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INTRODUCTION

Galvanizing has been used on bridges to provide corrosion protection for more
than 20 years. Normally, the coating thickness varies depending on the application
equipment and process. Currently, there are no design specifications which limit the
coating thickness. Previous research studies were based on thicknesses no larger than 6
mils [6]. These tests were used to develop the provisions of the American Association of
State Highway and Transportation Officials (AASHTO) [1].

Variability in thickness of the metallic layer is inherent with the galvanizing
process. The thickness is influenced by both the time the steel member is immersed in the
zinc bath tank and the tank temperature. Also, zinc build-up on lower end of member will
affect the coating thickness when the item is removed from the bath. In addition, thicker
plates result in a larger coating thickness. Thus it is possible to get thickness significantly
larger than 6 mils. '

When the coating is not thick (within 6 mils), the relaxation of clamping force of a
bolted connection due to the creep of the soft zinc layer is not severe. However, recent
applications of galvanized coatings for bridges in Connecticut have produced coating
thicknesses up to 13 mils. This caused concern that there might be a large loss in the
connection clamping force. The result would be a corresponding reduction in the shear
capacity of the bolted connection.

It has been the purpose of this study to determine the influence of thicker
galvanized coatings on the shear resistance in bolted connections. The research involved
an experimental program for high-strength bolted connections with coating thicknesses
from 0 to 20 mils. This was done for both standard and oversize holes. Two test sets
were conducted, one to determine the slip coefficient and one to determine the relaxation
and creep effects.

TEST PROGRAM

The following test program was developed to: a) determine the slip coefficient of
the coatings under short-term static loading; and, b) determine the loss of clamping force
and the reduction of slip resistance under long-term sustained loading. This involved three
sets of tests: 1) slip coefficient tests to determine the short-term shear capacity; 2)
relaxation tests to determine the amount of bolt relaxation over time; and, 3) creep tests
to determine the slip resistance under long-term loading.

The main goal was to determine the shear capacity of the connections and to
evaluate the relaxation of clamping force under service loading. The design of the
experimental program was based on the testing method recommended by the American



Institute of Steel Construction (AISC) [14].

The experimental work included a total of 58 specimens, with 30 for the slip
coefficient test and 28 for relaxation and creep tests. The specimen variables were:
1). Galvanizing Thickness: from 0 to 20 mils.
2). Hole Size: for 7/8 in. A325 bolts, standard hole diameter D=15/16 in., oversize
hole diameter D=1-1/8 in.; and,
3). Clamping Force: 39 kips based on the “Standard Testing Method for Determining
the Slip Coefficient” [13], for 7/8 in. Diameter A325 bolts (AASHTO M164 bolts).

At first, all specimen plates were designed to be 7/8 inches thick. The galvanizing
fabricator said that the plates must be at least 1 inch thick, to get the coating thicknesses
up to 20 mils. Therefore, all specimens were fabricated from 1 inch thick A588
weathering steel plate.

Table 1. Planned Slip Coefficient Tests

Galvanized Coating Standard Holes Oversize Hole
Thickness (mils) (Diameter=15/16 in.) (Diameter=1-1/8 in.)
0 3 3
5 3 3
10 3 3
15 3 3
20 3 3

No. of Tests = 3 x 5 (thicknesses) x 2 (hole size) = 30



Table 2. Planned Relaxation and Creep Tests

Galvanized Coating Standard Holes Oversize Hole
Thickness (mils) (Diameter=15/16 in.) (Diameter=1-1/8 in.)
(Relaxation Tests only) (Creep Tests only)
0 3 3
5 2 2
10 3 3
15 3 3
20 3 3

No. of Tests = 3 x 4 (thicknesses) x 2 (hole sizes) + 4 = 28

Preparation of Specimens

The specimens were fabricated in a machine shop and then sent for galvanizing.
The hot-dip galvanizing process generally begins with the removal of the mill scale on the
item prior to the coating application. This is done by pickling the member in a bath of acid
to remove mill scale and rust. The item is then rinsed, fluxed and immersed in the molten
zinc until it comes up to the bath temperature. The iron in the item then reacts with the
zinc liquid to form several iron-zinc alloy layers. These alloy layers are covered with a
layer of pure zinc. The zinc and alloy layers together provide a protective barrier to the
steel.

