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EFFECT OF EPOXY COATING THICKNESS
ON BOND STRENGTH OF
NO. 19 [NO. 6] REINFORCING: BARS

ABSTRACT

ASTM A 944 beam-end specimens are used to evaluate the relative bond strength of epoxy-
coated No. 19 [No. 6] reinforcing bars with coating thicknesses ranging from 160 to 510 um (6.4
to 19.9 mils). Three deformation patterns are eval uated using epoxy mesting the requirementsof
ASTM A 775. Thereductionin bond strength caused by epoxy coatings between 160 and 420 um
(6.4 and 16.5 mils) is largely independent of coating thickness, The reduction increases for
coatings thicker than 420 um (16.5 mils).

Keywords. bond (concreteto reinforcement); deformed reinforcement; devel opment; epoxy

coating; reinforcingstedls; relativerib areg; structural engineering.
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INTRODUCTION

Epoxy-coated steel reinforcing bars. are widely used in concrete construction to improve
corrosion resistance. Current standards (ASTM A 775) allow coating thicknesses between 175
and 300 um (7 and 12 mils) to be used. The coating, however, causes a reduction in bond
strength between reinforcing barsand concrete. Asaresult, the ACI Building Code (ACI 318-95)
and the AASHTO Bridge Specifications(1996) require the use of a developmentlength modifica-
tion factor of 1.5 for most applications.

Choi et al. (1990, 1991) evauated the effect of coating thickness on the bond strength of
epoxy-coated bars. Their work shows that coating thickness has no significant effect on bond
strength as the coating thickness increases from 76 to 300 pm (3to 12 mils) for No. 19 [No. 6]
bars and from 76 to 400 um (3 to 16 mils) for No. 25 [No. 8] bars. For No. 16 [No. 5] bars, the
study shows adecreasein bond strength as coating thickness increases. It would be desirable in
many cases to increase the maximum allowabl e coating thickness.

While it has been shown that coating thickness plays littlerole in the bond strength of No.
25 [No. 8] bars and larger, and playsalarge rolein the bond strength of No. 16 [No. 5] barsand
smaller, no studies to date have evauated the bond strength of epoxy-coated No. 19 [No. 6] bars
with coating thicknessessignificantly greater than 300 wm (12 mils).

This study addresses the bond strength of No. 19 [No. 6] reinforcing bars coated with
epoxy meeting the requirements of ASTM A 775. Barswith average coating thicknessesfrom 160
to 510 um (6.4 to 19.9 mils) aretested to determine whether thicknesses greater than 300 pm (12

mils) can be used on these bars without causing asignificant reduction in bond strength.
EXPERIMENTAL PROGRAM

The experimental program consisted of 72 beam-end specimens. No. 19 [No. 6] test bars
were obtained from three companies. Birmingham Steel Corporation, Chaparral Steel Company,
and Structural MetalsInc. (SMI). The three deformation patterns are designated B, C, and S,
respectively. For each deformation pattern, tests were run on 12 uncoated bars and 12 coated bars,




three each with approximate coating thicknesses of 175, 300, 380,-and 460 pm (7, 12, 15, and 18
mils). Actual coating thicknesses ranged from 160 to 510 um (6.4 to 19.9 mils).

Test Specimens

The test specimens were fabricated according to ASTM A 944 (Fig. 1) with a nomina
cover of 38 mm (1.5in.). Test bars wereoriented with the longitudina ribsin the verticd plane.
Auxiliary reinforcement consisted of two No. 16 [No. 5] bars parallel to the test bar for flexural
reinforcement and four No. 10 [No. 3] closed stirrups. Uncoated bars were used as stirrups in the
front of the specimens and epoxy-coated bars were used as stirrupsin the back of the specimens
[The use of epoxy-coated stirrups was for convenience only and had no effect on the tests]. No.
16 [No. 5] transverse bars were used in accordance with ASTM A 944. Prior to testing, cover
was measured by placing a straight edge on top of the test specimen and measuring the distance
from the straight edge to the top of the test bar to the nearest 1 mm (!/4 in.) using aruler. Nomi-
na embedment length, lead length, and cover were constant for al specimens at 267 mm (10.5

in.), 127 mm (0.5in.) and 38.1 mm (1.5 in.), respectively.

