0= —_ E— =
S|EE|%8| 55 |z |gfE|sfE 8% ta| 2| B8
Sl =0 —~ =< = R nn > = 4=
6|85 |55| Eo | E |8e2| 858 | EE-| g2 | o5 | &£
s | E c e SEE | ccE | 8% e 3= o=,
= = = |SES|ESES5 | Ec= °g | 22 | S8
[ ® [ o [ = TY s
< % 1 c\go ggo =l - o o
< < X s X
Ac 1-0| 20 | 163.05| 0.0023 1.80x10 0.2597
105 | 386.95 38.88 1059.14
Ac 1-1] 41 | 334.26 | 0.0112 2.50x16 3.0103
Ac 2-0| 27 | 152.86| 0.0021 1.75x10 0.2328
A 92.59 | 352.38 37.14 799.70
Ac 2-1| 52 | 294.40 | 0.0095 2.40 x10 2.0945
Ac 3-0| 33 | 145.46| 0.00195 1.70x10 0.1961
75.75 | 305.12 32.35 690.72
Ac 3-1| 58 | 255.67 | 0.0079 2.25x16 1.5506
Bs 1-0| 24 153.6 | 0.002(¢ 1.70x16 0.2157
75 345 29.41 745.99
Bs1-1] 42 | 268.8 |0.0089 2.2x16 1.8248
Bs2-0/ 33 | 146.66| 0.0018 1.70x10 0.1722
B 57.57 | 305.55 26.47 695.58
Bs2-1| 52 | 231.11 [ 0.0073 2.15x16 1.3700
Bs3-0/ 41 | 141.86| 0.0016 1.65x10 0.1581
48.78 | 260.06 24.24 589.18
Bs3-1] 61 | 211.14 | .00577 2.05x16 1.0896
Bs 2-0| 33 | 146.66 | 0.0019 1.7x10 0.1722
57.57 | 305.55 26.47 695.58
Bs2-1| 52 | 231.11 | 0.0073 2.15x10 1.3700
Cr2-0| 49 | 145.18| 0.0017 1.7x16 0.1660
C 53.06 | 264.70 23.52 591.93
Cr2-1| 75 | 222.22 [ 0.0062 2.10x16 1.1486
Cr3-0| 64 | 142.22] 0.00165 1.65x10 0.1423
37.50 | 209.90 21.21 505.55
Cr3-1| 88 | 195.55 [ 0.0051 2. 0x10 0.8617
Ac 3-0| 33 145.46 | 0.0019p6 1.7x10 0.1961
75.75 | 338.88 32.35 690.72
Ac 3-1| 58 | 255.67 | 0.0079 2.25x10 1.5506
Bs2-0| 33 | 146.66| 0.0018 1.7x10 0.1722
D 57.57 | 305.55 26.47 695.58
Bs2-1| 52 | 231.11 [ 0.0073 2.15x16 1.3700
Dr1-0| 33 | 145.46| 0.0018 1.65x10 0.1623
42.42 | 288.88 24.24 626.31
Dri1-1| 46 | 204.44 | 0.0070 2.05x16 1.1788
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Table (5) The values of axial nominal stressesramdinal strains as well as the
different values of efficiencies for reinforced cogte columns

=] [7]
g 52 |3 Q IR
_% %] X 5 X P ‘BNE >~ CA S~
c |o o T 5 | BEF| o0 8% B | 8%
c |5 | @ S| 582 |52E| 23 EC| 3_ | €9
g | €8 |2 55 | EC | 085 |88 | 22~ | 2| 22| (8
S | 35 |388| £< | 25 | 98E | 23E | cow | 85| 5E | 9E
O | 88 |E-| E2 | 55 | 252 |2E5| ES— |88 | o5 | §©
3 |2 ex | £© c2E |cE° | ®m% 53 | 2=~ | 53
£ = < £ES |Ece| =23 €S- | 32| =
< © =) 9 =) ST - O TXY _"6
© > o\go > 0:’, L X ) L
s < = s
Ec 1-0| 43 | 189.54/ 0.0020 2.00x1G 0.2693 §76.90
67.44 315 25.00 :
Ec1-1| 72 | 317.36] 0.0083 2.50x1G 2.0922
Es 1-0| 43 | 191.11 0.0020 2.00x1G 0.2622
E 53.48 290 20.00 602.32
Es 1-1| 66 | 293.33] 0.0078 2.40x10 1.8415
Er1-0| 43 | 191.11/0.00196 1.95x16 0.2570
37.21 | 2775 15.38 508.36
Er 1-1 | 59 | 262.22| 0.0074 2.25x10 1.5635
Fc 1-0| 24 | 195.66) 0.0025 2.0x10 0.3522
91.66 376 25.50, 909.71
Fc1-1]| 46 | 375.03] 0.0119 2.51x10 3.5562
Fc 2-0| 33 | 186.230.00228 2.00x10 0.3064
F 75.75 | 338.59 22.50 694.54
Fc2-1| 58 | 328.37| 0.0100 2.45x10 2.4345
Fc 3-0 | 38 [167.50| 0.0022 1.90x10° 0.2617,
65.79 | 277.27 ~121.05 572.94
Fc3-1| 63 |277.71]0.0083 2.30x10 1.7611
Fc3-0 | 38 | 167.50/ 0.0022 1.90x16 0.2617,
65.79 | 277.27 21.05 572.94
Fc3-1 | 63 | 277.71| 0.0083 2.30x10 1.7611
Gc 1-0| 48 | 211.57| 0.0026 2.05x10 0.4985
58.33 | 380.77 21.95 544.81
Gc 1-1| 76 | 335.00] 0.0125 2.55x10 3.2144
Gc 1-2| 90 | 396.71] 0.0165| 87.50 | 534.61| 2.76x1G [34.634.9605 895.08
G [Gc1-3| 56 | 246.85] .0029 2.20x10 0.7900
51.78 | 458.62 22.72 463.76
Gc 1-4| 85 | 374.67| 0.0162 2.70x1G 4.4537
Gc 1-5[100( 440.79] 0.0195| 78.57 | 572.41] 2.97x1G [35.00/6.1943 684.08
115.78
Gc 1-6| 82 | 361.44| 0.0130| (Fc3-0 | 490.91| 2.55x16 |34.21|3.5407 1227.59
reference
column)
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4- ANALYSIS AND DISCUSSION OF TEST RESULTS

The aim of this analysis and discussions is to destnate the effect of main parameters
that affecting the efficiency of externally bondé@FRP) strengthening reinforced
concrete axially load short concrete columns namely

With respect to plain concrete columns: the effafcsize and shape of cross-
section are considered.

With respect to reinforced concrete columns: th&ecefof the following
parameters are considered.

1-  Shape and size of cross- section

2-  The percentage of longitudinal steel.

3- The percentage of lateral reinforcements (stirrups)

4-  Strengthening technique.

The efficiencies are evaluated by calculating tledlowing items for the

strengthened columns compared with that withoengtthening:

Strength efficiency {; ) which is represented by the percentage of iserea
axial nominal stress .
Ductility efficiency ({2 ) which is represented by the percentage wéase of
axial nominal strain .
Stiffness efficiency (3 ) which is represented by the percentage aéase of
modulus of elasticity.

- Absorbed energy efficiencylf) measured by the percentage of increase of the

modulus of toughness , s€able(4) andTable (5) .

4-1 With Respect to Plain Concrete Axially Loaded C  olumns

500

450

400

a1
o

o
o

Axial Nominal Stresse Kg/cm?

P.C. columns
circular section
Group A
Al-1
[I—

—®—Ac 1-0 D=12.5 cm unconfined
—8—Ac1-1 D=12.5cm confined 1 layer
—aA—Ac 2 -0 D=15 cm unconfined
—>¢—Ac 2-1 D =15 cm confined 1 layer
—¥—Ac 3-1 D=17 cm confined 1 layer
—@—Ac 3 -0 D=17 cm unconfined

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

Axial Nominal Strain (g)

Fig. (4) Comparison between axial nominal stregsapd axial nominal strairg) for

both unconfined and confined circular P.C. colurf@oup A)
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500
——Ac 3-1 D =17 cm confined 1 layer
450 —&—Bs 2-1 B=15cm confined 1 layer
NE —aA—Dr 1-1 R =12.5x18 cm confined 1 layer
o 400 Ac 3-0 D =17 cm unconfined
Q —¥—Bs2-0 B =15cmunconfined
8 350 ——Dr 1-0 R =12.5x18 cm unconfined
(%]
£ 300
n Y A 3-1
© 250 T
E - | mo—T—* [Bs21
3 e Dr 1-1
= | —/]
g W ’j"c—Tr_l P.C column
< 100 Bs 2-0 .
] Dr 1-0 confined 1 layer
50 Group D
0 ‘ ‘ | | |

0.0000 0.0020 0.0040 0.0060 0.0080 0.0100 0.0120 0.0140 0.0160

Axial Nominal Strain (g)
Fig. (5) Comparison between axial nominal stregsafhd axial nominal strairg) for
both unconfined and confined circular , square aedtangular P.C. columns with
constant area = 225 ém(Group D)

4-1-1 Effect of Size of Cross-Section:
This effect mainly depends on the shape of crosteseas follow:
4-1-1-1 For Circular Plain Concrete Columns (Group  A).