The galvanized coating was applied according to “Standard Specification for Zinc
(hot-dip galvanized) Coatings on Iron and Steel Products”, which was approved by
American Society for Testing and Materials (ASTM) in September, 1989, and known as
ASTM A123 (AASHTO M111).

A Mikrotest gage was used to measure the coating thickness. It is a
nondestructive magnetic gage which can measure nonmagnetic coatings on ferrous
elements. Normally, eight readings were taken for each plate (four on each side). These
readings were recorded and were the basis for selecting plate contact surfaces. The sides
selected for the contact surfaces had the smallest variation in coating thickness and an
average thickness closest to the desired thickness. Table 3 lists the actual coating
thicknesses for the test specimens. More details are included in reference 13.



Table 3. Actual Coating Thicknesses
Nominal Coating Range of Thickness Average Thickness Standard Deviation
Thickness (mils) (mils) (mils)
5 50-5.6 52 0.2
10 11.7-13.8 12.7 0.8
15 14.6-17.5 16.1 0.9
20 18.3-20.4 19.7 0.5

NOTE: The galvanizing process did not produce any specimens with 10-mil thicknesses.
The test specimens had thickness greater than 10 mils as shown in the table. The
specimens in the 11.7 to 13.8 mils range were used in the creep and relaxation tests only.

Slip Coefficient Tests

The slip coefficient test is a static, short-term test. The goal is to evaluate the slip
coefficient for varying coating thickness. This is the test used to determine the shear
capacities. The test design was based on the American Institute of Steel Construction
(AISC) recommendations [14].

The test specimens have a double lap joint with a single hole. This is shown in
Figure 1. Each specimen consisted of three identical plates which were bolted together
with a galvanized, high-strength, 7/8 in. ASTM A325 bolt and galvanized washers [12].
The total clearance in the hole was either 1/16 inch for standard hole sizes or 1/4 inch for
oversize hole sizes. The plates were fabricated from A588 weathering steel which is
commonly used for steel bridges in Connecticut. The galvanized surfaces were roughened
by hand wire brushing prior to assembly according to the specification requirement
(AASHTO) [1]. The wire brushing did not reduce the overall coating thickness.
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Figure 1. Test Specimen for Slip Coefficient Test

Bolt Tensile Clamping Force

Variations in the clamping force were minimized to reduce scatter in the test
results. Previous researchers have used either the bolt calibration method or a hydraulic
jack device to control the bolt force [7, 10, 14, 15]. In the bolt calibration method, a load
indicating device called Skidmore Wilhelm is needed to develop a relationship between the
bolt tension and the elongation of the bolt. This can then be used to determine the actual
bolt tension force, or clamping force. In the second approach [10, 15], the clamping
force is applied by means of a high-strength steel rod acting with a center-hole hydraulic
jack. A load cell is usually used to determine the clamping force. The clamping force thus
provides the equivalent clamping effect as would be provided from a high-strength bolt.

An additional way to provide the required clamping force is recommended by
“Testing Method to Determine the Slip Coefficient for Coatings Used in Bolted Joints”,
American Institute of Steel Construction(AISC) [14]. This approach uses bolts with strain
gages. It was the most accurate way to measure the bolt tension [2]. The resulting tensile
bolt force has been reported to be within 2% of the required values [2, 5]. The strain-
gaged bolts were used in this research. Based on the recommendation of American
Institute of Steel Construction (AISC) [14], the bolt tension force for the 7/8" A325 bolt
should be 39 kips. This was achieved in all tests.

Two strain gages were placed on each of two small flat surfaces which were milled



on each side of the bolt shank. The surfaces were sanded, and the strain gages were
applied with a microspot welder. Two 0.089-inch holes were drilled in the bolt head for
the gage’s three wires. A strain gage data acquisition system, developed by OPTIM, was
used to collect data.

