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Abstract

This report summarizes the findings and results from an experimental study of vitreous
enamel coating effects on the bond strength between deformed rebar and normal strength
concrete. A total of 24 beam splice specimens were tested under four-point loading with four
parameters investigated: bar size, lap splice length, coating, and confinement conditions. As the
splice length increases, the ratio of bond strength between coated rebar and black rebar first
increases from 1.0 to a maximum value of 1.44, and then decreases to 1.0. The maximum bond
strength ratio corresponds to the near initial yielding of coated rebar. On the average, enamel
coating can increase the bond strength of steel rebar in concrete by approximately 15%. A
coating factor of 0.85 is thus recommended to take into account the enamel coating effect in lap

splice designs, according to ACI and AASHTO bond strength equations.
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Executive Summary

This report summarizes the findings and results of an MATC research project No. 25-
1121-0003-194. The project was focused on understanding of the splice mechanism and capacity
of enamel-coated rebar in concrete beams. Reinforced concrete structures often have congested
rebar cages in joint areas. The congested areas affect the workmanship of construction workers
during concrete casting so that the concrete quality is potentially compromised. They also require
longer time to complete casting. Therefore, reducing the required number of rebar or required
length in joint areas is quite meaningful in practice.

A total of 24 beam splice specimens were tested under four-point loading with four
parameters investigated: bar size, lap splice length, coating, and confinement conditions. As the
splice length increases, the ratio of bond strength between coated rebar and black rebar first
increases from 1.0 to a maximum value of 1.44 and then decreases to 1.0. The maximum bond
strength ratio corresponds to the near initial yielding of coated rebar. On the average, enamel
coating can increase the bond strength of steel rebar in concrete by approximately 15%. A
coating factor of 0.85 is thus recommended to take into account the enamel coating effect in lap

splice designs according to ACI and AASHTO bond strength equations.



Chapter 1 Introduction

Coatings have become one of the most direct and effective ways to protect steel
reinforcement from corrosion when reinforced concrete (RC) structures are exposed to corrosive
environments. Commercially available coating systems, such as Fusion-Bonded Epoxy (FBE),
have been widely applied to steel rebar. However, previous studies [1-7] showed that a
significant reduction of steel-concrete bond strength is induced by the FBE coating.

Depending on the application condition, a coating factor of 1.2 or 1.5 was thus adopted
for epoxy coated bars in the ACI Building Code [8] and AASHTO Bridge Specifications [9].
Although the reduction factor in design code is likely conservative [3-5], an average of 15%
reduction in bond strength may not be far from reality [6]. The resulted increase in development
length compared to black rebar can not only increase the cost of materials, but may also
compromise the quality control in construction due to rebar congestion in areas of stress
concentration.

Enamel coating has recently become a viable corrosion barrier for steel rebar [10] and
can be modified with chemical additives to enhance the bond strength of steel rebar in concrete.
For example, calcium silicate (CS) particles taken from the Portland cement were added to
enamel frits and mixed with water; the enamel slurries were successfully fused on 6.35 mm-
diameter steel pins at a high temperature [11]. The CS-modified enamel coating is chemically
reactive to cement. It potentially provides a smooth transition from the concrete to steel rebar in
RC structures and eliminates the traditionally weak interface formed between the cement paste
and the steel, as water is often trapped around the steel surface during the hydration process [12].
Yan et al. [13] found that a mixture of 50% CS particles and 50% commercial enamel (PEMCO

International) by weight, referred to as 50/50 enamel coating hereafter, gave the maximum bond



strength between steel pins and mortar. Specifically, the 50/50 coating can increase the bond
strength of smooth pins in mortar by over 2 times due to increased adhesion, and by over 3 times
due to surface roughness, totaling over 7 times.

