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CHAPTER 1
INTRODUCTION
1.1.  Overview of the Study

The use of cold-formed steel structures in the construction industry has grown
rapidly. Durability, strength, material consistency, and ecological concerns are some of
the reasons given for the increasing applications of cold-formed steel in the market. The
bolted connections method is one important type of joining steel sheets in any structure.
Many research projects in the past experimentally investigated bolted connections with
and without washers for standard holes. Accordingly, remarkable results were achieved
and used by designers. However, bolted connections using oversized and short slotted
holes without washers have not been fully studied.

Preliminary experimental results show that failures, such as shearing of the
sheet, bearing or piling up of material in front of the bolt, and tearing of the sheet in the
net section, usually occur in the cold-formed steel bolted connections. Figure (1.1)

illustrates the first three types of failure modes.

A2V A M

a) Longitudinal shear failure of sheet b) Bearing failure of sheet c) Tensile failure of sheet

Figure 1.1 The first three types of failures of bolted connections.
(Zadanfarrokh & Bryan 1992)

The current North American Specification for the Design of Cold-Formed Steel
Structural Members (NASPEC 2007) provides design provisions for those three types of

failure respectively. The dimensions of the perforations, either holes or short slots, and



the use of washers are listed in the NASPEC 2007 standard (Yu 1982). The dimensions
of the hole together with the use of washers may significantly influence the first three
types of failures. The NASPEC (2007) requires that “washers or backup plates should
be used over oversized or short-slotted holes in an outer ply unless suitable
performance is demonstrated by tests.” This research investigated the two failure
modes of the cold-formed steel bolted connections without washers for oversized and
short slotted holes.

The experimental study examined the shear and the bearing failures of the
sheets. The test matrices were designed to include a wide range of connection
configurations including (1) the sheet thickness varying from 30 mil to 118 mil; (2) the
connection type — single and double shear; (3) the number of bolts — single and double
bolts; (4) the bolt type — ASTM 307 and ASTM 325; (5) the material ductility in sheets -
low and high; (6) the diameter of the bolt — 1/4 in. and 1/2 in.

Eventually, the test results are to be compared with those of other studies and with the
current NASPEC design provisions for connections with non-washer and standard

holes. New design provision was developed to account for the combined effect of non-
washer and oversized/short slotted hole to the strength of the cold-formed steel bolted

connections.

1.2. Motivation
The cold-formed steel sheet bolted connections in oversized and short slotted
holes without washers have not been fully studied yet. The current NASPEC

specifications do not include provisions for such configurations. Nevertheless, those



types of connections may significantly improve the construction efficiency if the desired
strength can be achieved. This research intensively investigated the behavior and
strength of bolted connections without washers on oversized holes and short slots.
These types of connections configurations are still under development and need further
studies. Not much work has been done regarding the structural performance of bolted
connections between cold-formed steel sheets of single and double shear, without
washer, on oversized and short slotted holes.

Most studies on the cold-formed steel sheet bolted connections considered only
the configurations with standard holes. Testing and analysis of the cold-formed steel
sheet bolted connections of single and double shear, without washer, on oversized and

short slotted holes is an important and rich subject in the construction business.

1.3. Literature Review

The use of cold formed sections in structures has been rapidly growing. The
emphasis on the heavy use of cold-formed steel in the market is due to its durability,
strength, material consistency, and ecological concerns. There is a necessity of reliable
design provisions that improve and support the use of cold formed steel over different
types of constructions in the market.

In construction, connections are an important aspect due to the fact that
structural behavior is determined to some extent by the performance of the connections
(Zadanfarrokh & Bryan 1992). There are many types of fastenings between structural
members. In cold formed steel sections, the bolted connection is one of the most

common connections used in practice (Zadanfarrokh & Bryan 1992). Studying the



behavior of bolted connections for standard holes with washers between cold-formed
steel sections is crucial in order to simulate the real behavior of bolted joints and
facilitate the cold-formed steel structures to be economically considered in design
(Zadanfarrokh & Bryan 1992).

In the 1940s, four major types of failure were observed by George Winter and
later by a number of researchers. These four types of failures have formed the basis for
the current provision of design equations in different codes of practice (Zadanfarrokh &
Bryan 1992, Winter, G. 1956). The researchers had observed distinct types of failures.
The first type of failure they identified was type I, the Longitudinal Shear Failure of
Sheet, which occurred for short edge distances and along two parallel planes (Winter,
G. 1956). The second type of failure, type Il, the bearing failure of sheet, occurred for
long edge distance and along two different inclined planes with observable “pilling-up” of
the sheet in front of the bolt (Winter, G. 1956). The third failure, type I, the tensile
failure in net section of sheets, occurred when strength of the bolted connection is
greater than the ultimate strength of the net section (Zadanfarrokh & Bryan 1992,
Winter, G. 1956). The last mode of failure, type 1V, the shear failure of bolt, occurred
when the bearing strength of the joined sheets exceeds the shear strength of the bolt
(Zadanfarrokh & Bryan 1992, Winter, G. 1956).

However, previous researchers indicate a number of specimens failed in a
combined mode. When investigating the behavior of bolted connection for standard
holes with washers, and sheets subjected to tension, the tension force was conveyed
through the bolts until a slip load was reached. The tension force was carried by

bearing, in addition; friction and failure was either separate mode or combined mode.



Eventually, not all failures were of these clearly different types (Winter, G. 1956).
For likely small end distances, from the center of hole to the nearest edge of adjacent
hole or to the end of the connected sheet parallel to the direction of applied force, in the
direction of the applied load, the connection may fail by longitudinal shearing of the
sheet (Zadanfarrokh & Bryan 1992, Winter, G. 1956). It was found that this mode of
failure depended on the thinnest sheet thickness (t), the tensile strength of connected
sheet (F,), and the end distance (e). The nominal shear strength per bolt (P,) can be
expressed as Equation 1.1 (NASPEC. 2007).
P.=teF, (1.1)

In other words, type | failure is likely to occur when the connections have small e/d
ratios (e/d < 2.5), where (d) is the bolt diameter (Winter, G. 1956). On the other hand,
for adequately large end distances, the connection may fail by the bearing failure. The
influence of the presence of washers to the strength of Type | failure can be ignored in
design (NASPEC 2007).

When the edge distance in the bolted connections is considerably large (e/d >
2.5), the bearing failure, the pilling up of steel sheet in front of the bolt, may occur. The
previously conducted tests indicate that the bearing strength primarily depends on the
tensile strength of sheet, the thickness of thinnest connected sheet, the ratio of bolt
diameter to the sheet thickness (d/t) and the type of bearing connection. Bearing
connections could be either single or double shear, with or without washers
(Zadanfarrokh & Bryan 1992, LaBoube & Yu 1995, Wallace & Schuster 2002). The
presence of washers has significant impact on the bearing strength. It was also found

that, for standard holes, the maximum bearing stress at failure for bolts with washers



was about 45% more than those without washers (Winter, G. 1956). The current North
American Specifications consider the use of washers by using a modification factor (my)
in the equation. The nominal bearing strength, therefore, is expressed as Equation 1.2
(NASPEC 2007).

Pn=mfcdtFu (1.2)
Where:

¢ = bearing factor

d = nominal bolt diameter

t = uncoated sheet thickness

F. = tensile strength of sheet

m; = modification factor (0.75 for single shear and 1.33 for double shear)

Having high torque values did not affect the ultimate strength of the connection.
Nevertheless, the slip load values were, in general, increased with higher torques
(Winter, G. 1956).

One should note that the bearing equation in NASPEC (2007) is only applicable
to the connections with standard holes.

The research done by Zadanfarrokh and Bryan in 1992 had investigated the
shearing failure of sheets and bearing failure of sheets. They had chosen two
thicknesses, 0.067 in. and 0.118 in. and they had used galvanized grade 4.6, 8.8 and
10.90 bolts of 5/8” diameter. The torque that was applied was from 44 to 74 ft. Ib. The
research shows that the strength of the connection between cold-formed steel sheets
may dictate the strength of the sheets or the assembly. Also, it was found the complete

rigidity was difficult to acquire through the connection (Zadanfarrokh & Bryan 1992).



For the shear test, researchers had found that the allowable tension stress for
the net section of connected sheets is established by the tensile strength of the
connected part, F,, and the is based on configuration of the connection, if it is a single
shear lap joint or a double shear joint (Yu, W. W. 1982). Regarding the influence of
bolts, the research that was done by Yu, W. W. in 1982 indicates that, by using A325
grade bolts, the allowable shear stress was increased by 36% in the 1980 design
provisions (Yu, W. W. 1982).

Some research used a range of cold-formed steel gages range from 20Ga to
8Ga and bolts ranged from 1/4 in. to 1 in. All bolt holes were punched, according to a
number research, oversize. A research used 1/32 in. for 1/4 in. and 3/8 in. bolts and
1/16 in. for bolts greater than 3/8 in. (Winter, G. 1956a). However, the NASPEC
specifications have different values for the oversized holes and standard holes. For
instance, for 3/8 in. bolts, 13/32 in. is the standard diameter of the hole and 7/16 in. is
diameter of an oversize hole. As for the material used, a study had used normal
strength steels with yield strength ranges from 26ksi to 36.6ksi and high strength steel
with yield strength ranges from 46.75ksi to 56.5ksi (Winter, G. 1956a). On the other
hand, the research used different torque values for different bolts, such as 5 ft. |b for 1/4
in. bolt diameter, 14 ft. Ib for 3/8 in. bolt diameter and 40 ft. Ib for 1/2 in. bolt diameter.
The study, also, recognized single shear and double shear configurations, double and
single bolt (Winter, G. 1956a). It was shown that Type Il failure, sheet shear failure,
accompanied by remarkable “pilling up” of material in the front of the bolt takes place at
a bearing stress equal to “4.8 times the yield strength of the sheet.” (Winter, G. 1956a).

From the other hand, Type Il failure most likely occurs when the nominal shearing



stress is 70% greater than the sheet yield stress (Winter, G. 1956a).

Because of the small thicknesses of material in cold-formed steel bolted connections,
the strength of the connections may often determine the strength an assembly
(Zadanfarrokh & Bryan 1992). In addition, in such connections complete rigidity is
difficult to obtain. Researchers, therefore, emphasize on joint flexibility (Zadanfarrokh &
Bryan 1992).

Another study by Wallace and Schuster on 2002 was concerned with such a
configuration where washers may not be used. It was shown that for single shear —
single standard bolt connection with washers the average tested bearing stress to the
nominal bearing stress (Py/P.), by using the S136 (NASPEC 2007) approach, was
1.030, for double shear — single standard bolt with washers configuration P/P,; = 0.986,
and for double shear — double standard bolt with washers configuration P/P. = 0.997.
Whereas for single shear — single standard bolt connection without washers the
average tested bearing stress to the nominal bearing stress (P+/P.), by using the S136
approach, was 0.750, for double shear — single standard bolt without washers
configuration Py/P.; = 0.723, and for double shear — double standard bolt with washers
configuration P/P. = 0.782 (Wallace, J. A,, Schuster, R. M. 2002).

On the other hand, It was shown that for single shear — single standard bolt
connection with washers Py/P., by using the AISI Method for Bolted Connections in
Bearing, was 0.911, for double shear — single standard bolt with washers configuration
Pi/P. = 0.864, and for double shear — double standard bolt with washers configuration
P/P. = 0.997. Whereas for single shear — single standard bolt connection without

washers the average tested bearing stress to the nominal bearing stress (P/P¢), by



using the AISI method for bolted connections in bearing, was 0.893, for double shear —

single standard bolt without washers configuration P/P. = 0.857, and for double shear —
double standard bolt with washers configuration P/P. = 1.057 (Wallace, J. A,, Schuster,
R. M. 2002).

Finally, the proposed AlISI and S136 methods for bolted connections in bearing
with washers, presented in Wallace and Schuster study, show good results. For
example, for double shear — single standard bolt with washers configuration P/P. =
0.962 compared to 0.864 by AlSI approach and 0.986 by S136 approach (Wallace, J.
A,, Schuster, R. M. 2002).