Test Setup

The tests were carried out in a 60-kip SATEC hydraulic test machine. An
electronic x-y plotter was used to plot the load versus slip. Two dial gages were used to
verify the amount of slippage.

Relaxation and Creep Tests

Previous research has indicated that relaxation in the bolt is related to the thickness
of the coating. It is expected that more relaxation will occur with thicker coating. This
results in a larger decrease in shear capacity. Previous studies also found that the behavior
under sustained loads for long periods may differ from the short-time loading performance
[10]. A study conducted by the Propulsion Laboratory in Pasadena, CA [8] pointed out
that all of the coating systems exhibited a steady state rate of slip for the duration of the
tests, once movement was initiated. Field experience and tests results also have indicated
that galvanized members have a tendency to continue to slip under sustained loading [6].
Thus, this set of tests was designed to achieve the following goals:

a) Determine the creep behavior;
b) Determine how the slip resistance is affected by the coating thickness; and,
c) Establish design recommendations based on the coating thickness.

With modifications based on previous research, two sets of tests were carried out, one to
measure the relaxation directly and one to determine the creep behavior.

Relaxation Tests

A total of 14 tests were carried out. Each specimen consisted of three plates, each
4 in. x 4 in. x 1 in. with a standard hole as shown in Figure 1. The same setup used for the
slip coeflicient test was used for these tests. The specimens were tested in shear 21 days
after assembly to determine if the slip resistance was altered. There was no shear loading
during this 21-day period. Six specimens with clean-mill scale surfaces were included to
provide for comparisons with the different coating thicknesses.

Creep Tests

In the creep tests, 1-1/8 inch diameter oversize holes were used to ensure that
adequate hole clearance would be available for slippage. The assembly was carefully made
to ensure the bolts were positioned in the holes so that the load was not initially
transferred by bearing. The specimens were made from A588 steel bar stock. Each



specimen consisted of three plates each 7 in. x 4 in. x 1 in. as shown in Figure 2. These
dimensions were selected to match the width and thickness of the static compression slip
tests, and also allow the specimens to be connected in series as a chain.

The test specimens were connected in a chain as shown in Figure 2. The top bolt
in each set was tightened to the desired clamping force of 39 kips, the lower pin bolt was
only hand-tightened.

The individual specimens were initially bolted together utilizing a hand wrench and
then linked together to form the chain. The chain consisted of 14 specimens, three with
clean-mill scale surfaces, two with coating 5 mils thick, three with coating 10 mils thick,
three with coating 15 mils thick, and three with coating 20 mils thick. All of these were
then subjected to the same tensile loading. The chain method was used to double the
number of speciméns per test to get an average slip measurement for each coating
thickness.

Two measurement pieces were welded to each specimen set prior to assembly of
the chain. These pieces consisted of two short pieces of 1/8 in. x 3/4 in. x 3/4 in. steel
angle. They were attached to each side of the specimen to monitor the creep information
over time as shown in Figure 3. Measurements were taken using a micrometer. The
amount of slip was taken as the average of the two gages on each specimen. The stress
relaxation in the bolt was collected with the strain-gage monitoring system.

The test chain was subjected to a service loading condition of 20.8 kip, which was
determined based on current AASHTO Specification for 7/8" A325 high-strength bolts.
The test load was applied for a 42-day period according to recommendation of Yura [15].

Temperature compensation was provided for the strain gage readings. This was
done by connecting an unloaded bolt to the monitoring system to correct for any
temperature changes.
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Figure 3. Slip Measurement

TEST RESULTS

Slip Coefficient Tests

A total of 30 tests were performed, 15 for standard holes, and 15 for oversize
holes. Three identical specimens were tested for each coating thicknesses. They were
based on nominal coatings of 5 mils, 15 mils and 20 mils. Six tests were also performed
for nongalvanized clean mill-scale surfaces for comparison.

