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1. INTRODUCTION

Background

During the past twenty years a significant amount of research has
been reported on high-strength bolted connections. In 1974, Fisher and
Struik [15] coordinated and summarized the research available at that
time into a guide to aid the development of reliable design procedures
for bolted comnections. Prior to this publication, the design methods
and allowable bolt stresses had basically followed past recommendations
for riveted construction with ofie principal exception. In high-strength
bolted shear connections the load transfer between plate components is
initially provided by the frictional forces developed by the high bolt
clamping forces and the friction characteristics of the contact surfaces.
A connection which relies on this slip resistance to transfer load is
called a friction connection. When the slip resistance is exceeded,
the connection slips into bearing to develop the bearing strength
(bearing connection). Paints on the contact surfaces were prohibited in
friction connections because some early tests showed they adversely
affected the slip load.

The American Association of State Highway and Transportation |
Officials - Bridge Specification [2], hereinafter called AASHTO,
requires all shear connections to be the friction-type except for com-
pression members and secondary members. Since coatings were prohibited
on the contact surfaces, the fabricator had to mask off the connection
area, thus increasing the cost. In exposed environments, the unpainted
contact surfaces resulted in crevice corrosion and a subsequent deteriora-
tion of the structural painting system. In some instances this corrosion
caused separation of the plates and elongation of the fasteners. 1In
1975, a revision to AASHTO permitted hot-dip galvanizing, inorganic zinc-
rich paints and metallized zinc or aluminum on the surfaces, following
the recommendations of the Research Council on Structural Connections,
RCSC [30). This change was based on research which showed that these
surface coatings provided slip resistance at least equivalent to a mill
scale surface for which the allowable friction capacity was developed.

In 1976, the RCSC, based on the criteria developed by Fisher and
Struik [15], adopted three major changes to its high-strength bolt
specification, hereinafter called Bolt Spec, as follows:

1. The allowable friction strength was developed for nine differ-
ent surface conditions, including organic zinc¢ and vinyl wash paints
based on a probability of slip concept.

2. The allowable shear capacity of a bearing connection was
increased 36 percent to reflect the high strength of the connector,

3. The allowable bearing stress on plate material adjacent to the
bolt was increased from 1.351-‘y to 1.5Fu, where Fy is the yield strength
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of the connected member and Fu is the ultimate strength.

These changes had considerable impact on bolted comstruction. Gener-
ally, fewer bolts would be required to transfer the required forces, and
perhaps more importantly, the costly practice of masking connection
surfaces could be eliminated. Also, the differences in slip resistance
among various types of surfaces were recognized.

Many coatings and painting systems have been developed in the past
twenty years which show significant improvement in corrosion protection.
For example, vinyl is a high performance coating for use in corrosive
environments and its life expectancy is fifteen years or more. Excel-
lent epoxy coatings have also been developed. They are highly abrasion
resistant and have excellent corrosion protective qualities. Their
outdoor life is from fifteen to twenty years, A National Bureau of
Standards (NBS) study of various systems to protect steel reinforcing
bars found that powdered epoxy coating provided outstanding corrosion
protection and satisfactory structural performance in reinforced con-
crete members [40].

The systems described above are not reflected in the RCSC recom-
mendations, so their status for use on friction surfaces is unknown.
Therefore, a research program was initiated to choose four superior
coating systems and determine their suitability for the contact surfaces
of friction joints. After the research was started, the program was
broadened to include an evaluation of the 1976 Bolt Spec for use by
AASHTO.

Objectives and Scope

A statistically reliable (factorial) experimental program was
developed to study the slip characteristics of four primary surface
coatings. The effects of paint curing time, clamping force, steel
strength, hole size, and paint thickness were considered. Since the
program involved hundreds of slip experiments, a reliable slip test had
to be developed. Creep and fatigue tests were also used to assess the
suitability of the coatings for structural use. Some large multi-bolt
connections were tested to evaluate the extrapolation of design recom-
mendations based on small slip tests to more realistic applications.
Consideration was also given to the possible difference between care-
fully controlled laboratory tests and joints constructed under typical
field conditions. Based on the tests contained herein and those
reported by others, design recommendations for friction joints are

presented.

An evaluation of the provisions in the Bolt Spec for bearing con-
nections indicated two areas where additional research was needed.
First, some experimental evidence was needed on the effect of thickness
of filler plates on the shear strength of high strength bolts. Second,
data used to justify an increase in bearing stress from 1.35Fy to 1.5Fu
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did not consider the problem of high tension and high local bearing
stress acting simultaneously. In addition, there are little data on
the bearing strength of slotted hotes. These problems were addressed
by conducting tests on butt splices.

Coating Systems

A survey was conducted to determine the coating systems to be used
in the slip resistance studies. Literature was examined, paint experts
and bridge maintenance engineers contacted, and recommendations estab-
lished for protection of offshore structures were studied. The Struc-
tural Steel Painting Council (SSPC) was an excellent source for recom-
mendations for particular corrosive environments.

The survey, which is discussed in detail elsewhere [16], developed
four systems for the factorial experiment:

(1) organic zinec-rich primer

(2) organic zinc-rinc primer with an epoxy topcoat
(3) inorganic zinc-rich primer with a vinyl topcoat
(4) vinyl

According to present painting practice, topcoats are usually applied
after erection. However, as painting technology advances, there will be
a trend to shop-applied primer and single topcoat and one field coat or
field-applied topcoat before erection. This was the main reason for

" selecting systems with topcoats in this study, since the present prac-

tice of masking-off the contact surfaces of the bolted friction joints |
when applying topcoats is costly. Also, previous research work on
coated friction joints did not consider paint systems with topcoats on

the contact surfaces. These selected systems have superior corrosion |
protection properties and are usually recommended for highway bridges
and important steel structures.

It should be noted at this early stage of the report that current
trends for protecting steel against corrosion involve paint systems at
least 4 mile thick. The paint thickness on the faying surfaces of
friction-type structural joints tested to date has been usually less
than 1.5 mils, conforming to past painting practices. Therefore, for
all the coating systems, a paint thickness of at least 3 mils is used on
each plate in contact.

Discussions were held with paint manufacturers, highway department
experts, and steel fabricators to obtain opinions on specific paint
products, application of paints, surface preparation, field experience,
paint film thickness measurement, and cost. Based on these discussions
and the limited number of systems to be studied, it was decided to use
paint products from a single manufacturer in the factorial experiment.
This permitted the study of compatible primers and top coats. A




detailed discussion of the coatings used in the factorial experiment and
some other coatings used in peripheral studies follows.

Organic Zinc-Rich Primer. Organic zinc-rich paints have a minimum
zinc content of 80 percent by weight of the nonvolatile portion accord-
ing to SSPC Specification (SSPC-PS 12.00-68T) [32]. Simply, they are an
organic primer with large quantities of zinc dust. They require a near-
white metal blast-cleaned surface for best results, and are usually
applied in one coat with a minimum average dry film thickness of about
3.5 mils* over the cleaned steel, according to the SSPC Specification.
Compared with the inorganics, the organic coatings are generally more
tolerant of variation in surface preparation quality. They tend to have
better compatibility with topcoats and to be more flexible. The organic
zinc paint was a modified phenoxy.

Organic zinc-rich paints are mainly intended for use under condi-
tions of high humidity or marine atmospheric exposures and for fresh
water immersion. They are commonly used on bridges in severe
environments.

Current specifications and practice require at least a 3 mil
thickness (Texas State Department of Highways and Public Transportation
requirements are 3.5 mils minimum to 10 mils maximum). However, most of
the friction-type joint tests which have been conducted up to the pres-
ent time by other researchers used thicknesses which were less than
1.5 mils [15]. Thus, the effect of increased thickness on the friction
characteristics is not known.

Organic Zinc-Rich Primer plus Epoxy Topcoat. The inorganic zinc-
rich primer must have a minimum zinc content of 75 percent by weight of
the nonvolatile portion (SSPC-PS 12.00 6BT). Usually the coating is
supplied with the zinc dust packaged separately to be mixed at the time
of application with the inorganic vehicle, i.e., silicates, silicate
esters, or phosphates. The primer used had a silicate vehicle. As in
the case of organic zinc-rich primers, inorganic coatings have outstand-
ing ability to withstand exposure to solvents, oils, and most petroleum
products, and are very resistant to high humidity, splash, and spray.
However, they are unsuitable for acidic or alkaline service without
overcoating, and should be topcoated for prolonged continuous salt water
exposure.

The vinyl topcoat is suitable for fresh water immersion, industrial,

rural, and marine atmospheres, and chemical exposures. It is applied at
thicknesses of 3 to 5 mils in one coat. Generically, the topcoat used
was a vinyl, capolymer.

#Mil is a common term in the painting industry and will be used through-
out this report (1 mil = 0,001 in. = 0,025 mm).
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The inorganic zinc-rich primer with a vinyl topcoat system is also
recommended by the API in its corrosion specification.

The reason for selecting this system is to study the effect of the
topcoat and its friction characteristics, since most of the previous
research considered only the inorganic zinc-rich primer without a
topcoat.

Vinyl System. The Steel Structures Painting Council recommends
this system for highway bridges exposed mainly to fresh water. Vinyl
paint systems are excellent for very severe exposures, including most
chemical atmospheres, and are highly recommended for complete or alter-
nate immersion in fresh or salt water, high humidity, and condensation,
and exposure to the weather. Usually the vinyl system is required in
three or four coats as a minimum, according to the severity of the
exposure, and is applied with a dry film thickness of about 1.5 mils per
coat. This system does not require as careful a surface preparation as
systems described previously.

Joint tests have been conducted with faying surfaces treated with
a vinyl wash (less than 1 mil thick). No tests have been conducted for
thickness approaching the recommended values., In this research, both a
vinyl primer (a modified vinyl-alkyd) applied in two coats and a vinyl
primer applied in two coats with a vinyl topcoat were studied. Thick-
ness ranges from 3 mils for the former system to 6 mils for the latter
system (all-vinyl system).

Other Coatings. (1) Powder Epoxy System. Initially, a powder
epoxy was selected as one of the main systems in this study, since
epoxies proved to be the best performers in the rebar study conducted by
NBS [40]. Preliminary tests on specimens coated with a powder epoxy
product that was an approved AASHTO coating for steel reinforcing bars
gave slip coefficients which were too small to provide a reasonable
shear strength in a friction-type bolted joint. Thus, powdered epoxy
was eliminated from being one of the main coating systems extensively
tested in this research work and only a few tests were conducted.

(2) Inorganic Zinc Primers. Previous research has established
that inorganic zinc-rich primers sprayed on a blasted surface give a
slip resistance slightly superior to a blasted surface [15]. Some tests
were conducted with inorganic zinc used in the factorial experiment
described previously for determining the curing time. A different
primer from the same manufacturer but with reduced zinc content (75 per-
cent rather than 80 percent) was used in a study to determine the effect
of zinc content on slip resistance.

(3) Organic Zinc Primers. The Bolt Spec categorized coatings into
broad classes only by paint type, e.g., organic zinc. In order to check
the scatter within a category, two other organic zinc primers were
tested. Both primers were manufactured by the same company but they had




different vehicles, an epoxy resin and a phenoxy. The epoxy base was a
three-component paint and the phenoxy base had a single component. Both
primers satisfied the SSPC Specifications for organic zinc-rich paints.

Preface

In the following chapters the results of the research are pre-
sented. Because of the wide variation in subject matter, there is gen-
erally a summary at the end of each chapter. In Chapter 2, experimental
methods throughout the study are documented. In Chapter 3, all the
tests related to the slip resistance of joints, including the factorial
experiment, tension slip tests, and full size truss joints, are pre-
sented. The shear creep studies up to one year duration are reported in
Chapter 4, and the fatigue tests in Chapter 5. Chapters 6 and 7 docu-
ment the ultimate strength tests on bolts in butt splices with undevel-
oped fillers and the strength of bearing critical connections. An over-
view of the entire project is given in the last chapter.




2. EXPERIMENTAL METHODS

Slip Test Arrangement

Because of the large number of slip tests required, the test setup
was designed to keep testing time and specimen fabrication to a minimum.
The compression-type slip setup shown in Figure la accomplished these
goals. This setup requires three plates with the same hole pattern.

The shearing load is applied directly to the specimen without the use of
the additional end fixtures usually required for the tension arrangement
shown in Figure 1b. Hechtman [20] reported slip tests using both the
tension and compression arrangements which showed that the compression
setup produced slightly higher mean slip resistance compared to the ten-
sion setup (12 percent for millscale surfaces). However, Hechtman
attributed this difference to normal scatter in the test results, which
are approximately 10 percent of the mean.

It has been reasoned that in a compression-type slip test the
Poisson's ratio effect may lead to an increase in the bolt force and
consequently an increase in the slip load [15]. This objection was
eliminated in the test setup shown in Figure 2, where the clamping force
is applied by means of a high-strength steel rod acting with a center-
hole hydraulic jack. A threaded rod passes through a centerhold ram and
is locked in position by nuts at both ends. O0il pressure is applied to
the ram, which forces the drilled nut (a 7/8 (22mm) 2H nut with the
threads drilled out so it can slip along the threaded rod) against the
connection plate. The drilled nut provides the same plate contact area
as a bolt. 0il pressure is increased until the desired clamping force
is reached. The clamping force was measured by the 50 kip (222 kN) load
cell. The arrangement maintained the clamping force, thus eliminating
the problem of bolt variations and calibrations. Two different clamping
forces were applied in the study: 39 kips (173 kN) and 49 kips (218 kN).
They represented the minimum tension required from a 7/8 in. (22mm)

ASTM A325 and A490 high-strength bolts, respectively. A somewhat similar
"hydraulic bolt" setup was used in a bolt test in Japan [27].

The whole arrangement was placed on the load table of a hydraulic
testing machine. The two outer specimen plates rested on a specially
machined and hardened circular steel base plate, as shown in Figure 3.
The base plate transmitted the applied load from the specimen to a
100-kip (445 kN) centerhole load cell, resting directly on the load
table of the testing machine. A wooden frame supported the hydraulic
jack and was placed on the load table of the testing machine. The frame
had four screws for horizontal adjustment of the setup and to provide
ease in aligning the specimen,

Two electrical deflection gages (DCDT) were used to measure the
slip. The gages were supported by aluminum holders attached by epoxy to
the base plate on which the two lap plates of the specimen rested. The
two plungers of the deflection gages bore against the head of brass
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(a) COMPRESSION SPECIMEN

s

(b) TENSION SPECIMEN

Figure 1, Schematic of test specimens
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Figure 2. Test setup schematic
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Figure 3. Compression slip test setup

thumb screws connected to an aluminum fixture that could be mounted and
dismounted easily on the middle plate of the specimen by means of screws.
The DCDT measured the relative movement between the middle specimen
plate and the base plate. The outputs from the 100 kip (445 kN) load
cell and the DCDT's were attached to an X-Y plotter. A voltmeter
attached to the DCDT output was used to monitor the rate of slip, since
a reasonably constant rate was desired.

Slip Specimens

Pilot tests were conducted to establish the influence of specimen
plate size on the slip load. Tests were performed on clean millscale
specimens and on blast-cleaned specimens., Two specimen sizes were con-
sidered: a 4 X 4 in. (102mm X 102mm) and a 5 X 6 in. (127 X 152 mm)
specimen size.

The test setup performed very well and the results of the slip
tests were evaluated and found to give values which were consistent
with the work of other researchers. Results of the 4 in., (102mm) and
5 in. (127mm) specimens were compared and were found to be almost iden-
tical (mean slip load of 47.4 kips (211 kN) vs. 50.1 kips (223 kN),
respectively, for sandblasted clean surfaces). The contact areas for
both specimen sizes were measured after testing and they were about the
same., The 4 in. (102mm) specimen, as shown in Figure 4, was chosen,
since the contact was generally within 1 in. (25mm) from the edge of
the hole and not close to the end of the plate.

A specimen consisted of three identical plates which were bolted
up by a steel rod 7/8 in. (22 mm) in diameter using the test setup.
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Figure 4. Slip test specimen (1 in. = 25.4 mm)

The clearance in the holes was either 1/16 in. (l.6mm) standard, 1/8 in.
(3.2mm), or 1/4 in. (6.4mm) oversize holes. The joints were fabricated
from three types of steel: A36, A572, and A514, The three steel types
were cut from plates 5/8 in. (15.%m) thick, 4 in. (102mm) wide, and

20 ft (6.1m) long. Each plate length was cut into square plates 4 in. X
4 in. (102 X 102 mm) using a power hacksaw, and the sharp cut edges were
filed. Three square plates which formed a specimen were chosen from the
same plate length, and an identifying number was punched on the edge of
the plates. Each group of three plates forming a specimen was aligned
and clamped together in a vice prior to drilling. Then, a pilot hole
3/8 in. (10mm) in diameter was drilled through them in one operation.
The required holes were then drilled through each plate separately.

This operation was repeated for every specimen and assured proper align-
ment of holes. The edges of the drilled holes were slightly countersunk
to remove burrs. During all the phases of fabrication, the steel was

in the as-received millscale surface condition.

Paint Thickness Measurement

The paint film thickness was one of the important variables con-
sidered in this research study. Three instruments were used for mea-
suring the film thickness in this research study. A brief description
of the three film thickness gages is given below. The principle of
their operation is given elsewhere [32].

(1) Tooke Gage. This is a scratch-type gage which is slightly
destructive. It operates on the principle of cutting the coating film

10
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at a predetermined angle, normally 45°, magnifying the view of the cut,
and comparing the cut edge of film to a calibrated scale viewed in the
eyepiece (see Figure 5).

(2) Mikrotest Gage. It is a nondestructive magnetic gage used
only to measure nonmagnetic coatings on ferrous material. The Mikrotest
utilizes one contact probe and measures the magnetic force between this
probe and a ferrous surface by means of a calibrated spring.

(3) Prong Gage (wet thickness). As shown in Figure 5, the two
outside prongs of the gage form a reference plane. The inner prongs are
machined to various distance variations from this reference plane. The
distance or gap between the prongs and reference plane is marked on the
prongs in mils. To determine wet film thickness with the prong-type
gage, both side prongs are pressed firmly against the plate surface
while maintaining the gage perpendicular to the surface. The last tip
of the measuring prongs that is coated with paint indicates the wet
thickness.

The three paint film-thickness gages were used extensively
throughout this research study. The wet film-thickness gage (prong
gage) was used during the painting process to determine the spraying
speed that provided the desired wet film thickness. It was not used on
the specimen plates but on control panels mentioned in the next section.

The Mikrotest gage was used to measure the paint thickness of the
cured specimens. Usually eight readings were taken for each plate (four
on each side) or twenty-four readings per specimen. These readings were
recorded for every specimen, and were the basis for selecting the plate
sides which were to be in contact. Sides which showed less variations
in the Mikrotest gage readings and at the same time had an average
thickness closer to the desired dry film thickness were chosen to be in
contact.

The Tooke gage was used primarily to check the Mikrotest readings.
Specimens were randomly chosen for the check. The scratch was made near
the edges of the specimen plates in order not to disturb the actual con-
tact surfaces. The Tooke gage was also used to measure the thickness
at particular points marked on the painted control panels, which were
already measured by the Mikrotest gage, in order to check the calibra-
tion of the Mikrotest gage. The results of both gages were always con-
sistent, so only results of the Mikrotest gage are reported herein,

Painting Procedure

Specimens were sandblasted at a local sandblasting shop. The
steel surfaces were specified to be blast-cleaned to a white metal
finish by dry sandblasting and meeting the requirements of the
SSPC-SP5-63 [32]. Each group consisted of twenty to thirty specimens;
some were to be painted by one of the selected coating systems, and the

%



Mikrotest gage

contact probe

.- R T -

Prong gage

) — BYe pPiece

cutting knife Tooke gage

Y Jr
\

y e

en;fy guide prongs

-

Figure 5 Paint film thickness gages

12




rest were used as control test specimens with blast-cleaned surfaces.
Usually, for every ten specimens there were four control specimens.

After the specimens were brought back from the sandblasting shop,
all surfaces were cleaned with acetone to remove any sand particles or
dust, and were then ready for painting. The surface roughness of the
control specimens was studied using the Keane-Tator surface comparator.
Usually the sandblasted control specimens were tested within a week from
sandblasting.

All painting was done in the laboratory according to the paint
manufacturer's as well as painting experts' recommendations. A spray
gun and a pressure cup were used for all the painting. Figure 6 shows
the racks which were built to control overspraying of the specimens and
to minimize surface disturbance of the painted surfaces. Directly
before every painting of a group of specimens, several cold formed steel
panels with smooth surfaces were used for practice spraying in order to
achieve a good spraying pattern, and to develop a spraying tempo which
would give the required wet film thickness determined by the prong gage.
Under these laboratory conditions, a coat could be applied to a dry film
tolerance of ¥1 mil, Some of the steel panels were also placed on the
racks with the specimens so that the dry film thickness could be mea-
sured using a destructive paint-measuring device (Tooke gage) for com=
parison with the magnetic gage. Utilizing the percent solids of each
paint, the necessary wet film thickness could be judged to provide the
desired film thickness. A dry film thickness of 3 mils per coat at most
was used, based upon recommendations from paint experts.

Figure 6. Painting racks

The curing time between the application of one coat and another
was usually 24 hours (minimum time specified by paint manufacturers was
usually less than that). However, if the specimens were to be topcoated,
the primer was left to cure for a particular number of days, based on
the curing tests discussed in this chapter. After all the coats were
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applied, the specimens were placed in an air conditioned room (at room
temperature) to cure before testing. The inorganic zinc-rich paint
required a humid atmosphere to cure well. Thus, the painted specimens
were covered by wet burlap (at least one hour after painting) to provide
the recommended atmosphere.