The University of Waterloo method was utilized by Wallace and Schuster in their
study (Wallace, J. A,, Schuster, R. M. 2002). It was shown that for single shear —
single standard bolt connection with washers Py/P., by using the Waterloo Method, was
1.024, for double shear — single standard bolt with washers configuration P¢/P; = 0.962,
and for double shear — double standard bolt with washers configuration P/P.; = 0.997.
Whereas for single shear — single standard bolt connection without washers the
average tested bearing stress to the nominal bearing stress (P#/P.), by using the
Waterloo Method, was 1.031, for double shear — single standard bolt without washers
configuration Py/P.; = 0.985, and for double shear — double standard bolt with washers
configuration P/P. = 1.043 (Wallace, J. A,, Schuster, R. M. 2002).

Wallace and Schuster had proven that that when studying the sheet bearing failure,
using standard holes, the use of washers is significant in bolted connection. All the AlSI
method, the S136 method and the Waterloo method are encompassed by the current

NASPEC specifications.



When looking to the comparison between the AISI method, the S136 method and
the proposed AISI method, Wallace and Schuster found that, for standard hole with
washers -Single Shear and Outside Sheets of Double Shear Connection, the average
AISI-96- P/P. = 0.879, and the average S136-94 P/P. = 1.076 whereas the average
proposed AISI Py/P; = 1.052. For standard hole without washers -Single Shear and
Outside Sheets of Double Shear Connection, the average AISI-96- P/P. = 0.965, and
the average S136-94 Py/P. = 0.783 whereas the average proposed AlSI P/P. = 1.012.
Finally, for standard hole with or without washers -Inside Sheets of Double Shear
Connection, the average AlSI-96- P/P.; = 1.283, and the average S136-94 Py/P. = 1.396
whereas the average proposed AlSI P/P. = 1.001 (Wallace, J. A,, Schuster, R. M.,
LaBoube, R. A. 2001).

The AISI method for bolted connections in bearing with washers, based on the
work by Rogers and Hancock in 2000, gave good statistical results. The method that
was proposed by Wallace, Schuster and LaBoube in 2001 for single shear and outside
sheets of double shear bolted connections failing in bearing without washers resulted in
better statistical predictions in comparison to the current AlSI and S136 design
methods.

It had been shown that the method was also true for the inside sheet of a double
shear bolted connection failing in bearing, with or without washers. For single shear and
outside sheets of double shear bolted connections with washers the bearing factor, C,
values could be calculated as shown on Table 2.1 in Chapter 2.

According to the study, for single shear and outside sheets of double shear bolted

connections without washers the bearing factor values in Table 1.1 are to be multiplied
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by 0.75, whereas for inside sheets of double shear bolted connections with or without
washers the values in table 1.1 are to be multiplied by 1.33. The key factors that were
investigated are the bearing factor C and the modification factor m;. These two factors
together with the ration of the nominal bolt diameter to the actual sheet thickness d/t
play significant role in measuring the bearing strength and shear strength of the
connected sheets. The value of the modification factor m helps distinguishing between
the single shear the double shear (NASPEC, 2007).

It was observed that the plates were in firm contact but were slip under loading
until the hole surface bears against the bolt. The load transmitted from plate to bolt is
therefore by bearing and the bolt is in shear.

The use of short slotted holes in the cold formed steel bolted connection was not
fully covered by the previous research. Short slotted holes could be utilized in bearing
type connection; however, for better results, short slotted holes should have their length
normal to the direction of the load in bearing type connections (NASPEC 2007).
Figureure 1.2 shows the different type of holes; the oversized holes, the short-slotted
holes, and the long-slotted holes. Table 1.1 gives the required dimensions of each of

these holes (NASPEC 2007).
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c¢) Short Slotted Hole d) Long Slotted Hole

Figure 1.2 The four types of holes.

Table 1.1 Dimensions of Oversize Holes and Short Slots for Both Phases of Tests

Nominal bolt Oversized hole Short-slotted hole MBMA short-slotted
diameter, d (in.) diameter, d, (in.) dimensions (in.) hole dimensions (in.)
<1/2 d+1/16 (d+1/32) by (d + 1/4) -
>1/2 d+1/8 (d+1/16) by (d + 1/4) (d +1/16) by 7/8

Table 1.2 summarizes the previous tests that were conducted by a number of

researchers from 1956 to 2002.
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Table 1.2 Previous Studies

Research

Dimensions and
Thickness of the
Sheets

Bolt Type and
Diameter and Hole
Size

Steel Type, Washers, and
Configuration

Number of Tests

Results

LaBoube, R. A 1995

Rogers, C.A., Hancock,
G.J., 1999

Zadanfarrokh, F., Bryan,
E.R. 1992

Wallace, J. A,,
Schuster, R. M. and
LaBoube, R. A. 2002

0.04", 0.07", 0.120"
15.75" x 2.95" and
17.23" x 3.74"

0.0315" and 0.0394"
15.75" x 2.95" and
17.23" x 3.74"

0.067" to 0.118"
15" x 4"

0.0252 in., 0.0543
in.
Sheet width was 2"

Bolt type A325T 0.5"
and hole size was
9/16"

Bolt dia. Was 0.472"
and hole diameter
0.563"

Bolt is 0.63" diameter
0.63" hole diameter
and 0.63"+0.079"
diameter holes

A307

3/8", 5/16", 5/8", 1/2",
1/4"

0.563" for 1/2" bolts
0.437" for 3/8" bolts
0.375" for 5/16" bolts
0.313" for 1/4" bolts
0.689" for 5/8" bolts

Fu/Fy = 1.56 for 0.04", Fu/Fy
= 1.64 for 0.07" and Fu/Fy =
1.45 for 0.120"

with washers and the majority

without washers

Single Shear, Single bolt
G550 Fu/Fy = 1.04 for
0.0393" thick

G550 Fu/Fy = 1.00 for
0.0315" thick

G300 Fu/Fy = 1.15 for
0.0315" thick

with washers

Single Bolt and Double bolt
Fu/Fy = 1.29 CFS

Fu/Fy = 1.39 CFS

With and without washers
Single Shear

Fu/Fy = 1.09 for 0.0252"
Fu/Fy= 1.01 for 0.0543"
With and without washers
Single Shear

Double Shear

13

35 tests

228 tests

704 number of tests with
176 per test method

60 tests AISI method , with
washers

59 tests AISI method,
without washers

60 tests CSA 1994 , with
washers

59 tests CSA 1994
method, without washers

Mean Bearing factor ¢ = 1.93, Pt/Pc ranges from 0.774 to
1.284 with a mean of 1.001

AS/NZS 4600 (1996) & AlSI (1997a)

Pt/Pc = 0.880, number of tests = 176

CSA-S136 (1994)

Pt/Pc = 1.115, number of tests = 176

Eurocode 3 (1996)

Pt/Pc = 0.959, number of tests = 176

Proposed Method

Pt/Pc = 1.077, number of tests 176

The strength for connection with washers was 100%
The strength for connections without washers was 70%
Slip load between 674 Ib. f to 2248 Ib. ft

By using AISI 1996 method,with washers

21 tests, single shear, single bolt, Pt/Pc = 0.911
30 tests, double shear, single bolt, Pt/Pc = 0.864
9 tests, Double Shear, Double Bolt, Pt/Pc = 0.997
By using AISI 1996 method,without washers
20 tests, single shear, single bolt, Pt/Pc = 0.893
30 tests, double shear, single bolt, Pt/Pc = 0.857
9 tests, Double Shear, Double Bolt, Pt/Pc = 1.057
By using S136 method,with washers

21 tests, single shear, single bolt, Pt/Pc = 1.030
30 tests, double shear, single bolt, Pt/Pc = 0.986
9 tests, Double Shear, Double Bolt, Pt/Pc = 1.003
By using S136 method,without washers

20 tests, single shear, single bolt, Pt/Pc = 0.750
30 tests, double shear, single bolt, Pt/Pc = 0.723
9 tests, Double Shear, Double Bolt, Pt/Pc = 0.782

(table continues)



Table 1.2 (continued)

Research

Dimensions and
Thickness of the

Bolt Type and
Diameter and Hole

Steel Type, Washers, and

Configuration

Number of Tests

Results

Sheets Size
LaBoube, R. A, Yu,W. 0.04in.,0.07 in., A325 1/2" Fu/Fy =1.56 for 0.04" thick 229 tests, single P/P, ranges from 0.808 to 0.949, a mean of 0.8
W. 1996 0.12in. the bolt diameter hole Fu/Fy =1.64 for 0.07" shear
is defined as 1/16 in. Fu/Fy=1.45 for 0.12" 489 tests, double
greater than nominal With and shear
hole diameter without washers
(standard hole 9/16") Single shear
Double Shear
Gilchrist, R.T., Chong, 22,24 & 26Ga A307 Painted 6 tests 26Ga For Galvanized steel (26,24,22Ga), ranges from 82 KSI to 151
K. P. 1979 15" x 4" 1/4", 3/8" &1/2" Galvanized 6 tests 24Ga KSI
(9/32" for bolt dia 1/4")  Without Washers 18 tests 22Ga For Painted steel (22Ga), ranges from 82 KSI to 144 KSI
(13/32" for bolt dia Single Shear
3/8")
(9/16" for bolt dia 1/2")
Winter, G. 1956 From 20Ga to 8Ga A307 and A325 Painted 56 tests with 8Ga For double Shear, Single bolt, Painted steel, max load about
16" x 5" 1/4", 3/8", 1/2" & 1" Galvanized 84 tests with 10GA 12500 pounds
Hole Size: With Washers 96 tests with 12GA For single Shear, Single bolt, Painted steel, max load about
(+1/32" for bolt dia. Single Shear 10000 pounds

1/4" and 3/8")
(+1/16" for bolt dia.
1/2" and 1")

Double Shear

For double Shear, Single bolt, galvanized steel, max load
about 14000 pounds

For single Shear, Single bolt, galvanized steel, max load about
13000 pounds
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1.4.

Objectives

The main research objectives of this thesis were to experimentally investigate the

behavior and strength of cold-formed steel bolted connections without washers when

the steel sheets have oversized and short slotted holes; and to develop appropriate

design equations for such connections. Type |, and Il failures of the specific bolted

connections were addressed in this study

The objectives include:

Study the shear failure, Type | failure, of cold-formed steel sheets in bolted
connections without washers for oversized and short slotted holes and examine
the applicability of the NASPEC Section E3.1 with the test results.

Study the bearing failure, Type Il failure, of the connected sheets without
considering the deformation of the hole, and examine the applicability of
NASPEC Section E3.3.1 with the test results.

Study the bearing failure, Type Il failure, of cold-formed steel sheets bolted
connections without washers for oversized and short slotted holes considering
the deformation of the hole, and examine the applicability of NASPEC Section
E3.3.2 to bolted connections without washers on the oversized and short slotted
holes.

Study the performance of the two grades of bolts, ASTM A307 Grade A and
ASTM A325 Type 1, throughout Type | and Il failures.

Study the behavior of the low ductility and high ductility steel in the connections.
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CHAPTER 2
DESIGN METHODOLOGY
2.1. Bearing Strength Methods
The current NASPEC (2007) specification does not provide provisions for cold-

formed steel bolted connections in oversized or short slotted holes without washers.
However, the use of washers with standard holes has been well studied by a number of
researchers (Yu 1982, Zadanfarrokh & Bryan 1992, LaBoube & Yu 1995, Wallace &
Schuster 2002). The current design method for bearing strength in NASPEC (2007)
was based on the research done by Wallace, Schuster, and LaBoube 2002 in which the

Waterloo method and current NASPEC methods were developed.

2.2. Waterloo Method

The Waterloo method for cold-formed steel bolted connections without washers
on standard holes is expressed in Equation 2.1. The coefficient, C, can be considered
as the bearing factor, which is a function of the ratio of the bolt diameter to the plate
thickness, d/t.