The slip coefficient k, for an individual specimens was calculated as:
load

" (number of shear planes) (clamping force)

NF

where,
k, - slip coefficient;
P - slip load, kips;
N - number of slip planes, here N=2; and,
F - clamping force, equal to 39 kips for 7/8" A325 bolts.



In previous studies [14, 15], three different types of curves were observed for
load-slip responses. These are shown in Figure 4. The slip load associated with each type
is defined as:

Curve (a). The slip load is the maximum load, provided this maximum load occurs
before a slip of 0.02 inch;

Curve (b). The slip load is the load at which the slip rate increases suddenly; and,
Curve (c). The slip load is the load corresponding to a slip of 0.02 inch. This
definition applies when the load-slip response shows a gradual change;

The slip curve observed in this study is type (a) and is shown in Figure 5. The
maximum load occurred before the slip reached 0.02 inch. Thus, the slip coefficient was
calculated based on the maximum load.

A summary of the slip coefficient tests is presented in Table 4. The slip
coefficients are given only to two decimal places because the authors feel that further
refinement is unjustified due to the experimental scatter. The results are discussed in the
following sections for the nongalvanized and galvanized specimens.

10
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Figure S. Test Curve of Load vs. Slip for Galvanized Surfaces
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Clean Mill-Scale Surfaces

In the six tests with clean mill scale surfaces, three were for standard hole sizes and
three were for oversize hole sizes. For standard hole sizes, the average slip coefficient
was 0.44 with a range from 0.34 to 0.53. For oversize holes, the mean was 0.56 with a
range from 0.52 to 0.59. This is in contrast to other research findings. They found that
with standard tightening techniques, such as load indicator washers, a 15% lower
clamping force and consequently a lower slip load should be expected for oversize holes
[6]. In this study the bolt tension was closely monitored during installation, and this
produced the same bolt clamping force for both hole sizes. Thus the tests in this
investigation did not produce any significant difference in slip coefficient for two hole
sizes. It should be noted that the test results reported by other researchers (Fisher at al.
1974) exhibited a large scatter range for the slip coefficient. Based on the small number of
tests in this study,it is concluded that the hole size does not produce significant
differences in the slip coefficient.

For standard and oversize holes with clean-mill scale surfaces, the average slip
coefficient was 0.50 with a standard deviation 0.09. This is higher than the value of 0.24
reported by Yura, et al., in 1981 for A588 steel [15]. Additionally, an average value of
0.34 was reported by Fisher and Struik for all types of steel. This was based on a total of
327 tests with a range from 0.20 to 0.58 for clean mill scale surface condition [6]. The
results in this research are clearly at the high end of this range. In the bolt specifications,
the mean slip coefficient, used to establish the allowable stress, was 0.33 for mill scale
surfaces [1, 12]. The average slip coefficient of 0.50 in these tests was higher by
approximately fifty percent. Nevertheless, the results in this study confirm that the design
specification for clean mill-scale surfaces is conservative.

Galvanized Surfaces

Three different coating thicknesses were tested. The nominal thicknesses were 3
mils, 15 mils and 20 mils. As noted previously, the galvanizing process used in this
research did not produce specimens with the nominal 10 mil thicknesses.

The test results are given in Table 4. As shown, the different coating thicknesses
yielded approximately the same slip coefficient. The average value was 0.43 with a
standard deviation of 0.05 for all coating thicknesses tested. The AASHTO Specification
gives the slip coefficient for hot-dip galvanized, roughened surfaces as 0.40 [1], which is
slightly lower than the test value 0.43 in this study. Previous research found that
roughening by hand wire brushing produced an average slip coefficient of 0.37 where the
coating thickness ranging from 2 to 5 mils [6]. In this study, with the coating ranging
from 5 to 20 mils, a average slip coefficient was 0.43. Clearly, the coating thickness does
not affect the slip resistance of the joint. Some previous researchers found that for other
painting systems, such as organic zinc with epoxy, the slip coefficient decreases with an

13



increasing in coating thickness [7]. This is not the case for hot-dip galvanized coating, as
found in this study.