However, the bond strength between deformed bars and concrete in practical applications
is dominated by the steel rib bearing effect on the concrete in addition to the adhesion and
friction at the steel-concrete interface. Therefore, a series of experimental studies were recently
initiated at Missouri University of Science and Technology to characterize the bond strength of
enamel-coated reinforcement in concrete for various applications. Specifically, a local bond
study of 50/50 enamel-coated rebar embedded in concrete cylinders was recently conducted and
reported [14]. Overall, the bond strength of enamel-coated rebar in concrete was approximately
15% higher than that of black rebar in concrete. Forensic studies indicated that concrete debris
was observed at the rib areas of steel rebar due to the increased adhesion and friction at the steel-
concrete interface.

To understand how the steel-concrete bond strength of enamel-coated steel rebar is
transferred from a structural component to a structural member/system, the coated and black
rebar splice strengths in concrete are investigated in RC beams under four-point loading in this
study. In particular, the effects of coating, rebar size, lap splice length, transverse reinforcement,
and concrete strength are evaluated, and a bond strength equation is recommended for the design
of RC structures containing enamel-coated reinforcement.

This report describes the experimental program, test setup, test results and discussion. It
consists of four main chapters. Chapter 1 introduces the background and importance of this
research. Chapter 2 details the test setup, measurement procedure, and test methodology. Chapter

3 deals with test results and discussion. Chapter 4 summarizes all the findings and conclusions.



Chapter 2 Experimental Program

Reinforcement splice is crucial to the functionality and safety of RC structures [15, 16].
In the past 70 years, beam splices were extensively tested with short splice lengths so that the
bond strength associated with concrete splitting failures is evaluated as observed in most
applications [17-20]. Due to the lack of data in bond strength of vitreous enamel-coated rebar in
RC members, this study includes both short and long splice lengths, and evaluates both concrete
splitting and steel yielding associated bond strengths.

The experimental program in this study consisted of 24 beam splice specimens: 12
reinforced with enamel-coated rebar and 12 with black rebar for comparison. The specimens
were designed and tested in a series of 12 identical pairs: coated versus black. All specimens
contained Class B ACI/Class C AASHTO splices [8, 9].

2.1 Materials

Reinforcing steel - Black bars used in this research conformed to the requirement of
ASTM A615 Specifications [21]. Sand-blasted black bars were dipped into 50/50 enamel slurry
(glass frit, clay, electrolytes, and Portland cement), heated for 2 minutes at 150 °C to drive off
moisture, heated again in a gas-fired furnace to 810 °C for 10 minutes, and finally cooled to
room temperature [6,7]. This firing melted the glass frit and bound it to the steel. After firing, the
average thickness of enamel coatings ranged from 100 to 200 um.

To ensure that the heat treatment process had no influence on the mechanical properties
of enamel-coated rebar, both enamel-coated and black rebar (Grade 420 No.19 and No.25) were
tested in tension according to ASTM A370 Specifications [22]. The stress-strain curves of two
coated and two black rebar are presented in figure 2.1. Clearly, their overall difference is

insignificant and the effect of high temperature treatment on the mechanical properties of the



steel rebar is negligible. Specifically, the average yield strength of the black and coated
specimens is 491 MPa for No.19 rebar and 506 MPa for No.25 rebar. Grade 280 No.10 and
No.13 deformed rebar were also used as transverse reinforcement in various beam specimens.
Based on tensile tests, the average yielding strength is 276 MPa for N0.10 rebar and 283 MPa for

No.13 rebar.

1000

900

800 |

700

600

500 -& No.25 Enamel Coated Rebar

--8--No0.19 Enamel Coated Rebar

stress, MPa

400

——No.25 Black Rebar
300
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200

100

0 0.002 0.004 0.006 0.008 0.01 0.012
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Figure 2.1 Stress-strain relationship for grade 420 no.19 and no.25 rebar: before and after
treatment
Concrete - Type | Portland-cement, 19-mm coarse limestone aggregates, and natural
sands were used in this study. The constituents were mixed with water at a water-cement ratio of
0.45 with no admixtures. The 28-day compressive strengths f.’, determined by concrete cylinder
tests, ranged from 27 MPa to 38 MPa as listed in table 2.1.
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Table 2.1 Splice specimen properties and test results

db ds C*/db fc, Is Pu Mu AO fs Utest Utest'n Bond Fallurei

Series  Notation iy (mm) (MPa) (mm) (kN) (kN-m) (mm) (MPa) (MPa) (MPa) Ratio Mode