Figures (6) to (9) show the relationships between the maximum nonsitnaks ¢ ), the
maximum nominal strain& ) , the value of modulus of elasticity as well lag nodulus
of toughness (M.T) and corresponding column diam@®@ for both unconfined and
confined with one layer plain concrete columns

500 : :
e Unconfined P.C. u=0

450
~ m Confined 1 layer P.C.u=0
§ 400 —————0=-17.773D + 550.87
S’ 350
€ e
o 300
a3 5
= 250 o
"
_g 200
E 150 basmimaRzIsil :
P4
® 100+——0=-39157D + 211.87
x
< 50

0 A
10 12 14 16 18 0

2
Diameter (D) cm
Fig. (6) Relation between axial nominal stresy §nd diameters) of P.C columns)({Broup A)
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0.02
0.0175
0.015
0.0125
0.01
0.0075
0.005

Axial Nominal Strain ()

0.0025
0

€ =-0.0007D + 0.0204

e Unconfined P.C.u=0

m Confined 1 layer P.C.u=0

— |

€ =-8E-05D +0.0033

‘

10 12 14

16 18 20
Diameter (D) cm

Fig. (7) Relation between nominal axial strairf() and diameters) of P.C columns ({Broup A)

3
~ \ : —
é 25 | E = .0.0549D + 3.198 e Unconfined P.C. p=0
= 26 u Confined 1 layer P.C. u=0
S
S 24 s
S 22 S
S 2
<
0 1.8 e S
© 16 _|
@ E=-0.023D+2.0738
= 14 —]
8 1.2
2 :

1 ‘

10 12 14 16 18 20

Diameter (D) cm

Fig. (8) Relation between modulus of elasticity (E) and @igms) of P.C columns (D%(oup A)

;
g e Unconfined P.C.u=0
2 6
= m Confined 1 layer P.C.u=0
s 5
[}
@
2 4
ey
g
3
|9 -\
S ,| MT=-03261D+7.056 |
§ \.
§ 1 M.T =-0.014D + 0.4371
0 2 $ |
10 12 14 16 18 20

Diameter (D) cm

Fig. (9) Relation between modulus of toughness (M.T) anuetiers of P.C columns (Dg(oup A)
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From Point of View of Strength:

The Figs indicate that the strength usually dee@ds increasing the size of circular
column which represented by the following equations

O =211.87 -3.92D ...coviiiiiiieeeen. (2) ( for unconfined plain concrete)
0 =550.87-17.773D ....... .......... 3) (fardined one layer plain concrete )

where @) in kg/cnf and (D) in cms.

The above relationship can be rewritten in term¢hefused cube compressive
strength ( grade of concrete C 200 as follows :

O —1059-0019@) " 4) af funconfined plain concrete)
cube

T 9754-0088@) " (5) (for confined one layer plaiancrete )
cube

On the light of equations (4) and (5) for exampte & standard dimension
diameter of cylinder of 15 cm, these equationddettie values:

2 ( for unconfined plain corete)
f =077

cube

T g e e (for confined one layer plain conete )
cube

Figure (10) shows the relation between the strength efficiggty against the
diameter (D) of specimen of plain concrete.

150

[ [
130 ® Confined 1 layerP.C. p=0 | |

¢1 =-6.437D + 186.6
110 +—

%0 \

70

Efficiency & %

50

30

10

10 12 14 16 18 20

Diameter (D) cm

Fig. (10) Relation between efficienc{X) and diameters of P.C columns (D)
(Group A)
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This relation indicates that the efficien€¥l) decreases by the increase of
column diameter (D) and can be best representeledfpllowing relation:

Zl =186.60 — 6.437D ............. (6) (for circular plaoncrete confined 1 layer)

From the above equation (6) it is seen that theevaf({'1) equals zero when the
diameter (D) is approximately equals 30 cm. Thisngethat the strength efficiency or
the percentage of increase in strength due to memint of plain concrete vanishes
when (D) is higher than 30 cm.

From Point of View of Strain:

The relation between the induced axial strain wétkpect to the diameter of column is
given as follows:

& (cm/cm)=0.0033 - 8x10-5 D............. (7) (foraemfined plain concrete)
&€ (cm/cm)=0.0204 -0.0007 D ............. (8) (for cordthone layer plain concrete )

where () is the max. strain and (D) is the diameter ofwar column in (cms). It is
clear that the maxi. induced axial strains for awed plain concrete is considerably
higher than that for unconfined concrete and madtdpends on the size of the cross-
section .Concerning the ductility coefficieqt; ), Fig. (11) shows the relation between
its value against the diameter for both unconfiaed confined with one layer plain
concrete circular column.

The relation can best be fitted by the followingiatipn:

Zz =615.24 - 18.006D............... (9) for circular plaiancrete confined 1 layer) .

Again, it is obvious that the ductility coefficiefif; ) decreases with the increase
of (D) and vanishes when (D) equals ( 34.0 cm)miage or less bigger than 30 cm as
strength efficiency({1) .

500 I I
450

400 S

350 °

300 B
{2 =-18.006D + 615.24

e Confined 1 layer P.C.u=0

250
200
150 -
100
50
0

Efficiency £, %

10 12 14 16 18 20

Diameter (D) cm

Fig. (11) Relation of efficiency {, ) and diameters of P.C columns ( D)
(Group A)
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From Point of View of Stiffness:

The relation between the modulus of elasticityaifarete as a function in (D)of column
is given by :

E =2.0738x10-0.023D ............... (20) ( for undmed plain concrete)
E=3.198 x10- 0.0549 D ................ (12) (for confined one dayplain concrete )

where (E) in kg / cfand (D) in cms.
The above relationships can be rewritten in terfnh® used cube modulus of
elasticity ( grade of concrete C 200) as follow :

E =1.0479-1.1622¢10"/ ..ovor...... (12) ( for unconfined renéed concrete)
E grade
= E . =16159-27741x10" "D weveev. (13) (for confined 1 layer reinfed concrete)
grade

where E grade=14000Q/Fc_ . =14000,/200 = 1979x10° kg /enf .

ConcerningFig. (12) shows the relation betwe¢r{ ;) value and the diameter

(D) for confined with one layer plain concrete diar column. This relation can be
written by the following equation:

Zs =57.189-1.4202D ............... (14 ) ( for confinedayér plain circular) column)

From the above equation (14) it is seen that theevaf ({3) equals zero when
(D) is approximately equals 40 cm. This means that stiffness efficiency of plain
circular concrete column due to confinement varsshieen (D) = 40 cm.

100
90
80
70

60
50 {3=-1.4202D +57.189

o Confined 1 layer P.C. 1=0

Efficiency (3%

40 SRESRiSSRIRESRERH)
\.\
30 ISR

20
10
0

10 12 14 16 18 20

Diameter (D) cm
Fig. (12) Relation of efficiency (3 ) and diameters of P.C columns ( D)
(Group A)
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From Point of View of Total Absorbed Enerqy:

The calculated modulus of toughness as varied éyihimeter of column can be given
by :

M.T=0.4371- 0.014D ............. (15) ( for unconfined plain concrete)
M.T =7.0556 -0.3261 D ............. (16) (monfined one layer plain concrete )

where (M.T) in kg / crhand (D) in cms.

Again it is clear that the value of ( M.T ) foraph confined with one layer is
higher than that for unconfined plain concrete, dudh values decreases with the
increase of diameter (DFig. (13) shows how this efficiency(, ), decreases with the
increase of diameter (D), which is representedtmsy following equation:

Z4 =2077.6 — 82.769D .......... a7) r(pbain circular column)

Also this equation shows that the value of thecefficy( ¢, ) decreases with the
increase of diameter ( D ) of column. At the sdime this decrease vanishes when D =
25 cm, i.e there is no increase in modulus of toegh ( M.T ) due to confined of plain
concrete with one layer beyond D = 25 cm .

1500 ‘ ‘

o confined P.C. u=0

1250

{4 =-82.769D+ 2077.6
1000 —

750

Efficiency {,%
[

500

250

10 12 14 16 18 20
Diameter (D) cm
Fig. (13) Relation between efficiency{ 4 ) and diameters of plain

circular concrete columns( O)Group A)

4-1-1-2 For Square Plain Concrete Columns (Group B):

The values of the max. induced nominal stresseax. mominal strains , modulus of
elasticity as well as modulus of toughness of stabhmns are given ifable (4)as well
as inFig. (14) to (17) which show the relationships between the max. nahstress
(O ) . the max. nominal strainf]) , the value of modulus of elasticity as well bs t
modulus of toughness (M.T) and corresponding colgide cross-section (B) for both
unconfined and confined with one layer plain cotemmlumns.
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Axial Nominal Stress ¢ ) Kg/cm?