Comparing the slip resistance of galvanized surfaces with the nongalvanized clean
mill-scale surfaces, there is a significant reduction for galvanized surfaces. The slip
coefficient is 0.50 for ungalvanized surfaces and 0.43 for galvanized surfaces. The same
behavior is reported by other researchers [3, 4, 9, 11]. The low slip resistance of
galvanized surfaces is caused by the presence of the soft zinc layer that tends to act as a

lubricant between the contact surfaces [6].

After the tests were completed, the specimens were dismantled and examined. It
was found that severe galling occurred around the hole under the washer. It was clear
that the effective area for transfer of shear by friction between surfaces was concentrated
in an annular ring underneath the washer around the hole.

Hole Size Effect

The comparison of slip coefficients between standard hole and oversize hole is
shown in Figure 6. For standard hole sizes, the nominal 5-mil, 15-mil, and 20-mil surfaces
yielded the slip coefficients of 0.39, 0.41, and 0.41 respectively, For oversize hole sizes,
the slip coefficient yielded 0.42, 0.42, and 0.45 respectively. Clearly, the hole size does
not influence the slip coefficient. Thus, oversize holes can be assumed to give similar
results as for standard hole sizes.

I Standard hole ] Oversize hole l

o
o)

o
I
{

!

i

Slip Coefficient
o o
Now

T
% i

o
-—
i
i

15 20
Coating Thickness (mils)

Figure 6. Slip Coefficient vs. Galvanized Coating Thickness
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Relaxation of Clamping Force

The clamping force in the specimen was monitored continuously over a period of
42 days. The average losses in the clamping force for each coating thickness are given in -
Table 5. They are also plotted in Figures 7 and 8. For clean mill scale surfaces, the
average loss in the initial clamping force was approximately 5.6%, which is consistent with
the values reported by other researchers [6]. They had an average loss of 5% with a range
between 2 to 11%.

For normal galvanized coating thickness (around 5 mils thick), the loss in the
clamping force was found to be twice that for plain steel. However, when the coating
thickness was increased to 20 mils, a loss of 19.9% was almost four times that for plain
steel. This means the initial 39-kip clamping force is reduced to 31.2 kips. Even
considering that the safety factor is 1.3, and that the normal installation technique yields a
bolting force which is 13% higher than the minimum required a 39-kip clamping force [6],
this amount of loss is high. The result is the clamping force may be below the minimum
required for the high-strength connections after the losses. Clearly, the relaxation in the
clamping force results in a decrease in the slip resistance. This effect must be incorporated
into the design process to ensure safety.

It is noticed that ninety percent of losses occurred during the first week after
assembly. During the remaining 35 days, the rate of change in bolt load decreased in an
exponential manner. Even though there was still a relatively small drop, the clamping
force was nearly stable after approximately the first 12 days.

With Figure 8, one can predict the loss of clamping force associated with a specific
coating thickness. For example, when the galvanized coating thickness is about 11 mils
thick, the amount of loss is about 15%. In other words, the remaining clamping force is
just about 85% of its initial value.
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Table 5. Relaxation of Clamping Force

Nominal Loss of Clamping Force ( %) Average
Galvanized After 42 days Loss
Coating Thickness ) 1 | Speci 5 | Speci (%)
(mils) Specimen pecimen pecimen

0 4.5 6.3 5.9 5.6

5 14.4 11:0 14.3 12.4

10 14.6 17.2 17.3 15.3

15 16.2 19.1 16.3 19.6

20 184 20.6 16.3 19.9
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Relaxation Tests

The test results are shown in Table 6. For the nominal 5 mil coating, the clamping
force was reduced by an average of 15.3% during the 21-day relaxation test. For nominal
15-mil and 20-mil coatings, the mean reduction in the clamping force was 17.2% and
18.4%, respectively. Clearly, the relaxation in the clamping force increases with increased
coating thicknesses.