Materials

Reinforcing Steel-The test bars were ASTM A 615 grade 420 [60] No. 19 [No. 6] bars
with three different deformation patterns (Fig. 2). The Birmingham steel, B, bars had diagonal
ribs oriented 70 degrees to the longitudinal axis. The Chaparra steel, C, bars had diagonal ribs
oriented 60 degreesto the longitudinal axis. The SMI, S, bars had ribs that were perpendicular to
the longitudinal axis. The test bars for each deformation pattern came from the same heet of stedl.
Bar propertiesare listedin Table 1.

The epoxy coating was applied by ABC Coating Company Inc. at approximate thicknesses
of 175, 300, 380, and 460 um (7, 12, 15, and 18 mils) using Akzo Nobel Resicoat 500607 epoxy
powder. With the exception of coating thickness, the epoxy was applied in accordance with
ASTM A 775. Average coating thicknesseswere measured using apull-off typegauge (ASTM A
775). Coating measurementsweretaken at five pointsaong the bonded length on each side of the




test bars. The averageof thesemeasurements was used to analyzethe effectsof. coating thickness
on bond strength.

Concrete—Air-entrained concrete was supplied by alocal ready mix plant. The concrete
contained Type| portland cement, 19 mm (%/, in.) nomina maximum size crushed limestone, and
Kansas River sand. The concrete was cast with water-cement ratios between 0.44 and 0.49,
providing a nominal strength of about 34 MPa (5000 psi). Mix proportions and concrete proper-

tiesarelisted in Table 2.

Placement Procedure

Concrete was placedin two lifts of nearly equal volume. Each specimen received its first
lift before any specimenreceived a second lift. After eachlift was placed, the specimens were
vibrated at four points, starting at the end closest to the bonded length. Standard test cylinders
were cast according to ASTM C 192 and cured side by sidewith thetest specimens. Forms were
stripped after the concrete had reached a minimum compressive strength of 19 MPa (2700 psi).

The test specimens were cast in three batches, each covering the full range of deformation
patterns and coating thicknesses. Each batch was placed with the specimensarranged in a different
order so as not to create systematic differencesin bond strength due to differencesin concrete
propertiesfrom different portionsof the dischargeof the ready-mix truck. Formswere grouped by
deformation pattern because differences in bond strength between deformation patternsare not a
consideration in this study. To limit bias due to differencesin concrete properties, forms with
coated and uncoated bars were alternated. Coated bars were placed in a different order (based on
coating thickness) in each batch, so that no three bars had either an ascending or descending

coating thickness order.

Test Procedure
Specimens were tested in accordance with ASTM A 944 using thetesting apparatus shown

inFig. 3. Each group of specimenswas tested over a 48 hour period at concrete strengths between
32 and 35 MPa (4700 and 5000 psi). Load was applied at arate of about 15 kN [3.5 kips] per




minute using two steel rods with diameters of 25 mm (1 in.), which were, in turn, loaded by
hollow-core, 500 kN (60 ton) hydraulic jacks, powered by an Amsler hydraulic testing machine.

Displacement of the test bar at both the loaded and unloaded ends was measured using
spring-loaded linear variabledifferential transformers (LVDTs). Two loaded end slip LVDTs were
mounted on ayoke attached to the test bar 127 mm (5in.) from thefront face of the specimen.
Resultsin thisreport for loaded end slip include elastic lengthening of the test bar between the yoke
and the faceof the test specimen. Unloaded end slip was measured by oneLVDT placed against
the end of the test bar, through the steel conduit at therear of the specimen.

RESULTS AND DISCUSSION

Load-Slip Curve and Cracking Patterns

Typical load-dip curves for the test specimens(in this case from Test Group B) are shown
in Figs. A.1-A.6. The load-loaded end-dlip curves exhibit significant scatter, with the uncoated
bars exhibiting generally, but not universally, greater stiffness than the coated bars. In contrast,
the load-unloaded end-slip curves for the coated bars are nearly always stiffer than the matching
curves for thecoated bars, since the unloaded slip issensitive to the bond propertiesalong thefull
embedded |length of the bar.

Cracking patternsweresimilar for all specimens. Asobservedin earlier studies (Choi et d.
1990, Darwin and Graham 1993), a small thin longitudinal crack began a the front of the top of
the specimen just before failure, and with failure, widened, lengthened and ended in an inverted T
a themiddle of the top face. On thefront face of the specimen, cracking occurred in an inverted
Y, splitting around the test bar. Specimens with epoxy-coated test barsfailed with a bang, but
specimens with uncoated test barsfailed more quietly.

