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and development of WWF. The data reported here provides
information that indicates the effects of epoxy coating on de-
velopment of WWF, and the results are used to suggest
changes in design procedures and code requirements.

OBJECTIVE AND SCOPE 
The objective of this investigation was to determine the ef-

fects of epoxy coating on anchorage and development of
WWF. The test program included weld shear tests, pullout
tests, and slab tests with splices of WWF. Weld shear tests
and pullout tests were conducted to evaluate the anchorage
provided by bond along the wire and by the weld of the trans-
verse wire. Slab tests were conducted to examine the differ-
ences in lap splice strengths between slabs reinforced with
coated and uncoated WWF. The sizes of WWF used in this
investigation were 4 x 8 (W4 x W4), 4 x 8 (D4 x D4), 4 x 16
(W20 x W10), 4 x 16 (D20 x D10), 2 x 8 (W20 x W11), and
2 x 8 (D20 x D11).

EXPERIMENTAL PROGRAM
Weld shear tests

Weld shear tests were conducted on coated and uncoated
4 x 16 (W20 x W10) and 4 x 16 (D20 x D10) WWF to deter-
mine the weld shear strength of the weld between the longi-
tudinal and transverse wires. A number of weld shear tests
were also conducted on WWF with Size 4 longitudinal
wires. In each of these cases, it was found that fracture oc-
curred in the wire before shearing of the weld. For this rea-
son, only a few weld shear tests on the WWF with Size 4
longitudinal wires were conducted.

Fig. 1 shows how a typical sheet of WWF was divided into
weld shear specimens and pullout specimens. Test proce-
dures and the dimensions of the test specimens followed the
requirements of ASTM A 497. A weld shear test apparatus
was constructed according to ASTM specifications. Each of
the test specimens was tested to failure to determine the
shear strength of the weld. The tests were run at a constant
rate of stress, and the ultimate shear strength was recorded.
Only the load was monitored.

Pullout tests
A total of 31 pullout tests were conducted. Twenty-seven

pullout tests were conducted on coated and uncoated 4 x 16
(W20 x W10) and 4 x 16 (D20 x D10) WWF, and four tests
were conducted on coated and uncoated D20 wires. Both
pullout and weld shear tests were conducted on specimens
taken from the same longitudinal wire. Bond along the lon-
gitudinal wire was eliminated in some pullout tests so that
anchorage was provided entirely by the transverse wire and
weld. This was accomplished by placing a plastic sleeve
around the longitudinal wire before casting the specimen in
concrete. All specimens were cast in a 10-in.-(25.4-cm-)
square by 12-in.-(30.5- cm-) long concrete block. Free and
loaded-end slip were recorded at selected load increments
until the peak load was reached. The peak load was reached
when the weld on the transverse wire fractured, or the longi-
tudinal wire failed in bond when no transverse wire was
present.

One-way slab tests
Dimensions and reinforcement—A total of 12 one-way

slabs were tested to determine the influence of epoxy coating
on splice strength and crack widths for the various configu-
rations of WWF used in this investigation. The notation used
for the slab specimens (Table 2) designates the presence of
epoxy coating (C for coated and U for uncoated wires) and
the type of WWF (W for plain and D for deformed wires). 

Slab thickness for all tests was 6 in. (15.3 cm). The length
of all slabs was 13 ft (3.96m), but the width varied. The

Stacy J. Bartoletti  received his MS from the University of Texas in Austin. He is a
structural designer with Degenkolb Engineers in San Francisco, California. 

James O. Jirsa holds the Janet S. Cockrell Centennial Chair in Engineering at the
University of Texas. He is a member of ACI Committees 318, Standard Building Code;
408, Bond and Development of Reinforcement; and 369, Seismic Repair and Rehabil-
itation. 

Fig. 1—Welded wire fabric divided into weld shear and pullout specimens
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specimens with Size 20 longitudinal wires spaced at 4 in.
(10.2 cm) were 4 ft 6 in. (1.37 m) wide; those with Size 4 lon-
gitudinal wires spaced at 4 in. (10.2 cm), and Size 20 longi-
tudinal wires spaced at 2 in. (5.1 cm), were 2-ft-(0.61-m)-
wide. Different widths permitted casting of more slabs at the
same time without major alterations to the forms. The WWF
was placed in the top of the slab with a nominal 3/4-in. (19.1-
mm) clear cover. A lap splice between two sheets of WWF
was centered longitudinally in the slab. Table 2 lists the num-
ber of longitudinal wires, total area of longitudinal reinforce-
ment, and the reinforcement ratio for each slab.