A 6C12N  19.05 N/A 15 2758 304.8 104.0 95.1 5.8 341.0 5.33 5.49 116 S
6B12N  19.05 N/A 1.5 31.03 304.8 92.83 84.9 5.0 303.5 4.74 4.74 S
B 6C12T 19.05 9525 15 2758 304.8 1251 1144 10.9 414.4 6.47 6.67 114 S
6B12T  19.05 9525 15 29.65 304.8 1119 1023 7.6 368.6 5.76 5.83 S
c 6C16N  19.05 N/A 1.5 2758 4064 1161  106.2 7.6 383.4 4.49 4.63 1.44 S
6B16N  19.05 N/A 15 2758 406.4 80.96 74.0 5.1 265.7 3.11 3.21 S
D 6C16T  19.05 9525 15 31.03 406.4 1359 1242 14.5 444.0 5.20 5.20 131 S
6B16T  19.05 9.525 15 31.03 406.4 102.8 94.0 7.1 337.8 3.96 3.96 S
E 6C32N  19.05 N/A 15 2758 8128 1427 1305 11.9 468.8 2.75 2.83 1.09 Y/S
6B32N  19.05 N/A 1.5 37.92 8128 1414 1293 12.2 464.0 2.72 2.59 Y/S
F 6C32T 19.05 9525 15 2758 8128 1488 136.0 15.8 487.4 2.86 2.94 1.05 Y/S
6B32T 19.05 9525 15 3447 8128 1504 1375 16.8 491.3 2.88 2.80 Y/S
G 6C36N  19.05 N/A 1.5 2758 9144 1571 1437 30.5 491.3 2.56 2.64 106 Y/S
6B36N  19.05 N/A 15 2758 9144 1419 1297 16.0 462.0 241 2.48 Y/S
H 6C36T  19.05 9525 15 2758 9144 1710 156.3 27.7 491.3 2.56 2.64 1.00 Y/S
6B36T  19.05 9.525 15 2758 9144 1493 136.5 9.9 491.3 2.56 2.64 Y/S

*c = minimum concrete cover; Notation: #L##L; # = rebar size (6 and 8 for 19 mm and 25 mm in diameter); L = C for enamel-coated rebar and L
= B for black rebar; ## = splice length (12, 16, 32, and 36 for 305 mm, 406 mm, 813 mm, and 914 mm in length); L = N for no transverse
reinforcement and L = T for transverse reinforcement provided.

T Failure mode: S for concrete splitting; Y/S for rebar yielding prior to concrete splitting.




Table 2.1 (cont.) Splice specimen properties and test results

db ds fc’ Is Pu MU AO fs Utest Utest,n Bond FaI|UI’ef

Series Notation (i €/ vpay  (mm)  (kN)  (kN-m)  (mm)  (MPa) (MPa) (MPa) Ratio  Mode
| BC3BN 254 NA 125 2758 9144 2473 2262 201 4802 338 343 S
8B36N 254 N/A 125 3103 9144 1866 1706 7.1 3654 254  2.54 S
, 83T 254 127 125 3103 9144 2638 2412 99 5057 351 351 VIS
8B36T 254 127 125 3792 9144 2508 2204 112 4826 335  3.19 S
o« BCAN 254 NA 125 2758 1092 2382 1967 91 4757 250 257 . S
8B43N 254 N/A 125 2758 1092 2119 1937 7.1 4137 218 225 S
. 8CAST 254 127 125 2758 1082 2802 2314 256 5056 265 273 YIS
8B43T 254 127 125 2758 1092 2891 2387 150 5056 265 273 YIS

*c = minimum concrete cover; Notation: #L##L; # = rebar size (6 and 8 for 19 mm and 25 mm in diameter); L = C for enamel-coated rebar and L =
B for black rebar; ## = splice length (36 and 43 for 914 mm and 1092 mm in length); L = N for no transverse reinforcement and L="T for
transverse reinforcement provided. * Bending moment was evaluated at the end of lap splices that are outside the constant moment zone.