Slip Test Procedure

Individual specimen plates were assembled so that the coated sur-
faces which showed the smallest variation in thickness and were close to
the desired thickness would be placed in contact. The specimen was
inserted into the hydraulic bolt setup shown in Figure 3 and aligned in
the test machine to minimize eccentricities. A spherical head on the
test machine ensured uniform compression along the edge of the plate.
The slip gage shown in Figure 3 was attached and the DCDT's located on
each side of the specimen were connected to give the average of two
readings. The gages measured the relative displacement (slip) between
the interior connection plate and the two side plates. The arrangement
shown includes the axial deformation of plates in the slip measurement,
but it is very small compared to the slip. The specimen was checked to
make sure the plates were not bearing on the hydraulic bolt prior to the
application of the clamping force. The clamping force was measured by
a load cell and checked by pressure gages on the hydraulic pump,

The slip and the load applied to the specimen were plotted auto-
matically using an X-Y recorder. The applied loading rate was approxi-
mately 25 kips (111 kN) per minute or 0,003 in. (0.076 mm) of slip per
minute. The test was terminated when a total slip reached approximately
1/16 in. (1.6 mm), the nominal hole clearance.

Pilot tests indicated that the rate of slip (or deformation) has
an effect on the slip coefficient for some paints. Thus, it was decided
to conduct all the slip tests at the rate of 3 mils per minute to
achieve fair comparisons of slip coefficient and to minimize the influ-
ence of the operator on the shape of the load-slip curves. The rate of
3 mils/min was chosen because of its practicality, since a test could
be conducted within a reasonable amount of time (less than 20 minutes),
In recent research conducted in Australia (1977) [33], slip tests were
performed using displacement as a control parameter. The loading rate
(slip rate) was 10 mils/min, which is about three times faster than the
rate used in the research described herein.

The slip load was determined from the connection load-deflection
plot, some typical types of which are shown in Figure 7. The slip load
was recorded as one of the following:

(a) The maximum load provided this maximum occurred before a total
slip of 0.020 in. (0,5lmm) occurred.
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Figure 7. Definition of slip load

(b) The load at which the deflection rate suddenly increases,
typically as shown in curve b.

(¢) The load measured when the slip is 0.020 in. (0.5lmm). This
definition controls when the load-deflection curves show a
gradual change in response, as shown by curve c.

The experimental slip coefficient ks is calculated as

- slip load 1)
s clamping force X number of slip planes

Paint Curing Time

Preliminary slip tests at an early stage in the research indicated
that time lapse between painting and testing was a significant parameter.
Since this was not considered in the basic factorial experiment, a
series of slip tests was conducted to determine the time required for
the paint to cure. The drying time for a coating system, as specified
by paint manufacturers, is intended only for handling and recoating pur-
poses and does not imply curing of the paint.

For each paint system in the factorial experiment, from six to ten
specimens were painted at the same time. One or two slip tests were
conducted at different intervals, so that the relationship between k
and curing time could be determined. In each case the individual plgtes
cured in the unassembled state until testing,
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Organic Zinc-Rich Primer. Eight slip specimens of A36 steel with
15/16 in. (24mm) diameter holes were painted with two coats of organic
zine-rich paint with an average dry film thickness of 5 mils. A one
day interval was used between coats. The individual plates were cured
at room temperature before they were clamped together for testing.
Specimens were then tested, two at a time, after 3, 5, 7, and 9 days
curing, respectively.

A summary of the observed slip coefficients as a function of the
curing time is shown in Figure 8. 1In the figure, slip coefficients
after 36 days were obtained from another set of specimens, A36 steel and
15/16 in. (24mm) diameter holes, which were coated at a different time.
The dashed line is drawn through the average k_ at 36 days. These two
slip coefficients were used in determining the™ the required curing
period, since it was felt that the data available up to 9 days curing
alone was not sufficient to establish a reliable curing period. The
general trend of Figure 8 indicates that a 9-day period will be suffi-
cient for the organic zinc-rich primer to cure.

Organic Zinc-Rich Primer with an Epoxy Topcoat. Fourteen slip
specimens of A36 steel with 1/16 in. (24mm) diameter holes were painted
with two coats of organic zinc-rich primer with an average total dry
film thickness of 6.5 mils., The specimens were left to cure at room
temperature for 9 days, as indicated in the previous section, and then
were topcoated by an epoxy polyamide paint with an average dry film
thickness of 2.5 mils. The specimens were tested two at a time after
5, 9, 12, and 18 days during, respectively, and the results are shown in
Figure 9. The remaining six specimens were tested after 44 days, and
yielded an average slip coefficient which was the same as that for
18 days, so that data are not shown. It was concluded that a 9-day
primer cure followed by a 7-day curing period for the topcoat would be
sufficient to cure the specimens prior to testing.

Inorganic Zinc-Rich Primer. Ten specimens of A572 steel with 1 in.
(25mm) diameter holes were coated with two coats of inorganic zinc-rich
paint, with a total average dry film thickness of 6 mils. The specimens
were tested two at a time, after 3, 5, 7, 9, and 11 days curing, respec-
tively. Comparing the average slip coefficients in Figure 10, obtained
at different testing days, it was found that the average slip coeffi-
cient at 3 days is approximately equal to that at 11 days. A 3-day
curing period was chosen before applying a topcoat.

Inorganic Zinc-Rich Primer with a Vinyl Topcoat. Ten slip speci-
mens of A36 steel with 15/16 in. (24mm) diameter holes were painted with
two coats of inorganic zinc-rich paint with a dry film thickness of
7 mils, The specimens were left to cure at room temperature for 3 days
(as indicated in the previous section) and then were topcoated by a
vinyl paint with an average dry film thickness of 2 mils. The specimens
were tested after 9, 11, 14, 16, 20, and 26 days curing, respectively.

16



0.600F
MAXIMUM CURE y :
P S i i W s Sy i Ay e S SO S S S Ay o S e g e e i
0.400F
S.C. .
0.200+
ORG. ZINC PRIMER
1 1 1 1 | 1
v | 3 5 7 9 Jl- 36
CURING TIME (DAYS)
Figure 8. Comparison of slip coefficients
2400T_MAXIMUM CURE . Y
S.C. L Y
0.200F

EPOXY TOPCOAT

« ’L é |9 ||3 |I?
CURING TIME (DAYS)

Figure 9. Comparison of slip coefficients

17




MAXIMUM CURE . '
______ ——————— e —————
0.600F o
S. C.
0.400F
0.200F
INORG. ZINC PRIMER
i 3 5 7 3 i
CURING TIME (DAYS)
Figure 10, Comparison of slip coefficients
0.600F -
L R —— g
0.400F -
S.C
0.200F
VINYL TOPCOAT
ok e Smmer TeenShe SIS e 28

{

CURING TIME (DAYS)

Figure 11. Comparison of slip coefficients

18




Figure 11 summarizes the results of the tests. The slip coeffi-
cients show significant scatter with time. Slip coefficients obtained
at 16 days are low for some reason, Slip coefficients at 14 and 20 days
are higher than those at 16 days. It was concluded that a 3-day primer
cure followed by an 18-day curing period for the vinyl coat was suffi-
cient to cure the specimens before testing.

Vinyl Primer. Six slip specimens of A572 steel with 15/16 in.
(24mm) diameter holes painted with four coats of the vinyl primer with a
final average dry film thickness of 4 mils were tested after 17, 19, and
21 days curing, because of the long curing time required for the vinyl
topcoat in the previous section.

Figure 12, which summarizes the observed slip coefficients as a
function of the curing time, indicates that curing time did not affect
the slip coefficient for the time interval chosen. However, no tests
were conducted on specimens with less than 17 days curing, so the mini-
mum curing time could not be established. Because of time constraints,
the experiment could not be repeated so a l7-day time interval was
chosen for the curing period.

0.400}

S. C.
MAXIMUM CURE f .
G200 Lo AL L LA T e e
i VINYL PRIMER
ey 17 : 9 ; 2i
CURING TIME (DAYS)

Figure 12. Comparison of slip coefficients

S ry. Slip tests were conducted to determine the reasonable

time limit during which the painted faying surfaces should be left
unclamped in order to allow for paint curing. The curing period would
ensure that the effect of incomplete paint curing on the test results is
reduced to a practical minimum.

The following listing gives the minimum curing time used for each
coating system:
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Minimum Curing

Coating System Time (days)
l. Organic ainc-rich primer 9
2. Organic zinc-rich primer + epoxy topcoat ' Y
3. Inorganic zinc-rich primer 3
4. TInorganic zinc-rich primer + vinyl topcoat 3418
5. Vinyl primer 17

Bolt Tests

High-strength bolts were used in many aspects of this research.
Some slip tests were performed with real bolts, and the creep, fatigue,
filler and bearing portions all used high-strength bolts. In general,
the bolt and nut threads were measured to establish their compliance
with the American National Standards Institute (ANSI) specification [4].
The tensile strength of each bolt lot was determined by testing three
bolts in torqued tension (usually called bolt calibration). In some
instances, direct tension tests of the bolts were also conducted.

Bolt Calibration (Torqued-Tension Test). The purpose of a bolt
calibration is to develop a relationship between the tension developed
in a bolt as it is tightened in a normal fashion by turning the nut and
the elongation of the bolt, This relationship can then be used to deter-
mine the actual tension (clamping force) in an installed bolt from the
same lot if the elongation is known.

The calibrations were achieved by utilizing a Skidmore Wilhelm
load indicating device, as shown in Figure 13. Actual specimen condi-
tions were duplicated by fabricating a small insert into the back side
of the Skidmore Wilhelm, causing the bolts being calibrated to experi-
ence identical grip lengths. Prior to any bolt calibrations, the
Skidmore Wilhelm (SW) was checked for accuracy against a 120-kip (534 kN)
testing machine. Usually, the SW readings were 1 kip (4.45 kN) low, so
adjustments were made to the data. All bolts were machined flat on each
end and were center-drilled with a 1/8 in. (3.2mm) 60° countersink drill.
Bolt elongations were measured utilizing a specially designed C-frame
mounted with a dial gage capable of measuring to 0.0001 in. (0.0025 mm)
(see Figure 14). A diagram of the contact points with the countersunk
hole in the bolt is provided in Figure 15. The bolt elongation measure-
ments were found to be repeatable to within *0.0001 in. (0.0025 mm).

The calibration procedure was as follows. The bolt was placed in

the Skidmore Wilhelm calibrator, with the nut tightened to a finger-
tight position on the front side. An initial reading was taken of the
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length of the bolt. The bolt was tightened to a snug position that cor-
responded to a load of 8 kips (36 kN) while holding the bolt head. This
load was reached by using a hand wrench and reading directly from the
calibrator. Three elongation measurements using the C-frame were taken
immediately after reaching this load, and the average was used to com-
pute the elongation experienced by the bolt. A pneumatic impact wrench
was utilized to turn the bolt after the snugging, using a hand-held
wrench to hold the opposite end. The nut was turned in stages of 1/8 of
a turn to failure, reading the load corresponding to each stage from the
calibrator. Measurements of elongation were taken at each stage similar
to the snug tight position described above. Results of each calibration
were plotted on a load versus elongation curve.

Three bolt calibrations from the bolt lot used for the truss-type
connections discussed in Chapter 3 are given in Figure 16. 1Initially,
the bolts follow an elastic response and then the load is almost con-
stant over a wide range of deformation. This factor was utilized in
developing bolt installation procedures for the test specimens. It was
desirable to keep the scatter in bolt tension to a minimum so consistent
clamping force could be developed among various specimens. The bolt
calibration curves were used to define a range of bolt elongations over
which the bolt tension could be considered constant. It is assumed that
the average of three bolts represented the entire lot. This simplified
the installation of the bolts. For the curves shown in Figure 15, a
nut turned 3/4 turns from snug would give bolt elongations near the mid-
point of the flat range. Once the bolt was installed, the actual bolt
tension reported herein is always based on the actual elongations mea-
sured and the average of the three calibrations at that elongation. In
instances where bolt relaxation was monitored (bolt unloading due to
factors such as creep), it was assumed that the bolt unloaded elasti-
cally following the slope of the initial portion of the load-elongation
curves.

Direct Tension Test. The bolt to be tested was placed in the
direct tension rig shown in Figure 17 to produce the desired grip.
After the desired grip was established a washer was placed under the
nut and the nut was hand tightened onto the bolt. The bolt was then
loaded slowly and continuously until the ultimate load was reached.

Surface Roughness Measurement

The surface roughness or, in other words, the anchor pattern pro-
file depth of the sandblasted surfaces was determined using the Keane-
Tator Surface Profile Comparator shown in Figure 18. It consists of a
reference disc and a magnifier with a magnetic disc holder. The refer-
ence disc is composed of five sections, each with a different anchor
pattern depth which is marked in mils (0.001 in. = 0.0254 mm). The com-
parator disc was used as a visual as well as a tactile reference. As a
visual reference, the disc was centered on the bottom of the magnifier
and then the magnifier placed on the sandblasted surface. The reference
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Figure 17. Direct tension tests
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section most closely approaching the roughness of the sandblast was
selected. Comparing the sandblasted surface in the "V" notch separating
two reference segments usually provided a greater accuracy. As a tactile
reference, the roughness of the sandblasted surface as felt by one's
fingertip, or a plastic card, was compared with the roughness of a seg-
ment on the comparator disc. The surface roughness was measured for the
three plates of a specimen. Two readings for each plate were recorded,
each representing the roughness of one of the plate's sides. Based on
these readings, the specimen's plates were so arranged that the average
roughness for the contact surfaces was about the same. The average sur-
face roughness of a specimen as reported was calculated by averaging the
roughness of the four surfaces in contact.
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3. SLIP TESTS

The results of the various slip tests are presented in this chapter.
The principal data are from the large factorial experiment using the
hydraulic bolt test setup. More than 400 slip tests on connections with
painted contact surfaces and another 77 on blasted surfaces are summar-
ized. Additional studies are reported on the effect of zinc content of
paint and variations among organic zinc-rich paints on the market. Some
tension-type slip tests as shown in Figure 1 were conducted to compare
with the hydraulic bolt data. A number of large truss type shear joints
were tested to assess the reliability of using small joint slip coeffi-
cients in determining the slip load of large bolted joints. Design
recommendations for friction-type bolted connections are given at the
end of the chapter.

Factorial Slip Study

The experiment design was a factorial design. This will allow a
statistical analysis of the results and provide a firm basis for the
design specification recommendations. In its simplest form, a factorial
experiment is one in which all levels of a given factor (variable) are
combined with all the levels of every other factor in the experiment.

It should be pointed out that a factorial experiment design is more
efficient than a one-factor-at-a-time experiment, since it requires a
smaller number of tests to be performed. Also, in a factorial experi-
ment design, some information is gleaned on possible interaction between
the variables considered in the experiment.

The effect of the following variables on the slip behavior of
friction-type bolted joints with coated contact surfaces was the main
concern of this research.

(1) Three types of steel: A36, F_ = 36 ksi (248 MPa); A572, F =
50 ksi (345 MPa); AS14, F_ = 100 ksi (690 MPa) ¥

(2) Three hole sizes for a 7/8-in. (22mm) fastener: Standard
diameter = 15/16 in. (24mm), oversize diameter = 1 in. (25mm),
oversize diameter = 1-1/8 in. (2%mm)

(3) Two magnitudes of clamping force: 39 kips (174 kN) and

49 kips (218 kN), corresponding to the minimum specified
clamping forces for 7/8 in. (22mm) and A325 and A490 bolts,

respectively

(4) Four paint systems as described in Chapter 1

(5) Three paint thicknesses on each plate in contact: thin
(~ 3 mils), normal (~ 6 mils), and thick (~ 9 mils)

26




Only one fastener size, 7/8 in. (22mm) diameter, was used throughout the
research program. These variables were studied statistically, using a
factorial experiment design,

The typical factorial experiment designs are shown in Tables 1, 2,
and 3, which were used for each of the paint systems.

Table 1. Steel type factorial experiment
(1 kip = 4.45 kN)

Clamping = Steel Type
Force A36 AS572 AS514
39k 5 5 5
49k 5 5 5

Table 2. Paint thickness factorial experiment
(1 kip = 4.45 kN)

Steel Type
ot AS72 AS1h
= Thickness Type Thickness Type
Thin Normal Thick Thin Normal Thick
39K 5 5 5 5 5 5
49 5 5 5 5 5 5

Table 3. Hole size factorial experiment
(1 kip = 4.45 kN, 1 in. = 25.4 mm)

- - =

C;:m" ing Hole Size (in.)
Fre 15/16 1 1-1/8
39k 5 5 5
49% 5 5 5

Table 1 shows a data layout for the "steel type" experiment. The number
5 in each box represents the number of replications per cell. The
experiment is a 3 X 2 factorial experiment. In this experiment the
paint thickness and hole size were not variables; that is to say, all
specimens for a paint system had the same hole size, 15/16 in. (24mm),
and about the same paint thickness, normal ~ 6 mils, Table 2 shows a
data layout for the 'paint thickness" experiment. This experiment is a
2 X 3 X 2 factorial experiment. (The vinyl system was not included in
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this thickness experiment.) It should be pointed out that Columns 2 and
5 concern tests which were already considered in Columns 2 and 3 in the
“steel type" experiment. Thus, no additional testing was done in this
case; that is, Columns 2 and 5 in Table 2 shared the same test data with
Columns 2 and 3 in Table 1 for each paint system. Table 3 shows a data
layout for the "hole size'" experiment. This experiment is a 3 X 2 fac-
torial experiment and was repeated for each of the selected paint systems
(excluding the vinyl system). Again, Column 1 in this experiment shared
test data with Column 2 in Table 1. The order in which individual tests
were completed was randomized within practical limits.

As part of the study, a large number of blasted specimens without
coated faying surfaces were tested. These tests were considered "control
tests" and were taken from each group of specimens sent for sandblasting.

Blasted Surfaces. Slip behavior of blast-cleaned uncoated surfaces
have been studied by other researchers. Extensive test data were
reported by both Fisher (1975) [15] and the Office of Research and Experi-
ments of the International Union of Railways (ORE) (1974) [28]. With the
wealth of data already available, this research project was directed
toward a study of slip behavior of coated surfaces. Nevertheless, a
large number of blast-cleaned uncoated surfaces were tested that will be
referred to as "control specimens'" throughout this study. The purpose of
these control specimens was to provide a base condition for determining
the influence of the coating on the slip behavior and provide additional
needed data on A514 steel,

(1) Test Methods. Specimens were sent in groups to a local sand-
blasting shop to be sandblasted. Usually, each group of 14 specimens
contained 4 control specimens. Blast-cleaned control specimens were
usually tested within a week after sandblasting. All specimens were
sandblasted to a white surface finish according to SSPC-SP5-63. This
surface preparation is highly recommended by the SSPC and paint manu-
facturers for coated steel exposed to severe enviromments. The surface
roughness of the control specimens was measured before testing, since it
was felt that it might be directly related to the slip coefficient. The
surface roughness of the control specimens served as an indicator of the
base metal roughness of the coated specimens of the same group. The pro-
cedure for measuring the surface roughness is explained briefly in
Chapter 2.

Pilot tests indicated that the speed of testing has no effect on
the slip coefficient for sandblasted surfaces as compared to some coated
surfaces. Nevertheless, all control specimens were loaded at a slip
rate of 3 mils per minute (same as for coated surfaces) up to the slip
load. When the slip load was reached, the specimen slipped suddenly and
it was difficult to control the rate of slip. Figure 19 shows a typical
load~slip relationship for a blast-cleaned steel surface. The shape of
the response curves was not affected by steel type or size of hole. The
load-slip response is almost linear until the load approaches the slip
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Figure 19. Typical load-slip curve for sandblasted surfaces
(1 kip = 4.45 kN)

load. After the maximum load is reached the load drops suddenly and the
plates slip with extreme rapidity. The data for each test including
surface roughness are given in Ref. 16.

(2) Summary of Results. Table 4 and Figure 20 provide a compari-
son of the average slip coefficients (ASC) for the three steel types
where n is the number of tests in the sample. They also compare the
average slip coefficients (ASCs) for 39 kip (174 kN) and 49 kip (218 kN)
clamping forces. It is evident that the ASCs for A36 and A514 are com-
parable (difference less than 4 percent). On the other hand, A572 steel
has a slightly higher ASC (maximum difference about 15 percent). It
seems that the effect of clamping force on the slip coefficient is
almost negligible. Figure 22 shows the frequency distribution of the
test results from the 77 tests in Figure 20, The results are approxi-
mately normally distributed with mean of 0.509 and standard deviation of
0.077. The ASC reported by Fisher [15] was 0.493 for 168 tests and the
standard deviation was 0.074, These figures are in close agreement with
the results of this research.