500 e Unconfined P.C. p=0
450
400 m Confined 1 layer P.C. p=0
30 +————
0 =-12.905B + 428.44
300 e
250
200
150 . ° =y
100 5 =.26157B+ 186.17
50
0 T T
10 12 14 16 18 20
Wid{B) cm
Fig. (14) Relation between axial nominal stres¥ énd width of P.C square columns (Bx6up B)
0.02
® Unconfined P.C. u=0
“w 0.0175
= ® Confined1 layer P.C. =0
= 0015 / H
9 0.0125
g
= 0.01
§ 0.0075 e R € =-0.0006B + 0.0165
3 . \\.
x
Z 0.005
0.0025 pa —
s ® -0 € =-9E-05B +0.0031
O T T }
10 12 14 16 18 20
Width (B) cm
Fig. (15) Relation between axial nominal strainc:() and width of P.C square columns (Broup B)
o~ 3 . ]
£ @ Unconfined P.C. u=0
% 2.8 .
% 26 ® Confinedl layer P.C.u=0 ||
S 24 E=-0.0328B + 2.6197
Sh
> 2.2 l—\‘_\.
2 2
2
o 18 i i
S 16 =
[%)]
2 14 E=-0.0107B+1.8414
e}
o 12
=
1
10 12 14 16

20
Width (B) cm
Fig. (16) Relation between modulus of elasticity (E) andthivof P.C square columns (B3roup B)
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7 ‘

£ ® Unconfined P.C. u=0
o
= 6
2 ®m Confined 1 layer P.C. p=0
c

. 5
£
2
s 4
c
<
{*)]
= S QN SRRRRR AR ARRR AR RN RRRS
2 M.T=-0.1641B + 3.8628
o 2
3 '\'\.
=]
3 1
= M.T =-0.013B +0.3747

0 - ‘ ~ ‘ S | !
10 12 14 16 18 20
Width (B) cm
Fig. (17) Relation between modulus of toughness (M. Thvadth of plain square concrete columns (B)

(Group B)

As a general rule , as the side (B) increaseshallabove values decreases for
both unconfined and confined plain concreteis nteresting to note that the rate of
decrease for the case of unconfined plain condeetemaller than that for case of
confined 1 layer plain concrete. The relations leetw such properties and side
dimension can be represented as follows:

From Point of View of Strength :

0 =186.17- 2.6157B ................ (18) ( for unconfined plain concrete)
U =428.44 -12.905B ............... (29) (for éoved one layer plain concrete )
O —093-001318 " (20) ( foraonfined plain concrete)

cube
f O o 5142-006458 " (21) (for confined ongéa plain concrete)
cube

To declare how the confinement affects the indunedi. stress (strength) take
for e.g. B =25 cm, hence

f O g734 et e s ( for unconfinedgih concrete)
cube
T g e (for confined one layer plain camrte )
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140

e Confined 1 layer P.C.u=0

120

100

80

60 .\

‘.\
{1=-5.8736B + 147.58 =

Efficiency {; %

40 -

20

10 12 14 16 18 20
Width (B) cm
Fig. (18) Relation between efficienc§ Y and width of plain square concrete
columns (BYGroup B)

Concerning the efficiency values of strengii ), Fig. ( 18) shows how such

value of ({1) decreases with the increase of side ( B ) and earepresented by the
equation :

Zl =14758 — 5.8736B ....... .. (22)  (for suplain concrete confined 1 layer)

It is obvious that the value 61 ) equals zero when the value of ( B) equals 25 cm .
This means that, there is no increase in strenfjfilain concrete due to confinement
beyond a side dimension of cross- section (B) bigiyen 25 cm.

From Point of View of Strain:

Efficiency £, %

€ =0.0031 - 9x10B .................. (23) ( for wordined plain concrete)
€ =0.0165 - 0.0006 B ............... (24) (for confined one layer plain concrete)

500

450 e Confined 1 layerP.C.u=0
400

350
300 \
250

200 {2=-18.749B+581.64 |
150
100

50
0

10 12 14 16 18 20
Width (B) cm
Fig. (19) Relation between efficienci) and width of P.C square
columns (B)(Group B)
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From the point of view of ductility efficiencl, ), the relation betweeq(; )
and the side dimension (BFig (19) can be represented by :
{,= 58164 —18.749B .......... (25) ( for squalan concrete confined 1 layer)
From the above equation (25) it is seen that tieevaf ((3) equals zero when

(B) is approximately equals (B = 38 cm). This metirad the ductility efficiency of plain
square concrete column vanishes when (B) = 38 cm.

From Point of View of Stiffness:

E = 1.8414x10- 0.0107 B .......... (26) ( famconfined plain concrete)
E =2.6197 x10- 0.0328 B ......... (27) (for confined diager plain concrete )

The above relationships can be rewritten in terfribhe used cube modulus of elasticity
( grade of concrete C 200) as follow :
E

= 0930 - 5406x108 B ...... (28) ( for unconfined reinforceahcrete)
E grade
= E g =1.3237-16574x10 ' B ...... (29) (for confined 1 layer reinforceahcrete)
grade
100
90 e Confined 1 layerP.C.u=0
80
S 70
Y 60
(8]
$ 50
S 40 {3 =-1.15B +43.765
M 30 e
——e— o
20
10
0 ]
10 12 14 16

20
Width (B) cm
Fig. (20) Relation between efficiendy) and width of plain square
Concrete columns (B{Group B)

Figure (20) shows the relation betweéri; ) value and the dimension (B) for
confined with one layer plain concrete square coluiis relation can be written by the
following equation:

{3=43.765 — 1.15B.. .......... (30) (for confined 1 lay®ain square column)

From the above equation (30) it is seen that tieevaf ({3) equals zero when

(B)is approximately equals 38 cm. This means that stiffness efficiency of plain
square concrete column vanishes wher8B cm.

From Point of View of total Absorbed Enerqgy :

M.T=0.3747- 0.013B......... (31) ¢ tanconfined plain concrete)
M.T =3.8628 - 0.1641B .......... (32) (for confined one layer plain concrete )
Where (M.T) in kg / crhand (B) in cms.
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From Fig. (21) , the values of the efficiencly{; ) measured by modulus of
toughness, decreases with the increase of (B) vaht the relation can be best
represented by the equation:

{4=1184.90 — 34.2458B ....... (33) ( for suplain concrete confined 1 layer)

Again it is clear that the efficiency of energy atgtion vanishes when the value of B is
more than approximately 35 cm.

1500

1250

e Confined 1 layer P.C.u=0

1000

(4 =-34.245B + 1184.9

750

!

Efficiency {,%

500

\.\

250

0

10

12 14 16 18 20
Width (B) cm
Fig. (21) Relation of efficiency}) and width of plain square
concrete columns (B{Group B)

4-1-1-3 For Rectanqular Plain Concrete Columns (Gro  up C):

All the previous values are plotted against theesponding value of (t/b) as shown in
Figs. (22) to (25).

500

450

e Unconfined P.C. p=0

400

350

m Confined 1 layer P.C. u=0

250

300 R

o = -35.56(t/b) + 269.63
|

200

i\.\

150 -

Axial Nominal Stress (¢) Kg/cm?

0

100 o
50 +—

=

o =-4.44(thh) + 152.34

0.5

1 15 2 .25
t/b ratio
Fig. (22) Relation between axial nominal stresy &nd (t/b) ratio for P.C
rectangular columnéGroup C)
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0.02
- e Unconfined P.C.u=0
W 00175
c m Confined 1 layer P.C.u=0
I 0.015
)
= 00125
£
g 0.01
pd _
= 0.0075 € =-0.0022( t/b) +0.0095 ___|
< 0.005 —
€ =-0.0002(t/b) +0.0019
0.0025 +—— :
0
0 05 1 15 2 25 3
t/b ratio
Fig. (23) Relation of axial nominal straing ) and (t/b) ratio for P.C
rectangular columng§Group C)
2 L5 e Unconfined P.C. u=0
g 26 ® Confined 1 layer P.C.u=0
w 24 E=-0.15(t/b) + 2.3083
2 22 i\i‘\.
Q
@ 2
©
w 18
° 16 Ho
% 14 E=-0.05(t/b) + 1.7583 —
é 1.2
1 ‘ ‘
0 05 1 15 2 25 ypratio 3

Fig. (24) Relation of modulus of elasticity (E) and (t/h)io for P.C
rectangular columnéGroup C)

e Unconfined P.C. u=0

m Confined 1 layer P.C. u=0

Modulus of Toughness (M.T) Kg/cni
~

3
) M.T = -0.5083( t/b) + 1.8892
L MT =-0.0209( tib) + 0.205 \4
0 ® -
05 1 15 2 25

t/b ratio
Fig. (25) Relation of modulus of toughness (M.T) and (t/tipréor plain
rectangular concrete columii&roup C)
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Again all the above properties decrease by inangasie value of (t/b) ( volume
or size of specimen) for both unconfined and cadiplain concrete . Also the rate of
decrease is higher for confined one layer plaincoete columns rather than for
unconfined one.

From Point of View of Strength:

0 =152.34 - 4.44('[/b) ............. (34) ( for undimed plain concrete)

0 =296.63 - 35.5€(t/b) ............ (35) (for confined one layer plaioncrete )

By comparing these stresses by the grade of usexstete (C 200), hence

: o 07617 0.0224t/b) (36) ( for unconfthelain concrete)
cube ' '

fcibe - 1483- 0178(t/b) " (37) (for confined one lay®#ain concrete )

Figure (26) shows the relations between this valug ¢f ) and (t/b) ratio is a
straight line one in the form:

{1=79.482 - 20.0'.([/b) .......... (38) (for confined one layeriplaoncrete )

Equation (38) reflects that the value tﬁ 1 vanishes when (t/b) equals
approximately (4.0).

140
e Confined 1 layer P.C. u=0

120

100

80

60
i
40

|
7 1=-20.07(t/b) + 79.482

Efficiency &

20

0

0.5 1 15 2 25

t/b ratio

Fig. (26) Relation of efficiencyl) and (t/b) ratio for P.C rectangular
columngGroup C)

From Point of View of Strain:
& = 0.0019 - 0.000%/b)........ (39) ( for uncordith plain concrete)

& =0.0095- o.oozit/b) ....... (40) (for confined one layéaip concrete )
The value of the strain efficiency’(;) can be written in the following form as shown in

Fig. (27)
{ 2=404.47 -96.4@/b) ......... (41) (for confined one layer plain concrete )
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Also the above equation illustrates that the vdlde) vanishes when the ratio
(t/b) equals (4.0) , i.e the same value as stheefficiency.