Slabs were constructed in pairs, with each containing iden-
tical reinforcement and lap splices. The only difference be-
tween the specimens in a pair was epoxy-coated WWF in
one and uncoated WWF in the other. The epoxy was applied
commercially on all specimens except those with 2-in. (5.1-
cm) spacing between the longitudinal bars (CW20-2, CD20-
2), where the epoxy was applied in the laboratory using a
brush. This was done to reduce fabrication and shipping
time. The commercially coated WWF was fusion bonded.

Epoxy coating thickness measurements were taken using
a thickness gage. The average thickness of all coated WWF
fell within the ASTM A884 requirements of 7 to 12 mils
(0.18 to 0.31 mm), except CW20-2, which was coated by
hand (2.2 mils), and CD4-1 (average thickness 15 percent
greater than the maximum allowed by ASTM A 884). The
differences for CW20-2 were considered acceptable because
it was desired to break adhesive bond between the wire and
the concrete rather than to provide corrosion protection. On
the deformed wire, a thicker coating will tend to fill in the in-
dentations on the deformed wires and consequently reduce

the bond strength so the tests provide a conservative condi-
tion.

Lap splices used in the slab specimens were generally
shorter than those required by ACI 318-89. It was desired to
test lap splices shorter than those required by ACI so that
failures could be observed and a comparison between the ep-
oxy-coated and uncoated WWF could be made with failure
occurring before the wires reached yield. Fig. 2 through 4 de-
tail the lap splices used for each pair of slabs. Also shown are
the minimum lap splices required by ACI 318-89, using fy  =
60 ksi (414 MPa) and fc′ = 3500 psi (24.1 MPa). In the cal-
culation of the minimum ACI requirements, only the modi-
fication factor for epoxy-coated reinforcement was con-
sidered.

Slab test setup and procedures—A diagram of the testing
apparatus used to test the slab specimens is shown in Fig. 5.
The slabs were loaded 6 in. (15.3 cm) from each end. A con-
stant negative moment region of 5 ft (1.52 m) was used for
the slabs constructed with coated and uncoated 2 x 8 (W20 x
W11) and 2 x 8 (D20 x D11) WWF, while all other slabs
were tested with a 6-ft. (1.83-m) constant negative moment
region. Load was applied to each end of the slab through a
pair of hydraulic rams and distributed to the slab through a
reaction beam placed between the slab and the hydraulic
rams.

Slab vertical deflections were measured at load points and
at the midpoint of the slab, as shown in Fig. 5. Deflections
were taken at load increments chosen so that approximately
15 to 20 readings were obtained for each specimen. In addi-
tion to deflection measurements, cracks were marked at each
load increment and measured at selected load increments.
The slab specimens were either tested to failure or to yield-

Table 2—Reinforcement ratio for slab specimens

Specimen number

Spacing between 
longitudinal bars

Size and spacing of trans-
verse bars

Number 
of longi-
tudinal 
wires

Area of longitudi-
nal reinforcement

Reinforce-
ment ratioin. cm size in. cm in.2 mm2

UW4-1, CW4-1 4 10.2 W4 8 20.3 6 0.24 155 0.00167

UD4-1, CD4-1 D4 8 20.3

UW20-1, CW20-
1

4 10.2 W10 16 40.6 13 2.6 1680 0.00803

UD20-1, CD20-1 D10 16 40.6

UW20-2, CW20-
2

2 5.1 W11 8 20.3 11 2.2 1420 0.0153

UD20-2, CD20-2 D11 8 20.3

Fig. 2—Splice details for 4 x 8 (W4 x W4) and 4 x 8 (D4 x D4) welded wire fabric
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ing of the longitudinal wires, as determined by a markedly
reduced slope on the load-versus- deflection curve.

Material properties—All slabs and pullout specimens
were cast using the same concrete mix design. A maximum
coarse aggregate size of 3/4 in. (19.1 mm) and a water-to-ce-
ment ratio of 0.72 were used. Specimens were generally test-
ed at about 28 days after casting, at concrete strengths
ranging from 3510 to 4590 psi (24.2 to 31.6 MPa).