T Failure mode: S for concrete splitting; Y/S for rebar yielding prior to concrete splitting.




2.2 Test Specimens

A total of 24 beams were prepared as shown in figures 2.2 and 2.3 with long and short
splice lengths, respectively. Each beam was measured at 3353 mm long, 305 mm wide, and 457
mm deep. In the center 914 mm constant moment region of the beam, two spliced rebar were
placed on the tension side under a 4-point loading system. As the first study on the use of
enamel-coated rebar in a tension splice, a relatively wide range of splice lengths, from 305 mm
to 1092 mm, were designed to evaluate the stress development in the coated rebar. A minimum
constant moment region equal to twice the beam height was provided to ensure a negligible

effect of concentrated loads on the pure flexural behavior of the beams [23].

with or without

#13 101.6
P @ Confinement Two #25 bars
=304.8
=304.8= Ig%
T T T T T T ] j il
i HEEEREN P
A -~
I Y O
AF‘ (P Cross Section
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#25 bars
914.4, 1092.2
Side View
?:OTS
Top View Strain Gage

Figure 2.2 Reinforcement details of series A-H (all units in mm)
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304.8
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Figure 2.3 Reinforcement details of series I-L (all units in mm)

All beam specimens were cast with the splice at the bottom, but subsequently inverted for
testing. As indicated in figures 2.2 and 2.3, they were reinforced with Grade 420 No.19 or No.25
rebar in the longitudinal direction, and Grade 280 No0.10 or No.13 closed stirrups in the
transverse direction. In the constant moment region, some specimens have no transverse
reinforcement in order to study the lateral confinement effect on the splice behavior. Each beam
specimen is identified with a series of numbers and letters as specified in table 2.1.

2.3 Test Setup and Instrumentation

As shown in figures 2.2 and 2.3, each specimen was tested under a four-point loading
system. Two roller supports at 914 mm apart were centered about the mid-span of the beam. Two
jacks at 2743 mm apart, also centered about the mid-span, were used to simultaneously load the
beam with a controlled displacement rate of approximately 1.27 mm per minute until failure. In
this way, the middle 914 mm of the beam was subjected to a constant moment.

Two Linear Variable Differential Transformers (LVDTs) were deployed at the two sides

of each beam specimen at mid-span, and one additional LVDT was provided at each end of the



beam to monitor vertical deflections during the tests. Eight strain gages (two strain gages at one
location) were also installed on the two longitudinal rebar at each end of the splice length (shown
in figs. 2.2 and 2.3) to monitor the change of stress in the steel reinforcement during the tests.

The average readings of strain gages at two pairs of spliced rebar were used as strain response.



Chapter 3 Results and Discussion
Among the 24 beams tested, 16 specimens failed in splitting of the concrete cover prior to
the yielding of steel reinforcement, and 8 specimens experienced steel yielding prior to splitting
of the concrete cover. Following is a presentation of a detailed analysis of the test data.

3.1 Data Analysis

Beams with Concrete Splitting Failure - The average bond strength was calculated using
equation 1 from the calculated stress in the deformed rebar at failure. The reinforcement stress

was determined from the measured strain using the stress-strain relationship of the rebar.

& fs fsdb
uav = =77
$oxdl, 4l

is the average bond stress along the splice length, f, is the stress in single rebar, |, is

(1

where U,

the splice length, 4, is the cross sectional area of rebar, and d, is the diameter of rebar.

For a direct comparison among test specimens of various concrete strengths, the average

bond strength of each test was normalized to a 28-day concrete compressive strength of 31 MPa.