P,=CdtFu (2.1)

Where

Pn = nominal bearing strength per bolt (Ib)

C = bearing factor, value from Table 1

d = nominal bolt diameter (inches)

t = uncoated sheet thickness (inches)

Fu = tensile strength of sheet (ksi)
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Table 2.1 Factor C, for Bearing Resistance Without Washers (Waterloo Method)

Ratio of fastener diameter to member thickness, d/t C
d/it<10 2.25
10=d/t<16.5 22.5/(dlt)
d/t>16.5 1.35

2.3. Current NASPEC Method

The current NASPEC (2007) method for bearing of bolted connections with
standard holes is presented in Chapter 1, Equation 1.2. Unlike the Waterloo method,
the NASPEC method is uses a linear function for the bearing factor, C. Furthermore the
NASPEC utilizes a modification factor to account for the use of washers and the
connection type. For single shear connections without washers with standard holes, the
modification factor equals 0.75, while a factor of 1.33 is used for the inside sheet of
double shear connections without washers. The bearing factor, C, for bolted
connections is shown on table

Table 2.2 Bearing Factor, C, for Single Shear and Outside Sheets of Double
Shear Bolted Connection With Washers (Wallace, J. A,, Schuster, R. M., LaBoube, R.

A. 2001).
Ratio of fastener diameter to member thickness, d/t C
dit<10 3.0
10<d/it<22 4 — 0.1(d/t)
dit > 22 1.80
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CHAPTER 3
EXPERIMENTAL EFFORTS
3.1. Testing Setup, Method and Assumptions
The tensile tests were conducted in a 20 kip universal testing machine,
INSTRON, in a displacement control mode. The deformation of the bolted connection
was measured by an extensometer with a gauge length of 0.9843 in. Figure 3.1 shows

the test setup.

EXTENSOMETER
/_ SUPPORT
Hi

0.9843" GAUGE
LENGTH

EXTENSOMETER

SPECIMEN

o o

wstrov Ol
ROD = b o

Figure 3.1 Setup for testing bolted connections.
The bottom grip was fixed to the base of the machine. The top grip, connected to the

crosshead of the machine, moved upwards at a constant speed of 0.1 in. per minute.
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The applied force, the displacement of the top grip, and the deformation of the
connection were measured and recorded simultaneously. All bolts were installed and
tightened manually. A torque wrench was used to assure the applied torque not to

exceed 40 Ib-in.

Figure 3.2 Bottom fixture and top fixture.

The two grips, the top and the bottom grips shown in Figurer 3.2 were made
specifically to hold the specimens. These grips could handle up to 5 in. wide specimens.
Additional clamps were designed and used to guarantee that specimens would not slip
during the test by applying extra clamping force. When washers were used, the same
procedure was followed. The washer dimensions are: 1.375 in. outer diameter, 0.57 in.
inner diameter and 0.093 in. thickness. The ASTM A307 Bolt and A325 shank
diameters are the same 0.493 in. The head diameter for an A307 bolt is 0.739 in. and
the head diameter for an A325 bolt is 0.862 in. The LVDT instrument was assembled
as shown in Figurer 3.1 and the gauge length is 0.9843 in. The assumptions during the
tests were that : (1) the surrounding humidity and temperature were always the same,
(2) all bolts were installed in the center of the holes and full engagement was not

achieved, and (3) the applied torque was always the same.
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3.2. Preparing Sheets for Testing

On the preparation phase, AutoCAD was used to do engineering drawings for all
sheets. The number of drawings was 21. Table 3.1 shows the labels of the sheets
drawings. One sample drawing is shown on Figurer 3.3.

Table 3.1 Drawings Labels

Number of sheets per thicknesses

Drawings 0.1305” 0.0691” 0.0439” 0.0361” 0.0390" 0.0293"
Labels 118mil  68mil  43mil  33mil  39mil  30mil

A 5/8-1-OH-4 20 28 20 23 13 13
L 5/8-1-OH-1.5 8 26 15 13 13 13
T 5/16-1-OH-4 5 13
U 5/16-1-OH-1.5 5 13
B 5/8-2-OH-4 20 15 28 20 5 13
C 5/8-2-OH-1.5 8 13 20 13 5 13
V 5/16-2-OH-4 13
Y 5/16-2-OH-1.5 13
W 9/16-1-SH-4 3 3
X 9/16-1-SH-1.5 3 3
D 9/16-3/4-1-SS-4 18 20
F 9/16-3/4-1-SS-1.5 13 18
H 9/16-3/4-2-SS-4 18 15
J 9/16-3/4-2-SS-15 8 13
E 9/16-7/8-1-SS-4 18 20
G 9/16-7/8-1-SS-1.5 13 18
| 9/16-7/8-2-SS-4 18 15
K 9/16-7/8-2-SS-1.5 8 13
O 3/4-1-OH-4 13
P 3/4-1-OH-1.5 5
S 3/4-2-OH-4 13
TOTAL NUMBER OF

SHEETS 201 220 93 127 36 52

Accordingly, a bill of materials (BOM) was formed for the whole study.
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Figure 3.3 Sample drawings.
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3.3. Punching Sheets

Punching was the method that was utilized on the previous researches.
Therefore, 43 mil, 33 mil, 39 mil, and 30 mil sheets were punched manually by using KR
Wilson 3 ton arbor press, a Lever-operated punch. The shearing process could be
described as when shearing sheet metals, a blank which is a properly sized piece of
sheet metal removed from a much larger sheet or coil by shearing. Shearing helps
cutting sheet metals by subjecting a workpiece to shear stresses. Shearing starts with
small cracks at points A, B, C, D, as shown on Figure 3.4, which eventually grow and
meet. Rough fracture surfaces and smooth burnished surfaces result. Shear angles or
beveled edges often used on shearing dies. Figure 3.4 shows: (a) Schematic illustration
of shearing with a punch and die, indicating some of the process variables,

characteristic features of (b) a punched hole and (c) the slug.

(b)
Rollover [ Penetration depth Burnish
depth depth

Burnish
l dimension

T
T

(a)

I
thickness f—lﬁ

Fracture
depth

Fracture
angle

Puncl
unch Sheet

Burr height — '
urr helg Breakout
dimension

(c) Flattened portion
under the punch 4.'{
Burr

Die

)er height

Rough surface

LTI ot g

Ideal slug

Figurer 3.4 Punching sheet metal.
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3.4. Coupon Tests

Coupon tests were carried out by the INSTRON universal testing machine to
obtain material properties of the connected sheets following ASTM A370 Specification
(ASTM 2007). Any coating on the cold-formed steel specimens was removed prior to
the coupon tests by dipping them in dilute (10-20 percent) hydrochloric acid. The tensile
strain was measured by an INSTRON 2630-106 extensometer. The coupon tests were
conducted in displacement control at a rate of 0.05 in./min and with a gauge length of
0.9843 in. For each material thickness from the same coil, three coupons were cut and
tested. The thickness of each material was measured from three points after removing

coating, and the average values were reported and used in the analysis.

3.5. Test Specimens

Cold-formed steel sheet thicknesses range from 30 mil to118 mil. Single shear
and double shear connections with one bolt or two bolts. ASTM A307 bolts (0.5 in. and
0.25 in. bolt diameters) and A325 bolts 0.5 in. bolt diameters were used on all proposed
configurations of connections. The dimensions of oversize and short slotted holes refer
to the maximum sizes specified in Table1.1. Besides the NASPEC specified short-
slotted hole, MBMA slotted hole was also included in this research for 0.5 in. diameter
bolts. The oversized holes were all punched in the sheets. The short slotted holes were
all fabricated by a CNC machine at the Simpson Strong Tie company.

The research focused on the tensile strengths of 45 ksi and 65 ksi in the steel
sheets. The choice of tensile strength for each thickness of steel was subject to the

product availability. High ductility steel (33mil, 43mil, 68mil, and 118mil) was used for

23



most of the connection configurations. Low ductility steel (39mil and 30mil) was used for
representative connections.

Shear failure and bearing failure in the connected sheets (Type | and Il failures)
were the primary concerns in that phase, therefore, the dimensions of specimens and
test matrices need to be carefully designed to ensure the desired failure mode would
occur.

Since this research focused on the shear failure and bearing failure in the
connected sheet, the width of the specimens has to be sufficiently large to prevent net
section fracture failure from occurring (Zadanfarrokh and Bryan 1992) recommended
the width of the connected sheet w = 6.25d for bearing tests with the nominal bolt
diameter d 2 0.4 in. Figure 3.5 shows the dimensions recommended by Zadanfarrokh

and Bryan. Therefore the width of the sheets was set to 4 in.

w2 . w/2
SdIrnln T
"""" -
afj..IT.'n 9.+ 2mm

400120

Figure 3.5 - Recommended test dimensions for structural bolts.
(Zadanfarrokh and Bryan, 1992)
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For the distance from the center of the bolt hole to the end of the connected
sheet, e, it was found that a small ratio of e/d would lead to shear failure in the sheet.
On the other hand, a sufficiently large e/d ratio would trigger bearing failure in the sheet.
Research done by Chong and Matlock (1975), Gilchrist and Chong (1979), Yu (1982)
indicated that an e/d=2.5 is approximately the transition point to distinguish between
those two types of failures. Furthermore the NASPEC (2007) requires a minimum e/d =
1.5 for cold-formed steel bolted connections. Therefore, e/d values were selected to be
3, 4, and 8 for bearing failure and 1.5 for shear failure.

The length of the specimens, from edge to edge, was set to 15 in. which is based

on the recommended value in Figure 3.5.

Single Shear
sheet 1 sheet 2

I T % .} 1
[ L W W | T

Double Shear
sheet 1 sheet 2

I x — N N

T

Plan View (with hole or short slot)
FL,
T d |
= Oh
4in. () ‘
1 8

%%15in.4{

Figure 3.6- Dimensions of specimens with one bolt.
The sheet dimensions are shown in Figure 3.6 for one-bolt connections and in

Figure 3.7 for two bolt connections. The distance between centers of the bolt holes for
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the two bolt connections equals to three times the nominal bolt diameter, d, which is

based on the spacing requirement in Section E3.1 of the NASPEC (2007).

Single Shear
sheet 1 sheet 2
[ : Ao ] ] = :
Double Shear
sheet 1 sheet 2
[ I W 2.\ ]
| x i\ i\ E—
| e 3d

Plan View \

T BT
4in /Q‘/ p
1

s —

Figure 3.7-Dimensions of specimens with two bolts.

3.6. Specimens Labeling

The specimens were labeled during the preparation stage. A marker was used to
write the labels on each specimen. Actual measurements were taken and recorded on
each sheet. The measurements include, the actual edge distance ea, the actual hole
diameter dy, and in case of double bolts, the distance between the two centers of the
holes was measured and recorded on sheet. Figure 3.8 shows a sample sheet with

written information.
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Figure 3.8 Information on specimens.

The specimens were labeled as the following.