EXPERIMENTAL RESULTS
Weld shear tests

The results for the weld shear specimens taken from each
sheet of WWF exhibited different strengths along different
longitudinal wires. This can be attributed to the manufactur-
ing process, where each weld across the width of a sheet is
performed by a different automatic electric resistance weld-
er. Specimens taken from welded plain wire fabric showed

much less variation in weld shear strength along a longitudi-
nal wire than did the specimens taken from welded deformed
wire fabric. The average percent difference in the maximum
and minimum weld shear strengths along a longitudinal
wire, when compared to the minimum ASTM weld shear
strength of 7000 lbs (31.1 kN), was 9.3 percent for welded
plain wire fabric and 18.1 percent for welded deformed wire
fabric.

Only one of the average weld shear strengths along a lon-
gitudinal wire did not exceed the minimum ASTM require-
ment of 7000 lb (31.1 kN). However, the sheet of WWF met
ASTM standards that require the average of four tests repre-
senting the entire width of the sheet of WWF must exceed
the minimum weld shear value. Average values calculated
for a particular longitudinal wire do not represent the entire
width of a sheet of WWF. The average shear strength was

Fig. 3—Splice details for 4 x 16 (W20 x W10) and 4 x 16 (D20 x D10) WWF

Fig. 4—Splice details for 2 x 8 (W20 x W11) and 2 x 8 (D20 x D11) WWF
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8420 lb (37.5 kN) for W20 x W10 welds and 7700 lb (34.3
kN) for D20 x D10 welds.

Pullout tests
Pullout specimens were compared on the basis of loaded-

end and free-end slip measurements at various applied load-
to-average weld shear strength ratios, where the average
weld shear strength was determined from the same longitu-
dinal wire used for the pullout specimens. With this compar-
ison, the effect of variation in weld shear strength between
different longitudinal wires in the same sheet of WWF could
be minimized. Results from these comparisons gave an indi-
cation of the effect of epoxy coating on anchorage and devel-
opment of the WWF.

Results from the pullout tests conducted on specimens
with no bond along the longitudinal wire showed that, for
both plain and deformed wires, the average slip for the un-
coated specimens was consistently larger than the slip for the
coated specimens. However, there was considerable scatter
in the data. Loaded and free-end slip values showed the same
trends at various applied load-to-average weld shear strength
values. From these results, it can be concluded that epoxy
coating on the transverse wire does not detrimentally affect
the weld shear performance of either welded plain wire fab-
ric or welded deformed wire fabric. 

Results from the pullout tests conducted on specimens
with a 4-in. (10.2-cm) bond length along the longitudinal
wire showed that, for both plain and deformed wires, the av-
erage slip for the uncoated specimens was generally greater
than or equal to the slip for the coated specimens. As in the
tests with no bond along the longitudinal bar, the scatter was
large and made it difficult to determine clear trends.

Four pullout specimens were constructed with deformed
wires, a 4-in. (10.2-cm) bond length, and no cross wire. From
the results obtained with these specimens, it was found that
the largest difference between the uncoated and coated aver-
age free-end slip was 0.003 in. (0.076 mm) at a load of
10,000 lbs (44.5 kN). At this load, the average slip for the
coated wires was 10 percent higher than the average slip for
the uncoated wires, but the differences in slip were so small

that epoxy coating on the longitudinal wire did not signifi-
cantly alter the performance of deformed WWF.

One-way slab tests
Results of the slab tests are presented in terms of load-de-

flection relationships. Fig. 6 through 8 show plots of the ratio
of the test moment to the ultimate moment capacity versus an
equivalent beam center span deflection for the 12 one-way
slab tests. The equivalent beam center span deflection was
determined by adding the measured center span deflection to
the average of the two end span deflections. The resulting
slab deflection represents an element simply supported at the
ends. The ultimate moment capacity for each of the slabs was
calculated according to ACI 318 flexural provisions using
the concrete strength at the time of testing and the measured
yield strength of the wire as defined by ACI 318-89.