When concrete was chipped away after testing, the epoxy-coated bars showed no sign of
having bonded with the concrete. Coated bars were clean, and the concrete that had been in contact
with them was smooth. For the uncoated test bars, some concreteremained stuck to the bars, and

concrete powder was visible on the front side of the ribs. The concrete that had been in contact




with the uncoated test bars was rougher than the concrete that had been in contact with the

epoxy-coated bars.

Bond Strength

Bond strengths are given in Table 3, along with coating thicknesses, covers and concrete
strengths. Modified bond strengthsare cal culated to account for differencesin concretestrength
and deviationsin cover from the nominal value of 38.1 mm (1.5in.). Todo this, test strengths are
normalized to a concrete strength of 34 MPa (5000 psi), using the assumption that bond strengthis
proportional to the 1/, power of the compressive strength (Darwin et a. 1995, 1996), and to a
cover of 38.1 mm (1.5 in.) using the assumption that bond strength is directly proportiona to the
cover to the center of the bar (Darwin et . 1995, 1996). Thus, bond strengths are multiplied by
(34/f' )1* 47.6/(9.5+C,) [(5000/f",)1/* 1.875/(0.375+C,)], where f, and C, are the measured
compressive strength and cover, respectively. The effect of the epoxy coating is evaluated by
averaging the modified bond strengths of the uncoated bars tested from each group for each defor-
mation pattern. The modified bond strength of each epoxy-coated bar is then divided by the aver-
age strength of uncoated bars from the same group with the same deformation pattern to obtain the
ratio of the bond strength of the epoxy-coated bar to the bond strength of the uncoated bars, or C/U
ratio.

Theeffect of coating thicknesson the C/U ratio isanalyzed using the techniqueof dummy
variables (Draper and Smith 1981). Application of this techniqueis based on the assumption that
the effect of epoxy coating on bond strength may be different for different deformation patterns,
but that the effect of coating thickness on bond strengthis the same for all patterns. Best-fit lines
for C/U ratio versus coating thickness established using this technique are shown in Fig. 4. The
general trend of the best-fit linesisa reduction in the C/U ratio with an increase in coating thick-
ness for the full range of coating thicknessesevaluated. The test resultsshow significant scatter,
asexpected for bond tests.

Three of the data points for Chaparral Steel may be considered to be unrepresentative.
Specimen C7A, with a coating thickness of 187 um (7.35mils) and a C/U ratio of 0.856, was cast




in thefirst batch with the first concretedischarged from the ready mx truck. Itsstrengthislow for
C-pattern bars with anominal thicknessof 175 pum (7 mils). The test resultsfor specimen C-12b,
with a coating thickness of 353 pum (13.89 mils), is significantly higher than any of the data and
the bond strength for specimen C15C, with acoating thickness of 394 pm (15.50 mils) and aC/U
ratio of 0.762, issignificantly weaker than any of the other test specimens. These three specimens
are removed from the data base to limit their effect on the analysis. Asshownin Fig. 5, however,
removal of the three data points haslittleeffect on the observed trend, whichisan overal decrease
in bond strength of coated barsas the coating thicknessincreasesfrom 160 to 510 um (6.4 to 19.9
mils).

In contrast to the results shown in Figs. 4 and 5, a detailed evaluation of the dataindicates
that there is asignificant range of coating thickness over which the relative bond strength of coated
reinforcement is not affected. This point is illustratedin Fig. 6, where the datafor bars with
coatingsin excess of 430 um (17 mils) are removed. In this case, the overdl trend of thedataisa
dight increasein C/U as the coating thicknessincreasesfrom 160 pwm (7 mils) to amaximum vaue
of 423 um (16.65 mils), the upper limit for bars with coating thicknesses less than 430 pum (17
mils). Sincetheactua datais based on bars with an upper coating thicknessvery closeto 420 um
(16.5 mils), this can be considered a safe upper bound for bars with coatings meeting the require-
ments of ASTM A 775. For No. 19 [No. 6] bars, coating thicknessesin excess of 430 um (17
mils) result in a noticeable decrease in bond strength.