For tests with oversized holes:

Type of hole
OH - Oversized hole
SH - Standard hole

Sheet (1)

OH-330-330-A307-1/2-2-SS-4-T1

_ |

|— Test number

e/d ratio

thickness in mil

Oversized (O)

Type of connection
SS - Single shear
DS - Double shear

Standard (S)

Number of bolts

Sheet (2)
thickness in mil

Oversized (O)

Nominal diameter of
bolt in inches

Standard (S)

Type of bolt
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For tests with short slots:

SS-118-118-A307-9/16x3/4-2-SS-4-T1

Type of hole ’ ‘7 Test number

SS — Short Slot
e/d ratio
Sheet (1) Type of connection
thickness in mil SS - Single Shear
DS - Double Shear
Sheet (2)
thickness in mil Number of bolts
Type of bolt Slot dimension

(length x width)

The specimen configurations for this study are listed in Tables 3.2 to 3.3. For each
specimen configuration, two identical tests were conducted. If the difference of the first
two tests is greater than 10%, a third test will be performed. The percentage of

difference was calculated as follows:

[The Reading of test (1) - The Reading of test (2)|

, 100
[The Reading of test(1)|
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Table 3.2 Test Matrix for Connections with Oversize Holes

Sheet

Sheet

Bolt

Steel . No. of C. Hole No. of
Sample (rr11il) (rr?il) Ductility1 Bolt Type Dlglr(?r:e't)er Bolts Type2 conFigure.3 e/d Configure.
1 118 118 H A325 1/2 1 S 0/0 1.5,4 2
2 68 68 H A307, A325 1/2 1 S O/0 4 2
3 68 68 H A307, A325 1/2 1 S 0/0 1.5 2
4 43 43 H A307 1/4,1/2 1 S O/0 15,4 4
5 33 33 H A307 1/4,1/2 1 S 0/0 1.5,4 4
6 43 33 H A307 1/2 1 S 0O/0 4 1
7 118 68 H A325 1/2 1 S 0/0 4 1
8 68 68 H A325 1/2 1 S o/S 15,4 2
9 33 33 H A307 1/2 1 S o/s 15,4 2
10 33 33 L A307 1/2 1 S 0O/0 1.5, 4 2
11 43 43 L A307 1/2 1 S 0/0 1.5, 4 2
12 118 118 H A325 1/2 1 D O/0 15,4 2
13 68 68 H A325 1/2 1 D O/0 4 1
14 68 68 H A325 1/2 1 D 0O/0 1.5 1
15 43 43 H A307 1/2 1 D 0/0 1.5,4 2
16 33 33 H A307 1/4,1/2 1 D 0O/0 1.5,4 4
17 118 33 H A307 1/2 1 D 0/0 4 1
18 118 43 H A307 1/2 1 D O/0 4 1
19 33 33 L A307 1/2 1 D 0/0 1.5,4 2
20 43 43 L A307 1/2 1 D 0O/0 1.5, 4 2
21 118 118 H A325 1/2 2 S 0/0 4 2
22 68 68 H A325 1/2 2 S O/0 15,4 2
23 43 43 H A307 1/2 2 S O/0 15,4 2
24 33 33 H A307 1/2, 1/4 2 S 0O/0 1.5, 4 4
25 43 33 H A307 1/2 2 S 0/0 4 1
26 118 68 H A325 1/2 2 S O/0 4 1
27 33 33 L A307 1/2 2 S 0O/0 1.5, 4 2
28 43 43 L A307 1/2 2 S 0O/0 15,4 2
29 118 118 H A325 1/2 2 D 0/0 1.5, 4 2
30 68 68 H A325 1/2 2 D 0O/0 1.5, 4 2
31 43 43 H A307 1/2 2 D 0/0 1.5,4 4
32 33 33 H A307 1/4,1/2 2 D O/0 15,4 2
33 118 33 H A307 1/2 2 D O/0 4 1
34 118 43 H A307 1/2 2 D 0O/0 4 1
35 33 33 L A307 1/2 2 D 0/0 1.5,4 2
36 43 43 L A307 1/2 2 D O/0 15,4 2
Note: 1: H --- high-ductility steel (F./Fy>1.08 or 6210%); L --- low-ductility steel (Fu/Fy<1.08 or 6<10%). Total conggure.
2: S --- single shear; D --- double shear. 3: O --- oversize hole; S --- standard hole. 152 tests
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Table 3.3 Test Matrix for Connections with AISI Short Slots (9/16” x 3/4”)

Sheet  Sheet Steel : Bolt No. of C No. of
Sample 1. 2. Ductility1 Bolt Type Dlameter Bo.lts Typ'e2 e/d Confiéure.
(mil) (mil) d (in.)
1 118 118 H A307 1/2 1 S 15,4 2
2 68 68 H A307 1/2 1 S 15,4 2
3 43 43 H A307 1/2 1 S 1.5, 4 2
4 118 68 H A307 1/2 1 S 4 1
5 118 118 H A307 1/2 1 D 15,4 2
6 68 68 H A307 1/2 1 D 15,4 2
7 118 118 H A307 1/2 2 S 4 1
8 68 68 H A307 1/2 2 S 1.5,4 2
9 118 68 H A307 1/2 2 S 4 1
10 118 118 H A307 1/2 2 D 15,4 2
11 68 68 H A307 1/2 2 D 1.5, 4 2
Note: 1: H --- high-ductility steel (Fu/Fy>1.08 or 6>10%); L --- low-ductility steel Total conf1i§ure.
(Fu/Fy<1.08 or 6<10%). 2: S --- single shear; D --- double shear. 38 tests

Table 3.4 Test Matrix for Connections with MBMA Short Slots (9/16” x 7/8”)

Sheet  Sheet Steel ; Bolt No. of C No. of
Sample 1 2 Ductiity! BoltType  Diameter gy Typez ®d Configure.
(mil) (mil) d (in.)
1 118 118 H A307 1/2 1 S 15,4 2
2 68 68 H A307 1/2 1 S 1.5,4 2
3 43 43 H A307 1/2 1 S 1.5, 4 2
4 118 68 H A307 1/2 1 S 4 1
5 118 118 H A307 1/2 1 D 1.5, 4 2
6 68 68 H A307 1/2 1 D 15,4 2
7 118 118 H A307 1/2 2 S 4 1
8 68 68 H A307 1/2 2 S 15,4 2
9 118 68 H A307 1/2 2 S 4 1
10 118 118 H A307 1/2 2 D 15,4 2
11 68 68 H A307 1/2 2 D 15,4 2
Note: 1: H --- high-ductility steel (Fu/Fy>1.08 or 6>10%); L --- low-ductility steel Total conf1i§ure.
(Fu/Fy<1.08 or 6<10%). 2: S --- single shear; D --- double shear. 38 tosts
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CHAPTER 4
TEST RESULTS

4.1. Coupon Tests for Material Properties

The tensile tests were conducted in a 20 kip universal testing machine,
INSTRON, in a displacement control mode. First the machine and the LVDT were
calibrated before conducting the tests. Table 4-1 gives the experimentally determined
material properties of each steel sheet thickness. Three coupon tests were conducted
on each sheet thickness. The yield stress, Fy, were determined by the 0.2% offset
method. The average values are provided in Table 4.1. Figure 4.1 shows the stress vs.
strain curves of the tested steel sheet thicknesses. The test results indicate that the high
ductile steels (33 mil, 43 mil, 68 mil, 118 mil) meet the minimum requirements for
material ductility specified by NASPEC (2007). The current NASPEC requires that the
ratio of tensile strength to yield stress shall not be less than 1.08, and the total
elongation shall not be less than 10% measured over a two-inch gage length. The low
ductile steels studied in this research (30 mil, 39 mil) do not meet NASPEC’s minimum
requirements. The low ductile steel have significantly higher yield and tensile strengths
as compared to the high ductile steels, and the low ductile steels do not have the typical
strain hardening behavior that was commonly observed for the high ductile steels on the
coupon tensile tests.

The 68 mil materials for the oversized hole (OH) and short slot (SS) specimens
were from two different sources therefore they had different material properties. The
actual material properties were used in analyses of this research to calculate the

strength design values and to develop new design method.
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Table 4.1 Material Properties

. Measured Actual F, Actual F, EIonga_t|on
Nominal Sheet . - i on 2-in. .
. Thickness (nominal) (nominal)  F/F, Ductility
Thickness : ) . Gage
in. ksi ksi
Length
33 mil 0.0361 44 .6 (33) 54.1 (45) 1.21 30% High
43 mil 0.0439 51.6 (50) 70.3 (65) 1.36 20% High
68 mil (OH) 0.0691 50.0 (50) 69.7 (65) 1.39 25% High
68 mil (SS) 0.0698 46.1 (33) 54.5(45) 1.18 25% High
118 mil 0.1305 45.3 (33) 52.2 (45) 1.15 25% High
39 mil (1.00 mm) 0.0390 90.0 90.7 1.01 4% Low
30 mil (0.75 mm) 0.0293 86.0 87.2 1.01 7.5% Low

The 118 mil, 68 mil, 43 mil and 33 mil sheets’ material is ASTM A653 SS Grade 33 with
the following mechanical and chemical properties:
Heat# R46275, Yield 43.50 ksi, Tensile 54.20 ksi, Elongation% 37.40, N-Value
0.188, C% 0.040 - Mn% 0.320 - P% 0.009 - S% 0.012 - Al% 0.035 - Si% 0.008 -
Cu% 0.040 - Ni% 0.020 - Cr% 0.030 - M0% 0.004 - Sn% 0.011-N% 0.004 - V%
0.001- B% .0000 - Ti% 0.001 - Cb% .000.
The 30 mil and 39 mil low ductile cold-formed steel ASTM A875 HSLAS Grad 80 with
the following mechanical and chemical properties:
Yield 80 ksi, Tensile 90 ksi, Elongation% 10, C% 0.02 - Mn% 1.65 - P% 0.000 -
S% 0.035 - Cu% 0.20 - Ni% 0.20 - Cr% 0.15 - M0o% 0.16 - Sn% 0.011-N% 0.004

-V% 0.01- Ti% 0.01 - Cb% .005.
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Figure 4.1 Stress-strain curves for tested materials.

The ASTM A307 Grade A and A 325 Bolts properties are listed in Table 4.2.

Table 4.2 ASTM A307 Grade A and A 325 Bolt Properties

ASTM A307 Grade A

ASTM A325 Type 1

Sizes
1/2 in. (13 threads/in.) 1/2 in. (13 threads/in.)
1/4 in. (20 threads/in.)
Tensile, ksi 60 120
Yield, ksi -- 92
Elong. %, 18 14
Chemical properties
Carbon 0.33 0.55
Manganese 1.25 0.57
Phosphorus 0.041 0.048
Sulfur 0.15 0.058
Silicon - 0.32
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4.2. Tensile Tests on Bolted Connections Without Washers on Oversized Holes (Main
Group)

4.2.1. Sheet Bearing Failure

Type Il failure, the bearing failure of sheet, was experimentally tested by using
the tensile tester. In fact, the bolted connections with edge distance e/d = 3 were
addressed. Tables 4.2, 4.3, 4.4, and 4.5 show the variables that were measured and
tested, such as Pist, Which is the tested peak load per bolt and “A” which is the hole’s
deformation that occurs at the peak load. Figures 4.2 and 4.3 respectively depict the
resulted bearing failure mode on sheets with 43 mil thickness and single 7z in. A307
bolt. Figure 4.2 shows the bearing strength failure on single shear connection, whereas
Figure 4.3 shows the failure on double shear connections. It can be observed that the
bolt in the single shear connection was tilted to a large degree at failure, and the
connected sheets curled outwards. Additionally, for some cases and throughout the
tests, the hole’s diameter was increased and elongated to a degree that the bolt’s head
was pulled through the hole and sunken. For Figure 4.3, the double shear connections,
on the other hand, the bolt was almost perpendicular to the loading direction throughout
the test, and the curling in the sheets was not as the connection with single shear
connection. However, the curling effect was clear on the outside sheets more than the

inside sheet.

OH-"0-430-AMT-Ya-l-88-Y=T,

Figure 4.2 Sheet bearing failure of single shear conection
OH-430-430-A307-1/2-1-SS-4-T1.
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Figure 4.3 Sheet bearing failure of double shear connection
OH-430-430-A307-1/2-1-DS-4-T1.

4000 R ]
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. b\ The Bolt
| I Shank
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Deformation (in.)

Figure 4.4 Load vs deformation curves for bearing strength tests with one bolt.

A plot of the applied load per bolt vs. the bolt deformation is shown in Figure 4.4.
Two curves were plotted for the bolted connection with 43 mil thickness sheets having a
single 72 in. A307 bolt. However, the blue curve represents the connection with a single
shear configuration, whereas the red curve shows a double shear connection. The
movement and the rotation of the bolt in the single shear connection during the test

resulted in unsmooth loading curve; therefore, the bolt’'s movement and rotation plays a
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crucial role in any bolted connection test. On the other hand, the bolt’s rotation and
movement for the double shear connection was small; thus, a gradual and smooth
curve was the result. From the plot, it was obvious that the single shear connection
yielded considerably lower strength than the double shear connection. The diameter of
the oversized hole was 5/8 in. which was greater than the diameter of the 7z in. bolt;
therefore, the hole was deformed up to Yz in. prior to the engagement of the bolt and the
sheet in load bearing. As a result, throughout the tests, a slippage incident was
occurred in most of the tests. The slippage was for a small distance before the load
began to elevate gradually. For connections having %z in. bolt, the bolt slippage could
vary between 0 and %z in, whereas for connections having Yz in. bolt, the slippage could
vary from 0 to 1/8 in. In fact, the magnitude of the bolt slippage depends on the initial
position of the bolt when installed in the sheets. Again, Figure 4.4 is nothing but two
special cases. The single shear connection case, an instantaneous load increase after
the test started was happened due to the fact that in the test’s preparation phase the
bolt was installed between the sheets where were engaged before tests. However, the
double shear connection started to deform at 0.2 in. just before the engagement started
the bearing forces were not so significant due to the gap between the hole and the bolt’s
shank. To avoid the influence by the initial bolt position, the hole deformation reported in
this report was measured from the point at which the bolt and sheets were fully engaged

and the gap between the bolt’s shank and the holes was not there.
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|

Figure 4.5 Sheet bearing failure of single shear connection
OH-430-430-A307-1/2-2-SS-4-T1.