450
400

350
300 *~—

250 e
200 | 72=-96.46(th) + 404.47 L

150
100
50
0

® Confined 1 layerP.C. u=0

Efficiency &,

0.5 1 15 2 25
t/b ratio

Fig. (27) Relation of efficiency(, ) and (t/b) ratio for P.C rectangular
columng(Group C)

From Point of View of Stiffness :

E = 1.7583x10- 0.05 (t/b) .......... (42) (fonconfined plain concrete)
E =2.3083%10- 0.15 (t/b) ........... (43) (for confined®layer plain concrete )

The above relationships can be rewritten in terfrth® used cube modulus of elasticity
(grade of concrete C 200) as follow:

E - o88g— 2521077 (t/D).......... (44) (for unconfineginforced concrete)
E grade
= E o 11663 7579x10~ 7 (t/b)....... (45) (for confined 1 layer reinfex concrete)
grade

Figure (28) shows the relation between(; ) value and plain concrete
rectangular columns of cross- sections. This matan be written by the following
equation:

{3=31.623 —5.26 (t/b) ...(46 ) (for confined 1 laydain rectangular column )

From the above equation (46) it is seen that tteevaf ((3) equals zero when
(t/b) ratio is approximately equals (6). This medmt the stiffness efficiency of plain
rectangular concrete column vanishes when (/i) ra6).

From Point of View of total Absorbed Energy :

M.T =0.205 - 0.029%/b) ......... (47) ( for unconfined plainnooete)
M.T = 1.8892 — 0.5088&/h)......... (48) (for confined one layer plain cogter)
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\ I

100
90 -
80

e Confined 1 layerP.C.u=0

70
60
50
40
30

{3 =-5.26(t/b) + 31.623
._____““———————1»——______________!

Efficiency 3

20
10

0.5 1 15 2 25
t/b ratio
Fig. (28) Relation of efficiency{z ) and (t/b) ratio for P.C rectangular
columng(Group C)

The relation betweefil; ) and the (t/b) ratio is given by the following etaa , sed-ig.
(29):
{ 4+=882.73-190.08/b) ....... .. (49) (for confined one layer plain conert

On the light of equation (49), it is clear that #féiciency( {4 ) equals zero when
(t/b) ratio equals (4.65).

1500 ‘ ,

1250 e Confined 1 layer P.C. u=0

1000

4 =-190.03( t/b) +882.73

C\»\‘

750

500 -

Efficiency £, %

250

0

0.5 1 15 2 ) 2.5
t/b ratio

Fig. (29) Relation of efficiency{, ) and (t/b) ratio for plain rectangular
concrete columngGroup C)

4-1-2 Effect of Shape of Cross Section :

For the effect of shape of cross — sections, thaimdéd values of axial stress, axial strain,
and modulus of elasticity and modulus of tougBnts columns having different
shapes (group D) and constant area are showigsi(30) to (33).
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500

450

O Unconfined P.C. p=0
400

MW Confined 1 layer P.C. =0

350

300

250

200

150

100

Axial Nominal Stress ¢) Kg/cm?

50

(Circular) D=17cm (Square) B=15cm (Rectangular) 12. 5x18 cm
Shape of cross-section

Fig. (30) Comparison between axial nominal stregsand shape of
cross-section P.C column&roup D)

0.02

0.0175 0O Unconfined P.C.u=0

0.015 | Confined 1 layer P.C.u=0

0.0125

0.01

0.0075

Axial Nominal Strain( (g)

0.005

0.0025

(Circular) D=17cm (Square) B=15 cm (Rectangular) 12. 5x18 cm

Shape of cross-section

Fig. (31)Comparison between axial nominal straE()and shape of
cross-section P.C column&roup D)
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3
o 2.8 -
IS O Unconfined P.C. p=0
2 26
2 B Confined 1 layer P.C.u=0
o 24
o
g 22
2
i 2
g
o 1.8
o 16
=
3 14
o
= 12
1
(Circular) D=17cm (Square) B=15cm (Rectangular) 12. 5x18 cm
shape of cross-section
Fig. (32)Comparison between modulus of elasticity ( E ) stmape of
cross-section P.C column(&roup D)
' |
€ 6 O Unconfined P.C. p=0
N B Confined 1 layer P.C. p=0
. 5
=
o 4
0
[}
£
S 3
>
o
2
o
3
E 1 r—l r—l
©
o
Z 0 ‘

(Circular) D=17 cm (Square) B=15cm (Rectangular) 12 .5x18 cm

shape of cross-section
Fig. (33) Comparison between modulus of toughness ( M.T shape of
cross-section P.C column&roup D)

Also, these properties are higher for confined layer plain concrete columns
rather than that for unconfined plain concretesta®nn in these Figs. It is obvious that
the value ofthese properties are higher for circular confineé tayer plain concrete
than both square and rectangular confined one,layeghe same time these properties
are higher for square confined one layer plain oetecthan rectangular confined one
layer plain concreteTable(4) as well asFig.(34) to Fig.(37) give the values of
efficiencies( (1 ), (& ), (¢ )and( ¢y where all the efficiencies varied according to the
shape of cross-section.
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Efficiency {; %

Efficiency &, %

Efficiency (3%

100
90
80
70
60
50
40
30
20
10

500
450
400
350
300
250
200
150
100

50

100
90
80
70
60
50
40
30
20
10

O Confined 1layer P.C. u=0

(Circular) D=17 cm (Square) B=15cm (Rectangular) 12 .5x18 cm

Shape of cross-section
Fig. (34)Comparison between Efficiency)(and shape of
cross-section P.C column&roup D)

O Confined 1 layer P.C.u=0

(Circular) D=17cm (Square) B=15cm (Rectangular) 12. 5x18 cm

Shape of cross-section
Fig. (35) Comparison between efficiency)(and shape of
cross-section P.C column&roup D)

O Confined 1 layer P.C.u=0

(Circular) D=17cm (Square) B=15cm (Rectangular) 12. 5x18 cm

shape of cross-section
Fig. (36) Comparison between efficiency)(and shape of
cross-section P.C column(&roup D)
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1500

O Confined 1layer P.C. u=0
1250

1000

750

Efficiency {,%

500

250

(Circular) D=17 cm (Square) B=15cm (Rectangular) 12 .5x18 cm

shape of cross-section

Fig. (37) Comparison between efficiency)(and shape of
cross-section P.C column(&roup D)

4-2 With Respect to Reinforced Concrete Axially Load  ed Columns:

500 [ [ [
450 R.C columns
400 M=139% u =0.00%
350 Group E
Ec 1- £|

—@—Ec 1-1 D=17 cm confined llayer

—8—Es 1-1 B=15cm confined 1 layer

—&A—Er1-1 R=12.x18 cm confined 1 layer
Ec 1-0 D=17 cm unconfined

50 —¥—Es 1-0 B=15cm unconfined

—e—FEr1-0 R=12.5x18 cm unconfined

0 : : : : I

0.0000  0.0020 0.0040  0.0060 0.0080 0.0100  0.0120 0.0140  0.0160

Axial Nominal Stress ¢ ) Kg/cm?

Axial Nominal Strain (g)
Fig. (38) Comparison between axial nominal stregsand axial nominal strairffor both unconfined
and confined circular , square and rectangular Re@lumns with longitudinal steel, A = 225tm
(Group E)
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Axial Nominal Stress ¢) Kg/cm?

Axial Nominal Stress 6 ) Kg/cm?

500 R.C. circular section
= 0, T = 0,
450 H=173% p 0.00%
Group F
i
400 Fcl—l:l»
| e
350 /
| ——® [ Fez1
300 B

A Fc3-1

—e—Fcl-1 D=12.5 cm confined 1 layer
—M®—Fc 2-1 D=15cm confined 1 layer
—A—Fc 3-cml D=17 cm confined 1 layer
Fc 1-0 D=12.5 cm unconfined"
—¥—Fc 2-0 D=15 cm unconfined"
—@—Fc 3-0 D=17 un confined"

0.0000

0.0020  0.0040

0.0060

0.0080

0.0100 0.0120 0.0140 0.0160

Axial Nominal Strain (g)

Fig. (39) Comparison between axial nominal stregsand axial strain £) for confined
circular columns with longitudinal steel and ditfat sizg(Group F)

500
R.C column Gel-5
450 1  circular section
D=17 cm
400 { 1=1.73% Group G T +——*{ Ge1-2]
350 %’—/ e i
= Gecl-4 |
— X
/’//%—— ‘ Gc1-6
300 o [Ge1-1
K|
2
L /.—
250
v Gel-3 ——@—Fc3-0 unconfined P =0.00 %
200 +— Gol -OJC _l —®— Fc3-1 confined 1 layer u~ =0.00 %
G c 1-0 unconfined p =0.33%
150 Fc 3-0 —X¥—Gc 1-1 confined 1 layer p~ =0.33 %
—@—Gc 1-2 confined 2 layers g =0.33 %
—+—Gc 1-3 unconfined g =0.58 %
100 - Gc 1-4 confined 1 layer g =0.58 %
Gc 1-5 confined 2 layers p =0.58 %
50 —~A— Gcl-6 confined 2 layers p =0.00 %
0
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020

Axial Nominal Strain (g)

Fig. (40) Comparison between axial nominal stregsand axial nominal straingf for
both confined and unconfined circular columns vdthgitudinal steel
and different percentage of lateral std@roup G)
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4-2-1 Effect of Shape and Size of Cross-Section :

Figure (38) shows the relationship between axial nominalsstre nominal strain for
different shapes of circular, square and rect@ngroncrete columns for unconfined
and confined one layer reinforced concrete colunfnsonstant cross sectional area of
225 cnf with longitudinal steel u = 1.39 % and no latestdelp” = 0.00 % . The
obtained values of axial stress, axial strain, nuglwf elasticity and  modulus of
toughness for such columns are showRiigs. (41) to (44) for such sections.