There is a reduction in slip resistance over time. After bolt relaxation for a 21-day
period, the changes in the shear capacity vary with thicknesses, in inverse relation to the
coating thicknesses. As shown in Table 6, for nongalvanized, plain steel surfaces, the
average reduction in slip resistance is 21.2%. The average reduction is 19.5% for the
nominal 5-mil thickness, 15.8% for the nominal 15-mil thickness and 8.0% for the nominal
20-mil thickness. The final shear capacity ranges from 24.0 kips to 29.2 kips for
galvanized surfaces. As shown, there is no relation between this reduction and the coating
thicknesses. With reduction of slip resistance over time, when compared to the initial
capacity of nongalvanized specimens, it is difficult to reach a final conclusion that the thick
coating will reduce the slip resistance of the joints more than the thin coating. However,
the creep tests discussed in the next section, show that the reduction in the slip resistance
over time clearly influences the slip behavior. With increased coating thicknesses, slippage
increases.
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Table 6. Comparison of Slip Load With and Without Relaxation
Bolt | Nominal | Actual Clamping Force Bolt Shear Capacity
No. | Coating | Faying (kips)
Thickness | Surfaces
Initial | After 21 | Mean | Mean | After | Mean | %
(mils) (mils) | Value | days Loss | Before | Relax. [ After | Reduction
(kips) | (kips) (%) Relax. Relax. | Due to Relax.
1 0 0 374 36.6 35.1
1.6% 39.6 312 21.2%
3 0 0 389 384 32.1
1 0 0 38.7 382 26.3
4 5 52-5.3 383 32.8 25.5
5.0-4.9 153% | 29.8 24.0 19.5%
6 5 5.0-5.2 38.7 324 225
4.9-4.9
5 10 114-11.9 ( 39.0 333 322
11.8-11.4 16.3% | -------- 292 | -
6 10 13.3-13.9 | 383 31.7 32.0
13.9-14.1
4 10 12.1-12.5 | 38.0 31.5 234
13.1-15.5
7 15 16.5-16.3 | 38.9 32.6 26.2
16.5-16.5 172% | 31.7 26.7 15.8%
9 15 159-16.5 { 38.0 30.8 30.6
15.0-15.9
5 15 159-148 | 38.7 324 23.2
14.6-14.9
8 20 19.4-193 | 37.2 304 26.9
19.4-19.5 18.4% | 31.2 28.7 8.0%
10 20 19.0-20.0 | 38.1 30.2 29.2
20.0-19.5
7 20 20.1-20.0 | 38.1 31.9 29.9
19.9-20.0

NOTE: Due to a galvanizing error, 10-mil specimens resulted only for relaxation tests.
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Creep Behavior

The creep behavior of specimens with different coating thicknesses was monitored
over a period of 42 days. The plot of total slip versus time was made for all tests. In
order to obtain a clearer understanding of the slip behavior associated with the varying
coating thickness, all test results are graphed in Figures 9 through 13.

For clean mill scale surfaces, as mentioned previously, the average slip coefficient
was 0.50. This was higher than the AASHTO Specification value of 0.33 by
approximately fifty percent. Thus, the design specification for clean mill scale surfaces is
on the safe side. Even under loading higher than its design service loading, there was no
slippage detected during the 42-day test period for clean mill-scale surface.

For nominal coating thicknesses equal to 5 mils and 10 mils, no slippages were
detected during the 42-day test period. For nominal 15-mil and 20-mil thicknesses, the
average slippages were 0.0013 in. and 0.0018 in. respectively. For 15-mil and 20-mil
thick coatings, the average slippage was approximately 0.0016 in. This indicated that the
slip resistance for thick galvanized coatings had been reduced as a result of loss in the bolt
clamping force. The extreme result would be that the joint slips into bearing. This is not
permitted for high-strength slip critical joints.