Prior research (Choi et a. 1990, 1991) demonstrated that the bond strength of epoxy-
coated No. 25 [No. 8] barsis not sensitive to coating thicknessfor coatings with thicknesses up to
about 410 um (16 mils), the upper limit on the data. (It should be noted that most of thedata on
the No. 25 [No. 8] barsin the earlier study were for coatingswith thicknesses of 350 um [14 mils]
or less) Asobserved earlier, the work by Choi et al. aso demonstrated that bond strength drops
significantly with increasing coating thicknessfor No. 16 [No. 5] bars and smaller.

Overall, the current study indicates thet it isredlistic to dlow an increase in the maximum

coating thickness to 420 um (16.5 mils) for No. 19 [No. 6] and larger bars meeting the require-




ments of ASTM A 775. The maximum coating thickness for smaller bars should remain 300 pm
(12 mils).

CONCLUSIONS

The following conclusions are based on the results and analysis presented in this report.
1. ASTM A 775 epoxy coatings with thicknessesin the range of 160 to 510
ym (6.4 to 19.9 mils) sgnificantly reducethe bond strength of deformed
No. 19 [No. 6] reinforcing bars to concrete.
2. For ASTM A 775 epoxy coatingswith a thickness between 160 and 420
ym (6.4 and 16.5 mils), differencesin coating thickness have little effect
on the amount of bond strength reduction for No. 19 [No. 6] bars. Coat-
ings thicker than 420 pum (16.5 mils) cause an additional drop in bond
strength rel ative to the bond strength obtained with thinner coatings.
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Tablela AverageTest Bar Data (S. 1. Units)

Nominal Rib  Yield Rib Height Rib Rib Def. Rib Rib  Relative
Bar Pattern+ Strength Avg++ ASTM Spacing Gap* Angle Face Beaing Rib

Dia. A*qgje A;;:iff Area
(mm) (MPa) (mm) (mm) (mm) (mm) (deg) (deg)

19 B 437 107 1.15 104 292 70 42 0.0606 0.08929
19 C 479 0.93 111 10.9 493 60 44 0.0616 0.07108
19 S 431 1.00 1.10 10.9 343 90 22 0.0609 0.08093

Tablel b AverageTest Bar Data (Customary Units)

Nominal Rib  Yield Rib Height Rib Rib Rib Rib Rib Relative
Bar  Pattern+ Strength Avg++ ASTM Spacing Gap* Angle Face Bearing Rib

Dia Angle Areaper Area
in**

(in) (ksi) (in) (in) (in) (in)  (deg.) (deg.)

0.75 B 63.4 0.042 0045 0409 0115 70 42 0.251 0.08929

0.75 C 694 0036 0.044 0429 0.194 60 44 0.231 0.07108
0.75 S 62.5 0039 0.043 0429 0135 90 22 0.240 0.08093

+ B, Birmingham Steel Corporation

C, Chaparral Steel Company

S, Structural Metals Inc.
++ The average height of deformations, h, is determined from measurementsmade on not less
than two typical deformationson each side of the bar. Determinationsare based on five
measurements per deformation, one at the center of the overall length, two at the ends of the
overall length, and two located halfway between the center and the ends. The measurements
a the ends of the overall length are averaged to obtain asingle value and that valueis
combined with the other three measurements to obtain the average rib height, h,.
Thickness of the longitudinal rib.
**  Bearing areaof the deformationsdivided by the spacing of the deformations.
*** Average of theface angles measured for the 4 different faces.

B: 30,42,45,50

C: 42,44,45,44

S:22,23,22,21
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Table 2a Concrete Mixture Proportions and Properties (Cubic Meter Batch)

Group W/C Cement Water  Aggregate Slump  Concrete Age  Average

ratio Fine+ Coarset Temperature a  Compressive
+ Test  Strength
kg) (kg) (kg) (kg) (mm) °C (days) ~ (MPa)
1 049 299 146 914 971 36 22 13 34.4
14
2 048 300 144 917 974 9% 23 21 325
22 32.8
3 045 303 135 927 934 66 26 25 326
26 32.8

Table2b Concrete Mixture Proportions and Properties(Cubic Yard Batch)

Group W/C Cement Water  Aggregate Slump  Concrete Age  Average

ratio Fine+ Coarset+ Temperature a  Compressive
+ Test  Strength
(Ib) (@db) (@b) (b) (in.) °F (days) (psi)
1 049 504 246 1541 1637 1.1/2 71 13 4990
A : : . 14
2 0.48 505 242 1546 1642 33/4 73 21 4710
' 22 4750
3 0.44 510 227 1562 1659 21/2 78 25 4720
26 4760

+ Kansas River Sand = Holiday Sand and Gravel Company, Desoto, KS, bulk specific
gravity = 2.62, absorption=0.5%, fineness modulus= 30.