In Fig. 6 through 8, the two specimens compared were
identical, except that one was constructed with uncoated
WWF and one with coated WWF. As can be seen in Fig. 8,
Specimens UW20-2, CW20-2, UD20-2, and CD20-2 failed
before reaching the yield strength of the longitudinal wires.
The failure occurred in the splice region by splitting of the
concrete between the outer transverse wires in the lap and by
pulling out the longitudinal wires extending beyond the last
transverse wire.

Results from the one-way slab tests can be used to support
the conclusions developed from the pullout tests. Slabs
UW4-1, CW4-1, UD4-1, CD4-1, UW20-1, CW20-1, UD20-
1, and CD20-1 were all able to develop the full yield strength
of the longitudinal wires before a splice failure occurred. In
fact, none of these slabs failed in the splice region, and the
tests were concluded because it was apparent that the longi-
tudinal wires were yielding. As can be seen in Fig. 6 and 7,
each pair of coated and uncoated slabs behaved nearly iden-
tically under load. This reinforces the conclusion that there
is no difference in anchorage characteristics between epoxy-
coated and uncoated WWF.

Slabs UW20-2, CW20-2, UD20-2, and CD20-2, which
failed in the splice region prior to reaching the yield strength
of the slabs, can be used to examine the effects of epoxy
coating on the anchorage and development of WWF when a

Fig. 5—Slab specimen testing apparatus
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failure occurs in the splice region. The other slab specimens
did not reach a splice failure, so the maximum development
strength was not reached.

Fig. 8 shows the ratio of test moment-to-ultimate moment
capacity versus the equivalent center span deflection for
Slabs UW20-2 and CW20-2. Both of these slabs behaved

Fig. 6—One-way slabs with W4 and D4 longitudinal wires

Fig. 7—One-way slabs with W20 and D20 longitudinal wires at 4-in. (10.2-cm) 

Fig. 8—One-way slabs with W20 and D20 longitudinal wires at 2-in. (5.1-cm) spacing
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nearly the same, with only a 7.5 percent difference in their
maximum strengths. After failure, the average cover on the
longitudinal wires was measured and found to be 7/16 in.
(11.1 mm) for Slab UW20-2 and 1/2 in. (12.7 mm) for Slab
CW20-2. The low cover may have resulted in a reduction in
strength of both specimens, but they had nearly identical
cover.

Fig. 8 also shows the ratio of the test moment-to-ultimate
moment capacity versus the equivalent center span deflec-
tion for Slabs UD20-2 and CD20-2. As can be seen in this
figure, Slab CD20-2 has approximately 15 percent larger de-
flections for each test moment-to-ultimate moment capacity
ratio above the cracking load. Even though the deflections
were larger for CD20-2, the difference was small, and the
stiffness of the two slabs appeared to be the same. Slab
UD20-2 reached a 13 percent higher maximum moment than
Slab CD20-2, but this can be accounted for by differences in
average cover between the two slabs. Average cover for
Specimen UD20-2 was 11/16 in. (17.5 mm), while that for
CD20-2 was 1/2 in. (12.7 mm). Using an equation proposed
by Jirsa, Lutz, and Gergely,6 the additional 3/16-in. (4.8-mm)
cover resulted in a 20 percent increase in the bond stress,
which may explain why Slab CD20-2 failed at a lower mo-
ment than Slab UD20-2.

Test results from Slabs UW20-2, CW20-2, UD20-2, and
CD20-2 again indicate that there is no clear trend showing
that epoxy coating has a detrimental effect on the develop-
ment and anchorage of WWF.

Effects of epoxy coating on the bond of WWF were also
evaluated using cracking patterns for the one-way slab spec-
imens. At each steel stress, there appears to be a very close
correlation between average crack spacing and maximum
crack width between the coated and uncoated slabs rein-
forced with either welded plain wire fabric or welded de-
formed wire fabric. One aspect of the crack data that should
be pointed out is the difference in cracking characteristics
between the slabs reinforced with welded plain wire fabric
and those reinforced with welded deformed wire fabric.
Welded deformed wire fabric tended to have smaller maxi-
mum cracks because better bond along the deformed bar re-
duced the average crack spacing. The slabs reinforced with
welded plain wire fabric showed wider cracks spaced further
apart.