20
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DESIGN RECOMMENDATIONS

The test results show that increasing the coating thickness up to 20 mils for both
standard size and oversize holes does not significantly alter the slip coefficient. However,
the loss of clamping force over time due to the creep in the coating significantly reduces
the slip resistance of the joint. As shown in the creep tests subjected to sustained loading,
the performance of the connection for both nominal 5-mil and nominal 10-mil thicknesses
was within acceptable limits. The slippage detected during the 42 days test period resulted
an average 15.3% loss in the clamping force for the joints with the nominal 10-mil thick
coating. However, for the nominal 15-mil and 20-mil thick coatings, the behavior was not
satisfactory. There was an average 19.9% loss in the clamping force for the nominal 20-
mil thick coatings and an average slip of 0.0013 in. was recorded within the test period. It
is clear that the slip resistance of the joints is reduced for the thicker coating. With the
reduction of slip resistance, there is an increased likelihood that the joint may slip into
bearing under service conditions.

It is recommended that galvanized coating thicknesses should not be greater than
10 mils thick. If a thicker galvanized coating is used, the associated design allowable
stresses must be decreased to account for the effect of loss of clamping force due to the
creep of the galvanizing layer.

In the 1992, 15th edition of AASHTO Specification [1], the allowable bolt shear
stress of 20 ksi (for standard hole size) and 17 ksi (for oversize hole ) for galvanized
surfaces was based on a slip coefficient of K=0.40. This is based on a minimum specified
clamping force 39 kips and a factor of safety 1.3.

For galvanized coating thickness between 10 mils to 20 mils, the slip coefficient
may be based on the standard value of K,=0.40 as shown by the results of this study. The
factor of safety of 1.3 is still applicable for these galvanizing thicknesses. However, it is
necessary to account for the decrease in the clamping force over time. The maximum
reduction in the clamping force was 19.9%. Thus, it is recommended that the clamping
force be reduced by 20%. The slip load is then equal to the 39 kips clamping force times
the slip coefficient 0.40, with a 80% reduction. Thus, the ultimate load P, should be:

P,=080xK;xN

where, K, --- slip coefficient; and,
N --- clamping force, 39 kips minimum required.
Thus,
P, = 080 x 0.4 x 39 kips = 12.48 kips (load); and,

1248 20.77 ksi

Ultimate stress = ——=—""
0.601 inch?
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With a factor of safety of 1.3, this becomes:

allowable shear stress = —2—02 = 15.97 ksi = 16.0 ksi.

1.3

Therefore, the allowable design stress should be 16 ksi (110 Mpa) for A325 bolts,
installed in standard size holes when the galvanized coating is thicker than 10 mils.

As mentioned previously, when using standard bolt installation techniques, a lower
clamping force is expected for oversize holes [6]. Thus, an additional 15% deduction
should be applied for oversize holes [6]. The allowable stress is then 0.85 times 16 ksi,
which yields 13.6 ksi (93.8 Mpa).

When the galvanized coating is 20 mils thick, the clamping force is reduced by
about 20%. This results in an unacceptable slip resistance. Therefore, under no
circumstances, should galvanized surfaces with coatings greater than 18 mils be used.
Note that this coating limitation is 2-mil thinner than the test specimens. This is based on
Reference 14, which allows for a 2-mil variation in coatings. This limitation assures that
the coating buildup does not jeopardize the connection’s performance.

CONCLUSIONS

When hot-dip galvanizing with thicknesses in the range of 13 mils was used in a
recent bridge application, engineers were concerned about the potential loss in the
clamping force. In this study, tests were conducted on high-strength bolted connections
to determine how much the shear capacity is reduced by relaxation in the clamping force.
Coating thicknesses up to 20 mils thick were tested. The following are the main
conclusions for this study: ’

1. The effect of hole size on the slip resistance is insignificant with respect to the
short term static behavior for friction-type joints with galvanized surfaces.

2. For galvanizing up to 10 mils thick, the AASHTO Bridge Specification is
applicable. Both the design slip coefficient and the allowable stresses are acceptable.