500

450 O Unconfined R.C. p=1.39% 5

400 B Confined 1 layer R.C. p=1.39% |
350

300
250

200

150

100

Axial Nominal Stress ¢ ) Kg/cm?

50

(Circular) D=17cm (Square) B=15 cm (Rectangular) 12. 5x18 cm
Shape of cross-section

Fig. (41) Comparison between axial nominal stregsgnd shape of
cross-section for R.C colum(Group E)

0.02

O Unconfined P.C. p = 1.39%
0.0175 -

M Confined 1 layer R.C. p=1.39%

0.015

0.0125

0.01

0.0075

Axial Nominal Strain ()

0.005

0.0025

Circular) D=17cm (Square) B=15cm (Rectangular) 12.5 x18cm

Shape of cross-section
Fig. (42) Comparison between axial nominal strai(f() and shape of
cross-section for R.C colum(Group E)
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3 T
O Unconfined P.C. p=1.39%

N
o
‘

M Confined 1 layer R.C. p=1.39%

2.6
24

2.2

18

1.6
14

12

Modulus of Elasticity (E/10° )kg/cm?
N

(Circular) D=17cm (Square) B=15cm (Rectangular) 12. 5x18 cm
shape of cross-section

Fig. (43) Comparison between modulus of elasticity ( E ) stmape of
cross-section for R.C colum(Group E)

\
O Unconfined R.C. n=1.39%

M Confined 1 layer R.C. p=1.39%

Modulus of Toughness ( M.T )Kg/cr
N

(Circular) D=17 cm (Square) B=15cm (Rectangular) 12 .5x18 cm
shape of cross-section

Fig. (44) Comparison between modulus of toughness (M.T) laaolesof
cross-section for R.C colum(Group E)

It is clear that these properties are higher fonfioed one layer reinforced
concrete columns rather than that for unconfinédfoeced concrete as plain concrete.
The efficiency values for strengfhily ), ({2 ), ( 3 )and( £ ) are given in Table (5) as
well as inFigs. (45) to (48).

Again, it is clear that such values are higher discular confined one layer
reinforced concrete rather than for both squareractngular confined one layer . Also
these values are higher for square confined orer lainforced concrete than that for
rectangular confined one layer reinforced concrete.
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Efficiency £ %

Efficiency ;%

Efficiency (3%

100
90
80
70
60
50
40
30
20
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500
450
400
350
300
250
200
150
100

50

100
90
80
70
60
50
40
30
20
10

M Confined 1 layer R.C. p=1.39%

(Circular) D=17cm (Square) B=15cm (Rectangular) 12. 5x18 cm

Shape of cross-section
Fig. (45) Comparison between efficiendy)(and shape of
cross-section for R.C colum(Group E)

W Confinedl layer R.C. u=1.39%

Circular) D=17cm (Square) B=15cm (Rectangular) 12.5 x18 cm
Shape of cross-section
Fig. (46) Comparison between eﬁicienc{({z) and shape of
cross-section for R.C columf{Group E)

® Confinedl layer R.C. n=1.39%

(Circular) D=17cm (Square) B=15 cm (Rectangular) 12. 5x18 cm

Shape of cross-section
Fig. (47) Comparison between efficiendy)(and shape of
cross-section for R.C columfGroup E)
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1500

1250 Bl Confined 1 layer R.C. 1 =1.39%

1000

750

Efficiency £,%

500

250

(Circular) D=17 cm (Square) B=15cm (Rectangular) 12 .5x18 cm
Shape of cross-section

Fig. (48) Comparison between efficiengy J and shape of
cross-section for R.C colum(Group E)

Figures (49) to (52) show the relationships between the max. nominakst
(O ) . the max. nominal strainf]) , the value of modulus of elasticity as well bs t
modulus of toughness (M.T) and corresponding coludimmeter (D) for both
unconfined and confined with one layer plain cotemrcular columns with different
size .

N 500
£ ‘ A Unconfined R.C. 1=1.73%
> 450 1~ g =-21.505D + 646.03 .
A 400 o Confined 1 layer R.C. u=1.73%
N-%
g 350 ity
& 300
g 250 Fe
£
> 200 L
=z —— A
K] A
z 150 1 0 =-6.1550D + 274.44
100
50
0 ®
10 12 14 16 18 20

Diameter ( D) cm
Fig. (49) Relation of nominal stress)(and diameters (D) for
R.C circular columns (Group F)
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0.02
0.0175
E 0.015 +——
e U € =-0.0008D + 0.0219
©
= 0.0125
n P
< 001 Hoesg
g 0.0075
pd
= 0.005 +——¢& =-7E-05D + 0.0033
< 00025 o ~ T
0 ‘ ‘
10 12 14 16 18 20
Diameter ( D) cm
Fig. (50) Relation of nominal axial strainq‘:) and diameters (D) for
N R.C circular columns(Group F)
S 3
2 \ A Unconfined R.C. p=1.73%
& 81 E=-0.0457D+3.0984 _
S 26 o Confined 1 layer R.C. p=1.73%
Y o4 e
> Eaammamaa)
S 22
@ 9 jAamE: A
«© X 7\
W #
o 16 E=-0.0213D +2.2828 |
7)) .
>
S 14
3
E 1.2
1 -
10 12 14 16 18 Diameterz(obn
Fig. (51) Relation of modulus of Elasticity ( E ) and diams{®) for
R.C circular columns(Group F)
€ . -
S A Unconfined R.C. p=1.73%
(=)
< 6 o Confined 1 layer R.C. u=1.73%
|_
s 5
Tgl N M.T =-0.401x + 8.5314
Q
c
EE e
o \O\
T2
5 fEEE )
2]
=2 11— MT=-002D+0.604
3 | A —A
= 0 :
10 12 14 16 18 20

Diameter ( D) cm

Fig.(52)Relation between modulus of toughness( M.T ) érdeaters(D) for

R.C circular columns Group F)
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From Point of View of Strength:

O =274.44 - 6.16D ..........(50) ( for unconfined reinforced concrete)
0 =646.03-2151D.......... (51) (for cardd one layer reinforced concrete )
Comparing this induced maximum stress with gradesefl concrete then :
0  _—1372-0.0308D (52) ( for unconfinemnforced concrete)
1:cube
. 0  _3230- 0107D - (53) (for confined one layer reinforcemcrete)
cube

On the light of equations (52) and (53) for examigle a standard dimension
diameter of cylinder of 15 cm, these equationddetthe values:

o Vo ( for unconfined reinforced concrete)
cube
; O o 1B25 e (for cordd one layer reinforced concrete )
cube

Figure (53) shows the relation between the strength efficigigty against the
diameter (D) of specimen of reinforced concrete.

130 —a— Confined 1 layer RC. p=1.73%

110

920 | .

70

¢1 =-5.7741D + 163.38

Efficiency £; %

50

30

10

10 12 14 16 18 20
Diameter cm

Fig. (53) Relation of efficiencyl) and diameters(D) for
R.C circular columns(Group F)

This relation indicates that the efficien€¥l) decreases by the increase of
column diameter (D) and can be best representédebfpllowing relation:
Z 1=163.38 -5.7741D...(54 ) ( for circular reinforcamhcrete confined 1 layer)

From the above equation (54) it is seen that theevaf ({'1) equals zero when
(D) is approximately equals 30 cm. This means that strength efficiency or the
percentage of increase in strength due to confinemfereinforced concrete vanishes
when (D) is higher than 30 cm as the same plaicreda columns.
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From Point of View of Strain :

€ =0.0033 - 7x10 D ........ (55) ( for unconfined reinforcedncrete)
£=0.0219 - 0.0008 D ........ (56) (for confined oagdr reinforced concrete )
where (€) is the max. strain in (cm/cm) and (D) is thenaider with one layer of
column in (cms).
Based on the above relations, it is clear thatnbg. induced axial strains for confined
reinforced concrete is considerably higher that tor unconfined concrete and mainly
depends on the size of the cross- section as mextioefore .

Concerning the ductility coefficient ), Fig. (54) shows the relation between
its value against the diameter for confined witte dayer reinforced concrete circular
column. The relation can be best fitted by theofelhg equation:

{ ,=651.82 —21.65 D ...(57) for circular reinforcgmhcrete confined 1 layer)

450 m Confined 1 layer RC. p=1.73%
400

350 ..
300
250
200
150
100
50
0

{2 =-21.654D + 651.82 h—

Efficiency ¢, %

10 12 14 16 18 20
Diameter ( D) cm

Fig. (54) Relation of efficiency{, ) and diameters(D) for
R.C circular columns (Group F)

Again it is obvious that the ductility coefficie(t2 ) decreases with the increase
of (D) and vanishes when (D) equals ( 30.0 cm)is Titeans that the ductility efficiency
or the percentage of increase in strain due toimemfent of reinforced concrete vanishes
when (D) is higher than 30 cm.