Figure 4.6 Sheet bearing failure of double shear connection
OH-430-430-A307-1/2-2-DS-4-T1.

Figures 4.5 and 4.6 represent type Il failure mode for 43 mil sheets having
double bolts. Figure 4.5 shows a single shear double bolted connection test, whereas
Figure 4.6 shows a double shear double bolts connection. A similar behavior was
observed here, same as that of single bolt connection. Both Figures, Figure 4.5 and 4.6,
show a typical sheet bearing failure. In Figure 4.6, the bolt was tilted and the outside
sheets were curled; however, the bolts stayed straight in the double shear connection
tests. Again, the holes were getting bigger throughout the tests due to the bearing
forces; thus, the bolt’s heads were pulled inside the holes. That resulted in a big tilted
angle. On the other hand, on the double shear double bolts connection, the bolts’ tilted

angle was almost nothing due to the support that the inside sheet was given. However,
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the bearing load effect was obvious on the deformation of the holes in the inside sheet.

Figure 4.7 shows the applied load per bolt vs. the hole deformation plot. One of the two

curves, the green curve, depicts that the single shear connection had a bolt slippage of

0.13 in. before the bolt and holes in sheets were engaged, whereas the blue curve

shows that the test had no pre-test gap between the bolt’s shank and the holes in

sheets so that it could bear the load immediately after the connection started to deform.

Applied load per bolt (Ibs)
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Figure 4.7 Load vs deformation curves for bearing strength tests with two bolts.

Tables 4.2, 4.3, 4.4, and 4.5 respectively show the test results for single shear

single bolt connections with oversized hole where e/d >1.5, the test results for single

shear double bolts connections with oversized hole where e/d >1.5, the test results for

double shear single bolt connections with oversized hole where e/d >1.5, and the test

results for double shear double bolts connections with oversized hole where e/d >1.5.
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Piest and A were obtained from the tests and recorded in Tables 4.2, 4.3, 4.4, and 4.5,
while Pnas, the NASPEC value, and Pnew, the proposed value, were calculated to know
whether or not the value obtained by the existing method would still be applicable for
such connections.

Pnas and Pnew Were calculated by using Equation 1.2, P, =m;C d t Fu. The
value of “d”, which is the nominal bolt diameter, the value of “t”, which is the uncoated
sheet thickness, and the value of “F,”, which is the measured tensile strength of sheet
from Table 4.1 were the same for both Pyas and Pyew. However, “C”, the bearing factor,
was calculated according to Table 2.2 for Pyas, and according to Table 5.3 for Pygw. In
addition, “my”, the modification factor, was selected to be 0.75 for single shear and 1.33
for double shear for Pyas, Whereas it was chosen to be 0.72 for single shear and 1.12
for double shear for Pnew.

Piest was divided one time by the Pyas and one time by the Pnew and the results

were recorded in the tables.
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Table 4.2 Test Results for Single Shear Connections with Oversized Hole, Single Bolt, e/d >1.5

Nominal Nominal

Bolt Actual
No Specimen Label ?';I;ﬁ:])es ?H;ﬁiéss Dia.d it Fu (Fl’gfs)t A(n)  Pe/Puas  Pres/Prew
! . (in.) (ksi)
s(mil) (mil)
1 OH-1180-1180-A307-172-1-SS4-T1 118 118 05 383 522 8499 0360 111 116
2 OH-1180-1180-A307-1/2-1-SS-4-T2 118 118 05 383 522 8408 0420 1.0 114
3 OH-680-680-A325-1/2-1-SS-4-T1 68 68 05 724 697 4685 0682  0.86 0.92
4 OH-680-680-A325-1/2-1-SS-4-T2 68 68 05 724 697 4945 0691 091 0.97
5 OH-680-680-A325-1/2-1-SS-4-T3 68 68 05 724 697 4649 0382  0.86 0.91
6 OH-680-680-A307-1/2-1-SS-4-T1 68 68 05 724 697 3970 0452 073 0.78
7 OH-680-680-A307-1/2-1-SS-4-T2 68 68 05 724 697 3925 0547  0.72 0.77
8 OH-680-680-A307-1/2-1-SS-4-T3 68 68 05 724 697 4182 0443 077 0.82
9 OH-430-430-A307-1/2-1-SS-4-T1 43 43 05 1139 703 1904 0206 058 0.77
10 OH-430-430-A307-1/2-1-SS-4-T2 43 43 05 1139 703 1929 0237 058 0.78
11 OH-430-430-A307-1/2-1-SS-4-T3 43 43 05 1139 703 1885 0200 057 0.76
12 OH-430-430-A307-1/4-1-SS-4-T1 43 43 025 569 703 1835 0244  1.06 110
13 OH-430-430-A307-1/4-1-SS-4-T2 43 43 025 569 703 1894 0275  1.09 114
14 OH-430-430-A307-1/4-1-SS-8-T1 43 43 025 569 703 1825 0244 105 110
15 OH-430-430-A307-1/4-1-SS-8-T2 43 43 025 569 703 1725 0276  0.99 1.04
16 OH-430-430-A307-1/4-1-SS-3-T1 43 43 025 569 703 1790 0347  1.03 107
17 OH-430-430-A307-1/4-1-SS-3-T2 43 43 025 569 703 1823 0319  1.05 1.09
18 OH-330-330-A307-1/2-1-SS-4-T1 33 33 05 1385 541 1451 0352 076 1.03
19 OH-330-330-A307-1/2-1-SS-4-T2 33 33 05 1385 541 1444 0566  0.75 1.02
20 OH-330-330-A307-1/4-1-SS-4-T1 33as 025 693 541 1165 0285  1.06 1.10
21 OH-330-330-A307-1/4-1-SS-4-T2 33 33 025 693 541 1213 0281  1.10 115
22 OH-330-330-A307-1/4-1-SS-8-T1 33 33 025 693 541 1145 0355  1.04 1.09
23 OH-330-330-A307-1/4-1-SS-8-T2 33 33 025 693 541 1232 0397  1.12 117
24 OH-330-330-A307-1/4-1-SS-3-T1 33 33 025 693 541 1129 0382  1.03 1.07
25 OH-330-330-A307-1/4-1-SS-3-T2 33 33 025 693 541 1136 0321  1.03 1.08
26 OH-430-330-A307-1/2-1-SS-4-T1 43 33 05 1385 541 1672 0421 087 118
27 OH-430-330-A307-1/2-1-SS-4-T2 43 33 05 1385 541 1635 0424  0.85 116
28 OH-330-33S-A307-1/2-1-SS-4-T1 33 a3 05 1385 541 1540 0374 080 1.09
29 OH-330-33S-A307-1/2-1-8S-4-T2 33 33 05 1385 541 1548 0304  0.81 1.09
30 OH-330-33S-A307-1/2-1-8S-4-T2 33 33 05 1385 541 1736 0490 091 123
31 OH-300-300-A307-1/2-1-SS-4-T1 30 30 05 1706 872 1620 0319 074 0.97
32 OH-300-300-A307-1/2-1-SS-4-T2 30 30 05  17.06 872 1584 0184  0.72 0.95
33 OH-390-390-A307-1/2-1-SS-4-T1 39 39 05 1282 907 2423 0373 067 0.91
34 OH-390-390-A307-1/2-1-SS-4-T2 39 39 05 1282 907 2591 0357  0.72 0.97
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Table 4.3 Test Results for Single Shear Connections with Oversized Hole, Double Bolts, e/d >1.5

Nominal Nominal Bplt Actual
No Specimen Label ?HI&QSS ?Hzﬁéss g'a' dit Fu (F;gf; A(N)  Pus/Pras VFv’test/ Pre
mi)  (mi) (in.) (ksi)
1 OH-430-430-A307-1/2-2-SS-4-T1 43 43 05 1139 703 2101 0333  0.63 0.85
2 OH-430-430-A307-1/2-2-SS-4-T2 43 43 05 1139 703 2153 0380  0.65 0.87
3 OH-330-330-A307-1/2-2-SS-4-T1 33 33 05 1385 541 1306 0400  0.68 0.92
4  OH-330-330-A307-1/2-2-SS-4-T2 33 33 05 1385 541 1309 0408  0.68 0.93
5  OH-330-330-A307-1/4-2-SS-4-T1 33 33 025 693 541 915 0278  0.83 0.87
6  OH-330-330-A307-1/4-2-SS-4-T2 33 33 025 693 541 1106 0263  1.01 1.05
7 OH-330-330-A307-1/4-2-SS-4-T3 33 33 025 693 541 1093 0275  0.99 1.04
8  OH-330-330-A307-1/4-2-SS-8-T1 33 33 025 693 541 1149 0329  1.05 1.09
9 OH-330-330-A307-1/4-2-SS-8-T2 33 33 025 693 541 1131 0271  1.03 1.07
10  OH-330-330-A307-1/4-2-SS-3-T1 33 33 025 693 541 1170 0381  1.06 1.11
11 OH-330-330-A307-1/4-2-SS-3-T2 33 33 025 693 541 1155 0362  1.05 1.10
12 OH-430-330-A307-1/2-2-SS-4-T1 43 33 05 1385 541 1752 0311 091 1.24
13 OH-430-330-A307-1/2-2-SS-4-T2 43 33 05 1385 541 1692 0267  0.88 1.20
14  OH-300-300-A307-1/2-2-SS-4-T1 30 30 05 1706 872 1701 0303 077 1.02
15  OH-300-300-A307-1/2-2-SS-4-T2 30 30 05 1706 872 1633 0442 074 0.97
16 OH-390-390-A307-1/2-2-SS-4-T1 39 39 05 1282 907 2232 0255 062 0.84
17 OH-390-390-A307-1/2-2-SS-4-T2 39 39 05 128 907 2250 0409  0.62 0.84
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Table 4.4 Test Results for Double Shear Connections with Oversized Hole, Single Bolt, e/d >1.5

Nominal

Nominal

Bolt

No  Specimen Labe SHICD  SHTQ) D g BT P An)  pupe P
s(mil) (mil) (in.) (ksi)
1 OH-680-680-A325-1/2-1-DS-4-T1 68 68 05 724 697 6824 0664  0.71 0.86
2 OH-680-680-A325-1/2-1-DS-4-T2 68 68 05 724 697 6779 0681  0.71 0.86
3 OH-430-430-A307-1/2-1-DS-4-T1 43 43 05 1139 703 3933 0471 067 1.02
4  OH-430-430-A307-1/2-1-DS-4-T2 43 43 05 1139 703 3677 0595  0.63 0.95
5  OH-330-330-A307-1/2-1-DS-4-T1 33 33 05 1385 541 2637 0606  0.78 1.20
6  OH-330-330-A307-1/2-1-DS-4-T2 33 33 05 1385 541 2798 0549  0.82 127
7 OH-330-330-A307-1/4-1-DS-4-T1 33 33 025 693 541 1888 0345  0.97 115
8  OH-330-330-A307-1/4-1-DS-4-T2 33 33 025 693 541 1997 0428  1.03 1.22
9  OH-330-330-A307-1/4-1-DS-8-T1 33 33 025 693 541 1912 0396  0.98 117
10 OH-330-330-A307-1/4-1-DS-8-T2 33 33 025 693 541 1906 0427  0.98 116
11 OH-330-330-A307-1/4-1-DS-3-T1 33 33 025 693 541 1768 0409  0.91 1.08
12 OH-330-330-A307-1/4-1-DS-3-T2 33 33 025 693 541 1618 0346  0.83 0.99
13 OH-300-300-A307-1/2-1-DS-4-T1 30 30 05 17.06 872 2380 0401 061 0.91
14 OH-300-300-A307-1/2-1-DS-4-T2 30 30 05 17.06 872 2720 0380  0.70 1.04
15 OH-300-300-A307-1/2-1-DS-4-T3 30 30 05 17.06 872 2548 0466  0.65 0.98
16 OH-390-390-A307-1/2-1-DS-4-T1 39 39 05 128 907 3270 0559  0.51 0.79
17 OH-390-390-A307-1/2-1-DS-4-T2 39 39 05 128 907 3335 0675  0.52 0.80
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Table 4.5 Test Results for Double Shear Connections with Oversized Hole, Double Bolts, e/d >1.5