The test results for all the steels are grouped together in Fig-
ure 23, which shows that the clamping force had no significant effect on
the slip coefficient (difference less than 2 percent).
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Table 4. Steel type effect--blasted surfaces, 15/16 holes
(1 kip = 4.45 kN, 1 in. = 25.4 mm)
A36 AS572 A514
No. Avg. Std. No. Avg. Std. No. Avg, Std,
of sc Dev. of SC Dev. of 5C Dev,
Tests Tests Tests
11 0.461 0.059 16 0.540 0.087 8 0.494 0.085
High Clamping
F = 49.0% 8  0.484 0.069 20 0.542 0.067 14 0.488  0.067
TOTAL 19 0.471 0,063 36 0.541 0.075 22 0.490‘ 0.072
La
- Table 5. Hole size effect--blasted surfaces, A572
(1 kip = 4.45 kN, 1 in., = 25.4 mm)
e 1 in. 1-1/8 in. 15/16 in.
Dramater e, kg, Std. No.  Avg. Std. No. Avg. std.
Clamping "of SC Dev. of SC Dev. of SC Dev.
Force Tests Tests Tests
Low Clampipg
F = 39.0E B8 0.536 0.107 6 0.638 0.036 16 0,540 0.087
High Clamping
% = 49,0k 6 0.437 0.038 6 0.622 0.073 20 0.542 0.067
TOTAL 14 0,494 0,097 12 0.630 0.055 36 0.541 0.075
HE N B B BN D S B BN B BN B BN O R e
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Table 5 and Figure 22 compare the ASC for specimens with different
hole diameters. The ASC for 15/16 in. (24mm) diameter holes is higher
than that for 1 in. (25mm) diameter holes and lower than that for
1-1/8 in. (29mwm) hole specimens. There is not any clear explanation for
these differences, especially since the load-slip response for the three
hole sizes was identical and the contact areas observed after testing
were about the same. Although the number of tests for specimens with
oversize holes is too few to be conclusive, no relationship between the
slip coefficient and the hole diameter seems to exist. The differences
observed may be attributed to scatter in the test results, as well as
due to the fact that the results of 1-1/8 in. (2%m) diameter holes were
obtained from two sandblastings only,

Figure 24 shows a comparison of the ASCs as obtained from the
individual slip tests for fifteen different sandblasting groups. The
standard deviation for each sandblasting sample is also shown with the
number of samples shown in parentheses. The average of these ASCs is
0.504, with a standard deviation of 0.045. Comparing the standard
deviations, it is apparent that the scatter in the mean values at differ-
ent sandblasting is in most cases less than the variations within a
sample of specimens sandblasted at one time.

A summary of the observed slip coefficients as a function of the
surface roughness is shown in Figure 25. The general trend indicates
that there is a slight increase in slip coefficient with deeper anchor
pattern. However, a definite relationship cannot be established, since
it is felt that the roughness as measured by the Keane-Tator surface
comparator is very sensitive to the influence of the person taking
readings.

The statistical analysis of the results of sandblasted surfaces is
discussed later.

(3) Other Observations. The A514 steel plates were supplied with
ridges at the rolled edges. The plates were reasonably flat through
most of their width, but near both rolled edges the thickness increased
gradually 1/32 in., (0.8mm). Nevertheless, the plates satisfied all
specifications.

Some pilot tests were conducted on coated as well as uncoated
sandblasted surfaces to observe the effect of out-of-flatness on the
slip coefficient. The out-of-flatness was large enough so that approxi-
mately 80 percent of the surface area was not in contact after clamping
the specimen. Most contact was at the ridges at the edges. This did
not affect the slip coefficient of the sandblasted surfaces. The tests
yielded results comparable to previous work. However, test results
proved unsatisfactory for coated surfaces. The slip coefficient was
significantly reduced. The specimens with the most contact area had the
highest slip coefficient. Thus, it was concluded that it was necessary
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to mill or grind off the high edges on the plates in order to obtain
valid test data on the different coatings considered. The edges were
ground using a grinding wheel, which left the surface undisturbed in the
vicinity of the hole.

Six tests were conducted on sandblasted surfaces which had the
edges ground off after sandblasting. The tests yielded an average slip
coefficient of 0.356, with a standard deviation of 0.050. The specimens
did not slip rapidly as most sandblasted surfaces did; rather, the slip
was steady. This was due to the smooth edge surfaces resulting from
grinding. The value of 0,356 is rather low when compared to the average
slip coefficient for specimens tested with the out-of-flatness not cor-
rected, which was 0.472 with a standard deviation of 0.046, Therefore,
it was decided to grind off the edges first and then sandblast the
plates. The results of the tests which had edges gound off after sand-
blasting are not included in any of the previous results.

Painted Surfaces. In this section the test results of all the
coated surfaces are presented and summarized. Each of the following
sections considers one coating system. All tests were performed at a
rate of 3 mils of slip per minute, which is approximately 25 kips (111 kN)
per minute.

(1) Organic Zinc-Rich Primer. A typical load-slip relationship is
shown in Figure 26. In general, the relationship was linear up to about
80 percent of the slip load. Then, the load-slip relationship became
nonlinear and eventually a flat plateau was formed which was used to
define the slip load. In some of the tests, the loading rate was
increased after a total slip of about 30 to 40 mils to determine the
effect of higher loading rate on the slip coefficient. Usually, by
increasing the loading rate, a hump was formed, indicating an increase in
the slip resistance of the specimen, as shown in Figure 26. This
increase in slip resistance was dependent on several factors, such as the
loading rate, curing time, and the pain film roughness. The slip coeffi-
cients reported herein were always based on the first slip load and
before increasing the loading rate. The slip coefficients obtained are
conservative, since most researchers conducted their tests at higher
loading rates. In recent research conducted in Australia, Vitelleschi
and Schmidt [33] performed their slip tests at a rate of 10 mils per min,
which is about three times the rate used in this research.

Investigation of the contact surfaces of the specimens indicated
that damage to the organic zinc painted surfaces was fairly uniform all
over the contact areas. However, in some cases the severe damage was
confined mostly to the areas adjacent to the holes.

Tables 6 through 9 summarize the test results in a factorial form.
The standard deviation was generally less than 10 percent of the mean
within each sample of five specimens. Table 10 is a summary of an addi-
tional experiment which was conducted to study more carefully the effect
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Table 6. Steel type effect--organic zinc, 15/16 holes, normal paint
(1 kip = 4,45 kN, 1 in. = 25.4 mm)

Steel A36 A572 A514
0. Avg. Std. iy Avg. Std. 0. Avg. Std.
of sc Dev of sC Dev of sC De
Tests ! Tests 5 Tests ¥
Low Clamping
F = 39.0k 7 0.558 0,024 7 0.493 0,058 5 0.476 0.060
High Clamping
F = 490K 7 0.553 0,026 7 0.474 0.055 5 0.483 0.075
TOTAL 14 0.555 0.025 14 0.484 0.055 10 0.479 0.066

Table 7. Paint thickness effect--organic zinc, A572, 15/16 holes
(1 kip = 4.45 kN, 1 in. = 25.4 mm)

LE

ai;;i : Thin ~ 3 mils Normal ~. 6 mils Thick ~ 9 mils
o : ckness -~ Avg. Std. No. Avg. Std. No. Avg. Std.
;mp ng of sc Dev. of SC Dev. of 8C Dev.
orce ‘\\‘ Tasts Tests Tests
Low Clamiing
F =39 5 0.441 0.023 5 0.463 0.030 5 0.520 0.053
High Clamping
F = 49K 5 0.405 0.016 5 0.444 0,020 5 0.467 0.039

TOTAL 10 0.423 0,027 10 0.453 0.p30 10 0.494 0.039
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Table 8.

Paint thickness effect--organic zinc, AS514, 15/16 holes

(1 kip = 4.45 kN, 1 in. = 25.4 mm)

U hickness —_Thin~ 3 mils Normal ~ 6 mils Thick ~ 9 mils
: No. Avg. Std. No. Avg. Std. No. Avg. Std.
Clampin of sSC Dev, of sC Dev. of sC Dev.
Force Tests Tests Tests
Low Clamﬁlng
F = 39 5 0.351 0.043 5 0.476 0.060 5 0.484 0.071
High Clamping
F = 49K 3 0.362 0.004 5 0.483 0.075 5 0.455 0.079
TOTAL 8 0.355 0.032 10 0.479 0.066 10 0.470 0.072
Table 9. Hole size effect--organic zinc, A572, normal paint
(1 kip = 4,45 kN, 1 in. = 25.4 mm)
15/16 in. 1 in. 1-1/8 in.
No, Avg. Std. No. Avg. Std. No. Avg. o SEd
of SC Dev. of SC Dev. of SC Dev.
Tests Tests Tests
Low Clamping
F = 39.0% 5  0.463 0.030 5  0.456 0,020 5 0.396 0.016
High Clamping
F = 49,0k 5 0.444 0,020 5 0.422 0.015 5 0.369 0.027
TOTAL 10 0.453 0,030 10 0.439 0.020 10 0.382 0,025
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Table 10. Hole size effect--organic zinc, A572, normal paint
(1 kip = 4.45 kN, 1 in. = 25.4 mm)

=
Sk b 15/16 in. 1 in. 1-1/8 in.
No. Avg. Std. No. Avg. Std. No. Avg. Std.
Clamping of sC Dev. of SC Dev. of SC Dev,
Force Tests Tests Tests
High Clamping
5 0.368 0.026 5 0.379 0,021 5 0.371 0.025

F = 49.0%




of hole size on the slip coefficient. In this experiment all specimens
were coated at the same time. This provided a fair comparison, since it
was observed that the slip coefficient is affected by the painting pro-
cess in the case of organic zinc-rich primer. Figure 27. is a histogram
for all A572 Grade 50 steel data considering variations in paint thick-
ness and hole diameters.

(2) Organic Zinc with Epoxy Topcoat. Tables 11 through 14 provide
summaries for the test results in factorial form. Figure 29 is a histo-
gram for all Grade 50 steel data. A typical load-slip relationship is
shown in Figure 28.

The load-slip response was linear up to about 95 percent of the
slip load. Unlike organic zinc-rich primer, when the slip load was
reached a sudden drop in load accompanied by major slip occurred. 1In
most cases the drop in load amounted to about 50 percent of the slip
load. This indicated that the dynamic friction was much lower than the
static friction. The loading rate did not seem to have any effect on the
shape of the load-slip curve, as compared to the case of specimens coated
with the primer only.

Investigation of the faying surfaces of the specimens after testing
indicated that there was no damage to the epoxy topcoat surface. The
epoxy topcoat was so hard that it was barely injured by slip.

(3) Inorganic Zinc~-Rich Primer with Vinyl Topcoat. Tablesl5 through
18 provide summaries for the test results in factorial form. Figure 30
is a histogram of all Grade 50 steel data. Figure 31 shows a typical
load-slip relationship.

The load-slip response was linear up to about 80 percent of the
slip load. Then, the relationship became nonlinear and eventually a flat
plateau was formed. There was no drop in the slip load and its value was
almost constant during slip. The loading rate had an effect on the shape
of the load-slip curve. An appreciable increase in slip resistance
occurred when the loading rate was increased. The behavior of this coat-
ing system is very similar to that of organic zinec-rich primer.

Investigation of the faying surfaces of the specimens after testing
indicated that in most cases the damage to the vinyl topcoat was fairly
uniform. The white vinyl topcoat peeled off, exposing the yellow
inorganic zinc-rich primer.

(4) Vinyl Primer and All-Vinyl System, Tables 19 and 20 provide
summaries of test results in factorial form. Figure 32 shows typical
load-slip relationships.

For vinyl primer, the load-slip response was linear up to about
85 percent of the slip load. When the slip load was reached, a drop in
load occurred accompanied by major slip (rapid slip of specimen). The
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Table 11. Steel type effect--organic zinc with epoxy, 15/16 holes, normal paint
(1 kip = 4.45 kN, 1 in. = 25.4 mm)

A36 A572 A514
No. Avg. Std. No. Avg. Std. No, Avg. Std.

Clampi of sC Dev. of SC Dev. of SC Dev.

Force Tests Tests Tests
Low Clamping

F = 39.0K 5 0.317 0.038 5 0.285 0.013 5 0.276 0.020
High Clamping

F = 49.0% 5 0.293 0.026 5 0.257 0.024 5 0.274 0,040

TOTAL 10 0.305 0.033 10 0.271 0.023 10 0.275 0.030

1%

Table 12, Paint thickness effect--organic zinc with epoxy, A572, 15/16 holes
(1 kip = 4.45 kN, 1 in, = 25.4 mm)

Paint

K Thin ~ 6 mils Normal ~ 9 mils Thick ~ 12 mils
Thickness No, Avg. Std. No. Avg. Std. No, Avg. Std.

Clamping of SC Dev. of SC Dev. of SC Dev.

Force Tests Tests Tests
Low Clamping

F = 39.0k 5 0,291 0.020 5 0.285 0.013 5 0.281 0.039
High Clamping

F = 49,0% 5§  0.275 0.024 5  0.257 0.024 5 0.268 0.022

TOTAL 10 0,283 0.023 10 0.271 0.023 10 0.274 0.030




Table 13. Paint thickness effect--organic zinc with epoxy, A514, 15/16 holes
(1 kip = 4.45 kN, 1 in. = 25.4 mm)

ginc Thin ~ 6 mils Normal ~ 9 mils Thick ~ 12 mils
hickness
% No. Avg. Std. No. Avg. Std. No. Avg. Std.
Clamping of SC Dev. of SC Dev. of SC Dev.
Force Tests Tests Tests
Low Clamplug
F=139.0 5 0.288 0,028 5 0.276 0,020 5 0.283 0.026
High Clamping
F = 49.0K 4 0.288 0.024 S 0.274 0.040 5 0.271 0.034
TOTAL 9 0.288 0.024 10 0,275 0.030 10 0.277 0.029

Y

Table 14, Hole size effect--organic zinec with epoxy, A572, normal paint
: (1L kip = 4.45 kN, 1 in. = 25.4 mm)

ole
\‘ﬂ\_niameter 15/16 in._ 1 in. 1-1/8 in.
s No. Avg. Std. No. Avg. Std. No. Avg. Std.
Clamping of SC Dev. of 8C Dev. of sC Dev.
Force \\\\\ Tests Tests Tests

Low Clamping
F = 390K q 0.285 0.013 5 0.251 0.009 5 0.261 0.028

High Clamping
F = 49.0k 5 0.257 0.024 4 0.256 0.014 5 0.255 0,023

TOTAL 10 0.271 0.023 9 0.253 0.011 10 0.258 0.024
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Table 15, Steel type effect--inorganic zinc with vinyl, 15/16 holes, normal paint
(1 kip = 4.45 kN, 1 in. = 25.4 mm)

S A36 A572 AS14
agee No. Avg. Std. No. Avg. Std. No. Avg. Std.
Clamping of sC Dev. of sC Dev. of SC Dev.
Force Tests Tests Tests
Low Clamping
F=39.0 9 0.501 0.085 5 0.498 0.030 5 0.510 0,065
High Clampﬁng
F =49.0 3 0.543 0.005 5 0.487 0.030 4 0.504 0.023
TOTAL 12 0.512 0.075 10 0.493 0.020 9 0.507 0.048

7y

Table 16. Paint thickness effect--inorganic zinc with vinyl, A572, 15/16 holes
(1 kip = 4.45 kN, 1 in. = 25.4 mm)

\P“;;ickness Thin ~ 6 mils Normal ~ 10 mils Thick ~ 14 mils
A No. Avg. Std. No. Avg. Sed. No. Avg. Std.
Clamplng\\_\ of sC Dev. of sC Dev. of sC Dev.
Force NG Tests Tests Tests

Low Clampipg

F=139.0 5 0.489 0.038 5 0.498 0.030 5 0,555 0.008
High Clamping

F=49.0 5 0.446 0.057 5 0.487 0,030 5 0.544 0.026

TOTAL 10 0.468 0.051 10 0.493 0.020 10 0.550 0.019
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Table 17.

(1 kip = 4,45 kN, 1 in. = 25.4 mm)

Paint thickness effect--inorganic zinc with vinyl, A514, 15/16 holes

Thin ~ 6 mils

Normal =~ 10 mils

Thick ~ 14 mils

Thickness

No. Avg. Std. No. Avg. Std. No. Avg. Std.
Clampin of SC Dev. of sC Dev. of SC Dev,
Force Tests Tests Tests
Low Clamping
F = 39,0k 5 0.466 0.053 5 0.510 0.065 5 0.520 0.088
High Clamping
F = 49, 0K o 0.424 0,054 4 0.504 0.023 5 0.511 0.059
TOTAL 10 0.445 0.055 9 0.507 0.048 10 0.515 0.071
Table 18.

Hole size effect-inorganic zinc with vinyl, A572, normal paint
(1 kip = 4.45 kN, 1 in. = 25.4 mm)

1
“ege L 15/16 in. 1 in. 1-1/8 in.
¢ No, Avg . Std. No. Avg. Std. No. Avg. Std.

Clamping™ of SC Dev. of SC Dev. of 5C Dev.

Force ~, Tests Tests Tests
Low Clampiug

F = 39.0 5 0.498 0,030 5 0.563 0.005 5 0.565 0.030
High Clamping i

F = 49,0K 5 0.487 0.030 5 0.546 0.018 5 0.530 0.023

TOTAL 10 0.493 0.020 10 0.555 0.018 10 0.548 0.031
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Table 19. Steel type effect--vinyl primer, 15/16 holes, 2.5 mil paint
(1 kip = 4.45 kN, 1 in. = 25.4 mm)

teel A36 A572 AS514
Lype No.  Avg. Std. No. Avg. Std. No.  Avg. Std.
Clampiné“x\\\\ of sC Dev. of sC Dev. of sC Dev.
Force Tests Tests Tests
High Clamping 5  0.206 0.015 5  0.186 0.012 5 0.187 0.014
F = 49.0°

LYy

Table 20. Comparison of systems with vinyl topcoat, AS514, 15/16 holes
(1 kip = 4,45 kN, 1 in. = 25.4 mm)

Vinyl Primer with Inorganic Zinc Primer
\l:a\lnt Vinyl. Exises Vinyl Top with Vinyl Top
Clsmping'\\ No. Avg. Std. No. Avg. Std. No. Avg. Sed.
Force of SC Dev. of SC Dev. of SC Dev.
\\\\\\Iests Tests Tests

High Clamping

F = 49.0° 5 0.187 0.014 6 0.195 0.014 29 0.489 0.066
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specimens did not exhibit any loading rate effects, that is, when the
loading rate was increased, there was no change in the load-slip response.
Surface inspection after testing indicated that most contact was confined
around the holes. Damage of the paint was negligible,

For the all-vinyl system (vinyl primer with vinyl topcoat), the
load-slip response was linear up to about 70 percent of the slip load.
Then, the load-slip relationship became nonlinear and eventually a flat

ateau was formed without any drop in load. Increasing the loading
tte increased the slip resistance. Surface inspection after testing
indicated that in most cases the white vinyl topcoat was damaged (peeled
off) exposing the dark red vinyl primer.

(5) Summary. Table 21 is a summary of all the results on the
coated surfaces. 7Two systems shown, inorganic zinc (A572) and powder
epoxy, are presented in a later section. The statistical analysis and
discussion of the test results are given in the next sections. A full
factorial experiment on the vinyl system was not completed because it
became evident from the creep experiment discussed in the next chapter
that the vinyl system with thicknesses greater than 2 mils were not
satisfactory.

Discussion of Factorial Results

Method of Analysis. A statistical analysis was made of the test
results given in the two previous sections to investigate the effects of
the different variables considered in this study. A computer program
(AOVRNC) available at The University of Texas at Austin computer library
was used. AOVRNC is a self-contained routine for performing fixed
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Table 21, Summary--all test results
(1 in. = 25.4 mm)

Thickness Oversize Holes
Thin Normal Thick D= 1" D=l-1/8"
0.555%
it (0.025)+*
0,446 0,484 0.494 0.439 0.380
Organic Zine ASIR (0.046)  (0.055) (0.039) (0. 020) (0.025)
P 0.355 0,479 0.470
(0,072) (0, 066) (0.072)
0,305
A36 (0.033)
°'§'“1° i‘“‘ with ,¢72 0.283 0.271 0.274 0.253 0.258
e e (D.023) (0.023) (0.030) (0.011) (0.024)
518 0.288 0.275 0.277
(0,024) (0,030) (0.029)
0.512
A6 (0.075)

Inorganic Zinc AST2 0.468 0.493 0,550 0,555 0. 548
with Vinyl (0.051) (0,020) (0.019) (0.018) (0.031)
Topcoat AS14 0,445 0.507 0.515

(0,055) (0.048) (0.071)
0.206
A6 (0.015)
Vinyl Primer AS572 (g';fg)
0.187
A316 (0.014)
All Vinyl System AS14 (g;‘;z]
0.607 0.628
BUS: Shne (0.030) (0.020)
Inorganic Zinc 715% Zinc (83?:])
(A572) -
0% Zine (ethyl 0.276
silicate base) (0,003)
0.079
Powder Epoxy {0.010)
*Average slip coefficient

**Standard deviation

effects analysis of variance requiring user-specified hypotheses. The
routine could be used for analyzing factorial experiments with any
number of levels. It can also handle situations where the number of
replications in each cell is not equal. For statistical testing, a 5
percent level of significance was usually used. In comparing means,
this indicates a 5 percent chance of falsely assuming a mean to be sig-
nificantly different from the population studied. The Scheffé test on
means, which is a conservative test for protection against the probabil-
ity of making a Type I error, was also performed at the 5 percent level.
Type I error is the rejection of the hypothesis which states that all
the means are equal when the hypothesis is actually correct.

Blasted Surfaces. A 3 X 2 factorial experiment was analyzed statis-
tically to determine the effect of oversize holes and clamping force level
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on the slip resistance of A572 steel. There were three different hole
size and two different clamping forces. Results of the analysis indi-
cated that at a 5 percent level of significance the hole size exhibited
significant contrasts, whereas the clamping forces' contrast was insig-
nificant. The average slip coefficient (ASC) for 15/16 (24mm) and 1 in.
(25mm) diameter holes was comparable, but was noticeably lower than the
ASC for 1-1/8 in. (29mm) diameter hole was about 20 percent higher than
the ASC for both 15/16 (24mm) and 1 in. (25mm) diameter holes. This
increase in slip resistance provided by the 1-1/8 in. (29mm) diameter
hole specimens could not be explained, especially since the load-slip
response for the three hole sizes was identical and the contact areas
observed after testing were about the same. However, test results on
the 1-1/8 in. (29mm) diameter hole specimens were obtained from two
sandblastings only, as compared to the test results on 15/16 in. (24mm)
diameter hole specimens which were obtained from a total of twelve sand-
blastings. Because of the considerable scatter in the test results, due
to different sandblastings (see Figure 24), it is a reasonable possibil-
ity that the limited data on the 1-1/8 in. (29mm) diameter hole joints
(two sandblastings only) may be responsible for the apparent higher slip
resistance. However, it may be confidently concluded that for 7/8 in.
(22mm) diameter bolts, there is no decrease in the slip coefficient for
oversize holes with up to 1/4 in. (6mm) clearance. This conclusion is
in agreement with the work done by Allan and Fisher on millscale joints
with oversize holes [1].