The normalized average bond strength g is equal to U,,, multiplied by (31/ fc')1/4 in which f/

9

represents the actual compressive strength of the concrete in MPa, and a nominal concrete

11/4
fC

strength of 31 MPa is used in this normalization (note that the use of 1/4 power in was

based on Darwin et al.[24]).
Both the original and normalized average bond strengths are listed in table 2.1. For each
series of two beams, a bond ratio was then defined as the ratio of the normalized average bond

strength of the coated reinforcement to the normalized average bond strength of the black rebar.

10



The ultimate load (Py) and its corresponding deflection (Ao) for each beam are also included in
table 2.1.

Beam with Steel Yielding Prior to Concrete Splitting - For series F, G, and L, steel
yielding occurred prior to the splitting of the concrete cover in the splice region. The average
bond strength was also calculated with equation 1.

3.2 Crack Pattern and Failure Details

Beams with Concrete Splitting Failure - Series A-E with No.19 reinforcement and series
I-K with No.25 reinforcement all failed in concrete splitting prior to yielding of the steel
reinforcement. The failure mode included concrete splitting both on the top and side covers of
the beam in the splice region. Flexural cracks were initiated at various locations along the tension
side and within the constant moment region of the beams. Figures 3.1 and 3.2 show two typical
crack patterns on the top/tension face of the concrete cover in the splice region of the tested
beams with coated and black rebar when lateral confinement was not provided in the splice
region. The number given along each crack represents the load at which the crack was extended.
It can be seen from figures 3.1 and 3.2 that the specimens with enamel-coated reinforcement
appeared to have more transverse flexural cracks developed in the splice region, but clearly
delayed the formation of longitudinal splitting cracks. The beams suddenly failed immediately

after the longitudinal splitting cracks appeared on the top/tension face.

11
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Figure 3.1 Crack pattern in constant moment region of series A

12



/ | 304.8
—7 ] + [ mm
53.4K 169.1k ]
71.2k o3 41 | 66.75) ]
35.6k  |gok ]
106.8k 57.85k ]
35.6k | 71.2k -]
—— Ll 0
/ l / mm
1 k=1000 N
[ TTT T T I T T T I T T I T TITTITTIITIITIITITIT T11
0 304.8 609.6 914.4
mm mm mm mm
(a) 8B36N
€
304.8
: mm
m
mm
1k=1000 N
[TIT T T T I T T T I T T I I I T T I T I TITT IT1
0 304.8 609.6 914.4
mm mm mm mm
(b) 8C36N

Figure 3.2 Crack pattern in constant moment region of series |

As the displacement increased, the concrete splitting cracks in the splice region were
significantly widened, and the concrete cover detached and could be easily removed without
disturbing the surface condition of the rebar. For beams with enamel-coated reinforcement as,
illustrated in figure 3.3, significant concrete residuals remained on the coating surface over the

splice length, indicating a significant chemical adhesion between the coating and concrete.
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Concrete crushing was also evident in the vicinity of rebar ribs, which indicated that the
specimen failed in Mode 2 splitting [25]. On the contrary, for beams with black reinforcement
(fig. 3.4), concrete residuals were present only at the rib-front areas due to steel bearing on the

concrete.

Flgure 3.3 Crack pattern in cbnstant moment reglon of serles I
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Fig'ure 3.4 Crack pattern in constant moment region of series |

Beams with Steel Yielding Prior to Concrete Splitting - Series F-H with No.19 rebar and
series L with No.25 rebar experienced limited steel yielding before the concrete cover split on
the top and side faces of the beams. Like the previous series of specimens that failed in concrete
splitting, flexural cracks were initiated in the splice region; both local concrete crushing at the
rib-front area of black bars and strong adhesion between the enamel-coated rebar and concrete
were observed. However, the beams with black steel reinforcement had fewer transverse flexural
cracks in comparison with the previous series.