From Point of View of Stiffness :

E =2.2828 -0.0213 (D) .... (58 ( for unconfined reinforced corteje

E =3.0984 - 0.045(D)....... (59) (for confined one layer reinforced concrete )
The above relationships can be rewritten in terfrth® used cube modulus of elasticity
(grade of concrete C 200) as follow:

= E . =11535-107x10 7 D ....(60) ( for unconfined reinforced concrete)
grade
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E
E grade

=1565- 309x10~/ D......... (61) (for confined 1 layer reinforced concrete)

100

\ \ |
90 m Confined 1 layer RC. u=1.73%
80

70

60

50

40 ¢3 =-0.9975D + 37.814
30

Efficiency ;%

[ 1NEREES

10

10 12 14 16 18 20

Diameter ( D) cm
Fig. (55) Relation of efficiency{; ) and diameters(D) for

R.C circular columng$Group F )

Figure (55) shows the relation betweeid3 ) value and the diameter of confined
1 layer reinforced concrete circular columns ofssrosections, this relation can be
written by the following equation:

Zg = 37.814-0.9975 D ...(62) (for confined 1 layer ferned circular column )

From the above equation (62 ) it is seen thavthee of({3) equals zero when
(D)is approximately equals 38cm . This means thatstiffness efficiency of reinforced
concrete circular columns vanishes when (D) = 38 cm

From Point of View of Total Absorbed Energy:

M.T=0.604 - 0.02D ............... (63) ( for unconfined reinforced concrete)
M.T = 8.5314 -0.401D ................. (64) (for coreéd one layer reinforced concrete )
The value of ( M.T ) for reinforced confined witme layer is higher than that for
unconfined reinforced concrete, and both valuesedses with the increase of diameter
(D), taking into account that the rate of decreage higher for confined 1 layer
reinforced concrete rather than that for unconfiredforced concrete.

Figure (56) shows the relation betwedr; ) against the diameter (D) . It
shows how this efficiency(, ), decreases with the increase of diameter (D), septed
by the following equation:

Z4 =1842.7 - 75.298D ........ (65) (for comdil one layer reinforced concrete)
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1500 I I
® Confined 1 layer R.C. u=1.73%

1250

1000

'\

750 —

4=-75208D+18427 | T

Efficiency {,%

500

250

10 12 14 16 18 20
Diameter ( D) cm
Fig. (56) Relation of efficiency{, ) and diameters(D) for
R.C circular columns confined 1 layefGroup F)

Also this equation shows that the value of thecifficy( {4 ) decreases with the
increase of diameter ( D) of column. At the sameetthis increase vanishes when D
= 25 cm . i.e there is no increase in modulus @ighness ( M.T) due to confined of
reinforced concrete with one layer beyond D = 25.cm

4-2-2 Effect of Percentage of Longitudinal Steel

4-2-2-1 For Constant Shape Circular Concrete Column s With
Variable Cross-Section (Group AandF):

The values of the maximum induced nominal stressesximum nominal strains,
modulus of elasticity as well as modulus of tougtsn®r such columns are indicated in
Table (4) andTable (5) as well as Figg57) to (60 ) shows the relationships between the
max. nominal stress@ ) . the max. nominal strainé) , the value of modulus of
elasticity as well as the modulus of toughness JMiId corresponding column diameter
(D) for both unconfined and confined with one lagginforced concrete columns.

E 500 :

% 450 m Confined 1 layer P.C.u=0

i 400 | © =-21.505D + 646.03 o Confined 1 layer R.C. u=1.73%
©

o 350 T B

 3001+—

A 0 =-17.773D + 550.87 m

_ 250 +——

]

£ 200

§ 150

Z

% 100

Z 50

0 n
10 12 14 16 18 20

Diameter ( D) cm
Fig. (57) Relation between axial nominal stregy&nd (D) for both P.C and R.C
circular columns confined 1 laye(Group A and F)
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0.02

m Confined 1 layer P.C. u=0
o Confined 1 layer R.C. u=1.73%

0.0175

0.015

€=-0.0008D +0.0219
0.0125

0.011 ¢ =-0.0007D + 0.0204

0.0075 4

0.005

Axial Nominal Strain (g)

0.0025

0

10 12 14 16 18 20
Diameter ( D) cm
Fig. (58) Relation between nominal axial strain‘:() and (D) for both P.C and R.C circular

columns confined 1 layeXGroup A and F)
3

2.8 ‘
”6 E=-0.0457D + 3.0984

2.4 ‘=§l§
2.2 =
5 E=-0.0549D + 3.198

1.8

1.6

14

1.2 m Confined 1 layer R.C. u=1.73%
1 ‘ ‘

# Confined 1 layer P.C. u=0

Modulus of Elasticity (E/1C° Ykg/cm?

10 12 14 16 18 20
Diameter ( D) cm
Fig. (59) Relation of modulus of Elasticity (E) and (D) fatbh P.C and R.C circular
columns confined 1 layer(Group A and F)

, | MT=-03261D+7.0556 k

=

é ! m Confined 1 layer P.C.u=0
e 6 o Confined 1 layer R.C. u=1.73%
Z s

g 4 M.T =-0.401D + 8.5314

c

e

s 3 §

l_

©

E

>

e}

@]

=

0 T
10 12 14 16 18 20

Diameter ( Bm
Fig. (60) Relation of modulus of toughness ( M.T ) andf¢@poth P.C and R.C circular
columns confined 1 laye(Group A and F)
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These properties are higher slightly for confiner ¢ayer reinforced concrete
columns rather than for confined plain concretestaswvn in these Figs. Concerning the
efficiency values fof {7 ), ({2), ({5)and( {4 ). Table (4) andTable (5) as well ag-igs.
(61) to (64) give the values of such efficiencies.

Efficiency &, %

150 ‘ ‘
e confined P.C. u=0
0 ) = 6.4311D + 186.63 = Confined 1 layer RC. p=1.73%
S 110
AN 1)
7 o\
8 90 l\ ®
= —
L 70 -41 = -5.7741D + 163.38 s
50
30
10
10 12 14 16 18 20
Diameter ( Djn
Fig.(61) Relation of efficiencyl) and (D) for both P.C and R.C circular columns
confined 1 layer (Group A and F)
500 ‘ ‘
450 e Confined 1 layer P.C.u=0
400 | $2=-18006D+61524 | mConfined 1 layer RC. p=1.73%
300 4= 2=-21.654D + 651.82
250
200
150
100
50
0
10 12 14 16 18 20

Diameter ( D) cm

Fig. (62) Relation of efficiency{; ) and (D) for both P.C and R.C circular
columns confined 1 layeXGroup A and F)
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100 ‘ ‘
90 e Confined 1 layer P.C.u=0 EE
80 —=— Confined 1 layer RC. p=1.73% ||
X
% 70
pN 1)
3 60
g
E 50 E =-1.4202D + 57.189
\.\
30 EETH T
20 . —
10 E=-09975D+37814—
0 1 1
10 12 14 16 18 20
Diameter ( D) cm
Fig.(63) Relation between efficiencyy) and (D) for both P.C and R.C circular
columns confined 1 layé6Group A and F)
1500
1250 T4=-82760D+2077.6 | ° confined P.C. p=0
° ® Confined 1 layer R.C. u=1.73%
S 1000 e
>
% - -\\ ®
"ﬂ% 74 =-75.298D + 1842.7 \Q
500
250
0
10 12 14 16 18 20

Diameter ( D) cm
Fig. (64) Relation between efficiencyy) and (D) for both P.C and R.C circular
columns confined 1 layé6Group A and F)

All the efficiencies( {1 ), (& ), (& ) and (& ) decrease slightly due to
longitudinal reinforcement for circular section,ethrepresented equations for this
efficiencies are mentioned before .

4-2-2-2 For Different Shape Concrete Columns With C  onstant Cross
sectional Area = 225 cm ? (Group D and E ):

The values of the max. induced nominal stresseax. mominal strains , modulus of
elasticity and modulus of toughness for such cokiawre given iTable (5), as well as
Figs. (65) to (68) show the relationships these values and correspgpistiape of cross -
sections for both unconfined and confined with ayer reinforced concrete columns.
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500

450

O Confined 1 layer P.C. u=0

400

O Confined 1 layer R.C. p=1.39%

350

300
250

200

150

100

Axial Nominal Stress ¢ ) Kg/cm?

50

0.02
0.0175
0.015
0.0125
0.01
0.0075

Axial Nominal Strain (g)

0.005
0.0025

(Circular) D=17cm (Square) B=15cm (Rectangular) 12. 5x18 cm

Shape of cross-section
Fig. (65) Comparison between axial nominal stregsand shape
of cross-sectiofiGroup D and E)

[
O Confined 1 layer P.C.u=0

O Confined 1 layer R.C. p=1.39%

(Circular) D=17cm (Square) B=15 cm (Rectangular) 12. 5x18 cm
Shape of cross-section

Fig. (66) Comparison between axial nominal straig() and shape of cross-secti¢@roup D and E)

3

2.8
2.6

O Confined 1 layer P.C.u=0
M Confined 1 layer R.C. p=1.39%

24

2.2
2

18

16

14
1.2

Modulus of Elasticity (E/10° )kg/cm?

1

(Circular) D=17cm (Square) B=15cm (Rectangular) 12. 5x18 cm
Shape of cross-section

Fig. (67) Comparison between modulus of elasticity (E) arapshof cross-sectiofGroup D and E)
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&
s 4 :
2 O Confined 1 layer P.C. p=0
= @ Confined 1 layer R.C. p=1.39%
= 3
[%)]
%]
[}
c
5 2 ]
]
o
|_ LLLL]
gS)
a 1
=
e}
o
=
0

(Circular) D=17cm (Square) B=15cm (Rectangular) 12. 5x18 cm

Shape of cross-section
Fig. (68) Comparison between modulus of toughness (M.T) lazyles
of cross-sectionGroup D and E)

Again, these properties are higher slightly for fowed one layer reinforced
concrete columns rather than for confined plainceete, as shown in these Figs.
Concerning the efficiency values for stren@tf ), for ductility ( £ ), for stiffness( £3)
and for absorbed energy; ). Table (4) andTable (5) as well ag=igs. (69) to (72) give
the values of such efficiencies.