Nominal Nominal Bolt Actual
SHT(1) SHT(2)  Dia. e

No Specimen Label Thicknes Thickness d dit Fu e A (in.) Prc/Pras Vljtest/PNE
s(mil)  (mil) (in.) (ksi)
1 OH-430-430-A307-1/2-2-DS-4-T1 43 43 05 1139 703 3697 0380  0.63 0.96
2 OH-430-430-A307-1/2-2-DS-4-T3 43 43 05 1139 703 3595 0351  0.61 0.93
3 OH-330-330-A307-1/2-2-DS-4-T1 33 33 05 1385 541 2216 0480  0.65 1.01
4  OH-330-330-A307-1/2-2-DS-4-T2 33 33 05 1385 541 2004 0464  0.59 0.91
5  OH-330-330-A307-1/4-2-DS-4-T1 33 33 025 693 541 1807 0219 093 1.10
6  OH-330-330-A307-1/4-2-DS-4-T2 33 33 025 693 541 1994 0343  1.02 1.22
7 OH-330-330-A307-1/4-2-DS-4-T3 33 33 025 693 541 1729 0200  0.89 1.05
8  OH-330-330-A307-1/4-2-DS-4-T4 33 33 025 693 541 1675 0366  0.86 1.02
9  OH-330-330-A307-1/4-2-DS-4-T5 33 33 025 693 541 1704 0351  0.87 1.04
10  OH-330-330-A307-1/4-2-DS-8-T1 33 33 025 693 541 1740 0587  0.89 1.06
11 OH-330-330-A307-1/4-2-DS-8-T2 33 33 025 693 541 1624 0456  0.83 0.99
12 OH-330-330-A307-1/4-2-DS-3-T1 33 33 025 693 541 1594 0474  0.82 0.97
13 OH-330-330-A307-1/4-2-DS-3-T2 33 33 025 693 541 1770 0480  0.91 1.08
14  OH-330-330-A307-1/4-2-DS-3-T3 33 33 025 693 541 1536 0197  0.79 0.94
15  OH-300-300-A307-1/2-2-DS-4-T1 30 30 05 1706 872 2552 0450  0.65 0.98
16 OH-300-300-A307-1/2-2-DS-4-T2 30 30 05 1706 872 2681 0287  0.69 1.03
17 OH-390-390-A307-1/2-2-DS-4-T1 39 39 05 1282 907 3541 0620  0.55 0.85
18 OH-390-390-A307-1/2-2-DS-4-T2 39 39 05 1282 907 4014 0600  0.63 0.97
19 OH-390-390-A307-1/2-2-DS-4-T3 39 39 05 1282 907 3116 0483 049 0.75
20  OH-390-390-A307-1/2-2-DS-4-T4 39 39 05 1282 907 3422 0515 054 0.83
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422 Sheet Shear Failure

Type |, the shear failure of the sheet, was experimentally tested by using the
tensile tester. In fact, the bolted connections with edge distance e/d = 1.5 was
addressed. The test results, which are shown in Tables 4.6 and 4.7, show the observed
tested peak load per bolt and the hole deformation at the peak load. Figure 4.8 shows
the typical failure mode observed in the shear strength tests on 33 mil single shear,
whereas Figure 4.9 shows the same connection but with double shear configuration.
Both tests were using single 2 in. A307 bolt. The bolt tilted angle was significant in the
single shear tests due to the eccentric loading applied on bolt. Consequently, the sheet
visibly warped and piled up at bearing area, which is located in front of the hole.
Additionally, a combined failure mode of shear and bearing, Type | and Type Il, were
achieved throughout the single shear tests, as shown in Figure 4.8. Figure 4.9, on the
other hand, illustrates the results of the double shear tests, where a typical shear failure
was observed on the inside sheet; in addition, the sheet was fractured and deformed
tremendously at the hole edge. However, the bolt stayed perpendicular to the sheets
and the bolt’s tilted angle was very small. Figure 4.10 shows the applied load per bolt
vs. the hole deformation plot. The two curves are for the 33 mil thickness bolted
connection tests addressing the sheet shear failure mode. Both curves demonstrated
bolt slippage of 0.1 in. Due to the big tilt angle of the bolt, the single shear connection
had lost stiffness at the early stages more than the double shear connection had and
finally the connection had failed at a lower load compared to that of the double shear

connection.
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Figure 4.8 Sheet shear failure of single shear connection
OH-330-330-A307-1/2-1-SS-1.5-T2.

Figure 4.9 Sheet shear failure of double shear connection
OH-330-330-A307-1/2-1-DS-1.5-T1.
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Figure 4.10 Load vs. deformation curves for sheet shear strength tests.

Tables 4.6 and 4.7 respectively show the test results for single shear single bolt
connections with oversized hole where e/d =1.5 and the test results for double shear
single bolt connections with oversized hole where e/d =1.5.

Again, Pst and A were obtained from the tests and recorded in the table, while
Pnas, the NASPEC value, was calculated to know whether or not the value obtained by
the existing method would still be applicable for such connections.

Piest was divided by the Pyas and the results were recorded in Tables 4.6 and 4.7.
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Table 4.6 Test Results for Single Shear Connections with Oversized Hole, Single Bolt, e/d =1.5

Nominal Nominal
. SH_T(1 ) SHT(Z) B_olt o Actual _
No Specimen Label Thicknes Thicknes IZ_)|a. d dit (in.) F. . Piest (Ibf) A (in.)  Pis/Pnas
(in.) (ksi)
(mil) (mil)
1 OH-1180-1180-A307-1/2-1-SS-1.5-T1 118 118 0.5 3.83 0.750 52.2 5804 0.521 1.14
2 OH-1180-1180-A307-1/2-1-SS-1.5-T2 118 118 0.5 3.83 0.750 52.2 5885 0.588 1.15
3 OH-680-680-A325-1/2-1-SS-1.5-T1 68 68 0.5 7.24 0.750 69.7 3404 0.692 0.94
4 OH-680-680-A325-1/2-1-SS-1.5-T2 68 68 0.5 7.24 0.750 69.7 3363 0.680 0.93
5 OH-680-680-A307-1/2-1-SS-1.5-T1 68 68 0.5 7.24 0.750 69.7 3134 0.445 0.87
6 OH-680-680-A307-1/2-1-SS-1.5-T2 68 68 0.5 7.24 0.750 69.7 3112 0.410 0.86
7 OH-430-430-A307-1/2-1-SS-1.5-T1 43 43 0.5 11.39 0.750 70.3 2056 0.342 0.89
8 OH-430-430-A307-1/2-1-SS-1.5-T2 43 43 0.5 1139 0.750 70.3 1951 0.171 0.84
9 OH-430-430-A307-1/4-1-SS-1.5-T1 43 43 0.25 5.69 0.375 703 1483 0.204 1.28
10 OH-430-430-A307-1/4-1-SS-1.5-T2 43 43 0.25 5.69 0.375 70.3 1482 0.118 1.28
11 OH-330-330-A307-1/2-1-SS-1.5-T1 33 33 0.5 13.85 0.750 541 1259 0.440 0.86
12  OH-330-330-A307-1/2-1-SS-1.5-T2 33 33 0.5 13.85 0.750 54.1 1303 0.400 0.89
13 OH-330-330-A307-1/4-1-SS-1.5-T1 33 33 0.25 6.93 0.375 541 985 0.253 1.34
14  OH-330-330-A307-1/4-1-SS-1.5-T2 33 33 0.25 6.93 0.375 541 1017 0.279 1.39
15  OH-330-33S-A307-1/2-1-SS-1.5-T1 33 33 0.5 13.85 0.750 541 1723 0483 1.18
16  OH-330-33S-A307-1/2-1-SS-1.5-T2 33 33 0.5 13.85 0.750 54.1 1603 0.529 1.09
17  OH-300-300-A307-1/2-1-SS-1.5-T1 30 30 0.5 17.06 0.750 87.2 1727 0.197 0.90
18  OH-300-300-A307-1/2-1-SS-1.5-T2 30 30 0.5 17.06 0.750 87.2 1720 0.231 0.90
19  OH-390-390-A307-1/2-1-SS-1.5-T2 39 39 0.5 12.82 0.750 90.7 2645 0.435 1.00
20 OH-390-390-A307-1/2-1-SS-1.5-T3 39 39 0.5 12.82 0.750 90.7 2429 0445 0.92
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Table 4.7 Test Results for Double Shear Connections with Oversized Hole, Single Bolt, e/d =1.5

Nominal Nominal Bolt
. SHT() shyt2)  Dia. e Actual .
No Specimen Label ;’hlcknes Th?ckness d d/it (in.) z:kusi) Piest (IDf) A (in.)  Piest/Pnas
(mil) (mil) (in.)
1 OH-430-430-A307-1/2-1-DS-1.5-T1 43 43 0.5 11.39 0.750 70.3 2266 0.218 0.98
2 OH-430-430-A307-1/2-1-DS-1.5-T2 43 43 0.5 11.39 0.750 70.3 1832 0.248 0.79
3 OH-430-430-A307-1/2-1-DS-1.5-T3 43 43 0.5 11.39 0.750 70.3 1789 0.239 0.77
4 OH-330-330-A307-1/2-1-DS-1.5-T1 33 33 0.5 13.85 0.750 54.1 1659 0.388 1.13
5 OH-330-330-A307-1/2-1-DS-1.5-T2 33 33 0.5 13.85 0.750 54.1 1637 0.447 1.12
6 OH-330-330-A307-1/4-1-DS-1.5-T1 33 33 0.25 6.93 0.375 541 1022 0.386 1.40
7 OH-330-330-A307-1/4-1-DS-1.5-T2 33 33 0.25 6.93 0.375 541 1017 0.341  1.39
8 OH-300-300-A307-1/2-1-DS-1.5-T1 30 30 0.5 17.06 0.750 87.2 1735 0.265 0.91
9 OH-300-300-A307-1/2-1-DS-1.5-T2 30 30 0.5 17.06 0.750 87.2 1810 0.325 0.94
10  OH-390-390-A307-1/2-1-DS-1.5-T1 39 39 0.5 12.82 0.750 90.7 2518 0.324 0.95
11 OH-390-390-A307-1/2-1-DS-1.5-T2 39 39 0.5 1282 0.750 90.7 3046 0.559 1.15
12  OH-390-390-A307-1/2-1-DS-1.5-T3 39 39 0.5 12.82 0.750 90.7 2421 0410 0.91
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4.2.3. Sheet Bearing Failure and Sheet Shear Failure Combined

Specific configurations were addressed where two bolts were used in testes
where e/d =1.5. When double bolts connections were used, two different failure modes
were observed as predicted. The two holes were punched with the same diameter;
however, the first hole was punched close to the edge of the sheet (the edge distance
e/d = 1.5), and the second hole, as shown in section 3 Figure 3.7, was placed in a
distance equals to 3 times of bolt diameter (3d) from the center of the first hole.
Accordingly, it was observed that the sheet shear failure had occurred on the first hole
and the sheet bearing failure had occurred on the second hole. A combination of failure
modes was also observed throughout some tests occurred.
Figure 4.11 illustrates a typical failure mode on single shear connections. The two bolts
were tilted to a great extent in the test and it forced the sheets to warp and pile up. It
was noticed that a pure sheet shear failure was not observed on the first hole. There
was an effect by bearing, however, to some degree. Again, bolts heads were inside the
deformed holes. A typical failure mode observed on double shear connections was
shown in Figure 4.12. The tilting angle of the two bolts was insignificant, and a
combination of the sheet bearing and sheet shear failures were observed on the second
hole and the first hole as well. Both of Figures 4.11 and 4.12 presented here address 33

mil thickness sheets, double bolts, single and double shear, connections..
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'Figuré 4.12 Failure mode of test OH-330-330-A307-1/2-2-DS-1.5-T1.