++ Crushed limestone - Fogle Quarry Company, Inc., Ottawa, KS, bulk specific gravity
= 2,58, absorption = 2.7%, maximum size= 19mm (% in.), unit weight = 1450 kg/m®
(90.5 1b/ftd)

e




Table 3a Beam End Tests(S.. units)

Test Group  Specimen Coating Cover Concrete Bond Modified C/U Ratio
Label Thickness Strength Strength Bond
Strength
(1um) (mm) (MPa) . (kN) (kN)
A BAl 0 38.10 344 70.3 70.3
A BA2 0 39.69 34.4 86.1 833
A BA3 0 42.86 344 102.8 93.5
A BA4 0 39.69 344 103.3 100.0
A B7A 199 38.10 344 80.3 80.3 0.925
A BI12A 314 39.69 344 93.0 90.0 0.981
A B15SA 380 38.10 344 82.3 82.3 0.948
A B18A 504 41.28 344 80.2 152 0.866
A CAl 0 38.10 344 87.9 88.0
A CA2 0 39.91 34.4 89.4 86.2
A CA3 0 38.10 34.4 89.8 89.8
A CA4 0 39.69 344 84.8 82.1
A C7A 187 39.69 344 76.6 74.2 0.856
A Cl12A 342 38.10 344 79.6 79.6 0.919
A Cl5A 414 36.51 344 77.7 80.4 0.929
A Cl18A 506 39.69 34.4 73.6 71.3 0.823
A SAl 0 39.69 344 81.0 78.4
A SA2 0 38.10 344 73.6 73.7
A SA3 0 38.10 34.4 84.7 84.7
A SA4 0 42.86 344 82.6 75.2
A S7A 204 42.86 344 73.7 67.0 0.859
A S12A 375 39.69 344 83.8 81.2 1.021
A S15A 420 39.69 34.4 75.8 733 0.940
A S18A 493 41.28 344 76.4 71.7 0.919
B BB1 0 39.69 325 94.7 93.0
B BB2 0 38.10 32.5 95.3 96.7
B BB3 0 38.10 32.8 79.0 80.0
B BB4 0 50.80 32.8 96.4 77.1
B B7B 175 38.10 32.5 86.6 87.9 1.014
B B12B 342 36.51 32.8 82.1 86.0 0.992
B B15B 392 38.10 32.8 79.9 80.9 0.933
B B18B 465 39.69 325 81.6 80.1 0.924
B CB2 0 38.10 325 91.8 93.2
B CB3 0 38.10 32.8 79.2 80.2
B CB4 0 38.10 32.8 83.5 84.6
B C7A-B 176 39.91 325 87.8 85.8 0.998
B C7B 184 42.86 32.5 92.6 854 0.994
B C12B 353 31.75 32.8 83.2 97.3 1.131
B Cl15B 423 33.34 325 74.6 84.1 0.978
B C18B 488 39.69 32.8 74.0 72.5 0.843
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Table3aBeam End Tests (Sl. units) (cont'd)