Similar statistical analysis of 3 X 2 factorial experiment was
performed to evaluate the effect of steel type on the slip resistance.
Only joints with 15/16 in. (24mm) diameter holes were used. Steel types
were A36, A572 Grade 50, and A514. Clamping force was at the two levels,
39 (174 kN) and 49 kips (218 kN). This analysis merely confirmed that
clamping force was an insignificant variable, because it was apparent
from Figures 20 and 23 that the ASC was almost unaffected by the level
of clamping force. Obviously, the clamping force directly affects slip
load but not the slip coefficient. On the other hand, the analysis indi-
cated that steel type was a significant variable. The ASC for A36 and
A514 steel was about equal (0,471 and 0,490, respectively), but was
noticeably lower than the ASC for A572 steel (0.541), as shown in Fig-
ure 20. The slip resistance offered by A572 steel was only 12.5 percent
higher than that of A36 and A514 steel. It is debatable if this modest
increase in slip resistance should be taken into consideration in the
design, since each steel type tested came from a single heat.

It might also be mentioned that tests reported by Fisher and Struik
[15] indicated that A514 heat-treated steel provided lower resistance to
slip as compared to A36 steel. This was attributed to the harder surface
of A514 steel that influences the roughness achieved by blast cleaning.
They reported a reduction in the slip resistance of about 33 percent for
blast-cleaned A514 surfaces. However, the ASCs for A36 and AS514 steel
specimens studied herein were about the same, a difference of about 3.5
percent. This result seems to be reasonable, since blasted surfaces of
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A36 and A514 steel inspected under a powerful microscope did not exhibit

any drastic differences in texture. The measured surface roughness also,
when compared for A36 and A514 steel plates which were blasted together,

did not indicate any significant differences.

A simple one-variable analysis of variance was performed to study
the effect of surface roughness on the slip coefficient. A572 steel
joints with 15/16 in. (24mm) holes were arranged into four groups accord-
ing to roughness (2, 2.5, 3, and 3.5 mils). Each group represented an
average anchor pattern profile -depth as measured by the Keane-Tator sur-
face comparator. As can be seen in Figure 25, the ASC tends to increase
slightly as the surface gets rougher. However, the statistical test at
5 percent significance level indicated that roughness was insignificant.

Another similar simple analysis was done to find out if different
sandblastings significantly affected the ASC. For each steel type, a
separate analysis compared the ASCs as obtained from each sandblasting
group. It was found that for any of the three steel types considered,
the ASC is not significantly affected by different sandblasting. The
ASC, as a function of sandblasting time, is given in Figure 21. This
conclusion is helpful in design, since sandblasting is eliminated as a
variable. This means that in spite of the fact that the joints in a
structure might be blasted at different times, still the ASCs for all
joints will be about the same within a 95 percent confidence level.

Painted Surfaces. (1) Oversize Holes and Clamping Force. A 3 X 2
factorial experiment for each coating system was analyzed statistically
to determine the effects of oversize holes and clamping force level on
the slip coefficient. The hole sizes were 15/16, 1, and 1-1/8 in. (24,
25, and 29 mm) in diameter; the clamping force was at the two levels,

39 and 49 kips (174 and 218 kN). The coating systems used were organic
zinc primer, organic zinc primer with an epoxy topcoat, and inorganic
zinc primer with vinyl topcoat. All joints were of A572 steel and had .
normal paint thickness (~ 6 mils for primer and ~ mils for topcoat). For
the surfaces coated with organic zinc primer, the analysis indicated that
hole size was a significant variable, whereas the clamping force was not.
The 15/16 and 1 in. (24 and 25mm) diameter hole joints had comparable
ASCs (difference of about 3 percent), which were higher than the ASC for
1-1/8 in. (29mm) diameter hole joints by about 14 percent. However, the
friction characteristics of organic zinc primer coated surfaces showed
sensitivity to painting in a group. For each group of joints (specimens)
painted at a single time, the standard deviation was very low (~ 0,020)
and was about equal for all the groups. But the average slip coefficient
exhibited large differences from one painting job to another, amount to
about 15 percent. This is believed to be due to the slight variations

in paint surface roughness resulting from different painting conditions
(humidity, temperature, spray gun setting, etc.). The results of the
joints with different hole sizes were not all obtained from one painting
job. The 15/16 and 1 in. (24 and 25mm) diameter hole joints were painted
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at the same time, whereas the 1-1/8 in. (29mm) diameter hole joints were
painted separately.

Thus, it was felt that the low ASC exhibited by the 1-1/8 in.
(29mm) diameter hole joints might have resulted from different painting
jobs. Therefore, an additional experiment was conducted with the hole
size as the only variable and all the joint were painted at the same time.
The results summarized in Table 10 show that the effect of hole size on
the ASC was insignificant (0.368 and 0.371 for 15/16 and 1-1/8 in. (24
and 29 mm) diameter holes, resgpctively), and the effect of different
paintings was verified.

As for the organic zinc primer topcoated with epoxy, the analysis
of the 3 X 2 factorial experiment indicated that neither hole size nor
clamping force was significant as a variable, The effect of different
paintings on the ASC was very slight as compared to the case of the
primer without topcoat. It is believed that the hard epoxy topcoat pro-
vided surfaces which possess more uniform friction characteristics,

For the inorganic zinc primer with a vinyl topcoat, the analysis
indicated that hole size as well as clamping force was significant at the
5 percent level. The clamping force exhibited insignificant contrasts
at the 1 percent level. This indicated that the clamping force effect
was very small. The maximum difference in the ASC due to clamping force
level was about 6 percent for the 1-1/8 in. (29mm) diameter hole joints.
The 39 kip (174 kN) clamping force always offered the higher slip resis-
tance. The ASCs for 1 and 1-1/8 in. (25 and 29mm) diameter hole joints
were about equal (1 percent difference), but were noticeably higher than
the ASC for the 15/16 in. (24mm) diameter hole joints (12 percent differ-
ence). The relatively high value of the ASC for the joints with over-
size holes cannot be fully explained. However, it is very possible that
the observed differences were due to different paintings. The joints
with 1 and 1-1/8 in. (25 and 29 mm) diameter holes were painted at the
same time and provided comparable ASCs. Joints with 15/16 in. (24mm)
diameter holes were painted separately and provided a lower ASC. However,
an additional experiment, as in the case of the organic zinc primer, was
not designed since the oversize holes, contrary to the previous case,
offered a higher slip resistance. Some additional tests were conducted
on inorganic zinc (no topcoat) coated surfaces with 15/16 and 1 in.

(24 and 25 mm) diameter holes, A572 steel, and a clamping force of

39 kips (174 kN), which yielded ASCs of 0.620 (five tests) and 0.628
(ten tests), respectively. The values are about equal and indicate very
clearly the insignificance of hole size as a variable. Figure 33 shows
the effect of oversize holes for the different coating systems. The
narrow black boxes shown in the figure for organic zinc primer represent
the additional experiment done for this paint. From the above discus-
sion, it may be concluded that for joints coated with any of the above-
mentioned paint systems, there will be no decrease in the slip coeffi-
cient for oversize holes with up to 1/4 in., (6mm) clearance for 7/8 in.
(22mm) diameter bolts.
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In Table 2a of the 1978 Bolt Specification [30], a reduction of
about 15 percent is specified for joints with oversize holes. This was
based on data which showed that the clamping force is expected to be
reduced by about 15 percent for oversize holes [15]. This reduction was
attributed to plate depressions occurring under the bolt heads during
tightening by the turn of the net method. Thus, rotation of the nut
does not result in the degree of bolt elongation desired. However, if
torque-controlled bolts or the load-indicating washer method is used in
tightening the bolts, perhaps this reduction may not exist. Further
research is needed to determine if oversize holes cause reduction in the
clamping force for these tightening methods. Also, it should be pointed
out that the reduction in clamping force (when using turn-of-the-nut
method) was 15 percent lower than the average tension that resulted in
joints with a 1/16 in. (2mm) hole clearance. But, bolt tension was still
above the minimum required tension by about 18 percent. Thus, if a
specification is based on the minimum clamping force, no reduction should
be considered, even when turn of the nut method is used.

(2) Type of Steel. A similar experiment to that of the oversize
holes was analyzed to determine the effects of steel type and clamping
force on the slip coefficient of the joints. The steel types were A36,
A572, and A514, and the clamping forces were 39 and 49 kips (174 and
218 kN). The coating systems used were organic zinc primer, organic zinc
primer with an epoxy topcoat, inorganic zinc primer with a vinyl topcoat,
and a vinyl primer. All joints had 15/16 in. (24mm) diameter holes and
normal paint thickness. Results of the analyses for the different paint
systems indicated that the effect of the clamping force was insignifi-
cant. Usually, the low clamping force 39 kips (174 kN) offered a
slightly higher slip coefficient than the high clamping force 49 kips
(218 kN). The maximum difference amounted to about 6 percent in the
case of the organic zinc primer with epoxy topcoat. However, the statis-
tical analyses suggested that the differences are too small and are
mainly due to the estimate of the variance and scatter in the test
results. No real differences exist between the 39 kip (174 kN) and
49 kip (218 kN) ASCs.

On the other hand, the analyses indicated that the steel type was a
significant variable for most of the coated surfaces. For the organic
zinec primer, organic zinc primer with epoxy topcoat, and vinyl primer
coated surfaces, the ASCs for A572 and A514 steel were about the same
(differences less than 1.5 percent for any of the three paint systems),
but were noticeably lower than the ASC for A36 steel of the same paint
system. The percentage increase in slip resistance provided by the A36
steel was 15 percent, 12 percent, and 11 percent for the three paint
systems, respectively. As for the surfaces coated with inorganic zinc
primer with a vinyl topcoat, the analyses indicated that steel type was
an insignificant variable. Figure 34 shows a comparison of the ASCs for
the different steel types and paint systems. In the figure, it can be
seen that the ASC of A36 steel always plots slightly higher than the
ASCs of A572 and A514 steel.
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The increase in slip resistance provided by A36 steel for some
coatings cannot be explained, since the blasted specimens did not show a
similar increase. Also, the inorganic zinc primer with vinyl topcoat did
not show an increase in the slip resistance. Since the maximum observed
increase was only 15 percent, it is recommended that the steel type
effect not be considered in a design specification. The small potential
benefit for some coatings does not justify the complications resulting
resulting from the inclusion of steel as a factor in design specifications.

(3) Paint Thickness. A 2 X 3 X 2 factorial experiment was analyzed
to determine the effect of paint film thickness on the slip coefficient of
the joints. The factorial experiment was also used to check the possi-
bility of interaction between steel type at two levels--A572 and A514
steel, paint thickness at three levels--thin, normal, and thick, clamping
force at two levels--39 and 49 kips (174 and 218 kN), The same three
paint systems were considered; namely, organic zinc primer with and with-
out an epoxy topcoat, and the inorganic zinc primer with vinyl topcoat
system. Topcoats (epoxy or vinyl) had constant thickness of about 3 mils.
Thickness of the primer was the variable. The three levels of thickness
were 3, 6, and 9 mils for organic zinc primer; and 3, 7, and 11 mils for
the inorganic zinc primer. All joints had 15/16 in. (24mm) diameter
holes.

The results of the analyses confirmed that steel type (A572 and A514
only) and clamping force were insignificant variables for all of the three
paint systems. Also, the analyses indicated that all interaction effects
between the three variables (steel, clamping force, and paint thickness)
were insignificant. These results were expected since (1) the steel type
experiment discussed above concluded that the ASCs for AS572 and AS514 steel
were practically equal for any of the paint systems and the clamping force
was insignificant, and (2) it was felt that the paint thickness as a vari-
able will not affect the steel type or the clamping for level effects. As
to the paint thickness, the analyses indicated that thickness was insig-
nificant in the case or organic zinc primer with and without epoxy topcoat
paint systems. Table 8 shows an apparent decrease in the ASC for thin
thickness of organic zinc primer on A514 steel joints (about 25 percent).
However, this was mainly due to edge effects present in this set of eight
specimens, A verification for this reasoning is provided by the A572
steel joints that have no edge effects and did not exhibit this reduction
in ASC due to thin thickness, For inorganic zinc primer with vinyl top-
coat, statistical analysis indicated that the ASCs for thin and normal
thickness were comparable. Also, the ASCs for thick and normal thickness
were comparable. But the ASCs for thick and thin thicknesses showed some
differences. The ASC for thin thickness was lower than that for thick
thickness by about 15 percent. Since the ASC for normal thickness was
comparable with the ASCs for both thin and thick thicknesses, this would
suggest using the ASC based on normal thickness and eliminate the effect
of thickness. Thus, based on the above discussion concerning thickness
of paint, it may be concluded that thickness is not an important variable
and its effect on the slip resistance of the joint for all practical
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reasons is negligible. Figure 35 shows the effect of paint thickness on
the ASC for A572 and A514 steel joints.

(4) Primer. A simple one variable analysis was performed to compare
between the following paint systems: vinyl primer (~ 2.5 mils), vinyl
primer with a vinyl topcoat (all vinyl system) (~ 2.5 + 2.5 mils), and
inorganic zinc primer with vinyl topcoat (~ 7 + 2.5 mils). All joints
were of A514 steel and had 15/16 in. (24mm) diameter holes. The results
indicated that the vinyl primer and all vinyl system had comparable ASCs,
which were significantly lower than the ASC of the inorganic zinc primer
with vinyl topcoat. The all vinyl system and the inorganic zinc primer
with vinyl topcoat had the same topcoat. However, the slip resistance
of the all vinyl system was 60 percent lower. It is quite apparent that
the vinyl primer, which has a low ASC (0.187), when topcoated with vinyl
still exhibited a low ASC (0.195), whereas the inorganic zinc which has
a high ASC (0.607), when topcoated (with the same vinyl topcoat) exhib-
ited a relatively high ASC (0.489). This behavior indicates that the
kind of primer considerably affects the slip resistance even when it is
topcoated. Figure 36 clearly shows this phenomenon.

(5) Summary. In summary, Table 22 lists the overall average slip
coefficient (ASC), standard deviation and number of tests for each of
the coating systems. Figure 37 shows the ASC and the range of slip coef-
ficient and Figure 38 shows typical load-slip curves for the coatings
considered in the factorial experiment as well as some other coatings
discussed in the next section. From the summaries, it is evident that
the coated surfaces have lower standard deviations than blast-cleaned
uncoated surfaces. Based on this statistically designed experiment, the
effect of the following variables may be considered insignificant with
respect to the the static slip behavior of friction-type joints with
coated and uncoated contact surfaces:

Table 22. Overall average slip coefficients

Average Standard Total No.
Surface Treatment Slip Baviation of
Coeff. Tests
Sandblasted 0.521 0.077 103
Organic zinc primer 0.464 0.061 106
Organic zinc primer with
epoxy topcoat 0.276 0.031 88
Inorganic zinc primer with
vinyl topcoat 0.510 0,057 94
Vinyl primer 0.193 0.016 15
All vinyl system 0.195 0.014 5
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(i) Hole size up to 1/4 in. (6mm) clearance for 7/8 in. (22mm)
diameter bolts

(ii) Type of steel (A36, A572, and A514)
(iii) Paint thickness on each plate in contact (3 mils to 14 mils)

It was also established that clamping force did not significantly affect
the slip coefficient, so the slip load of-a high-strength bolted connec-
tion is directly related to the clamping force provided.

Other Coatings

Powder Epoxy. As indicated in Chapter 1, a powder epoxy system was
initially suggested for the main factorial experiment but the low slip
coefficient developed limited the use of such a coating. A typical load-
slip curve is given in Figure 39. The average slip coefficient from ten
tests was 0.079 with a standard deviation of 0.0l. This slip coefficient
is about one-fourth of the value for a standard millscale surface. The
low coefficient may be attributed to the very hard and smooth powder
epoxy surface. After disassembling the specimens, an examination of the
surface showed no evidence of damage.

Inorganic Zinc Primer. The Steel Structures Painting Council
Specification SSPC-PS-12.00 C8T requires at least 75 percent zinc by
weight for the paint to be acceptable on exposed structural steel [32].
The zinc content of the inorganic zinc primer used in the factorial
experiment contained 80 percent zinc. Because this percentage was
greater than required, another inorganic zinc paint from the same manu-
facturer with the same vehicle and 75 percent zinc was tested. Both
zinc-rich paints were two component products, vehicle and zinc dust.
Slip tests were also conducted on plates sprayed with the vehicle alone,
so the contribution of the zinc dust to the slip resistance could be
clearly established. Thirty tests were performed and the individual data
are presented in Ref. 16, A summary is given in Table 23.

Table 23, Average slip coefficients for inorganic zinc primer

B e ————E S
Percent No. of Average Standard Ran N
Zinc Tests Slip Coefficient Deviation ge
80 20 0.618 0.030 0.66-0,55
75 5 0.507 0.010 0.52-0.49
0 (base) 5 0.276 0,003 0.27-0,28
— — m—

Figure 40 shows the typical load-slip response for the three levels
of zinc content. The response was linear up to about 85 percent of the
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slip load. When the slip load was reached, the specimen slipped slowly
with a gradual drop in load. A larger reduction in load occurred in the
case of the 75 percent zinc primer as compared to the 80 percent zinc
primer. For the ethyl silicate base (0 percent zinc), there was no drop
(reduction) in the slip load, while the flat plateau was formed. The

80 percent zinc primer showed a different behavior. After a total slip
of about 30 mils to 40 mils, a banging noise was heard. The sound was
low at first, and then became louder as slip progressed. This led to the
cyclic pattern on the load-slip curve shown in Figure 40.

Investigation of the faying surfaces after testing indicated that
damage to the inorganic zinc-rich primer was fairly uniform. Sometimes
the damage was mostly around the holes. In case of the zincless paint
(ethyl silicate base), slip caused the faying surfaces to become shiny
and smooth. However, no damage occurred to the surface.

It is clear that the percentage of zinc considerably affects the
slip resistance. The ethyl silicate base (0 percent zinc) provided the
least ASC with a reduction in ASC of 55 percent compared to the best
zinc primer. The reduction in zinc from 80 to 75 percent reduced the ASC
by 18 percent. No tests were done to investigate the effect of the per-
centage of zinc between 0 and 75 percent. Therefore, it is felt that
further study is needed in order to establish a direct mathematical rela-
tionship between the percentage of zinc and the ASC. These results also
indicate that the paint should be agitated continuously, so that a
reliable slip load can be obtained.

Additional Organic Zinc Primers. The factorial experiment dis-
cussed earlier established an average slip coefficient of 0.46 for one
particular brand of organic zinc-rich primer. In order to get an indi-
cation of the scatter to be expected within one of the current surface
classifications in the Bolt Specification, two additional organic zinc
primers were tested. Both came from the same manufacturer; one paint
had a pneoxy base and the other an epoxy base. The phenoxy base satis-
fied the more stringent California Specification of 90 percent zinc [41].
The supplier was different from the one used in the factorial experi-
ment. Two painting groups separated by two weeks were established for
each primer because the factorial experiment indicated that the slip
coefficient was affected by the painting schedule. An equal number of
slip specimens were prepared using 7/8 in. (22mm) A325 bolts and using
the hydraulic bolt arrangement. The two types of tests were planned
to provide a direct indication of bolt relaxation due to creep. The
thickness of the paint which was applied in two coats was between 4
and 6 mils.

Originally 40 tests were planned, 2 paints X 2 types of tests X
2 paintings X 5 replicates. However, as will be discussed shortly, one
of the painting groups showed an unusual low slip coefficient, so an
additional ten specimens were tested. The average of five replicates
and the standard deviations are summarized in Table 24.
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Table 24. Average slip coefficients for additional organic zinc primer

Type of Test Epoxy base Phenoxy base
Group 1 Group 2 Total Group 1 Group 2 Group 3 Total%*
Real bolts 0.45 0.38 0.41 0.14 0.30 0.26 0,28
(0.032)** (0,010) (0.040) (0.015) (0.024) (0.021) (0,031)
Hydraulic 0.44 0.42 0.43 0,12 0.30 0.32 0.31
bolts (0.012) (0.016) {0.017) (0.019) (0.021) (0.040) (0.032)

E——  — — — — —————

*Only Groups 2 and 3
**Standard deviation

The scatter within each group is quite small; the coefficient of
variation is usually less than 10 percent. Two groups show greater slip
coefficients for the A325 bolted connections, and two groups show a
reduced value. For each type of paint, one painting group showed an
increase in slip coefficient while another group showed just the oppo-
site. It is apparent that the bolted specimens give about the same
result as the hydraulically bolted specimens. It can be concluded that
creep in the organic zinc primer will not significantly affect the clamp-
ing force in an A325 bolt for paint thickness less than 6 mils. A simi-
lar observation is made in the next chapter related to creep studies.