100 ‘
90 O Confined 1 layer P.C. p=0

80 B Confined 1 layer R.C. 1 =1.39%
70 ]

60

50

40

Efficiency £; %

30
20

10

0

(Circular) D=17cm (Square) B=15cm (Rectangular) 12. 5x18 cm

Shape of cross-section
Fig. (69) Relation between efficiencilj and different shape of
cross- sectiongGroup D and E)
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Fig. (70) Relation between efficienci?2) and different shape of cross- sections
(Group D and E)
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Fig. (71) Relation between efficienciB] and different shape of cross- sections
(Group D and E)
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Fig. (72) Relation between efficienci4) and different shape of cross- sections
(Group D and E)
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Again , all the efficiencie$ (1), (&), (&) and (& ) decrease slightly due to
longitudinal reinforcement for different shapes séctions , the represented equations
for these efficiencies are mentioned before d®rsig the values are higher for
circular section than square section , also thekees are higher for square section than
rectangular section.

4-2-3 Effect of the Percentage of Lateral Reinforce  ments (Stirrups):

Figure (40) illustrates the relations between axial nominaésst- axial nominal strain
for reinforced circular concrete columns with didene D = 17 cm and longitudinal steel
(1 = 1.73 %) for both different percentages ofriateteel and strengthening technique.

Again the maximum induced axial nominal stressalaxominal strain, modulus
of elasticity as well as modulus of toughness fachstested columns are induced in
Table (5). The previous values are plotted against the spomeding values of
percentages of lateral steel (stirrups) as showings.(73 ) to (76).

500
=) =135.25u +358.62
A H I e
X 350 e __./7/'
)
7 —_
£ 250}  0=16765p +278.3 H
& [T
< 200 e
é 150 0 =136.64 u +167.19 —e— Unconfined
o
2 100 —a— Confined 1 layer
©
X 50 )
< 0 A Confined 2 layers
-0.1 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

% lateral reinforced
Fig. (73) Relation between axial nominal stresygndu % lateral reinforced for
circular section (Group G)

0.025 | —e— Unconfined

0.0225 . fas=s
®  Confined 1 layer _ —

~ oo £=0.0112p" +0.0129 |
- A Confined 2 layers e
c 0.0175
3 L R
= 0.015
()] //
E_S 0.0125 €=0.0136p +0.0082—
€  oo01 |
(@]
Z 0.0075 —
T _
'<>(_< 0.005 €=0.0012y +0.0022——

0.0025 —r >

0 } . T T .
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

% lateral reinforcedp
Fig. (74) Relation between axial strairf(‘) andu % stirrups for circular sectiorfoup G)
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s | | [
A 2.8 +——E=0514y +2.6441
S 26 P e _
i 04 // E=0.6932u +2.3064
3 ' —
m 22 ——=
_ /
2 — E=0.5141 +1.8941-
2 —
Q 1.8 i
@ -
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E 14 m  Confined 1 layer uf =0.14 %
= 1.2 !
3 1 A Confined 2 layers pf = 0.28 %
o T
= -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
% lateral reinforced
Fig. (75) Relation between modulus of Elasticity (E) and i¥ugis i
for circular section(Group G)
{\E 7 . T T T
o & Unconfined MT = 4561“7 +3.515
2 6 {® Confined 1 layer /‘
= A Confined 2 layers — S
= 5 // MT =4.63y~ +1.7386
g 4 —
E /
g 3 //
|9 /
© 2 .//
a MT =0.9008u~ +0.2435
3 1
© —
o v
= P H
0 T
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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Fig. (76) Relation between modulus of toughness (M.T) antdrbass u
for circular section(Group G)

As a general rule , as the percentage of latezal Bicreases all the above values
increase for both unconfined and confined reinfdrcencrete. The relations between
such properties and percentages of lateral stedbeaepresented as follow:

From Point of View of Strength :

O =167.19 + 136. 84 %........... (66) ( for unconfined reinforced coste)
g = 278.30 + 167.66 P0......... (67) (for confined 1 layer reinfectconcrete)
0= 358.62 + 135.25104............. (68) (for confined 2 layeesnforced concrete)

The above relationships can be rewritten in terfrth@® used cube compressive strength
( grade of concrete C 200) as follow :
0 _0.835+0.864 1%........(69) ( for unconfined reinforceahcrete)

fcube
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O _1.391+0.8381%....... (70) (for confined 1 layer reinded concrete)
fcube
O _1.791+0.676 % ....... (71) (for confined 2 layers reirded concrete)

fcube
This equations reflect how the percentage of lasesel for reinforced circular
concrete increases the compressive strength ofnfined and confined one layer or
two layers. It is interesting to note that withneasing the percentage of lateral steel , the
compressive strength increases. Also, the valuesowfpressive strength is increased
with increasing strengthening technique , bus ielvitable to note that the increasing of

compressive strength for due to confinement by layer is more affective than the
two layers.

150

[ [ 1
_ ‘ —e— Confined 1 layer
125 | {1=-65.275u +113.75
®  Confined 2 layers
X 100
o, Rimmmes =S50
S 75 el
i i —o
50 1 71=-23.928y +65.921
25
0 ‘ :
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

% lateral reinfoed u—
Fig. (78) Relation between efficiencgiY and % stirrupg:
for circular section(Group G)

Figure (78) shows how the value of(1l) decreases with increase of the
percentage of lateral steel and can be represegtéue equation for both confined one
layer and two layers:

Zl =113.75 - 65.28106 .... (72) (for confined 1 layeimferced concrete)

Z 1=65.92 — 23.93 106 ..... (73) (for confined 2 layersnfeirced concrete)

From Point of View of Strain :

€ =0.0022 +0.0012 0%.... (74) ( for unconfineginforced concrete)
€ =0.0082 + 0.0136 1%..... (75) (for confined 1 layermgirced concrete)

€ = 0.0129 + 0.0112 -86.... (76) (for confined 2 layersnfeirced concrete)

The relation betwee({; ) and the percentage of lateral steel ,lSgp ( 79 ) , can be
represented by :

{ ,=277.36 + 312.72 "96....(77) (for confined 1 layer reinded concrete)
Zz = 490.15 + 140.10 "24... (78) (for confined 2 layers reinfalaeoncrete)
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It is interesting to note that as the percentagdatdral steel increases the
ductility efficiency( £2) is increased The rate of increasing of ductility efficiency?)
with increasing the percentage of lateral steettierconfined by one layer is higher than
that for the confined by two layers .

650 \
600 {2=140.1y +490.15
550
500 —

450 /'
400 i e

350 _

HE e 12=312.72u" +277.36

300 —
250

200
150
100
50 A Confined 2 layers
0 \ \ \ \ ; ; ‘
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

P a——

Efficiency £, %

—=— Confined 1 layer

% lateral reinforced p
Fig. (79) Relation between efficiencyy) and % stirrupsy  for circular section
with different techniqugGroup G)

From Point of View of Stiffness :

E =1.894x10+ 0.514x % ..... (79) ( for unconfinethforced concrete)
E = 2.306x10 + 0.693u~ % ....(80) (for confined 1 layer feised concrete)
E =2.664x10 + 0.514y" % ..... (81) (for confined 2 layezmforced concrete)

The above relationships can be rewritten in teriteused cube modulus of elasticity
(grade of concrete C 200) as follow:
E

= =0957+26x107° n %..(82) ( for unconfined reinforced concjete
E grade

L= 1165+ 35x107° uw % ....(83) (for confined 1 layer reinforced catey

E grade

Lz 1346+ 26x107° u % ....(84) (for confined 2 layers reinforced concrete)
E grade

These equations reflect that, as the percentadatefal steel for reinforced
concrete increases, the modulus of elasticitybfiih cases slightly increaséggure
(80) shows the relation betwedn(; ) value and the percentage of lateral steel for
reinforced concrete for both unconfined and cadiwith one layeror two layers
reinforcedconcrete circular column and can be representethéyequations for both
confined one layers and two layers:
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100
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60
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40

30
20 = = =]
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& dr A

Efficiency ;%

0 ‘ ‘ | | |
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

% lateral reinforced
Fig. (80) Relation between efficiencyy) and % stirrupsp for circular section with different technique

(Group G)
{ 3=21.036 + 2.8714 -|#4.... (85) (for confined 1 layerm@rced concrete)
Zg = 34.202 + 1.3574 -|%....(86) (for confined 2 layers reirded concrete)

This relation indicates that as the percentagetefal reinforced.  increases,
the efficiency( {3) increase very slightly for both confined 1layadadwo layers.

From Point of View of total Absorbed Energy :

M.T = 0.2435 + 0.9008 24%.....(87) ( for unconfined reirded concrete)
M.T =1.7386 + 4.63 1%.......... (88) (for confined 1 layer reinfed concrete)
M.T =3.515+4.5611% .......... (89) (for confined 2 layers ifeirced concrete)

Regarding with the efficiendyl, ), seeFig. (81), it is relations with the percentage
of lateral (1 ) are given by the following equations:
{ +=582.65 —182.90 ... (90) (for confined 1 layer reinforcechceete)
{ 4=1220.90-940.75 %0 ......... (91) (for confined 2 layers reinforcedcrete)

Equations (90) and (91) indicate that as the %iouipsincreasesthe absorbed
energy((y) is decrease.