3. It is not recommended that galvanized thickness greater than 10 mils be used on
bridge structures, since there is a considerable reduction in the slip resistance due to the
losses in the clamping force. If thicknesses greater than 10 mils are used, the
corresponding design allowable stresses should be reduced accordingly. The design
allowable stress should be 16.0 ksi for standard hole sizes, and 13.6 ksi for oversize hole
sizes when the coating is greater than 10 mils thick.
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4. Under no circumstances, should a galvanized coating thickness greater than 18

mils be used.
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APPENDIX

Table Appendix 1. Slip Coefficient Test Results
Bolt | Average | Clamping Force | Slip Slip Ave- | Std. | Note
No. | Coating Load P | Coeffi- | rage | Devi-
Thickness . . (kips) | cient ation
(mils) (ksi) (kips)
1 0 67.2 385 35.0 0.45
044 {0.1 Std.
1 0 67.4 38.6 40.5 0.53 Hole
3 0 66.8 389 26.5 0.34
1 0 67.8 389 442 0.57
0.56 |0.04 | oversize
1 0 67.3 386 46.0 0.59 . hole
1 0 67.5 38.7 40.0 0.52
2 53-54 67.2 38.8 27.7 0.36
52-5.2
039 [0.06 |Std
2 5.0-5.0 66.9 38.7 34.6 0.45 hole
5.0-5.0
2 54-54 66.7 385 272 0.35
53-53
2 14.8-14.7 | 66.6 385 33.6 0.44
15.8-15.7
2 15.5-15.3 66.6 385 274 036 1041 004 |std
14.5-15. hole
2 16.0-16.3 65.5 37.9 29.8 0.39
16.4-16.5
2 16.3-16.4 | 65.5 37.9 314 0.42
17.0-16.8
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Table Appendix 1. Continued

Bolt | Average | Clamping Force | Slip Slip Ave- | Std. | Note
No. | Coating Load P | Coeffi- | rage | Devi-
Thickness ] . (kip) cient ation
(mils) (ksi) (kips)
2 18.3-185 | 657 38.0 31.2 0.41
18.1-18.3
2 19.8-20.0 | 66.2 38.3 322 0.42
195-19.5 041 |0.02 |stdhole
2 19.5-193 | 66.5 385 29.0 0.38
20.0-19.8
2 | 20.8-205 | 655 37.9 322 0.43
19.8-19.8
2 5.7-5.6 66.5 38.5 35.3 0.46
5.4-5.7
2 5.1-5.0 66.7 38.6 35.1 046 |45 [001 | oversize
5.1-5.0 hole
2 5.6-5.5 64.5 373 33.0 0.44
5.5-54
2 17.6-17.5 | 65.1 37.7 342 0.45
17.5-17.3
2 15.0-15.0 | 66.6 38.6 36.4 047 0943 (005 | oversize
16.0-16.0 hole
2 17.8-17.5 | 634 37.0 349 0.47
16.8-17.8
2 | 20.3-200 | 64.5 373 40.0 0.54
20.0-21.0
2 28.4-20.0 64.7 375 31.7 042 |49 1006 | oversize
20.0-20.3 hole
2 | 208-20.0 | 65.6 38.0 39.7 0.52
20.0-20.8
2 18.5-19.0 | 653 37.8 34.8 0.46
19.0-19.3
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Table Appendix 2. Test Results for Creep Tests

Specimen Average Slippage after Average Standard
No. Coating 42 days Slippage Deviation
Thickness (in.) (in.)
(mils)
01 0 0
0 0
11 0 0
05 5.4-53 0
5.1-5.0
0 0
09 5.0-5.1 0
5.2-53
12 12.1-12.1 0.0005
12.3-13.3 0.00025 0.0003
04 12.4-12.6 0
12.4-12.3
08 13.0-15.7 0.002
15.0-15.3
10 16.5-16.4 0.002
16.1-16.6 0.0018 0.0006
06 17.5-16.8 0.001
17.5-17.1
07 17.3-17.4 0.0025
16.8-17.0
13 20.0-19.8 0.001
20.0-20.1
0.0013 0.0009
14 20.5-19.5 0.0005
19.8-20.0
15 19.6-20.0 0.0023
20.0-19.0
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