Test Group Specimen Coating Cover Concrete Bond Modified C/U Ratio
Label Thickness Strength Strength Bond
Strength
(um) (mm) (MPa) (kN) (kN)
B SB1 0 36.69 32.5 90.6 94.5
B SB2 0 39.69 32.5 877 86.2
B SB3 0 42.86 3255 89.5 82.6
B SB4 0 44.45 325 90.3 80.9
B S7B 164 41.28 32.8 78.0 74.1 0.861
B S12B 371 42.86 32.5 80.7 74.5 0.866
B S15B 418 44.45 32.8 86.9 77.7 0.903
B S18B 461 41.28 32.8 77.6 73.7 0.857
C BCl1 0 39.69 32.8 79.5 77.9
© BC2 0 42.86 32.8 105.9 7.5
C BC3 0 34.93 32.8 101.3 109.9
C BC4 0 36.51 32.8 83.3 87.3
C B7C 181 38.10 32.8 82.6 83.6 0.897
C B12C 333 39.69 32.8 95.6 93.6 1.005
C B15C 410 38.10 32.8 84.9 85.9 0.923
C B18C 437 41.28 32.8 82.6 78.4 0.841
& CC1 0 42.86 32.6 99.9 92.2
C CcC2 0 39.69 32.6 94.8 93.1
(c CC3 0 41.28 32.8 88.1 83.6
<€ CC4 0 42.86 32.6 90.2 83.2
C C7C 162 38.10 32.6 85.1 86.3 0.981
C Ci2C 308 36.51 32.8 87.4 91.6 1.040
C Cl15C 394 41.28 32.8 70.7 67.1 0.762
© C18C 466 38.10 32,6 81.3 82.5 0.937
© SC1 0 41.28 328 92.8 88.1
C SC2 0 36.51 32.6 76.3 80.1
© SC3 0 41.28 32.6 79.1 75.2
G SC4 0 39.69 32,6 79.1 77.7
€ §7C 187 39.69 32,6 76.2 74.8 0.932
C S12C 338 38.10 32.6 79.7 80.9 1.008
© S15C 412 39.69 32.6 88.7 87.1 1.085
C S18C 486 36.51 32.6 73.5 77.2 0.961

*Modified Bond Force = Test Force[34 MPa/ concrete strength]~(1/4) [47.625 mm /(cover+ 9.525 mm)]

[ s
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Table3b Beam End TestdU S units)

mpecimen (.:oating Cover Concrete Bond Modified  C/U Ralio
Group Label Thickness Strength Strength Bond
Strength
(mils) (in.) (psi) (kips) (kips)
A BAI 0.00 1172 4990 15.80 15.81
A BA2 0.00 1 9/16 4990 19.35 18.73
A BA3 0.00 111/16 4990 23.12 21.03
A BA4 0.00 . 1 9/16 4990 23.23 22.49
A B7A 7.85 1172 4990 18.05 18.05 0.925
A B12A 12.35 1 9/16 4990 20.90 20.24 0.981
A BI5SA 1495 . 112 4990 18.50 18.50 0.948
A B18A 19.85 15/8 4990 18.03 16.91 0.866
A CAl 0.00 1172 4990 19.77 19.78
A CA2 0.00 1 9/16 4990 20.10 19.38
A CA3 0.00 1172 4990 20.18 20.19
A CA4 0.00 1 9/16 4990 19.07 18.46
A C7A 7.35 1 9/16 4990 17.22 16.67 0.856
A Cl2A 13.46 1122 4990 17.89 17.90 0.919
A CI15A 16.30 1 7/16 4990 17.47 18.08 0.929
A C18A 19.92 1 9/16 4990 16.55 16.03 0.823
A SAl 0.00 1 9/16 4990 18.20 17.62
A SA2 0.00 112 4990 16.56 16.57
A SA3 0.00 1 12 4990 19.04 19.05
A SA4 0.00 111/16 4990 18.58 16.90
A S7A 8.05 111/16 4990 16.56 15.06 0.859
A S12A 14.75 1 9/16 4990 18.85 18.25 1.021
A SI5A 16.53 1 9/16 4990 17.03 16.49 0.940
A S18A 19.41 15/8 4990 17.18 16.11 0.919
B BB! 0.00 1 9/16 4710 21.29 20.91
B BB2 0.00 11/2 4710 21.42 21.75
B BB3 0.00 1172 4750 17.75 17.98
B BB4 0.00 2 4750 21.67 17.33
B B7B 6.90 112 4710 19.48 19.77 1.014
B B12B 13.48 1 7/16 4750 18.46 19.34 0.992
B B15B 15.44 1172 4750 17.95 18.18 0.933
B B18B 18.32 1 9/16 4710 18.34 18.02 0.924
B CB2 0.00 1172 4710 20.64 20.95
B CB3 0.00 112 4750 17.80 18.03
B CB4 0.00 112 4750 18.77 19.01
B C7A-B 6.92 1 9/16 4710 19.73 19.29 0.998
B C7B 7.25 111/16 4710 20.82 19.21. 0.994
B C12B 13.89 11/4 4750 18.71 21.87 1.131
B C15B 16.65 1 5/16 4710 16.77 18.91 0.978
B C18B 19.21 1 9/16 4750 16.63 16.30 0.843
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Fig. 2 Reinforcing bar deformation patterns
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