Tables 4.8 and 4.9 respectively list the test results for single shear double bolts
connections with oversized hole where e/d =1.5 and the test results for double shear
double bolts connections with oversized hole where e/d =1.5.

Pest and A were obtained from the tests and recorded in the table, while Pyas, the
NASPEC value, was calculated to know whether or not the value obtained by the

existing method would still be applicable for such connections.
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Table 4.8 Test Results for Single Shear Connections with Oversized Hole, Double Bolts, e/d =1.5

Nominal Nominal

No Specimen Label ) ) DI?i:.Itd dt Aclitjlal Pest (Ibf) A (in.)
(mil) miy (") (ksi)
1 OH-430-430-A307-1/2-2-SS-15-T1 43 43 05 1139 0750 703 2005 0.309
2 OH-430-430-A307-1/2-2-SS-15-T2 43 43 05 1139 0750 703 2137 0.341
3 OH-330-330-A307-1/2-2-SS-1.5-T1 33 33 05 1385 0750 541 1333 0.352
4  OH-330-330-A307-1/2-2-SS-15-T2 33 33 05 1385 0750 541 1439 0.316
5 OH-330-330-A307-1/4-2-SS-15-T1 33 33 025 693 0375 541 991 0.210
6  OH-330-330-A307-1/4-2-SS-15-T2 33 33 025 693 0375 541 1069 0.243
7 OH-300-300-A307-1/2-2-SS-1.5-T1 30 30 05 1706 0750 872 1635 0.204
8  OH-300-300-A307-1/2-2-8S-1.5-T2 30 30 05 17.06 0750 872 1891 0.436
9 OH-300-300-A307-1/2-2-8S-1.5-T3 30 30 05 17.06 0750 872 1610 0.278
10 OH-390-390-A307-1/2-2-SS-1.5-T1 39 39 05 1282 0750 907 1841 0.245
11 OH-390-390-A307-1/2-2-SS-1.5-T2 39 39 05 1282 0750 907 1962 0.430

51



Table 4.9 Test Results for Double Shear Connections with Oversized Hole, Double Bolts, e/d =1.5

Nominal Nominal

No Specimen Label Tr?Ean(;;sTmIr@s D?:.ltd dit (iﬁ.) ACFu:aI P (Ibf) A (in.)
(mil) (mil) (in.) (ksi)
1 OH-430-430-A307-1/2-2-DS-15T1 43 43 05 1139 0750 703 2322 0.410
2 OH-430-430-A307-1/2-2-DS-15-T2 43 43 05 1139 0750 703 2623 0.563
3 OH-430-430-A307-1/2-2-DS-1.5-T3 43 43 05 1139 0750 703 2464 0.317
4  OH-330-330-A307-1/2-2-DS-1.5-T1 33 33 05 1385 0750 541 1784 0.439
5  OH-330-330-A307-1/2-2-DS-15-T2 33 33 05 1385 0750 541 1770 0.501
6  OH-330-330-A307-1/4-2-DS-15T1 33 33 025 693 0375 541 1200 0.309
7 OH-330-330-A307-1/4-2-DS-15-T2 33 33 025 693 0375 541 1250 0.299
8  OH-300-300-A307-1/2-2-DS-1.5-T1 30 30 05 1706 0750 872 2051 0.416
9  OH-300-300-A307-1/2-2-DS-1.5-T2 30 30 05 1706 0750 872 1812 0.237
10 OH-300-300-A307-1/2-2-DS-15-T3 30 30 05 1706 0750 872 2144 0.317
11 OH-390-390-A307-1/2-2-DS-15T1 39 39 05 1282 0750 907 2630 0.318
12 OH-390-390-A307-1/2-2-DS-15T2 39 39 05 1282 0750 907 2494 0.295
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4.3. Tensile Tests on Bolted Connections Without Washiers on Oversized Holes
(Additional Group)

In addition to the main test group, a series of additional tests on a small range of
configurations were also performed. The purpose of the additional group of tests was to
make direct comparison on the bearing strength between the connections with
oversized holes and connections with standard holes, with or without washers. All the
additional tests were on single shear connections with single A307 % in. bolt and e/d =
4. The following parameters are included in test configurations.

1- Oversized hole, with washers

2- Standard hole, with washers

3- Standard hole, without washers

The results of these additional tests are listed in Table 4.10. Table 4.10 shows the
additional tests on 33 mil and 43 mil single shear connections, where e/d > 1.5.
Piest and A were obtained from the tests and recorded in the table, while Pyas, the
NASPEC value, was calculated to know whether or not the value obtained by the
existing method would still be applicable for such connections. The method to calculate
Pnas and Pnew is listed in the previous section.

Figures 4.13 and 4.14 respectively show the failure mode of the 43 mil thickness
connections with washers on standard hole and oversized hole. Compared to the
connections without washers, the connections with washers revealed lower tilting angle
of the bolt and larger hole deformation which resulted in higher bearing strength. Figure
4.15, on the other hand, shows the failure mode of a 43 mil thickness connection
without washer on standard hole where the bolt was tilted but the nut and bolt head did

not go through the hole and the hole was not very much deformed compared to tests
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with washers.

Both the 43 mil sheets and the 33 mil were high ductile sheets. The 43 mil sheets
have a yield strength Fy = 51.6 ksi and an ultimate strength of Fu = 70.3 ksi, whereas
the 33 mil sheets have a yield strength Fy = 44.6 ksi and an ultimate strength Fu = 54.1
ksi. For the 1/2 in. bolt diameter the standard hole diameter was 9/16 in. while the
oversized hole diameter was 5/8 in.

The washers that were used in the tests has an hole diameter of 0.57 in., an outside

diameter of 1.37 in. and a thickness of 0.106 in.

Figure 4.13 Failure mode of test WW-SH-43S-43S-A307-1/2-1-SS-4-T2.

Figure 4.14 Failure mode of test WW-OH-430-430-A307-1/2-1-SS-4-T1.
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Table 4.10 Additional Tests on 33 mil and 43 mil Single Shear Connections

Nominal Nominal

o Speomentabel ST SO e MO bea o R R s B
(mil) (mil) (in.) (ksi)
1 WW-0OH-430-430-A307-1/2-1-SS-4-T1 43 43 Yes Oversize 0.5 11.39 70.3 3710 0.601 0.84
2 WW-0OH-430-430-A307-1/2-1-SS-4-T2 43 43 Yes Oversize 0.5 11.39 70.3 3441 0.312 0.78
3 WW-SH-435-43S-A307-1/2-1-SS-4-T1 43 43 Yes Standard 0.5 11.39 703 3824 0.800 0.87
4 WW-SH-43S-43S-A307-1/2-1-SS-4-T2 43 43 Yes Standard 0.5 11.39 70.3 3906 0.820 0.88
5 WW-SH-435-43S-A307-1/2-1-SS-4-T3 43 43 Yes Standard 0.5 11.39 70.3 3941 0464 0.89
6 WW-SH-43S-43S-A307-1/2-1-SS-4-T4 43 43 Yes Standard 0.5 11.39 70.3 4314 0.510 0.98
7 SH-43S-43S-A307-1/2-1-SS-4-T1 43 43 No Standard 0.5 11.39 70.3 2437 0.441 0.74
8 SH-43S-43S-A307-1/2-1-SS-4-T2 43 43 No Standard 0.5 11.39 70.3 2300 0.283 0.69
9 SH-43S-43S-A307-1/2-1-SS-4-T3 43 43 No Standard 0.5 11.39 70.3 2385 0.231 0.72
10 WW-OH-330-330-A307-1/2-1-SS-4-T1 33 33 Yes Oversize 0.5 13.85 541 2235 0.317 0.88
11 WW-0OH-330-330-A307-1/2-1-SS-4-T2 33 33 Yes Oversize 0.5 13.85 541 2323 0438 091
12 WW-SH-33S-33S-A307-1/2-1-SS-4-T1 33 33 Yes Standard 0.5 13.85 54.1 2864 0.327 1.12
13  WW-SH-33S-33S-A307-1/2-1-SS-4-T2 33 33 Yes Standard 0.5 13.85 54 1 2754 0.426 1.08
14 WW-SH-33S-33S-A307-1/2-1-SS-4-T3 33 33 Yes Standard 0.5 13.85 54.1 2574 0.642 1.01
15 WW-SH-33S-33S-A307-1/2-1-SS-4-T4 33 33 Yes Standard 0.5 13.85 54 1 2686 0.540 1.05
16 SH-33S-33S-A307-1/2-1-SS-4-T1 33 33 No Standard 0.5 13.85 54.1 1546 0.310 0.81
17 SH-33S-33S-A307-1/2-1-SS-4-T2 33 33 No Standard 0.5 13.85 54.1 1547 0.501 0.81
18 SH-33S-33S-A307-1/2-1-SS-4-T3 33 33 No Standard 0.5 13.85 54.1 1625 0.282 0.85
19 SH-33S-33S-A307-1/2-1-SS-4-T4 33 33 No Standard 0.5 13.85 54 .1 1546 0.337 0.81
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Figure 4.15 Failure mode of test SH-33S-33S-A307-1/2-1-SS-4-T3.

4.4. Tensile Tests on Bolted Connections Without Washiers on Short Slotted Holes

The strength and behavior of bolted connections without washers on short slotted
holes was studied through series of tensile tests on 68 mil and 118 mil specimens using
Y2 in. diameter A307 Type A bolts. Two sizes of short slotted holes were investigated:
9/16 in. by 3/4 in. and 9/16 in. by 7/8 in. The research focused the first two types of

failures: the sheet bearing failure and the sheet shear failure modes.

4.4.1. Sheet Bearing Failure

The bearing failure was investigated on tensile tests on connections with e/d = 4.
The results are summarized in Tables 4.11 and 4.12 for single shear and Tables 4.13
and 4.14 for double shear. Tables 4.11, 4,12, 4,13, and 4.14 respectively show the test
results for single shear single bolt connections with short slotted holes where e/d =4,
test results for single shear double bolts connections with short slotted holes where e/d
=4, the test results for double shear single bolt connections with short slotted holes
where e/d =4, and the test results for double shear double bolts connections with short

slotted holes where e/d =4.
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Piest and A were obtained from the tests and recorded in the table, while Pyas, the
NASPEC value, was calculated to know whether or not the value obtained by the
existing method would still be applicable for such connections. The calculation of Pyas
and Pnew is shown in the Section 4.3.

Figure 4.16 illustrates a comparison of the applied load per bolt vs. hole
deformation curves between the single shear single bolt connections in bearing. Figures
4.17 through 4.20 show the failure mode, of high ductile, 68 mil and 118 mil thicknesses
single shear single bolt connections. It was observed that the bolt tilted to the highest
degree in the single shear specimens and the bolt head and nut passed through the
slotted hole causing the failure of the connections. However, the tilting angle of bolt was
more crucial in the connections where slots were large in size; therefore, the
connections with 9/16 in. x 7/8 in. slots’ size yielded lower bearing strength than the
connections with 9/16 in. x3/4 in. slots’ size.

Similarly, on the single shear double bolts tests where %2 in. A307 bolts were
used, the connections with 9/16 in. x 7/8 in. slots’ size yielded lower bearing strength
than the connections with 9/16 in. x3/4 in. slots’ size.

Figures 4.21 and 4.22 show the bearing failure mode of the connections using 2
bolts with 9/16 in. x 3/4 in. slots size and 9/16”x7/8” slots size respectively. The bolts
tilted to a great extent throughout both tests. The bolt heads and nuts went through the
9/16 in.x 7/8 in. slots and resulted in a separation of the two sheets, shown in Figure

4.22. The double bolts connections with smaller slot size (9/16 in.x 3/4 in.) gave higher

bearing strength than the connections with larger slot size (9/16 in. x7/8 in.).
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Figure 4.17 Failure mode of test SS-68-68-A307-9/16x3/4-1-SS-4-T2.
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Figure 4.19 Failure mode of test SS-118-118-A307-9/16x3/4-1-SS-4-T2.