Group 1 of the phenoxy base data is significantly lower than the
other two samples. Apparently this was due to improper mixing and agi-
tation of the primer during paint spraying. This incident points out one
of the variables that can have a significant effect on the slip resis-
tance which is beyond the control of the design engineer. The average of
Groups 2 and 3 gave an ASC = 0.31, which is close to the ASC = 0.33
reported by others for this same paint (3 to 6 mils thick) and using a
multi-bolt tensioning setup [42]

Both the hydraulic bolt and real bolt data indicate a significant
difference between the ASC of the two primers. The phenoxy base which
had a zinc content of 90 percent gave an average slip coefficient of 0.31
compared to 0.46 for the phenoxy (organic) zinc supplied by another manu-
facturer for the factorial experiment. The average of the epoxy zinc-
rich paint is 0.43.

This study shows that paints within a particular category can show
a wide variation in average slip coefficient. Further discussion of this
matter is given at the end of this chapter.

Paint Curing Prior to Assembly

The current Bolt Specification does not have any guidelines related
to the amount of curing required before contact surfaces are bolted. The
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curing time experiments described in Chapter 2 show that paints vary in
their curing requirements and in the factorial experiment periods from
3 days to 21 days were used before joints were assembled, Examination
of the research on coated faying surfaces reported in Ref. 15 has shown
that usually a significant period of time elapsed between painting and
assembling. In most instances, at least a two-week period was used.

From a fabricator's viewpoint, it is best to assemble the connec-
tion as soon as practical to avoid the cost of storage of clip angles,
bolts, etec., or the more costly field erection of such items, But, if
the connection 1is assembled without the paint properly cured, the slip
coefficient upon which the allowable bolt stress is based may not be
achieved. It could be argued, however, that the paint can cure in
place. To get some perspective on the problem a pilot study was under-
taken on one organic zinc primer.

Twenty small single bolt compression slip specimens were blasted
and painted with the phenoxy zinc-rich paint used in the previous section
with a slip coefficient = 0.31. One coat, 2 mils dry, was applied first
and one day later the final coat was applied to produce the same dry
thickness. After applying the second coat, plates were bolted together
one hour, five hours, one day, and two weeks after painting. The final
dry paint thickness varied between 3 and 4 mils. Five specimens were
prepared within each group. Previous slip data were developed using
specimens which cured for a full two weeks prior to assembly. Two weeks
after painting, three specimens from each group were tested. One month
after painting, the remaining specimens were tested. Table 25 gives the
average slip coefficients. A photo of one of the specimens bolted after
1 hr is shown in Figure 40. Note that some paint has been squeezed out
at the top edge.

Table 25. Effect of curing time on the slip coefficient, phenoxy
zinc primer

Time before assembly 1 hr 5 hrs 1 day 2 weeks

Tested after two weeks¥* 0.077 0. 145 0.337 0.391

Tested after one month¥** -- 0.240 0.358 0.39
E——— —

*Average of three specimens
#*%Average of two specimens

The two-week specimens gave greater slip coefficients than similar
specimens in the previous section on the same paint (0.31 vs. 0,39).
The data indicate that curing time prior to assembly has a significant
effect on slip resistance. Five hours of curing produced only 57 percent
of the slip resistance recorded for the two-week cured control specimens.
Waiting an additional two weeks before testing gave an improved slip
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Figure 40. Test sample assembled one hour after painting

coefficient (0.240 vs. 0.145), but it is still less than the coefficient
from the two-week control group (0.39).

The purpose of these tests was to establish if the curing time
prior to assembly has a significant effect on slip resistance. For the
particular paint product tested, the data indicate that the curing time
is a significant variable which should be considered in developing design
and fabrication procedures.

Tension Slip Tests

The slip data presented so far were derived mainly from the simple
hydraulic compression slip test. In the previous section, a few single
bolted connections were presented to obtain a measure of losses to be
expected due to bolt relaxation. In this section, tests on tension-type
connections of the type shown in Figure 41 are reported which had the
following purposes:

(1) Determine if the hydraulic bolt compression test setup gives
the same results as a bolted tension arrangement.
(2) Evaluate the bolt relaxation due to paint creep.

(3) Develop some additional data on uncoated steel surfaces, both
millscale and blasted.

Item 1 was considered by testing some A588 (wathering steel) millscale
surfaces using tension specimens and hydraulic bolt specimens. These
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results, which are reported elsewhere [36], showed that the two methods
give the same slip coefficients. This is reasonable, since there is
very little bolt relaxation in a connection with uncoated steel contact
surfaces. The tests presented herein will be concerned principally with
Items 2 and 3.

Forty-two tension slip tests are reported, 22 on connections with
painted faces and the remaining with millscale and blasted surfaces.
In all the painted specimens, A572 steel was used but the hole size
varied between 15/16 and 1-1/8 in. (24 and 29 mm). Since bolt relaxa-
tion was a principal variable, the paint thickness was high, and it was
kept constant within the paint group:

(1) organic zinc primer, 6 mils thick

(2) organic zinc primer, 8 mils, with a 3 mil epoxy topcoat
applied in two thin coats

(3) inorganic zinec, 3 mils thick

The millscale and sand-blasted specimens were constructed from A36,
A572, and A514 steel. All steel and paint are the same as those used
in the factorial experiment presented earlier.

Test Setup and Procedure. The symmetrical design of the test
specimen, shown cross-hatched in Figure 41, permits two independent slip
load tests. The end fixture plate shown solid fits between the plates
of the test specimen and is gripped by the tension test machine. The
pin bolts are left loose for alignment.

The test specimens were assembled in an alignment jig using
7/8 A325 bolts (22mm) with 2H nuts. The 2H nuts were tapped in the
laboratory because initial bolt calibration on the material supplied
showed stripping-type failures and limited bolt ductility. This per-
formance was due principally to very rough surfaces in the threads of
the nut, which caused considerable friction in the threaded area. After
the nuts were tapped, the performance improved considerably, although
there was still some scatter in the bolt calibration curves, as shown
in Figure 42. A hardened washer was used under the nut; in addition, an
oversize washer was used on all specimens with 1-1/8 in. (29mm) holes.

For the purposes of the test program it was desirable to minimize
scatter in the clamping force level. This was accomplished by install-
ing the bolt so that the bolt elongation was in the range of 0.06 to
0.09 in. (1.5 to 2.3 mm). In general, from 5/8 to 7/8 turns were
required from the snug position to get within the range. Bolt elonga-
tions were monitored as described in Chapter 2.

Slip gages were attached to the specimen with set screws, as shown
in Figure 43, Linear potentiometers were located on each side of the
specimen and connected in a manner to give the average of two readings.
The gages measured the relative displacement (slip) between the interior
plate and the two side plates. Both sides of the specimen were monitored
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Figure 43, Test setup for tension slip tests

on two X-Y recorders and the load was applied until both sets of side
plates slipped. Load rates and determination of slip load are the same
as those used in previous sections.

Test Results. The slip coefficients for the 42 tests are given in
Table 26. The initial clamping force in each specimen varied within the
narrow range of 47.5 to 48.5 kips (211 to 216 kN), based on the measured
installation elongations and the average of the three bolt calibrations
given in Figure 41. The slip coefficient in Table 26 under the heading

Slip Coefficient (no loss) is based on the initial clamping force.

Changes in bolt elongations were recorded for the approximate two week
period between the bolting of the specimen and the slip test. Specimens
were painted approximately three months before testing.

The elongations showed considerable scatter, much of it due to
experimental methods. In some instances the elongations at bolt installa-
tion were not measured carefully. A change in elongation of 0.001 in,
(0.025mm) corresponds to a load of 5 kips (22 kN), and while the C frame
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Table 26. Slip coefficients from tension test
(1 in. = 25.4 mm)
- — —
_Painted Uncoated
Hole Slip Coef. Slip Coef. Hole Slip Coef.
Coating Size (No loss) (Average Steel Surface Size (No loss)
(in.) Loss) (in.)
15/16 0.48 0.56 A6 Millscale 1 0,29
15/16 0.52 0.61 A36 T 1 0.41
Orginic 1 0.40 0.46 AS72 15/16  0.20
nc 1 0.48 0.56
6 mils 1 0.43 0.50 %5(16 g.zl
thick 1 0.47 0.55 +23
1-1/8 0.48 0.56 . p 0.21
1-1/8 0.41 0,49 ! 1-1/8 0.24
Average 0.46 0.54 AS572 Millscale 1-1/8 0,21
(0.041)* (0.048) * A572 Average 0,22 (0,013)*
Hydraulic bolt(3 ctests) 0.55
AS514 Millscale 1 0.30
Organic 15/16 0.34 0.41 A514 v 1 0.30
(BZinc 15/16 0.38 0.47 A36 A 1 0. 70
mils) 1 0.31 0.38 A36 " 0.75
plus 1 0.33 0.40 .
Epoxy 1 0.24 0.30 AS572 15/16 0.70
Topcoat 1 0.33 0.39 15/16 0.61
(3 mils) 1-1/8 0.32 -.39 | 0.75
1-1/8 0.34 0.42 1 0.77
Average 0.32 0.40 1-1/8 0.63
(0,039)* (0.048)* I A572 Blasted 1-1/8 0,76
Hydraulic bolt(3 tests) 0.42 A572 Average 0.71 (0,069)*
Inor-l 1-1/8 0'5? o AS514 Blasted 1 0,61
ganic 1-1/8 0.54 - A5 14 Blas " 0. 62
7ine 1 0.49 - 4 asted «0d
(3 mils) 1 0.48 --
1 0.41 --
1 0.42
Average 0.48
(0,053)*
Hydraulic bolt
(3 tests) 0.55
*Standard deviation
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extensometer (see Figure 14) was sensitive to £0.0001 in. (0.0025mm),

the reliability was probably closer to four times this value. Evalua-
tion of each connection's change in elongation made it apparent that

some judgment would be required to make meaningful use of the results.
First, any change £0,0004 in. (0.0102mm) or less was considered no change,
and, therefore, neglected. Second, a few data which had experimental
errors were discarded. This was determined by noting how the slip load
of the particular sample varied from the other tests with the same
surface.

Each group of specimens showed fairly consistent results within its
sample without considering loss of clamping force (the three painted
groups showed coefficients of variation of about 10 percent), so it would
be expected that any loss in clamping force would be similar for all the
bolts within the particular group. For example, in the organic zinc
specimen, the ASC = 0.46 with a standard deviation of 0,041 without con-
sidering clamping force. When three of the data are eliminated as
described above and are assumed unchanged, but the slip coefficient of
the remaining five specimens is calculated considering the undivided
losses which range up to 13.5 kips (60.0 kN), the ASC becomes 0.516 with
a standard deviation of 0.107. This approach gives a coefficient of
variation close to 20 percent. Consequently, it was decided to present
the data assuming that each bolt has a reduction in force corresponding
to the average of the sample.

In Table 26, the slip coefficients calculated on this basis are
shown under the heading, Average Loss. For the organic zinc sample, the
average slip coefficient becomes 0.54, because of the average loss of
clamping force equal to 7.1 kips (31.6 kN) (15 percent of the initial
clamping). The ASC is very close to the hydraulic bolt control specimen
(3 tests) in which the ASC = 0.55. Similarly, the thickest coating
tested, 8 mils of organic zine plus 3 mils of epoxy topcoat, showed an
average loss equal to 20 percent. The losses for the 3 mil inorganic
zinc and the uncoated surfaces were too small (< 4 percent) to be reli-
able, so are not shown in the tables.

The average slip coefficient (ASC) for the orgnic zinc paint con-
sidering average losses of 20 percent, is within 5 percent of the control
specimens. The bolted inorganic zinc specimens gave an ASC = 0.48, while
the control specimens gave ASC = 0.55. Probably some of the difference
is due to small losses in clamp forces which were not considered; the
remainder is typical scatter within a small sample.

The millscale specimens gave slip coefficients close to the average
of 0.34 published in Ref. 15. The results on A572 Grade 50 steel are at
the low end of the data histograms [15] for millscale, where only 6 per-
cent of the total sample is recorded. The six connections tested all
came from the same heat of steel, so no broad conclusions can be reached.
The blasted specimens showed uniform behavior almost independent of the
yield strength. The A514 does show an ASC 13 percent below that for
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A572 steel, but since there are only two samples the difference is
attributed to experimental scatter. Earlier in this chapter it was

shown by statistical analysis of the factorial experiment that A514 and
A572 material were not significantly different in their slip coefficients.

Full-Size Connections

Eleven full-size truss-type connections, as shown in Figure 44,
were tested for the slip load. Compression load was applied by a test
machine to the vertical W10X77 member, while the horizontal W10X77 rested
on the base of the test machine. Four different joints were fabricated;
after the first tests they were sand-blasted and resued twice. The pur-
poses of the full-size tests were to provide slip data for comparison
with the small slip tests, monitor any losses in clamping force due to
compressive creep of the paint, and determine any difference between
laboratory and fabricator installation techniques.

Eight of the connections were bolted in the laboratory by graduate
students, Three different paint systems were applied, inorganic zinc
primer, organic zinc primer, and organic zinc with an epoxy topcoat. All
paints were the same type as those used in the factorial experiment, but
in some instances the paints were from different lots. One sand-blasted
connection was also tested.

Three sand-blasted specimens were bolted up by fabricators. Two
connections were sent to Fabricators A and B, both of whom would be con-
sidered large fabricators handling steel fabrication for construction
throughout the U.S. and some foreign countries. Through the cooperation
of the engineering departments of these fabricators, assurances were made
that no special techniques other than those which are shop practice would
be used. The connection bolts were taken from a single lot and supplied
to the fabricators. These bolts had been previously prepared with milled
ends and countersunk holes as described in Chapter 2 in the section on
bolt calibration., Each bolt was numbered and bolt length recorded before
shipment to the fabricator so the clamping force could be determined
after installation. Because of the special end condition of the bolts
supplied, the true purpose of the installation was obviously known by the
installers. The only instructions given to the installers was that the
joint was a friction-type connection and bolts should be installed in the
normal fashion for such connections.

A final specimen was connected using torque-controlled Lejune
fasteners. These were installed in the laboratory by a field representa-
tive of the supplier using fasteners from a single lot. These calibra-
tion tests were performed to establish that the clamping force of the
fastener was 42,7 kips.

In the following sections data collected on bolt installation forces

and bolt shortening will be presented along with the slip test results on
these connections and a comparison with the Bolt Spec.
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Bolt Clamping Forces, Laboratory Connections. Each group of ten
bolts in the connection was numbered and identified as shown in Figure 44;
Vert (T), Horz (T), Vert (B), and Horz (B). In the connections tightened
in the laboratory, three or four of the ten bolts in each group were
specially prepared to monitor the bolt forces as discussed previously.
Within the financial and time contraints of the project it was not prac-
tical to monitor all the bolts. The three or four bolts were widely
dispersed within each ten bolt pattern so their response would be repre-
sentative of the group.

The laboratory connections were used mainly to correlate with the
small slip tests and to determine the magnitude of bolt relaxation due
to paint creep. Therefore, it was desirous to keep scatter in the clamp-
ing force to minimum, Bolts were installed to 3/4 turn from snug so all
bolts would be in the flat plateau of the bolt-elongation response curve,
as shown in Figure 45. Normal installation procedure for the grip length
would have required 1/3 turn from snug [30]. During the installation,
the bolts were first taken to 1/3 turn and bolt elongations recorded
before tightening to the 3/4 turn level. All bolts in a group were
snugged and some resnugged before each bolt was tightened to the desired
level.

Histograms of bolt elongation were developed for the 12 or 16 bolts
in each connection. Two typical plots are shown in Figures 45 and 46,
along with the bolt calibration curves. Separate calibrations were con-
ducted for standard 15/16 in. holes (24mm) and the oversize 1-1/16 (27mm)
holes. The clamping force data at 1/3 turn are summarized in Table 27.

Table 27. Measured clamping force for 1/3 turns
(1 kip = 4.45 kN, 1 in. = 25.4 mm)

Max imum Installed
Size DNumber Torqued Bolce 73
Coating of of Tension Mean Tension EELLLS: Tension %ﬁ%—;—
Hole Bolts Streagch 1/3 turn P P
(in. ) Measured (kips) (kips/bolct) (kips/bolc)

(1) (2) 3) (%) (5) (6) (7) (8)
Organic Zinc 15/16 32 52.0 47.8 (0.85)* 1.22 51.7 1.33
Organic Zine 1-1/16 16 54.6 46.2 (1.00) 1.18 52.5 1:.35
Or.Zn.+Epoxy 15/16 16 $2.0 47.7 (0.40) 1.22 51.5 1.32
Inorg. Zinc 15/16 24 52.0 47.1 (0.%0) 1.21 51.5 1,32
Inorg. Zinc 1-1/16 12 54.6 45.6 (1.50) 1.17 52.0 1.3
Sand-blasted 15/16 16 52.0 46.4 (3.50) 1.19 L AL 1.32

Average 1.20
*Standard deviacion
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The average was 20 percent of the minimum specified. The standard
deviation is quite small, except for the sand-blasted connection. This
greater scatter was due to improper initial snugging; the bolts were not
checked for looseness after the initial snug. As expected, the installed
bolt tension shown in Col., (7) of Table 27 showed very little scatter
because of the installation method (3/4 turn).

About fifteen minutes after the bolts were installed, a new set of
bolt elongation data was obtained to determine if any immediate bolt
relaxation could be detected. The inorganic zinc-rich specimens were
then stored under no load for two weeks and elongations again measured
just prior to the slip test. Connections with organic zinc paint were
monitored each week for two weeks. The histograms of bolt elongation
for each paint and hole size are given in Figures 47 through 51, There
is a large scatter in the data, some of which is due to experimental
sensitivity. The bolt elongation data should be reliable to *0,0003.
The histograms take all the data for a joint, or, in the case of repli-
cates, two joints together.

In Table 28, the bolt relaxation is summarized for each ten bolt
group within the connection. Measured paint thickness on the faying
surface is also presented to determine if there is any experimental cor-
relation between the paint thickness and creep. No correlation is evi-
dent, mainly because the measured bolt shortening is rather small and
the experimental sensitivity, 0.0003 in. (0.0l mm), corresponds to 2 kips
(8.9 kN)., For all painted surfaces except the organic zinc with epoxy
topcoat, the apparent measured shortening is close to the experimental
sensitivity. The shortening that does take place occurs within the first
week after bolting.

Bolt Clamping Forces, Fabricator Connections. All forty bolts in
each of the connections for Fabricators A and B were machined to monitor
the bolt elongation using the C-frame extensometer. A new lot of bolts
was used for this portion of the program. The calibration curves for
three 7/8 A325 bolts (22mm) are given in Figures 52 and 53, along with
the histograms of the measured elongations. The connections had sand-
blasted surfaces but they were not sand-blasted at the same time as the
laboratory sand-blasted specimens discussed in the previous section.
Fabricator A developed 23 percent greater clamping force than Fabrica-
tor B, The average clamping force developed by Fabricator B did not
reach the minimum specified 39 kips (174 kN),

The following items were observed during the installation process:

(1) The connection was not brought to the snug position.
(2) The bolt head was not prevented from turning.
(3) Wrenches were not calibrated for the bolts provided, even
though the installation method was sort of calibrated wrench.
(4) One wrench had no adjustment for controlling torque.
(5) The bolts were installed by 'sound"., The operation could "tell"
when they were tight enough.
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Table 28. Paint thickness and bolt shortening data
(1 mil = 0,001 in. = 0.025 mm)

Contact

Surf Paint thickness and bolt shortening Average Paint Average
Test noe averages for each zone (mils) Thickness Bolt
No. Hole Size Each Specimen Shortenin
(in. ) Member Vert(T) lHorz(T) Vert(B) Horz(B) (mils) (In. x 107)
1 Inorganic PL 2.9 2.9 6.3 5.9 3.6
Zine WF 1.9 3.9 2.7 31 -
15/16 0.5 - 1.0 - 0.8
2 Inorganic Pl 5.2 3.5 2.9 5.2 3.1
Zinc WF 2.2 > A 2.5 2.2 “
15/16 0.6 1.1 0.3 0.7 0.7
3 Inorganic PL 4.1 3.0 2.3 2.1 3.1
g Zinc WF 2.4 3.4 3.3 4.4 -
1-1/16 0.6 0.4 0.9 0.5 0.6
4 Organic PL 4.1 3.7 4.6 4.4 4.2
Zinc WF 3.9 3.8 4.5 4.9 S
15/16 1.2 0,7 0.9 0.8 0.9
5 Organic PL 4.5 3.8 b4.b 4.6 4. &
Zine WF . 4.0 4.1 4.8 ’
15/16 0.8 0.6 0.6 0.8 0.7
6 Organic PL 4.9 < 4.0 3a? 4.2
Zine WF 4.7 1 4.4 4.7 -
/16 13 0.7 0.9 0.5 0.8
7 Or, Zinec PL 3.892.4 3.643.% S.242.1 3.7+2.3 4.1 + 2.1 ¥
+ Epoxy WF 4.041,9 4, 142,0 4,3+41.6 4.1+1.5 ' :
15/16 1.4 1.2 1.1 0.6 1.1
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(6) There was a general unawareness of the Bolt Specification,
and especially the required tightening procedure.

The Lejune fasteners installation followed the Bolt Specification.
Bolts were first snugged with a small impact wrench and then the special
wrench installed the bolts starting from the center of a bolt pattern
and working out towards the ends. Because the bolt has a twistoff end,
no method was readily available to determine the actual installed clamp-
ing forces. It will be assumed that the clamping force is the same as
that developed at twistoff in the bolt calibration, 427 kips (190 kN).

Slip Tests. The connections were loaded in a 600 kip (2670 kN)
test machine and slip of the vertical member and side splice plates moni-
tored by linear potentiometers, as shown in Figure 54. The load-slip
response was monitored on two X-Y recorders. Each test conmection pro-
vided two independent slip loads, slip on both vertical bolts and slip
on the horizontal bolts. It is also possible for slip to occur with one
vertical group and one horizontal group. The results of the eleven full-
size tests are given in Table 29. In Col. (7) of the table, the symbol
V refers to slip of the vertical W10X77 and H means the gusset plates
have slipped at the horizontal W1O0X77, V-H means the slip occurred in
one vertical group of bolts and the horizontal group on the opposite
side.