Overall, the beam specimens with coated rebar appeared to have a greater number of
flexural cracks than those with black rebar. This observation indicated that the enamel-coated
rebar can transfer stress more effectively due to a stronger steel-concrete bond. However, most
flexural cracks of the two specimens with and without enamel coating occurred at similar
locations of rebar termination.
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3.3 Load-Deflection and Load-Strain Curves

To evaluate the effect of the enamel coating on the beam stiffness associated with the
improved bond strength, the load-deflection and load-strain curves were compared in figures 3.5-
3.10 for six pairs of representative beams. Overall, no significant difference in stiffness was
observed before and after the ultimate load. This observation differed from the conclusion that
enamel coating increased the pre-peak stiffness of pin-mortar specimens as a result of their
improved bonding [13]. Adhesion between the enamel coating and cement was dominant in pin-
mortar specimens, but relatively small in rebar-concrete specimens due to the significant bearing

effect of bar deformation on concrete.
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Figure 3.5 Load-deflection and load-strain curves for series C
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Figure 3.10 Load-Deflection and Load-Strain Curves for Series L

Beams with Concrete Splitting Failure — As shown in figures 3.5(a) and 3.8(a), as the
beams were displaced gradually, the load increased linearly and rapidly at small displacement,
continued to increase linearly at a reduced stiffness after concrete cracking, suddenly dropped at
concrete splitting, and finally remained at a certain level mainly due to a friction effect. In
comparison to the beams with black rebar, the beams with enamel-coated rebar endured larger

deformation and a higher load due to the increased adhesion and friction of coated rebar in
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concrete. As illustrated by the load-strain curves in figures 3.5(b) and 3.8 (b), no steel yielding
was observed in the steel rebar.

Beams with Steel Yielding Prior to Concrete Splitting - With sufficient splice lengths,
yield strength was eventually developed in the spliced bars, such as series F, G, H, and L. As
represented by figure 3.10(a), a typical plateau was observed in the load-deflection curve. When
the maximum load occurred after rebar yielding, the beams in each series had the same ultimate
load resistance. The load-strain curves also confirmed the yielding of the steel rebar. In these
cases, the maximum strain of the beams with enamel-coated rebar is significantly larger than that
of black rebar, which indicates a more effective transfer of stress from the concrete to the coated
steel rebar. For beams with slightly shorter splice lengths, as illustrated in figure 3.6(a) for series
E, a limited degree of inelastic deformation was developed after initial yielding and the effect of
the coating was insignificant.

Transition in Failure Modes - As the splice length increased, more stress was transferred
from the concrete to the reinforcement. At the same splice length, the stress in the coated rebar
was significantly higher than that of the black rebar. For example, figure 3.6(a) indicated that the
maximum stress in the No.19 coated rebar spliced 406 mm in the confined beams was close to
the yield strength, and the load-deflection curve showed the beginning of a yielding plateau. The
load-strain curves in figure 3.6(b) confirmed the onset of initial yielding in the enamel-coated
reinforcing rebar. However, the stress in the corresponding No.19 black rebar was significantly
lower than the yield strength, and the load-deflection curve showed a sudden drop of load as
concrete splitting occurred. Therefore, the enamel coating changed the structural behavior from a

brittle concrete splitting failure to a nearly ductile steel yielding failure. A similar conclusion can
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be drawn for the No.25 rebar spliced 1092 mm in the unconfined beams as illustrated in figure
3.9(a, b).