DESIGN CONSIDERATIONS
Design requirements in ACI 318-89 for the development

of welded deformed wire fabric in tension require that basic
development length, defined in Section 12.7, be multiplied
by modification factors from Sections 12.2.3 through 12.2.5.
The modification factor for epoxy-coated reinforcement is
given in Section 12.2.4.3. Section 12.2.4.3 states that a mod-
ification factor of either 1.5 or 1.2 be used for bars, depend-
ing on the amount of cover and clear spacing. Tests
conducted in conjunction with this investigation have indi-
cated that epoxy-coated welded wire fabric has essentially
the same anchorage and development strength as uncoated
welded wire fabric. It is recommended that a modification
factor of 1.0 be applied to epoxy-coated WWF, which can be
accomplished by adding the following statement to ACI 318-
89 Section 12.2.4.3:

“Welded wire fabric with cross wires within the develop-
ment length and with cross wires lapped by at least 2 in. (5
cm) 1.0”

In addition to this requirement, it is suggested that the fol-
lowing paragraph be added to Commentary R12.2.4.3:

“When welded wire fabric is used for reinforcement, the
cross wires provide anchorage to the wire being developed,
and tests indicate that epoxy coating does not influence the
development or splice strength.” 

The stipulation is that a factor of 1.0 can be used for WWF
only when cross wires are present within the development
length. The development of epoxy-coated wire was not con-
sidered directly in this study. A number of pullout tests using
epoxy-coated and uncoated wires were conducted as part of
this experimental program and by Schmitt and Darwin,7 but
the data was insufficient to make a recommendation regard-
ing the effects of epoxy coating on the development of de-
formed wire.

To specifically include deformed wire in the ACI 318 re-
quirements for epoxy-coated reinforcement, and to eliminate
confusion about the modification factor for epoxy-coated de-
formed wire, it is suggested that the first statement in ACI
318-89 Section 12.2.4.3 be modified to include deformed
wire as follows:

“Bars and deformed wires with cover less than 3db or clear
spacing between bars less than 6db1.5”

To clarify the provisions in ACI 318-89 for epoxy-coated
WWF, it would be desirable to include an additional state-
ment to Commentaries R12.7 and R12.8 as follows:

“Tests have indicated that epoxy-coated welded wire fab-
ric has essentially the same development and splice strength
as uncoated welded wire fabric. Therefore, an epoxy coating
factor of 1.0 is included for the development or splice length
of epoxy-coated welded wire fabric with cross wires within
the development or splice length.”

Sections 12.7 and 12.8 define the required development
length for welded deformed wire fabric and welded plain
wire fabric, respectively. Development of epoxy-coated
welded deformed wire fabric is covered explicitly, since
Section 12.7 requires the use of the modification factors in
Sections 12.2.3 through 12.2.5. For welded deformed wire
fabric, the statement previously given may not be necessary
for Commentary R12.7, but it is desirable. Since the use of
the modification factors in Sections 12.2.3 through 12.2.5 is
not required for development length of welded plain wire
fabric, the user is not given any direction in Section 12.8
about how epoxy coating affects development length of
welded plain wire fabric. For the case of welded plain wire
fabric, it is desirable to include the previous statement in
Commentary R12.8 so that it is specifically stated that no
modification in development length needs to be made for ep-
oxy coating.

CONCLUSIONS
From the experimental program carried out in conjunction

with this investigation, it can be concluded that epoxy coat-
ing has little or no effect on the development and anchorage
of welded plain wire fabric and welded deformed wire fab-
ric. This conclusion is based on a series of pullout tests and
one-way slab tests conducted on epoxy-coated and uncoated
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welded plain wire fabric and welded deformed wire fabric.
Load-versus-deflection curves for both types of tests showed
that epoxy coating did not have a detrimental effect on the
development and anchorage of WWF. In addition, the one-
way slab tests demonstrated that there is no significant dif-
ference in cracking behavior of slabs reinforced with epoxy-
coated and uncoated WWF, although there was a significant
difference in cracking behavior between slabs reinforced
with welded plain wire fabric and welded deformed wire
fabric.

Current ACI 318 requirements for development of epoxy-
coated reinforcement are based on results from tests with de-
formed bars. From results obtained in this investigation, a
change is recommended for ACI Code provisions for devel-
opment of epoxy-coated WWF. The development length of
WWF does not need to be modified (increased) to account
for effects of epoxy coating because anchorage is provided
by cross wires.
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