In Test 8, the load in the connection with forty bolts reached the
capacity of the machine without the occurrence of slip. The specimen was
unloaded and two bolts (No. 1 and 2 in Figure 44) were removed from both
sides of the connection. Although there were only 16 bolts connecting
the vertical member to the plates, the first slip occurred on a diagonal
(V-H) at 533 kips (2370 kN), which had 18 bolts in the slip plane.
Further loading could produce the second slip load so the specimen load
was reduced and an addition bolt, No. 5, removed from the horizontal row.
The slip load for the 17 bolts in the slip load was 542.

The theoretical slip load in Col. (8) was determined by the follow-
ing equation:

Theo., slip load = S.C. X (initial clamping force - loss) X No. of
bolts

The allowable load is based on the 1978 Bolt Specification. When slip
control specimens were not tested, the average slip coefficient was taken
from Ref. 16. The control slip coefficients shown in Tests 1 through 7
are averages from three hydraulic bolt control specimen tests. The ratio
in Col. (11) represents the comparison between the small slip test and
the full-size connection. Column (12) is a measure of the factor of
safety, but recall that the clamping force is higher than usual because
of the 3/4 turn tightening procedure adopted. If the slip load is
directly related to the clamping force, then the maximum load would have
been less if the recommended 1/3 turn approach was used. For example,
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Figure 54.

Slip gages for truss connections

ntact area for full-size connection



Table 29. Test results, full-size specimens
Avg.

Contact Surfaces Hole Avg. paint Installed i:vgia;ojz Theo.
Test (Control slip Size thickness Clamping F /bsltg Slip Test Slip Allow. Col, 7 Col 7
No. coefficient)  (in.) (mils, Force/bolt ‘“(’Ef o) Load load  Load Col. 8 Col.9

(kips) P (kips)  (kips) (kips)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
1 Inorganic Zinc 15/16 4 51.4 3 v 466 513 354 0. 91 1.32
(s.c. = 0.55) H
2 Inorganic Zinc 15/16 3 51,8 4 v 446 525 354 0. 85 1.26
(s.C. = 0.55) H 446 525 354 0. 85 1.26
3 Inorganic Zinc 1-1/16 3 52.0 4 V-H 434 531 300 0, 82 1.47
(s.c. = 0.55) H-V 489 531 300 0,92 1.63
i

B Organic Zinc 15/16 4 51.8 5 v 445 346 252 1529 1. 77
(s.C. = 0,37) H 499 346 252 1.44 1,98
5 Organic Zinc 15/16 4 51.6 4 v 438 352 252 1.24 1. 74
(s.C. = 0.37) H 470 352 252 1. 34 1, 87
6 Organic Zine 1-1/16 4 52.5 5 v 393 352 216 1.12 1. 82
(s.c. = 0.37) H 462 352 216 1.31 2.13
7 Organic Zinc+Epoxy 15/16 4 + 2 51.5 7 v 229 214 - 1.07 ———
Topcoat(S.C. = 0.24) H 242 214 -—— 1.13 m-———
8 Blasted- Laboratory 15/16 - 51.3 - V/H (18)%x533 480 298 1.11 1.78
(*ASC = 0,52) H/V (17)%*542 453 281 1.20 1.93
9 Elasted-Fabricator A 15/16 - 46.2 - H 454 480 330 0. 94 1.38
(*ASC = 0.52) v 511 480 330 1.06 1.55
10 Blasted-Fabricator B 15/16 - 37.7 - v 288 392 330 0.73 0. 87
(*ASC = 0.52) v 356 392 330 0.91 1.08
11 Blasted - Lejune 15/16 - 42,7 - V-H 413 444 330 0.93 1.25
H-V 463 444 330 1.04 1.40

*Average from Ref. 16.
##Number of bolts,




Test No. 1 would have a factor of safety of 1.32 X (47.1/51.4) = 1,21,
No values of allowable load are shown for the epoxy topcoat since the
Bolt Specification does not address the paint category.

Specimens with coated surfaces were disassembled upon completion
of the test. A typical surface is shown in Figure 55. The significant
contact zone was confined to a small area around the hole similar in size
to the small compression specimen. This reinforces the premise that the
slip coefficient from the small specimens can predict slip load in large
structures. ’

Discussion of Full-Size Tests. The comparison between test and
theory given in Col., (10) of Table 29 is quite reasonable except for the
organic zinc tests which have been significantly underestimated. This
may be due to some unrepresentative control slip coefficients. The
average of three control organic zinc primer slip coefficents was 0.37.
In Ref. 16, only 7 slip coefficients out of 106 fall below this level.
If the average organic zinc slip coefficient of 0.464 as reported in
Ref. 16 is used, the theoretical slip load becomes 434 kips (1933 kN),
which is in good agreement with the tests.

The factor of safety for the inorganic zinc specimen is low (see
Col. 11, Table 29). In fact, if the bolts had been installed by the
turn-of-nut method using 1/3 turn from snug, the average factor of safety
for the 6 inorganic zinc tests would be 1.25. This average is consistent
with the factor of safety against the mean derived by Fouad [16] using
the results in Ref. 15. Fouad found that the factor of safety was only
1.24 for inorganic zinc, because a 10 percent probability of slip criteria
was used to develop the Bolt Specification with no allawance for a factor
of safety against the mean of the data.

The results from connections bolted by the fabricators pointed out
the shortcomings of using only laboratory data to determine average slip
loads. Consideration must be given to those factors which can reasonably
be expected to occur in practice. The Lejune bolts performed satisfactory.
They developed a clamping force 12 percent above the minimum specified
and with a slip coefficient of 0.52, close to the 0.49 published by
Fisher [15], resulting in a factor of safety of 1.25. This ia actually
consistent with the current Bolt Specification which has low factors of
safety against the mean data for certain surfaces, as will be shown in
the next section.

These full-size tests showed that a control sample larger than
three should be used to develop the slip coefficients. Also, in the
organic zinc with epoxy topcoat which had a thickness of 6 mils, the loss
in clamping force due to paint creep was significant (> 10 percent).

This is consistent with the data discussed in the previous section on
tension slip tests, and also the creep tests by others [6,42].
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The Bolt Specification requires a 15 percent reduction in allowable
stress when oversize holes are used in the outer plies of a friction con-
nection., This is due to a reported reduction in clamping force when
turn-of-the-nut method is used to install the bolt, because of head dish-
ing and local compression of the plates. The data for 1/3 turn shown in
Table 27 gives only a 3 percent reduction in clamping force, which is
insignificant. There is no reduction at the installed tension (in fact
there is a slight increase) because a 3/4 turn was used.

Recommendations

In the full-size tests, it was shown that in some instances, the
factor of safety against slip is less than 1.45, even though the bolts
are properly tightened and the slip coefficient is reasonably close to
the value assumed in the development of the Bolt Specification. This
is to be expected because Fouad [16] has shown that the Bolt Specifica-
tion has low factors of safety for some surface coating, as shown in
Table 30. Column (5) in the table is calculated as follows:

S.C. X 1,13 X Min, specified clamping force + Area = Shear Stress

Table 30, Safety factor for different surface treatments
(1 ksi = 6.9 MPa)

Slip Coeff.* Specs Theo.
Std. Allowable Shear
Surface Treatment Avg. Do Shedr Slip F.0.S.
Stress Stress
(A325) (A325)
ksi ksi
(1) (2) (3) (4) (5) (6)
Blast-cleaned 0.493 0.074 215 36 1.31
Organtc sincerich 4 g8n' 0.035 21.0 26 1.22
paint
Inorganic zinc-rich 4 ¢5q 0,050 29.5 37 1.24
paint
Vinyl primer 0.270 0.023 16.5 20 1.20

L, —
*Values recommended by Fisher and Struik,

The Bolt Specification relies on a clamping force 13 percent higher than
the minimum specified, which is typical of the calibrated wrench tighten-
ing method [15]. Even with this reliance, the factors of safety are as
low as 1.20. This situation occurs because only a 10 percent probability
of slip concept was used to develop the Bolt Specification [30]. The
Bolt Specification for friction-type shear connections is reproduced as
Table 31. There is no specified factor of safety against the mean. It
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Table 31. Allowable working stress, ksi, based upon surface condition of
bolted parts, for friction-type shear connections

Oversize
Standard Holes and Long

Class Surface Condition of Bolted Parts Holes Short Slotted Slotted Holes

= —— Holes
A325 A490 A325 A490 A325 A490
A Clean mill scale 17.5 22.0 15.0 18.5 12.5 15.5
Blast-cleaned carbon and low alloy steel 27.5 34.5 235 29.5 19.5 24.0
Blast-cleaned quenched and tempered 19.0 23.5 16.0 20.0 ‘- 13.5 16.5

~ steel

E: D Hot-dip galvanized and roughened 21,9 27.0 18.5 23.0 15.0 19.0
E Blast-cleaned, organiz zinc rich paint 21.0 26.0 18.0 22.0 14.5 18.0
F Blast-cleaned, inorganic zinc rich paint 29.5 37.0 25.0 3.5 20.5 26.0
G Blast-cleaned, metallized with zinc 29.5 37.0 25:0 31.5 20.5 26.0
H Blast-cleaned, metallized with aluminum 30.0 37.5 25,9 32.0 21.0 26.5
I Vinyl wash 16.5 20.5 14.0 17.5 11.5 14.5

Source: Reference 30, Table 2a,



is the authors' opinion that a dual criteria, considering the mean
value and the distribution of data (probability of slip) must be used to
develop a sound design specification.

In the 1966 Bolt Specification, the allowable bolt shear stress of
15 ksi (103 MPa) for millscale surfaces was based on a ks = 0.35, the
minimum specified clamping force, and a factor of safety of 1.51. 1In
building structures, there has been almost twenty years of satisfactory
connection performance using this stress level. Data collected since
then give an average k_ for millscale = 0.336 [15], so that the factor
of safety using the 1986 stress level would be 1.45. 1In 1976, the Bolt
Spec increased the allowable stress to 17.5 ksi (121 MPa), mainly on the
basis of laboratory data which indicated that the clamping force for
calibrated wrench tightening would be typically 13 percent higher than
the minimum specified.

In the authors' opinion, the possible increase above the minimum
specified clamping force should not be considered in the development of
design recommendations for the following reasons:

(1) The statistics which indicate higher than minimum specified
clamping have typically been developed from laboratory data,
with the bolts tightened carefully by researchers. This may
not be representative of actual field installation by fabri-
cators and erectors.

(2) Much of the turn-of-nut data was based on one-half turn from
snug, but current specifications would permit many of these
bolts to be tightened to one-third turn, resulting in a lower
clamping force.

(3) Tension control techniques such as load indicator washers
produce results closer to the minimum specified clamping
force which should be acceptable.

(4) Losses in bolt clamping force due to paint creep, approximately
10 percent for thickness between 4 to 6 mils.

A factor of safety of 1.45 with the minimum specified clamping and
the mean k_ from the tests reported herein is used to develop the design
recommendations along with a probability of slip concept discussed below.

Friction connections should only be specified when slip is objec-
tionable to the usefulness of the structure. Important instances would
be reversed loading and oversize and slotted holes. Under such circum-
stances, the authors would recommend a much lower probability of slip,
say 1 percent, instead of 10 percent currently in use. Table 32 shows
the allowable slip coefficients for different probability of slip and a
factor of safety of 1.45 against the mean for the coating studied in the
factorial experiment. Other levels of probability of slip are shown for
comparison. The table follows the format of the Bolt Specification in
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Table 32, Allowable slip coefficients

g::::lé Allowable Slip Coeff. 32%102;-
Surface Treatment 8 based on a probability e
Slip of slip Coeff.
Coeff. 107 57 T FOS=1.45
Sandblasted 0.521 0.421 0.392 0.315 0.359
Organic zinc-rich primer 0.464 0.385 0.362 0.301 0,320
Organic zinc-rich primer =
with spoxy top cost 0.276 0.236 0.224 0.192 0.190
Inorganic zinc-rich
primer with vinyl 0.510 0.436 0.415 0.356 0.352
top coat
Inorganic zinc-rich
sriser--80% einc 0.618 0.577 0.563 0.519 0,426
-=75% zinc 0.507 0.492 0.486 0.450 0,350
-= 0% zinc 0.276 0.271 0.270 0.259 0.19%9
Vinyl primer 0.193 0.171 0.165 0.137 0.133
All vinyl system 0.195 0.174 0.165 0.115 0,139
.

Table 33. Recommendations for Slip Critical Shear Connections

Class c i;ipi e Surface Treatment Allowable Shear Stress
SRS A325 A490
A .22 A588 Millscale, vinyl 10 12
primer, epoxy topcoat,
phenoxy base organic
zinc
B 0.32 Other millscale 15 18
0.40 Epoxy base organic zinc 18 22
D 0.48 Organic zinc (75% zinc), 21 27
sand-blased, vinyl
topcoat
E 0.55 Organic zinc (80% zinc) 25 31

_ —
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that there is a category for each type of paint.

The research summarized in this chapter indicates that some basic
changes in the current format of the allowable stress shown in Table 31
are warranted. First, within a paint category, say organic zinc, the
products vary widely with respect to their frictional characteristics
(0.31 € 5.C. < 0,46). There are obviously other organic zincs which
may fall outside the current bounds, Second, the variations which occur
even for a particular coating do not justify three significant figures.
It is, therefore, suggested that the friction shear stress table be
arranged as a function of slip coefficient, not particular painting
groups. Five groups are suggested in Table 33, The allowable stresses
would be modified by factors for paint thickness, oversize holes, etc.
These aspects will be considered in more detail in the last chapter.
The proposal presented above will also require the development of a
standard classification test which could be run by the paint manufac-
turers themselves to determine what category a particular product will
fit. Questions related to curing time, time before assembly, etc., all
have significant effects on slip resistance. Paint manufacturers must
address these problems in order to get a paint classified. A draft of
such a standard test is contained in the Appendix.
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4. CREEP OF COATED SPECIMENS

The relative movement of the plates in a bolted joint under a
sustained static load is an important characteristic of a bolted fric-
tion joint. A friction joint is used in applications where joint defor-
mation is to be limited. The friction joint is idealized in design as
a joint which undergoes no displacement until it reaches its slip load.
Small elastic deformation in the connected material will cause small
displacements prior to slip, but these are small relative to the dis-
placements which occur at slip. A friction joint subjected to sustained
loading below the slip load may exhibit creep deformation. The creep
deformation may be of such a magnitude that the joint no longer satis-
fies the design assumption of no deformation prior to reaching the slip
load.

A study conducted by the Jet Propulsion Laboratory in Pasadena,
California [23] investigated sustained loading behavior of numerous con-
nections with galvanizing and other surface coatings. They concluded
that all of the coating systems tested exhibited a steady state rate of
slip for the duration of the test once movement was initiated. The slip
rate projected for the life of the structure would result in significant
displacements at the bolted joint. They also noted that the factor of
safety against slip, based on short-term loading, does not apply to
cases of sustained loading. On the basis of these test results, the use
of organic zinc-rich paints and galvanized coatings to structures with
low sustained loads as been limited [5].

Evidence in this study will be analyzed and compared with previous
tests in order to achieve the following objectives:

(1) Determine if creep studies should be required prior to
approval of use of a particular coating system.

(2) Determine the major factors affecting creep behavior.
(3) Establish design recommendations.

Experiment Design

The tests performed in this study consist of a series of shear
specimens subjected to long-term loading., All specimens are A572
Grade 50 material and designed as a double shear, butt splice connected
with one 7/8 in. (22mm) diameter high-strength bolt. The specimen con-
figuration was chosen for simplicity in testing and in order to obtain
good correlation with results from the compression slip tests accom-
plished in another phase of this project.

The basic variables investigated were the paint system, paint
thickness, clamping force, and shear load. Four different paint systems
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were investigated. These consisted of inorganic zinc with vinyl topcoat,
organic zine, organic zinc with epoxy topcoat, and a vinyl primer. The
two paint thicknesses were 'mormal” and "thick", based on current prac-
tices in structural applications. In order to determine the influence
of the clamping force of the bolt on slip behavior, two types of bolts
were selected for the tests: ASTM A325 bolts and ASTM A490 bolts. This
provided two significantly different clamping forces.

The experiment design, as indicated below, provides for a total of
forty-eight specimens, with three replicate specimens for each condition.

Experiment Design

Coating

Thickness Coating 1 Coating 2 Coating 3 Coating 4
Normal 3 3 3 3
Thick 3 3 | 3

No. of Specimens = 3 X 4 (coating systems) X 2 (thickness) X 1 (steel) X
2 (clamping forces) = 48 specimens

Four control specimens were included to provide a base for comparison of
results. They consisted of two blasted specimens and two inorganic zinc
coated specimens. One blasted and one inorganic zinc specimen were
assembled with A325 bolts and the other two with A490 bolts.

Experimental Procedures

Bolt Calibrations. In order to achieve and maintain consistent
clamp loads throughout the test, a number of bolt calibrations were per-
formed. It was determined that the most practical method of achieving
the desired result was to control lot uniformity and to calibrate a
limited number of bolts from each lot. All bolts, both A325 and A490,
were from the same lots, respectively. The calibrations were performed
by using bolt elongations as an indicator of the load. The normal force
of the bolts was determined from a load versus elongation calibration
curve. This method is one of several bolt calibration techniques used
by previous investigators [31,13], and was chosen as the most efficient
method of determining typical behavior of bolts stressed into the inelas-
tic range. The details of the method are given in Chapter 2/

All A325 bolts were calibrated with an A325 load-indicating washer
within the grip length. All A490 bolts were calibrated with a standard
quenched and tempered A325 flat washer under the turned element with an
A490 load-indicating washer at the opposite end. All bolts were machined
flat on each end and were center-drilled with a 1/8 in. (3mm) 60° counter-
sink drill, All bolts were used in their "as received'" condition, i.e.,
no special cleaning was performed nor were any lubricants applied to the
bolts.
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Results of each calibration were plotted on a load versus elonga-
tion curve. The results for each bolt are shown in Figures 56 and 57.
Utilizing the curves developed from three to four tests, from each
respective lot, the behavior of the remainder of the bolts was approxi-
mated. Tightening the bolts beyond their yield point, i.e., on the
"plateau" of their respective load deformation relationships, provided
for a convenient and effective method of duplicating and maintaining the
appropriate clamping force from specimen to specimen. As indicated in
Figures 56 and 57, a specified elongation range was selected for each
respective type of bolt within-which a particular clamping load on the
specimen could be assured. By requiring an elongation of 0,04 in. to
0.05 in. (1 to 1.3 mm) for the A325 bolts, it could be assured within
5 percent that the clamping load on the specimen was 45 kips (200 kN).
Likewise, by requiring 0,03 in. to 0.04 in., (0.8 to 1 mm) for A490 bolts,
it was assured with the same accuracy that each specimen had a clamping
load of 68 kips (303 kN).

Difficulty did occur initially in attempting to predict the behavior
of the A325 bolts. Considerable scatter of the results existed in the
load versus elongation data for these bolts. 1Initially, standard high-
strength A325 nuts were used, but these failed to perform consistently.

In most cases, the nut would strip prior to reaching ultimate capacity
of the bolt. On the other hand, by utilizing a 2H nut this problem was
avoided, thus reducing the scatter and providing more consistent results.
The 2H nuts were used on all the test specimens and in all the calibra-
tion tests.

Load~Indicating Washer Calibration. A brief study of the behavior
of load-indicating washers was performed in order to establish their
value in measuring clamping load on a specified bolt. Two grades were
examined, i.e., those designed for use with A325 bolts and those designed
for use with the A490 bolts.

The testing utilized the "hydraulic bolt" used in the slip test and
described in Chapter 2. This apparatus allowed load to be applied to the
washner with the use of the hydraulic ram, while the applied load was
measured by the load cell.

lLoad stages were in stages up to 45 kips (200 kN) for the A325
washers (pecified clamping load = 39 kips [174 kN]), and in stages to
55 kips (245 kN) for the A490 load-indicating washers (specified clamp-
ing load = 49 kips [218 kN]). Washer gap readings were taken at approxi-
mately the third points around the washer at each load stage, utilizing
a feeler gage capable of reading to 0.001 in. (0.025 mm). Readings were
taken immediately after reaching the prescribed load. The gap was
taken as the average of the three readings. The results were plotted on
a load versus gap curve, and are provided in Figures 58 and 59.
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Figure 56. A325 bolt calibratioms (1 kip = 4,45 kN,
1 in, = 25.4 mm)
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Figure 57. A490 bolt calibrations (1 kip = 4.45 kN,
1 in., = 25.4 mm)
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Figure 58. A325 load-indicating washer calibrations
(1 kip = 4.45 kN, 1 in. = 35.4 mm)
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Figure 59, A490 load-indicating washer calibrations
(1 kip = 4,45 kN, 1 in. = 25.4 mm)
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The manufacturer's gap reading for the minimum specified proof
load is 0.015 in. (0.38mm). This gap reading was assumed to be appro-
priate for our tests, since the 2H nuts used against the washer had an
average hardness of rockwell C27, which is comparable to the hardness
requirements for A325 bolts. From the curves representing the A325
washers, it is apparent that merely relying on this predicted gap read-
ing would not assure that the proof load has been reached, On the other
hand, the A490 washers tested indicated that for a gap of 0.015 in.
(0.38mm), there is some confidence that the designated proof load for
this bolt has been reached. Note the gap scatter bands at minimum proof
loads for each type of washer shown on the two figures. These curves
show representative behavior of a total of seven and eight tests for the
A325 and A490 washers, respectively. These data seem to indicate that
further study of the behavior of load-indicating washers is warranted.
Additionally, it would indicate that by merely reaching the manufactur-
er's predicted gap reading may tend to give a false sense of security
to the user in field applications., Also, it was observed that at all
load stages deformation of the load-indicating washer was not uniform
throughout. For this reason, three readings were taken and the average
of the three was used as the appropriate gap reading. Some of the three
readings varied drastically, leading to the conclusion that if only one
reading is taken, it will not indicate the actual load on the bolt.