3.4 Bond Ratio

Splice Length Effect - The bond ratio for each series of two beams in pairs was calculated by
dividing the ultimate bond strength of the enamel-coated rebar by that of the black rebar. As
shown in figure. 3.11, the calculated bond ratios were plotted as a function of splice length over
rebar diameter ratio (/s/dp) for different confinement conditions. It can be clearly observed from
figures 3.11 and table 2.1 that the bond ratios for all pairs of the beams tested in this
experimental program are greater than or equal to 1.0. The bond ratio first increases at short
splice lengths from 1.0 to a maximum value, such as 1.44, and then decreases to 1.0 when steel
yielding occurs with long splice lengths. In theory, as the splice length approaches to zero, the
bond strength is dominated by the strength of concrete between the two spliced rebar, becomes
independent of coating conditions, and thus approaches 1.0. As indicated in figures 3.5, 3.6 and
3.8 for series C, D, and I beams, the maximum bond ratio corresponds to the maximum elastic
stress that can be developed in the coated rebar, and lies in the range of 20 to 35 in splice length
over rebar diameter ratio (ls/dp).

Confinement Effect — As shown in figure 3.11, beams with confined longitudinal rebar by
transverse stirrups have lower bond ratios, indicating a relatively smaller coating effect of a
confined splice joint. This is because confinement increases the bond strength of black rebar
more rapidly than that of enamel-coated rebar. However, as the splice length continued to
increase, the stress in the spliced rebar was close to the yield strength; the effect of confinement

on bond ratio gradually diminished.
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Figure 3.11 Bond ratio comparison between epoxy coated and enamel-coated rebar

Comparison with Epoxy Coated Rebar — Figure 3.11 also compares the bond ratios for
enamel-coated rebar with those of epoxy-coated rebar that were collected from the literature [26-
29]. While enamel coating increases the bond strength of steel rebar in concrete, the epoxy
coating always reduces it. The bond ratio trend for epoxy-coated rebar with the splice length over
rebar diameter ratio (/u/dp) appears a mirror image of that for enamel-coated rebar about a
straight line of unit bond ratio at short splice lengths. With epoxy coating, the bond ratio of
deformed rebar in concrete likely starts at 1.0 at short splice lengths, reaches a minimum value,
and then goes back to 1.0 as the steel rebar begins yielding. Therefore, for practical designs, it is

conservative to focus on the bond strength reduction of epoxy-coated rebar at /;/d, = 20 to 35 or
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the bond strength increase of enamel-coated rebar at /;/dp = 35 to 43, towards initial yielding of
steel rebar. As such, experimental studies on RC beams with long splice lengths are crucial.

3.5 Coating Factor for Enamel-Coated Rebar

To account for the coating effect, a coating factor was simply introduced into the existing
relation between bond strength and development length in current design guidelines and codes
(ACI 408R-03 [30] equation 4-11b, ACI 318-11 [8] equation 12-1, and AASHTO-11 [9] Article
5.11.2.1.1). These design equations were mainly based on elastic rebar data where short splice
lengths were intentionally provided to achieve concrete splitting failures. Therefore, only the test
results associated with the splitting failure in table 2.1 were used in this section. That is, the bond
ratios for series A-D and I-K will be used in the following analysis, as presented in table 3.1.

It should be noted that Class B or C factors were not used in the calculation of bond
strengths using either the AASHTO-11 or ACI 318-11 codes, as these factors are not for strength
considerations, but reflect the brittle failure nature when all the splices are placed at the same
location. The existing design equations from the aforementioned codes are applicable for epoxy-
coated rebar after a coating factor of 1.2 or 1.5 has been introduced. For the enamel-coated rebar,
the average bond ratio in table 3.1 is approximately 1.24, which corresponds to a coating factor
of 1/1.24=0.81. For design purposes, a conservative coating factor of 0.85 on the splice length is
recommended, and its corresponding bond strength increased by an average factor of
1/0.85=1.176 is much less than the value of 1.44 (Series C) achieved at near initial yielding of
the rebar. The design bond strengths after using the design equation from each code multiplied
by a factor of 1.176 are also listed in table 3.1. The means and standard deviations of the
experimental to predicted ratios using various design specifications are presented in figure 3.12.

It can be observed from figure 3.12 that the ACI 408R design equation with the proposed coating
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factor gives the best prediction to the experimental data on both the average and standard
deviation. Therefore, the development length for enamel-coated rebar splices can be obtained

——ACT 408R Average
= =ACI318-11 Average

===AASHTO-11 Average

. ACI 408R
E=SACI318-11

1. |

using the ACI 408R equation with a coating factor of 0.85.