1500 : ‘ ;
‘ e Confined 1 layer
1250 ¢4 =-940.754 +1220.9——— .
.\ = Confined 2 layers
< 1000 ~—
S \
>
% 750 e
S —
£ 500 —
74 =-182.9u  +582.65
250
0 ‘ ‘ ‘ ‘ ‘
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

% lateral reinforceqh
Fig. (81) Relation of efficiencyd, ) and % stirrupsu  for circular section
with different techniqu€Group G)
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4-2-4 Effect of Strengthening Technique :

Figure (40) illustrate the relations between axial stressiastrain for reinforced circular
concrete columns with D = 17 cm p = 1.73 % andngieening technique. The max.
induced axial stress, axial strain, modulus of tedig and modulus of toughness for
such tested columns are given Table (5). These values are plotted against the
corresponding strengthening technique as showingi(82) to Fig. (85).
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o A

£

S 400 ey

X 350 oA By

N2 /

@ 300

]

& 250 S‘/ — T

T 200

C

€ i

S 150

g 100 —o— | =00%

< 50 —m— | =033%
0 —A— | =058%
05 0 05 1 15 2 25 3 35 4

% Strengthening Techniquepf x 10
Fig. (82) Relation between axial stresg @nd % stirrups:  for circular section
with different techniqugGroup G)

0.02
/A
0.0175
= /A/ | =
= 0015
£
€ 0.0125 e
(%9}
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05 0 05 1 15 2 25 3 35 4

% Strengthening Techniquep; x 10

Fig. (83) Relation between axial nominal strainc:() and strengthening
technique for R.C circular sectideroup G)
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=
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Fig. (84) Relation between modulus of elasticity (E) andngftieening
technique for R.C circular section (Group G)
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Fig. (85) Relation between modulus of toughness (M.T) amthgthening
technique for R.C circular secti@@roup G)

As a general rule , as the strengthening technigeesases all the above values
increase for both unconfined and confined 1 layetwm layers reinforced concrete
butitis suitable to note that the increasinghese values for by one layer confinement
is more effective than by the two layers corresjpom the unconfined concrete
columns.

Concerning the efficiency values for strendtly; ), ductility ( & ), stiffness
( ¢z )and for absorbed ener@y, ). Table (5) as well ag=igs. (86) to (89) give the values
of such efficiencies where all the efficienciesigdraccordingto the percentage of
lateral reinforcement and the used strengthenictgnique.
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Fig. (86) Relation between{{) and strengthening technique
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Fig. (89) Relation between{() and strengthening technique
for R.C circular sectioriGroup G)

Generally, thevalues of strengti{; ) , ductility (&) , stiffness( & )and of
absorbed energlyf; ) are increased by increasing number of layers ®RIECE Taking
into consideration thdtd; ) and (¢, ) values were decreased by increasing the
percentage of lateral steel as shown in these Fig

5 — CONCLUSIONS

Based on the obtained experimental results theviiiig conclusions are being drown
out:

5-1 With Respect to axially loaded Plain Concrete  Columns:

The behavior of such columns under axially staiading mainly depends on the shape
of cross section, the size of cross section andi¢igeee and type of lateral confinement
as follows:

1- For plain concrete columns circular, square anthrggilar sections, the strength
efficiency, ductility efficiency, stiffness effiarey and the absorbed energy
efficiency are higher for confined 1 layer colunthan that for the unconfined
columns.

2- For plain concrete columns circular, square anthrgular sections, as the cross
section increase strength, ductility, stiffness #rel absorbed energy efficiency
are decreased.

3- The strength efficiency or the percentage of ingedn strength due to
confinement of plain concrete with one layer vhaswhen diameter of circular
column (D) is higher than 30 cm , when size of sgu@lumn B = 25 ¢cm and
when (t/b) ratio for rectangular = (4.0).

4- The ductility efficiency or the percentage ofr@ase of axial nominal strain
due to confinement of plain concrete with one tayanishes when diameter of
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circular column (D) is = 34 cm , when B = 30 cm fdain square columns and
when (t/b) = 4.0 for rectangular columns .

5- The stiffness efficiency or the percentage ¢fease of modulus of elasticity

due to confinement of plain concrete with one tay@nishes when diameter of
circular column (D) is = 40 cm , when B approxinate 40 cm for plain square
columns and when (t/b) ratio = (6 ) for plain eewjular concrete columns.

6- The Absorbed energy efficiency or the percentagfancrease of the modulus

of toughness due to confinement of plain concretlh one layer vanishes when
diameter of circular column (D) is = 25 cm , wher=BB5 cm for plain square
columns and when (t/b) ratio = (4.65) for r pleégtangular concrete columns.

7- The shape of cross-section for unconfined plainceete columns has no

significant effect on strength efficiency, ductiliefficiency, stiffness efficiency
and the absorbed energy efficiency where the sludipeross-section has a
significant effect for confined concrete columns.

8- For confined plain concrete columns, strength igfficy, ductility efficiency,

stiffness efficiency and the absorbed energy efficy are higher for circular
sections than that for square sections; also &fferiencies of square concrete
sections are higher than that for the rectanguaciete sections.

5-2 With Respect to Reinforced Concrete Columns:

5-2-1 Effect of Size and Shape of Cross- Section:

The behavior of such R.C short static loading colsmrmainly depends on : the shape
and size ofcross section, presence and percentage of |aggtiureinforcement,
presence and percentage of lateral reinforcententedl as the strengthening technique
as follows:

1-

2-

For reinforced concrete columns circular, squackrantangular section, the
strength efficiency, ductility efficiency, stiffne®fficiency and the absorbed energy
efficiency are higher for confined 1 layer thanttfoe unconfined column.

For reinforced concrete columns circular secti@ssthe cross section increase, the
strength efficiency, the ductility efficiency, tis&ffness efficiency and the absorbed
energy efficiency decrease.

The strength efficiency or the percentage of ineeda strength due to confinement
of reinforced concrete with one layer vanishes wtiemeter of circular column (D)
is higher than 30 cm.

The ductility efficiency or the percentage ofrease of axial nominal strain due
to confinement of reinforced concrete with oneelayanishes when diameter of
circular column (D) is =30 cm.

The stiffness efficiency or the percentage ofeéase of modulus of elasticity due
to confinement of reinforced concrete with one tayanishes when diameter of
circular column (D) is = 38 cm.

The Absorbed energy efficiency or the percentagéincrease of the modulus of
toughness due to confinement of reinforced conaétte one layer vanishes when
diameter of circular column (D) is = 25 cm.

The shape of cross-section for unconfined reinfbrcencrete columns has no
significant effect on strength efficiency, ductiligfficiency, stiffness efficiency and
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the absorbed energy efficiency where the shaperagsesection for confined
concrete columns has a significant effect on stifitiencies.

For confined reinforced concrete columns, the gtierefficiency , the ductility

efficiency, the stiffness efficiency and the albsal energy efficiency of circular
sections are improved than square, also theseiesffies of square concrete
columns is higher than that of the rectangularicest

5-2-2 Effect of the Percentage of Longitudinal Stee  |:

1-

For confined one layer circular concrete columnthwongitudinal reinforcement,

the axial nominal stress, the axial nominal streie, modulus of elasticity and the
modulus of toughness increases slightly compaiéd that confined one layer
plain concrete

All the efficiencies, strength efficiency, ductliefficiency, stiffness efficiency and
the absorbed energy efficiency decrease slightly tdulongitudinal reinforcement
for different shapes sections.

5-2-3 Effect of the Percentage of Lateral Reinforce  ment (stirrups):

1- The axial nominal stress, the axial nominalisiritne modulus of elasticity and
the modulus of toughness are increased by inag#se percentage of lateral steel.
As the percentage of lateral steel increases,tthagth efficiency is decreased; the
rate of decreasing of strength efficiency by insneg the percentage of lateral steel
for confined one layer is higher than that for tbafined two layers columns.

3— As the percentage of lateral steel increasesdtictility efficiency is increased,;
the rate of increasing of ductility efficiency bycreasing the percentage of lateral
steel for confined two layers is higher than tlwatthe confined one layer columns.
Also as the percentage of lateral reinforcementeies, the stiffness efficiency is
increased very slightly for both confined 1layeddwo layers columns.

As the percentage of lateral steel increases, ltserbed energy is decreased for
both confined 1 layer and two layers. The rateaafrdasing of confined two layers
columns is bigger than that of confined one layumns.

5-2-4 Effect of the Strengthening Technique:

1-

As a general rule , as the strengthening technifueeases, the axial hominal
stress, the axial nominal strain, the modulus ektiity and the modulus of

toughness increase for both unconfined and confimeel layer or two layers

reinforced concrete columns.

As the strengthening technique increases, the gtregfficiency is decreased; the
rate of decreasing of strength efficiency for coafl two layers is higher than that
of the confined one layer columns.

As the strengthening technique increases, thelidyafficiency is increased; the

rate of increasing of ductility efficiency for coméd one layer is higher than that of
the confined two layers columns.

Also as the strengthening technique increasestiffieess efficiency increases very
slightly for both confined llayer and two layersurons.
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As strengthening technique increases, the absahedyy is decreased for both
confined 1 layer and two layers. The rate of desirgpof confined two layers is
bigger than that of confined one layer columns.
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