It is for the above reasons that the load-indicating washers were
used only as an indicator of the bolt load, and the bolt elongation was
used for the actual determination of the bolt clamping force. It should
be noted that, since the clamping loads were considerably above the
proof load for each bolt, the gap readings in most cases were zero at
the termination of the assembly procedure.

Specimen Fabrication. All specimens were cut from A572 Grade 50
bar stock. Each specimen consisted of three plates from the same bar,
each 7 in. X 4 in. X 5/8 in. (178 mm X 102 mm X 16 mm). The dimensions
were selected to match the width and thickness of the static compression
slip tests run in conjunction with this study of creep behavior, and to
allow the specimens to be connected in series., Compressive static slip
behavior of control specimens was measured to establish the slip load.
Each plate was center-drilled with two 15/16 in. (24mm) diameter holes,
1-1/2 in. (38mm) from each end. The plates were connected with one
high-strength 7/8 in. (22mm) diameter bolt, tightened to a predetermined
elongation and arranged such that other specimens could be connected in
a pinned series simulating a chain. Figure 60 is a schematic of the
chain-type arrangement with the hatched portion designating one specimen.

The specimens were painted using the same procedures used in the
static slip tests. Table 34 gives the average paint thickness of the
of the plates used in each specimen. The second letter of the specimen
designation is the code for the clamping force. The letter "L" specimers
were used with A325 bolts and the letter "H" with A490 bolts. All
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Table 34. Average faying surface coating thickness for creep
specimens (mils)

Inorganic Zinc with Vinyl Topcoat - Normal

Specimen 24BHVKS 25BHVK1 23BHVK4  21BLVK3 22BLVK4 20BLVK?2
Quter Plate 8.7 8.4 11.8 18 9.5 9.5
10.0 9.6 8.2 8.3 9.2 9.5
SENESE TIEEN 9is 9.1 9.0 9.2 9.4 9.6
Outer Plate 8.6 8.2 10.8 9.0 9.2 DD
Inorganic Zinc with Vinyl Topcoat - Thick
Specimen 22BHV3 20BHV1 21BHV2 24BLV6 20BLVY 23BLVS
Quter Plate 13.6 12.1 12.2 11.6 12.9 12.0
y 13.8 14.5 1%1.3 13.2 11.0 Ll
ConEay Fince. C1x 0 14.2 12.6 13.8 12.9 13.5
Outer Plate 12.5 125 12.5 12.4 14.5 12.0
Organic Zinc - Normal
Specimen 21BHZ4 22BHZS5 20BHZ5 22BLZ1 24BLZS8 23BLZ9
Quter Plate 6.6 6.1 7.1 6.8 7.0 6.8
6.0 6.2 5.4 5.9 6.5 6.2
Center Plate ', 7.5 5.9 5.6 7.5 5.9
Quter Plate 6.0 6.0 7.0 S iwh 6.2 8.5
Organic Zinc =~ Thick
Specimen 23BHZK2 24BHZK1 25BHZK3 24BLZK3 20BLZK7 21BLZKS8
Quter Plate 2% 10.8 11.5 7.8 9.2 9.9
6.5 10.4 10.5 8.4 8.9 7.0
CancRE REREN. '3 - 1.8 7.8 8.5 7.4 7.1
Quter Plate 12.6 10.4 11.6 Tk 10.9 11.0
Organic Zinc with Epoxy Topcoat - Normal
Specimen 22BHE10 24BHE9 20BHES8 22BLE9 21BLE7 24BLE10
Outer Plate 9.2 10.4 TS 9.4 6.6 8.2
8.0 10.2 8.9 8.4 8.4 8.2
ERARE Sty S 9.8 9.2 8.5 6.6 8.4
Qucter Plate 8.4 10.5 6.8 9.4 9.0 7.6
Organic Zin cwith Fpoxy Topcoat - Thick
Specimen 21BHEK9 20BHEK4 23BHEK® 21BLEK10 25BLEK2 23BLEK1
Quter Plate 9.5 12.0 1.2 10.5 9.5 9.2
Center Plate 11.2 10.6 11.2 11.4 10.4 10.6
10.0 i % L ¢ 11.8 1%.2 10.8 9.5
Quter Plate 10.5 11.4 10.4 10.6 8.9 10.0
Vinyl Primer - Normal
Specimen 23BHX3  24BHX7 22BHX8 23BLX7 24BLX4 20BLX6
Quter Plate 2.2 2k el 2.6 22 2.2
Lk 2.6 2.7 2.5 23 2
spathe RIaESTY 02 2.4 2.8 2.6 2.4 2.5
OQuter Plate 1.8 2.5 2.7 2.3 202 Sl
Vinyl Primer - Thick
Specimen 21BHXK6 22BHXK6 20BHXK10 20BLXK3 21BLXK5S 22BLXK2
Quter Plate 4.8 4.2 4,3 3.6 4.8 4.3
P 4.4 3.9 3.9 4.4 4.9
Center Flate ' 4 5 4.2 3.6 3.9 3.6 4.5
Outer Plate 3.6 4.2 4.7 4.4 L | s 18 |

(1 mil = 0,001 in, = 0,03 mm)
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specimens with a particular coating system were painted and bolted
together at the same time.

Specimen Assembly, All creep specimens were bolted together in a
double shear, butt splice configuration utilizing a pneumatic impact
wrench. Each bolt with appropriate washers was slipped through the
three plates and brought to a finger-tight position. The specimen was
placed in a specially designed fixture to ease assembly and assure
specimen alignment. The specimens were assembled in full bearing oppo-
site the direction of actual loading, in order to allow the full
1/8 in. (3mm) range of slip. Initial bolt length measurements were
taken. The bolt was then tightened in three to four stages utilizing
turn of the nut to approximate the load and elongation measurements to
check the load. It was determined from the bolt calibration curves
that a clamping load of 68 kips (303 kN) for the A490 bolts could be
attained with good repeatability if elongation ranged from 0.03 in. to
0.04 in., (0.8 to 1 mm). Likewise, a clamping load of 45 kips (200 kN)
for the A325 bolts could be attained if elongations ranged from 0.04 in.
to 0.05 in. (1 to 1.3 mm). The bolt loads were selected for ease of
attainment of the load, such that a small change in elongation should
not appreciably change the load. The specimens were then hung from the
loading frame connected with bolts acting as pins in a chain-type con-
figuration. Each chain consisted of thirteen specimens, all of which
could then be subjected to the same tensile loading. Twelve specimens
were painted with the selected coating, while the thirteenth was used
as a control specimen.

Slip Gages. Two slip gages were welded to each specimen prior to
assembling the chain. These gages consisted of two short pieces of
1/8 in. X 3/4 in. X 3/4 in. (3 mm X 19 mm X 19 mm) angle attached to
each side of the specimen, as shown in Figure 61, One 1/2 in. (13mm)
long angle was tack-welded to the center plate of the specimen.
Another 1-7/8 in. (48mm) long angle was tack-welded to the outer plates.
A small sountersunk hole was drilled in each angle and a 5/32 in. (4mm)
diameter ball bearing was mounted in the hole using epoxy. The gages
were arranged to give positive readings as slip occurred. The gage
length, the distance between measuring points on the ball bearing, was
0.67 in. £0,07 in. (17 mm 2 mm). Measurements were taken using a pre-
cision micrometer capable of reading to 0.0001 in. (0.0025 mm). The
accuracy of these measurements varied slightly, due to improper align-
ment of the micrometer with the ball bearings. This experimental error
was determined to be £0.0004 in. (0.0lmm) from 140 sample measurements
taken on specimens where no slip was occurring. The amount of slip was
taken as the average change of the two gages on each specimen. By
mounting the angles closely together, the effects of elastic joint
elongation were negligible. The welding of these gages did not appear
to affect the paint on the faying surfaces of the plates, as evidenced
by the very small discoloration of the painted outer surfaces.
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Loading Apparatus, A load frame (see Figure 62) was designed and
constructed with two primary objectives in mind: (1) the capacity
should be sufficient to accept a large number of specimens, and allow
for the variable loads to be applied, and (2) the apparatus should be
capable of applying sustain loads over long periods. Provisions were
made to accommodate four chains of specimens, each consisting of thir-
teen specimens. Two of the chains utilized A325 bolted specimens and
two utilized A490 bolted specimens. Each chain was composed of two dif-
ferent coatings each of "normal"” and "thick" paint thickness and one
control specimen. -

The most practical method of applying sustained loads with this
design was with the use of springs, as shown in Figure 62b, These
springs werved to soften the system in order to maintain the load while
small amounts of slippage occurred in the specimens. Each chain was
loaded by four springs (two sets of large springs with smaller nested
springs). Each set of two springs had a spring constant of approximately
14 kips per in. (2.45 kN/mm). This method of load application proved to
be very satisfactory in maintaining the load *280 1lbs (1.25 kN) and pro-
vided the capacity needed to produce loads causing slip to occur. The
springs were contained in a bracket fabricated from C 9 X 20 channel.
Two dial gages capable of reading spring deflection to 0,001 in,

(0.003 mm) were mounted within the bracket, one adjacent to each spring.
A 1-1/4 in. (32 mm) diameter high-strength rod was inserted between the
springs at the center of the bracket. This rod, as well as a similar
rod attached to the top of the load frame, provided a means of applying
tensile load to each chain. Each rod was fitted with a clevis-type
device which was attached to the end specimens of the chain by a loose
bolt. A device was fabricated for the top of the frame through which
the top 1-1/4 in. (32 mm) rod could be suspended (see Figure 63). This
device was designed to provide a means of applying the load to each
chain by utilizing a hydraulic 60-ton ram with a load cell to indicate
the precise load, and to allow the load to be locked in by tightening
the nut shown below the load cell.

The specimens were connected with untightened pin bolts and hung
vertically in the load frame. Once the undesired load on the chain was
attained, the deflection of the springs was noted on the dial gages.
Then the nut at the top of the chain under the load cell and ram was
tightened and the hydraulic ram was unloaded. Any creep that occurred
in the specimens caused a change in the deflection of the springs.

Each specimen chain was monitored such that any slight load reduction
due to creep effects was limited to approximately 0.0l in. (0.25 mm)
change in spring deflection, or about 280 lbs (1.25 kN). Any subsequent
load adjustments were easily attained by inserting the hydraulic ram
and load cell into the system and jacking in the desired load.
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Figure 63.

Top

support for specimen chain and load system
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Load Application and Specimen Deformation
Measurement Procedures

Loading stages were determined by evaluating the static slip coef-
ficient from the basic ompression slip tests under short-term loading
for each particular coating, results of which are tabulated in Table 35
[16]. The arrangement of the particular coatings was also a factor in
determining the load stages. Each specimen chain consisted of twelve
specimens, three with normal and three with thick coatings, of two dif-
ferent coating systems. The clamping force was the same for all speci-
mens in one chain. An attempt was made to match up the coefficient of
slip in order that all specimens of a particular chain would experience
as near as possible the same percentage of their individual static slip
loads at each load stage. Table 36 shows the arrangement of the speci-
mens in the load chains. It was decided to apply load to each chain in
several load stages, with the final load being that load which approxi-
mates a service load condition experienced in an actual structure. The
specimens were closely monitored at each stage to establish if any
creep behavior was taking place. The service load condition was estab-
lished using the following relationship:

= 2
Pu MmN (2)
Ps = Pu/1.5 = 67% Pu (3)
where Pu = glip load
Ps = gervice load
M = static slip coefficient measured in the control specimens
m = pnumber of slip planes = 2
N = normal force
1.5 = Factor of Safety against slip

The slip, service, and the allowable load, as specified in Ref. 30, are
given in Table 37 for each coating system.

Load was applied to each chain of specimens as discussed previously.
The level of loading stages was decided upon prior to load applicationm,
subject to revision in the event any creep behavior was detected. Once
the particular load stage was reached, measurements were taken immedi-
ately on.the slip gages with the precision micrometer, as shown in
Figure 64. This was done in order to detect any instantaneous slip
behavior. An additional reading was taken on each specimen after
approximately 1 hr at the individual load stage. If no movement was
detected, i.e., less than 0,0004 in. (0.012 mm) deformation experienced,
the load was increased an additional increment and the procedure above
was repeated. However, if movement was detected after 1 hr interval,
the load remained at this level and slip was monitored frequently during
the first week to ten days, and thereafter at less frequent intervals
until no further slip was detected or the specimen had slipped "into
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Table 35. Slip coefficients for short-term loading
Normal Thick
Costing Systan Thickness U Thickness H
(mils) (mils)
Inorganic Zinc w/Vinyl Topcoat 7.9/2.8 0.383 11.3/2.6 0.446
: 7.4/2.4 0.391 11.8/2.8 0.405
S0 ey & 0k 7.2/2.6 0.456 11.8/1.7 0.487
’ g ] ' 7.5/2.7 0.444 12.5/2.0 0.418
Organic Zinc 6.0 0.560 1.7 0.582
DD 0.578 8.0 0.563
MRS G aP . 6.1  0.573 8.0  0.516
= 2 : 6.0 0.530 53 0.503
Vinyl Primer 2.7 0.196 3.8 0.211
2.6 0.192 .4 0.219
v M A 2.3 0.197 3.8 0.221
. B = 23 0.177 4.3 0.215
2.4 0.170 3.7 0.210
4.0 0.201
Organic Zinc w/Epoxy Topcoat 4.8/3.2 0.265 7.6/2.3 0.277
’ 5.1/3.2 0.289 9.5/2.5 0.317
o R i MW 4.8/3.5 0.281 8.3/3.5 0.218
$ NEEAY S 5.2/2.6 0.282 8.3/2.4  0.284
4,9/2.9 0.265 9.2/2.3 0.261
4.9/2.7 0.219 8.4/3.4 0.266
Grade 50 Blasted
Mean: 0.540
Std. Dev.: 0.07
No. of Tests: 36
—_— == ===
(1 mil = 0,001 in, = 0.03 mm)
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Table 36. Creep specimen test arrangement
=Load Chain Bolt 4 Clamping N )
No. Type Yorcs (kips) Painting Systems
1 A490 68 1) Organic zinc
2) Inorganic zinc with vinyl
topcoat
2 A325 45 1) Organic zinc
- 2) Inorganic zinc with vinyl
topcoat
3 A325 45 1) Organic zinc with epoxy
topcoat
2) Vinyl primer
4 A490 68 1) Organic zinc with epoxy
topcoat
2) Vinyl primer

(1 kip = 4.45 kN)

Table 37. Slip, service, and allowable loads
—_—————
e Ave. S1ip A325 Boltl A490 Bolt>
e Coeff. Slip Service Allow.3 Slip Service Allow,-
(kips) (kips) (kips) (kips) (kips)  (kips)
Inorganic
w/ Vinyl 0.429 38.6 280 58.3 38.9
Topcoat
Organic 0.550 49.5 33.0 25.2 7.8 49 31.3
Zinc
Viayl 0.201 18.1  12.1 27.3 18.2
Primer
Organic
2ine w/ 4 5eq 2.2 16.1 36.6 2.4
Epoxy
Topcoat
(1 kip = 4.45 kN)
1A325 clamping force = 45 kips

2
“A490 clamping force = 68 kips

3

RCRBSJ Ref,

30
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Figure 64. Precision micrometer measuring
creep deformation

bearing'”. Once all noticeable slip had ceased, the load on a specific
chain was increased again to a further load stage repeating the above-
described procedures until the specimens either slipped into bearing or
reached the prescribed service load condition. The specimens then
remained at the service load condition indefinitely to determine if
significant slip was occurring in any of the four coating systems.

Bolt elongation measurements were periodically made throughout the
entire test to detect any effect of the coating, slip deformation, or
other factors on the clamping load of the bolts. This measurement was
accomplished using the same C-frame mounted dial gage that was used for
the bolt calibration task described previously.

Creep Test Results

The four chains comprising the creep experiment were loaded for
over one year. During this time the reading of the deformation of the
specimens was taken periodically, Early evaluation of the data revealed
that the rate of deformation decreased with time. Therefore, the fre-
quency of reading could be decreased with time without the loss of sig-
nificant information. Whenever the load of a chain was increased, the
readings were taken on an hourly, then a daily, then a weekly, and
finally a monthly basis. Table 38 summarizes the data for the four load
chains., The blasted and inorganic control specimens contained in the
chains did not exhibit any significant deformation during the duration
of all the tests. The accuracy of the creep deformation reading is
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Table 38. Summary of average total creep deformations

Time at 1 Deformation (mils)
Chain N Load Load b 8 Organic Zinc _P_Inorg. Zn w/Vinyl
e °'(kips) (hours) Ps Normal Thick PS Normal Thick
EL.5 1106 0,23 0.6 1.0 0.30 66.0 66.0
3408

1 25.8 2204 0.52 0.1 0.5 0.66 50.3 42.7

40.8 5064 0.8 ¢ A5 1.4 105 - we --
20.0 139 0.61 0.5 <0.4 0.78 101.4 79.9

2981
2 25.8 2162 0.78 0.6 2.6 1.00 37.9 47.5
27.0 5349 0. 82 <0.4 <0.4 1.05 - -
Org.Zn w/Epoxy Vinyl Primer

5.0 1103 0.31 <0.4 <34 0.41 0.8 4.8

10,0 1464 0.62 <0.4 0.4 0.83 3.9 20.1

3

10.4 4721 0.65 <0.4 <0.4 0.8 <.4 0.5
16,2 2811 1.01 47.6 ek 2 L3 113 49,0
5.0 1104 0.20 <0.4 <0.4 0.27 <0.4 2.4

10.0 1633 0,41 <0.4 0.6 0.55 1.6 8.5

4

15,7 4557 0.64 <0.4 <0.4 0,86 0.7 28.2

24.4 2042 1.00 81.5 68.1 1.3& B82.5 48.4

———
(1 mil = 0,001 in. = 0.03 mm, 1 kip = 4.45 kN)

1Applied load divided by service load.
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0.4 mils (0,01 mm). The deformation in mils listed is the average
deformation during the load stage of the three replicates for each
condition.

The vinyl coatings, the primer and the topcoat, both eshibited
large creep deformations at relatively low loads. The vinyl coatings
showed a true creep behavior in the sense that the deformation occurred
slowly with time with the rate of deformation decreasing with time.
Figures 65 through 68 show the deformation of the inorganic zinc with
vinyl topcoat for the first two load stages of Chains 1 and 2. All
joints were essentially into bearing after the first load stage. Very
little additional deformation occurred in the second load stage for
these specimens. No further data were recorded for these specimens
after approximately 2200 hrs of the second load stage.

Comparison of the data shown in Figures 65 and 66 indicates that
the thicker coating crept at a faster rate. A deformation of 5 mils
(0.1lmm) occurred in the thick specimens after 1 hr of loading, while
the normal coating reached this deformation after 10 to 20 hrs. The
specimens in Chain 2, Figures 67 and 68, show a much faster creep rate.
The ratio of the applied load to the service load, P_, (P_, =
slip load/1.5) is much higher for these specimens. - The specimens
in Chain 2 reached 5 mils of deformation almost immediately. The ini-
tial deformation rate for these higher loaded specimens is approximately
10 mils/hr. The rapid creep deformation of these specimens at loads
much lower than maximum service levels based on their short-term static
behavior was not expected. This same system had given very good results
in the slip tests.

The experience of rapid creep with the vinyl topcoat led to the
application of low initial loads to Chains 3 and 4. A load of 5 kips
(22.3 kN) was applied initially to both chains. This was done to exam-
ine the creep behavior of the vinyl primer at low loads. This would
allow investigation of the influence of paint thickness and clamping
force upon the creep behavior to be examined before the bolts were in
bearing. Figures 69 through 72 show the behavior of the vinyl primer
specimens for an applied load of 5 kips. The normal thickness specimens
in both chains exhibited very little deformation. The thicker coatings
showed considerably more deformation. The total average deformation
given in Table 38 for the thicker specimens was 4.8 and 2.4 mils (0.12mm
and 0.06mm), respectively, for Chains 3 and 4. These observations, along
with data for the next load stage of 10 kips (45 kN) confirmed that the
rate of creep deformation was greater for the specimens with the thicker
coating. The larger deformation which occurred in the specimens of
Chain 3, which was assembled with the lower clamping force A325 bolts,
indicated that the creep deformation rate was a function of the ratio of
the applied load to the clamping force. This ratio is proportioned to
the applied load divided by either the slip or service load. The ratio
of slip (22.3 kN) applied load to service load was 0.41 and 0.27 for
Chains 3 and 4, respectively. The total creep deformation was 4.8 and
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Figure 65. Inorganic zinc with vinyl topcoat (normal), Chain #1
(1 in, = 25.4 mm, 1 kip = 4,45 kN)
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Figure 66. Inorganic zine with vinyl topcoat (thick), Chain #1
(1 in. = 25.4 mm, 1 kip = 4.45 kN)
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Figure 68, Inorganic zinc with vinyl topcoat (thick), Chain #2

(1 in., = 25.4 in., 1 kip = 4.45 kN)
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Figure 67. Inorganic zinc with vinyl topcoat (normal), Chain #2
(1 in, = 25.4, 1 kip = 4,45 kN)
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Figure 70. Vinyl primer (thick), Chain #3
(1 in, = 25.4 mm, 1 kip = 4.45 kN)
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2.4 mils (0.12 and 0.06 mm) for the thick coating specimens of these
chains. This indicates almost a linear relationship between the load
ratio and creep deformation. The 10 kip (44.5 kN) load stage data given
Table 38 shows the same linear relationship.