PaI2IPAI I9A0 1S9,

Figure 3.12 Ratio of test to predicted for series associated with splitting failure
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Table 3.1 Bond Stress Prediction with Various Design Equations

_ e Us. Bond ACIA408R-  ACI318-11  AASHTO-11 Test to Test to Test to
Series Notation MPga Megg Ratio 03 with 0.85  with 0.85 with 0.85 Predicated Predicated  Predicated

MPa MPa MPa ACI 408R-03 ACI 318-11 AASHTO-11

A 6CI2N 533 549 1.16 3.59 2.05 3.24 1.528 2.674 1.691

B 6C12T 647 667 1.14 5.09 3.42 2.43 1.311 1.950 2.740

C 6CI6N  4.49 463 144 3.12 2.05 3.24 1.484 2.255 1.426

D 6C16T 520 520 1.31 4.61 3.42 2.43 1.128 1.521 2.138

| 8C36N 333 343 135 2.26 2.14 2.87 1.522 1.607 1.195

J 8C36T 351 351 1.10 2.87 2.87 2.43 1.222 1.222 1.443

K  8C43N 277 28 115 2.12 2.14 2.41 1.344 1.333 1.184

Maximum: 1.528 2.674 2.740

Minimum: 1.128 1.222 1.184

Average Bond Ratio=1.24 Average: 1.339 1.801 1.686

Coating Factor=0.85 S;f‘/?{ft?gg 0.159 0.481 0.528

C@Zf::;'t?gr: :Of 0.119 0.267 0.313
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Chapter 4 Conclusions

To evaluate the bond strength of vitreous enamel-coated rebar in normal strength
concrete, 24 beam splice specimens were cast and tested. Based on the experimental results, the
following conclusions can be drawn:

1. Enamel coating increases the bond strength of deformed rebar when spliced in normal
strength concrete. As the splice length increases, the ratio of bond strength between coated rebar
and black rebar first increases from 1.0 to a maximum value of 1.44 and then decreases to 1.0.
The maximum bond strength ratio corresponds to a splice length over rebar diameter ratio of 20
to 35 when the maximum elastic stress is developed in enamel-coated rebar. The bond strength
ratio approaches 1.0 both at zero splice length and at a very long splice length since the bond
strengths in the two cases are governed by concrete splitting and steel yielding, respectively.

2. Confinement provided by transverse stirrups increases the bond strength of black rebar
more rapidly than that of enamel-coated rebar. For enamel-coated rebar, an average of a 10%
increase in bond strength was observed due to the confinement effect for a splice length over
rebar diameter ratio of less than 20. For very long splice lengths, the stress in the spliced rebar
(black or coated) is equal to the yield strength, and the confinement effect thus becomes
negligible.

3. The increase in bond strength due to the coating is reflected mainly in the ultimate load
of the structures or beams tested in this study; it has little or no influence on the pre- and post-
peak stiffness of the beams. It is unlikely that the coating alters the distribution pattern of slip
between the reinforcement and concrete.

4. The beams with coated steel rebar appear to have a greater number of smaller flexural

cracks than those containing black rebar. This observation indicated that the enamel-coated rebar
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more effectively transfers stress from the concrete to the rebar due to stronger steel-concrete
bonding.

5. Enamel and epoxy coatings respectively increase and reduce the bond strength of
deformed rebar in concrete. For practical designs, conservative coating factors should be
developed in a splice length over rebar diameter ratio of greater than 35 for enamel-coated rebar
and 20 to 35 for epoxy-coated rebar. It is critical to investigate the bond strength of enamel-
coated rebar in concrete with long splice lengths, corresponding to initial yielding of steel rebar.

6. The ACI 408R design equation for splice length with a coating factor of 0.85 is

recommended for design.
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