The organic zinc specimens in Chains 1 and 2 exhibited very little
deformation during the creep tests, The thicker coating specimens
exhibited the largest deformations. The load on the organic zinc speci-
mens in the final load stage were determined using the values of service
level loads for A325 and A490 bolts with organic zinc paint calculated
from the factorial experiment short-term slip tests performed at the
same time.of the creep tests. These tests indicated a mean slip coeffi-
cient of 0.45, which was used to redefine the service load level. The
load levels are above the current specification values [30]. Figure 73
shows the creep deformation of two replicate specimens with thick coat-
ing of Chain 2 at a load level of 25.8 kips (115 kN). The gradual
deformation of the specimens is seen. The third replicate exhibited
erratic deformation readings. The total deformation of the third speci-
men was similar, 2.1 mils (0.05 mm). The behavior of the organic zinc
was similar to the vinyl paints in that the rate of creep deformation
decreased with time. The amount of deformation occurring in the speci-
mens after 1000 hrs of testing was less than 0.5 mils (0.001 mm).

A general trend of decreasing creep rate for the vinyl and organic
zinc coating is evident in the data presented in Table 38. The organic
zinc specimens in Chain 2 and vinyl primer specimens in Chain 3 exhib-

ited negligible deformations in the 27 kip (120 kN) and 10.4 kip (46.3 kn)

loads, respectively. These loads were sustained for approximately 5000

hrs. They were preceded by slightly lower loads between 1464 to 2981 hrs.

It is evident that the significant portion of the creep deformation
occurred during the initial lower loading and little deformation occurred
at the slightly higher loads.

In Ref. 23, the authors assumed the creep rate was constant. They
measured the creep deformation after 1000 hrs and calculated a creep
rate using the total deformation divided by 1000 hrs. This type of cal-
culation for example would imply that the information for the normal
vinyl primer in Chain 3 at load of 10.4 kips (46.3 kN) (see Table 38)
would be 12,6 mils (0.32 mm), The actual measured value was less than
0.4 mils (0.01 mm). Extrapolating an assumed constant creep rate for a
service life of a structure, 50 years or more, would be extremely inaccu-
rate. In all the creep tests performed in this investigation, negligible
creep occurred after 1000 hrs of testing.

An anomaly in the behavior of the organic zine paint creep behavior
was found from an experiment of the creep behavior of A588 steel [36].
A single organic zinc specimen was included in this outdoor test. The
results are shown in Figure 74. The bolt stress of 12.5 ksi (86.1 MPa)
corresponds to an applied load of 15 kips (67 kN). The specimen had a
creep deformation of 20 mils (0.51 mm) after 200 hrs. This result did
not correlate with the results of organic zinc just discussed. The
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paint used was from the same manufacturer but from a different can. The
specimen was tested outdoors. Possibly the higher temperature of the
specimen may be responsible for the rapid creep at such a low load.
While a single test result is not sufficient to develop broad recom-
mendations or conclusions, it cannot be dismissed. Further creep tests
should be conducted on specimens exposed to ambient conditions with
organic zinec. In the meantime, organic zinc paint should be used with
caution on the surfaces of connections with significant sustained loads.

The specimens in Chains 3_and 4 did not exhibit a creep-like defor-
mation behavior. These specimens exhibited a sudden deformation which
occurred normally within hours of an adjustment in the load in the
chains. These adjustments were made when the load level was changed or
when the load dropped below the desired level due to deformation of the
specimens. The sudden deformation that occurred in the epoxy specimens
produced an audible bang in the setup. The deformations occurred in the
last load stages when the specimens were at their service loads. As
shown in Table 38, prior to this last load stage no significant deforma-
tion occurred in the epoxy specimens.

Summary of Creep Test Results

The creep tests of the vinyl paints, vinyl primer and topcoat,
indicate that before a coating system can be approved for use on fric-
tion joints, its creep characteristics must be determined. These vinyl
paints exhibited good behavior in the static short-term slip tests.

Their rapid creep behavior make them unusable for connections subjected
to sustained loading. Because ot their poor creep behavior, these coat-
ings were not included in the fatigue tests described in the next chapter.
The epoxy topcoat did not exhibit a steady creep behavior. The deforma-
tions were sudden but no less undesirable.

In general, the vinyls and organic zinc coatings exhibited the
following characteristics in the creep tests:

(1) Thicker coating showed more rapid and larger creep deformations.

(2) The rate of creep decreased with time and was negligible after
1000 hours of loading.

(3) The rate of creep increased with the ratio of the applied load
to the static slip load of the joint.

Based on the results of this research, a tentative specification
for the creep testing of coatings is given in the Appendix. Provisions
are given for determining the allowable load of a coating based on a
1000 hr creep test. The anomalous behavior of the single outdoor organic
zinc creep specimen indicates that creep testing at a temperature equal
to the actual temperature of the steel in service may be necessary.
Further research to determine the influence of temperature upon creep
is needed to determine whether this is required.
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It should be noted that Dusel, et al [42], in their study of
organic zinc and vinyl coatings, concluded that creep tests must be per-
formed to determine the suitability of a coating for friction connec-
tions. They recommend a creep test for 100 hrs and imply that this be
performed above service load levels. They propose a 5 mil (0.15 mm)
deformation the same as used in the test method proposed in the Appendix.

Bolt Relaxation Results

The bolt elongation of the bolts used in the creep test specimens
was monitored during the creep tests. The "C" frame used to measure the
bolt elongation during installation was used in conjunction with two
gage bolts. The two gage bolts, one A490 and one A325, were used to
compensate for thermal expansion of the bolts and changes in the settings
of the dial gage on the "C" frame. A gage bolt reading was taken before
the measurement of the corresponding specimen bolts was made. The dif-
ference between the specimen bolt and gage bolt reading was compared
with the previous readings. A decrease in the difference between two
readings represents a shortening of the bolt. Assuming an elastic
unloading of the bolt, the shortening implies a loss of bolt tension.

A loss in bolt tension can be caused by a relaxation in the bolt,
relaxation being defined as a loss in load at constant deformation, or
by compression creep, deformation under constant force, of the coating
under the washers on the outside of the specimen and on the faying sur-
faces of the specimen. Since both creep and relaxation are limiting
conditions and by definition cannot occur simultaneously, the bolt
elongation values measured cannot be strictly be interpreted as either
phenomenom.

Table 39 gives a summary of the bolt elongation measurements.
The accuracy of the results is estimated as 0.4 mils (0.01 mils). The
A325 gage bolt was damaged during the test program. The results of the
lower clamping force, 45 kips (200 kN), were continued for the duration
of the test. However, examination of the data indicated that only data
up to the time shown was valid. Consequently, the time duration for the
A490 bolts is three times that for the A325 bolts. The data in Table 39
indicates two general trends. The amount of bolt relaxation was larger
for thick coatings and for higher clamping force (A490 bolts). The dif-
ference in total time complicates the observations related to high
clamping force and there are a few data that do not support both of
these factors. The inorganic zinc and blasted control specimens
showed negligible relaxation, less than 0.7 mils (0.02 mm), indicating
that the measured shortening is due to compressive creep of the paint.

Figures 75 and 76 show the average bolt relaxation of the repli-
cate specimens in each chain. The effect of clamping force is unclear
for the results of Chain 3 and Chain 4 (Figure 76), vinyl primer and
organic zinc with epoxy topcoat. The results in Figure 75 for Chains 1
and 2, inorganic zinc with vinyl and organic zinc, show a larger bolt
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Figure 76, Average bolt shortening~-vinyl primer and organic zinc with epoxy topcoat
(1 mil = 0,001 in. = 0,03 mm)




Table 39. Average bolt shortening* of creep specimens

Coating 45 kips 68 kips
Thickness Shortening Time  Shortening Time
(mils) (hrs. ) (mils) (hrs.)

Paint System

Organic Zinc ;‘:‘;‘:‘:1 L 2850 s 8600
el TR b T e e
gt Zae ish Mol LT g 40
Vinyl Primer 2{:;‘:’21 g:g 2720 2§ 7400

(1 mil = 0.001 in, = 0,03 mm, 1 kip = 4.45 kN)
*Estimated accuracy *0.4 mils.

deformation with the higher clamping force after 1000 hrs. The differ-
ence, however, is not larger.

The bolt shortening measured indicated a substantial loss in
clamping force if the bolt is assumed to unload elastically. Examina-
tion of the bolt calibration curves, Figures 56 and 57, indicates that
the elastic loading curves have a slope of about 5 kips/mil (876 kN/mm).
The 3 to 5 mil (0.08 to 0.13 mm) shortening, when multiplied by this
slope, corresponds to a 15 to 25 kip (67 to 112 kN) reduction in clamp-
ing force. This type of calculation neglects bolt force relaxation,
which would increase the loss and assumes the bolt unloads elastically.

In order to determine the relationship between the bolt shortening

measured and the loss in clamping force in the bolt, a series of separ-
ate experiments was performed. Plates, 4 X 4 X 5/8 in. (102 X 102 X

16 mm) were painted on one side with a phenoxy-based organic zinc. The
specimens were assembled as shown in Figure 77. Specimen Type 1 had a
hardened washee between the painted surfaces to simulate the condition
under the washers which occurred on the outer surfaces of the creep
specimens., Specimen Types 2 and 3 had no hardened washer. These speci-
mens were used to determine the condition on the faying surfaces of the
creep specimens. Specimen 3 had a vinyl topcoat on the organic zinc.
The force washer under the bolt head provided a bolt load indication
separate of the bolt elongation. The force washer is a 1/2 bridge
strain gage transducer designed to measure bolt forces. The units used
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Figure 77. Bolt force reduction specimen
(1 in. = 25.4 mm)

were individually calibrated. The washers were found to have a calibra-
tion significantly different from the manufacturers' calibration. The
specimens were assembled using a pneumatic wrench. The specimens were
stored in an air conditioned room for 50 days. Bolt elongation readings
and force washer readings were taken periodically.

The results of the bolt force losses as determined by the force
washers is given in Table 40. The percent loss in clamping force is
similar for all specimens, about 6 percent. The majority of the loss
for Specimens Type 2 and 3 occurred in the first 50 hrs. Specimen
Type 1 showed approximately equal losses before and after 50 hrs. Fig-
ure 78 shows the results of Specimen 2-1 and also the losses based on
bolt elongation. The relationship between bolt elongation and bolt
force was determined by cycling bolts in the bolt calibration. The

Table 40. Compression creep tests

Average -
« Lo i
Specimen Specimen Coating A 8§ 2% Claging. Forcs
Type Mo} ey 1200 hrs. 50 to 1200 hrs.
(mils)
1 1-1 6.0 6.4 1.1
(Washer) 1-2 5.8 553 2.8
2 2-1 6.2 6.0 1.5
2-2 5.9 6.5 0.7
2-3 5.8 5.0 1.8
3 3-1 5.6+1.2 4.6 2.4
(Vinyl Topcoat)3-2 6.0+1.3 5.9 |

(1 mil = 0.001 in, = 0.03 mm)
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Figure 78, Specimen 2-1 bolt relaxation

results are shown in Figure 79. The cycling of the bolts was done by
varying the hydraulic pressure in the calibrator with a hand pump. The
results indicate the specimen unloaded in a linear elastic fashion with
a slope of 6.1 kips/mil (1079 kN/mm) equal to the initial loading slope.
The load calculated from the bolt shortening follows the trend of the
force washer data but is very erratic. The erratic behavior is attrib-
utable to the experimental error in the bolt elongation measurements,
The other specimens exhibited similar behavior and in general the loss
in clamping force was overestimated, bolt force underestimated, by the
bolt elongation measurements.

Post Creep Slip Tests

Tensile slip tests were performed on the creep test specimens.
The results of the tests are given in Table 4l. All specimens except
the inorganic zinc with vinyl topcoat specimens were in full bearing,
The measured creep deformation exceeded 0.10 in. (2.5 mm) in these
specimens. Since the maximum slip deformation due to the hole
clearances is 0,125 in. (3.2 mm), the specimens were judged to be in
bearing. Visual observation of the specimens after disassembly con-
firmed the bolts were bearing against the holes.

The calculated slip loads based on the slip coefficient measured
in the control tests and initial clamping force. Examination of the
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Table 4l. Post creep slip test results
(1 mil = 0,001 = 0.03 mm, 1 kip = 4.45 kN)

Initial Average Measured Calculated¥
Coating ; Clamping Coating Slip Slip Meas.
(Slip SpecInen Force  Thickness Load Load Calc.
Coeff.) (kips) (mils) (kips) (kips)
22BHZS 68 6.4 54.5 74,8 0.73
21BHZ4 6.4 58.7 0.78
20BHZ5 = 6.4 ' 58.7 0.78
25LHZK3 10, 8 63,2 0. 84
23BHZK2 10.3 59.4 0.79
Organic 24BHZK1 \ Nt 553 v 0.74
(Zi:‘"'o 55y 23BLZ9 45 6.9 48,1 49,5 0.97
M 24BLZ8 6.8 50. 1 1.01
22BLZ1 5.9 22,1 1.05
24BLZK3 L 47.9 0.97
20BLZK7 2.1 49,7 1.00
21BLZKS8 L J 8.8 49.1 v 0.99
24BHE9 68 10.2 44, 9%%  36.6 1.23
22BHEL0 8.1 43, 8%* ' 1.20
20BHES 8.4 38, 9%* 1.06
Organic 21BHEK9 11.2 45, 6%% 135
Zinc with 23BHEK6 103 42, 3%% 1.16
Epoxy 24BHEK4 v 11.3 44, 5%% v 1.22
'fzpfgfzn 21BLE7 45 7.6 29.2%% 24,2 1.21
22BLE9 8.9 22, 5%* 0.93
24BLE10Q 8.1 21,1 0. 87
21BLEK10 10.9 18.9 0.78
23BLEK1 9.9 No data¥*¥* -
22BLEK2 v 9.8 18.4 v 0.76
23BHX3 68 2.1 50.1%% 27.3 1.83
22BHXS8 2 51, 7%* 1. 89
24BHX7 2.4 31, 5%% 1,15
21 BHXK6 4,1 52, 8%%* 1.93
20BHXK10 4.1 41, 8%* " 353
Vinyl 22BHXK6 . 4,2 52, 1%% v 1,91
fﬂi‘je;.zo) 20BLX6 45 2.4 28, 1%%  18.1 1.55
23BLX7 2.5 30,3%* 1.67
24BLX4 2.4 31, 7** 1.75
21BLXKS 3.9 36, 4%% 1.90
20BLXK3 4.0 25.3%% 1.40
22BLXK2 v 4,7 35.5%* J! 1.96

*Calculated slip load = initial clamping force X slip coefficient X 2.
**Creep deformation greater than 50 mils.
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test results and inspection of the disassembled specimens revealed that
a majority of the specimens were in either partial bearing or full bear-
ing. Partial bearing occurs when the inner plate is bearing on the bolt.
Further deformation requires that the bolt move relative to the outer
plates. The two washer outer surface interfaces become additional slip
planes, increasing the load required for further slip. Partial bearing
occurs when the creep deformation exceeded 0.05 in. (1.3 mm). The
specimens in either partial or full bearing are noted in Table 41, All
of the organic zinc and three organic zinc with epoxy topcoat specimens
were not in bearing. The remainder of the specimens judged to be in
bearing had slip loads which exceeded the calculated slip loads. These
higher figures are due to the bearing condition of the specimens. The
only exception was Specimen 22BLE9, which had a slip load slightly below
the calculated figure.

Four compression slip control specimens were painted along with
the creep specimens for each coating and tested after completion of the
creep test. These tests were done to determine the influence of time
upon the slip coefficient. Unfortunately, the control specimens for
the vinyl primer and inorganic zinc with a vinyl topcoat were lost in
the 1-1/2 year period of storage. The tests of the organic zinc speci-
mens gave a mean slip coefficient of 0.67 higher than the value of 0.55
measured in the control tests performed at the start of the creep tests,
Table 35. The organic zinc with epoxy topccat specimen gave a slip
coefficient of 0.28, almost identical to the initial value of 0.27. The
increase in the slip coefficient for the organic zinc follows the trend
established in Chapter 3. These tests established that the slip coeffi-
cient increases with time in specimens left unbolted, but to a very
limited extent after the specimens are bolted together. Such a large
increase would not be expected in the bolted creep specimens.

The organic zinc specimen results were examined to determine
whether the measured slip load could be correlated with the bolt short-
ening measured during the creep tests. Table 42 shows the results of
that examination. The specimens shown all had A490 bolts installed.

The slip load estimated using the bolt force estimated from the bolt
shortening data is in good agreement with the measured slip loads. The
average difference is 1 percent, with a scatter of plus 12 percent and
minus 16 percent. The good agreement between the measured slip load and
the slip load calculated using the bolt shortening data was encouraging
until the A325 bolted specimens of the same coating were examined. The
results for the organic zinc specimens with A325 bolts installed, clamp-
ing force = 45 kips (200 kN), shown in Table4l, indicated almost perfect
agreement between the measured slip load and the slip load calculated
using the initial clamping force. The measured bolt shortening in these
specimens was essentially the same as the A490 bolted specimens. Conse-
quently, in the A325 bolted specimens, the measured bolt shortening does
appear to be an indication of a reduction of the clamping force. Similar
results are reported in Ref. 42; a larger reduction in slip load was
noted for bolts with larger clamping forces.
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Table 42. Analysis of Chain #1 organic zinc post creep slip tests

= _—
Average Bolt Estimated Estimated Measured
s - Coating Bfoctants Bolt Slip Slip Estimated
PECIMEN Thickness (mils) 8 Forcel Load? Load Measured
(mils) (kips) (kips) (kips)
22BHZ5 6.4 3.0 53.0 58.3 54.5 1.07
21BHZ4 6.4 1.6 60.0 66.0 58.7 gty &
20BHZS5 6.4 2.4 56.0 61.6 58.7 1.05
23BHZK-3 10.8 4.0 48.0 52.8 63.2 0.84
23BHZK-2 10.3 3.4 51.0 56.1 59.4 0.9
24BHZK-1 9.7 3.5 50.5 55.6 55.3 1.01
Average 33,7 58.4 58.3 1.01

b
(1 mil = 0.001 in. = 0.03 mm, 1 kip = 4.45 kN)

1Bolt force = 68 kips - S5k/mil X shortening
zEstimated slip load = estimated bolt force X 2 X 0.55.

Conclusions of Bolt Shortening and
Post Creep Test Results

The loss of tension implied by the bolt shortening measurement is
of concern in setting the allowable loads of friction connections. A
loss in clamping force causes a proportional loss of friction capacity.
Previous tests have shown that a rapid bolt tension reduction occurs
immediately after tightening [15]. This rapid drop in tension normally
occurs before the reading of a manual bolt calibration device. This
reduction {s consequently already incorporated into the bolt calibration
curves, The measured bolt shortening and the loss of clamping force
measured directly in the force washer experiments occurs over a longer
period of time. 1In both the bolt shortening measured in the creep
experiments and force washer measurement data, the reduction in bolt
force occurred at a much slower rate and these rates correlated with one
another. The majority occurred within 50 hours after tightening.
Baldwin [6]) has reported similar bolt force reductions in joints with
painted surfaces. His results indicate even larger bolt force reduc-
tions than measured in the force washer experiments.

The correlation of the post creep slip tests of organic zinc with
A490 bolt specimens to slip loads calculated from reduced clamping forces
calculated from the bolt shortening measurements indicate that the bolt
shortening measurements are a valid means of calculating bolt force
reductions. The lack of correlation of the A325 bolted specimens with
the same coating indicate that for these specimens the measured bolt
shortening did not result in a reduction of bolt force. However, both
Baldwin's [6] and the present force washer experiments indicate that a
reduction of clamping force occurs due to compressive creep of the paint
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both on the faying surface and under the bolt and nut or washer. The
conflict in the conclusions from the data cannot be resolved. It does
appear that in some coatings under high clamping forces a significant
reduction in bolt clamping force can occur.

The proposed creep test method given in the Appendix addresses
this problem by requiring the specimens be tested with A490 bolts and a
slip test performed after completion of the creep test. The allowable
load is to be determined based on the smaller load which produced no
significant creep deformation (0.005 in. [0.13 mm] after 1000 hrs), the
static short-term slip load, or the slip load measured after the creep
test on the creep specimens. The latter requirement will, along with
the requirements for a thick coating and A490 bolts, account for any
loss in the clamping force upon the allowable load.

Additionally, consideration should be given to increasing the
minimum installation tension required to 10 percent above the present
values. The turn-of-the-nut method will normally give tension in
excess of this value when the bolt assembly is in good condition [13].
I Newer bolt tensioning methods such as load indicator washers and torque

tension twist-off bolts can be calibrated to give any bolt tension
value. Many times the manufacturers are setting these bolt tensions to
the minimum bolt tension value specified. Setting the bolt tension to
I 10 percent above the minimum value will negate the reduction of clamping
force due to compressive creep of the coating and also account for
scatter in bolt clamping force. A similar approach is used in the
l Japanese specifications.
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5. FATIGUE STUDY OF COATED BOLTED JOINTS

Specimen Design and Testing Program

Fatigue tests were prefaced on specimens coated with organic zinc,
organic zinc with an epoxy topcoat, and inorganic zinc. Vinyl base
paints were not included in the fatigue tests due to their poor creep
performance. In addition, a set of uncoated blast-cleaned specimens
were included in the experiment design to allow direct comparison of
the behavior of coated with uncoated specimens.

The object of the tests was to determine the influence of type of
coating