Figure 4.20 Failure mode of test SS-118-118-A307-9/16x7/8-1-SS-4-T2.

Figure 4.21 Failure mode of test SS-118-118-A307-9/16x3/4-2-SS-4-T2.
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Figure 4.22 Failure mode of test SS-118-118-A307-9/16x7/8-2-SS-4-T1.

In this report, | had also investigated the behavior of using different sheet
thickness in the same connection of single shear tests in bearing. When using two
different sheet thicknesses in one connection the test results were recorded and
compared. The test results are listed in Tables 4.11 and 4.12. Figures 4.23 and 4.24
demonstrate the failure mode of the connections using two different sheet thicknesses
with single bolt and double bolts respectively. It was noticeably observed that the
thinner sheet had larger deformation at the slotted hole and the nut or bolt head went
through the thinner sheet. The thinner sheet had absorbed a huge amount of bearing
load during the tests. It was found that the sheet thickness played a significant role in

these tests.

Figure 4.23 Failure mode of test SS-118-68-A307-9/16x7/8-1-SS-4-T2.
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Figure 4.24 Failure mode of test SS-118-68-A307-9/16x7/8-2-SS-4-T1.

A series of tests were conducted to investigate the bearing strength of double
shear single and double bolted connections without washers on short slotted holes. The
sheet thicknesses were varied between 118 mil and 68 mil specimens. Some tests were
conducted using one sheet thickness, whereas other tests were conducted using two
different sheet thicknesses. The connections were having single and double 7%: in.
diameter A307 bolts. The test results are summarized in Tables 4.13 and 4.14 of this
report. Figure 4.25 illustrates the applied load per bolt vs. hole sheet deformation plot.
The plot comprises curves for double shear single bolt tests. Figure 4.26 through Figure
4.29 show the failure mode of typical118 mil and 68 mil double shear single bolt tests.
The bolt remained perpendicular to the sheets throughout the double shear tests;
therefore, the curves were smoother than the single shear tests. Typical bearing failure
was observed on the inside sheet of double shear connections. The inside sheet was
curled and piled up at the contact area with the bolt. For the tests where 118 mil sheets
were used, the bending of the bolt was observed along with the sheet bearing failure.
Both 118 mil and 68 mil specimens failed in the same mode and 118 mil specimens

yielded slightly higher strength than 68 mil specimens, but the variation was small.
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Table 4.11 Test Results for Single Shear Connections with Slotted Holes, Single Bolt, e/d =4

Nominal Nominal Bplt Actual

mil)  (mil)  (in.) (ksi)
1 SS-118-118-A307-9/16/3/4-1-SS-4-T1 118 118 05 38 522 6947 0.556  0.91
2 $S-118-118-A307-9/16/3/4-1-SS-4-T2 118 118 05 38 522 6810 0.649 0.89
3 $S5-118-118-A307-9/16/7/8-1-SS-4-T1 118 118 05 38 522 5978 053 0.78
4 $5-118-118-A307-9/16/7/8-1-SS-4-T2 118 118 05 38 522 5393 0.492  0.70
5  SS5-68-68-A307-0/16/3/4-1-SS-4-T1 68 68 05 746 545 2961 0681 0.69
6  SS-68-68-A307-9/16/3/4-1-SS-4-T2 68 68 05 746 545 2906 0.695 0.68
7 SS5-68-68-A307-0/16/3/4-1-SS-4-T3 68 68 05 746 545 2463 0.202 058
8  SS5-68-68-A307-0/16/3/4-1-SS-4-T4 68 68 05 746 545 2683 0.196  0.63
9  SS5-68-68-A307-0/16/7/8-1-SS-4-T1 68 68 05 746 545 2379 0350  0.56
10 SS-68-68-A307-9/16/7/8-1-SS-4-T2 68 68 05 746 545 2270 0.367 053
11 SS-118-68-A307-9/16/3/4-1-SS-4-T1 118 68 05 746 522 5583 0575  1.30
12 SS-118-68-A307-9/16/3/4-1-SS-4-T2 118 68 05 716 522 5425 0.607 127
13 SS-118-68-A307-9/16/7/8-1-SS-4-T1 118 68 05 716 522 3911 0.446  0.91
14  SS-118-68-A307-9/16/7/8-1-SS-4-T2 118 68 05 7.6 522 4284 0523  1.00
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Table 4.12 Test Results for Single Shear Connections with Slotted Holes, Double Bolts, e/d =4

Nominal Nor?in
: S(I)-Ir?l'm1a SH?I' 2 Bolt Actual Prest A Prest/Pna
Voo Speemenlabel e e GRS M5 @) n)
(mil)
1 S5S-118-118-A307-9/16/3/4-2-SS-4-T1 118 118 0.5 3.83 52.2 5941 1106  0.78
2 SS-118-118-A307-9/16/3/4-2-SS-4-T2 118 118 0.5 3.83 52.2 5699 0.693 0.74
3 SS-118-118-A307-9/16/7/8-2-SS-4-T1 118 118 0.5 3.83 52.2 5297 0.612 0.69
4 SS-118-118-A307-9/16/7/8-2-SS-4-T2 118 118 0.5 3.83 52.2 5246 0.672 0.68
5 S5S-68-68-A307-9/16/3/4-2-SS-4-T1 68 68 0.5 7.16 54.5 2830 0472 0.66
6 SS-68-68-A307-9/16/3/4-2-SS-4-T2 68 68 0.5 7.16 54.5 2768 0.478 0.65
7 S5S-68-68-A307-9/16/7/8-2-SS-4-T1 68 68 0.5 7.16 54.5 2013 0.204 0.47
8 SS-68-68-A307-9/16/7/8-2-SS-4-T2 68 68 0.5 7.16 54.5 2247 0.426 0.52
9 SS-68-68-A307-9/16/7/8-2-SS-4-T3 68 68 0.5 7.16 54.5 2095 0.402 0.49
10 SS-118-68-A307-9/16/3/4-2-SS-4-T1 118 68 0.5 7.16 52.2 4528 0.566 1.10
11 SS-118-68-A307-9/16/3/4-2-SS-4-T2 118 68 0.5 7.16 52.2 4776 0930 1.17
12 SS-118-68-A307-9/16/7/8-2-SS-4-T1 118 68 0.5 7.16 52.2 3472 0473 0.85
13  SS-118-68-A307-9/16/7/8-2-SS-4-T2 118 68 0.5 7.16 52.2 4068 0.722 0.99
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Figure 4.25 Load vs. deformation curves for single shear connections with single bolt,
slotted holes in bearing.

Figure 4.26 Failure mode of test SS-68-68-A307-9/16x3/4-1-DS-4-T2.
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Figure 4.27 Failure mode of test SS-68-68-A307-9/16x7/8-1-DS-4-T1.

Figure 4.28 Failure mode of test SS-118-118-A307-9/16x3/4-1-DS-4-T2.

Figure 4.29 Failure mode of test SS-118-118-A307-9/16x7/8-1-DS-4-T1.
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Table 4.13 Test Results for Double Shear Connections with Slotted Holes, Single Bolt, e/d =4

Nominal Nominal

Bolt Actual
No Specimen Label TS.HT“) SHT() pio'g gt F.  Pea(bf) A(n) Des/Pre
ickness Thickness —,. ) W
(mil) (mil) (in.) (ksi)
1 SS-118-118-A307-9/16/3/4-1-DS-4-T1 118 118 0.5 3.83 52.2 11994 1.087 1.05
2 SS-118-118-A307-9/16/3/4-1-DS-4-T2 118 118 0.5 3.83 52.2 13691 1.039 1.20
3 SS-118-118-A307-9/16/3/4-1-DS-4-T3 118 118 0.5 3.83 52.2 13417 0.994 1.17
4 SS-118-118-A307-9/16/7/8-1-DS-4-T1 118 118 0.5 3.83 52.2 13251 0972 1.16
5 SS-118-118-A307-9/16/7/8-1-DS-4-T2 118 118 0.5 3.83 52.2 12751 0.862  1.11
6 SS-68-68-A307-9/16/3/4-1-DS-4-T1 68 68 0.5 7.16 54.5 5844 0.547 0.93
7 SS-68-68-A307-9/16/3/4-1-DS-4-T2 68 68 0.5 7.16 54.5 6507 0.594 1.03
8 SS-68-68-A307-9/16/3/4-1-DS-4-T3 68 68 0.5 7.16 54.5 6496 0.682 1.03
9 SS-68-68-A307-9/16/7/8-1-DS-4-T1 68 68 0.5 7.16 54.5 5790 0.529 0.92
10  SS-68-68-A307-9/16/7/8-1-DS-4-T2 68 68 0.5 7.16 54.5 5935 0.683 0.94
Table 4.14 Test Results for Double Shear Connections with Slotted Holes, Double Bolts, e/d =4
Nominal Nominal Bolt Actual
No Specimen Label ot SRT@) piagan F.  Pea(bf) A(n) es/Pre
|ckpessTh|ckpess (in.) (ksi) w
(mil) (mil)
1 SS-68-68-A307-9/16/3/4-2-DS-4-T1 68 68 0.5 7.16 54.5 5058 0.855 0.80
2 SS-68-68-A307-9/16/3/4-2-DS-4-T2 68 68 0.5 7.16 54.5 4620 0.735 0.73
3 SS-68-68-A307-9/16/7/8-2-DS-4-T1 68 68 0.5 7.16 54.5 5173 0.755 0.82
4 SS-68-68-A307-9/16/7/8-2-DS-4-T2 68 68 0.5 7.16 54.5 5004 0.784 0.80
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4.4.2. Sheet Shear Failure

Type | failure, the sheet shear failure, of the bolted connections without washers
on short slotted holes was experimentally examined by series of tests on single shear
single bolt and double shear single bolt connections where the bolt diameter was 2z in.
and e/d = 1.5. Figure 4.30 depicts the applied load per bolt vs. hole sheet deformation
plot the include curves of two sheet thicknesses, 118 mil and 68 mil, with single shear
connections in the sheet shear failure. The failure modes could be seen clearly in
Figures 4.31, 4.32 and 4.33. When we examined the bolt movement and rotation
behavior, we found that the bolt’s tilt angle was significantly large, which means that the
bolt was rotated, throughout the single shear tests and, therefore, the shear failure
occurred. Again, due to the deformation on holes, the bolt head and nut passed through
the slots, and the sheets separated at peak loads. It was concluded that the

connections with AlSI short slot sizes (9/16 in. x 3/4 in.) yield to higher shear strength

than the connections with MBMA short slot sizes (9/16 in. x 7/8 in.).
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Figure 4.30 Load vs. deformation curves for single shear connections with single bolt,
slotted holes, in shear.
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Figure 4.32 Failure mode of test SS-118-118-A307-9/16x7/8-1-SS-1.5-T1.

Figure 4.33 Failure mode of test SS-68-68-A307-9/16x7/8-1-SS-1.5-T1.

In this research, the sheet shear failure of the bolted connections without
washers on short slotted holes was studied; therefore, a series of tests on single shear
and double shear specimens with one 'z in. diameter A307 bolt where e/d = 1.5 were

conducted. Figure 4.34 illustrates the applied load per bolt vs. the deformation plot that
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comprises curves for double shear tests in sheet shear failure. The failure mode could
be clearly seen and observed in Figures 4.35 through 4.38, The bolt in all double shear
tests stayed at a 90 degree angle to the sheets, no bolt tilting occurred during the tests,
the rotation of the bolt was not appeared. Therefore, the curves were smooth. Typical
sheet shear failure was attained on the inside sheet of the double shear specimens. The
sheet was extended at the area in contact with the bolt. Similar mode of failure was
detected when the connections had two different slot sizes. The connections with 9/16
in. x3/4 in. slot yielded somewhat higher shear strength than the connections with 9/16
in.x3/4 in., but the variation was small. The test results for the sheet shear failure are

summarized in Tables 4.15 and 4.16 for single shear and double shear respectively.
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Figure 4.34 Load vs. deformation curves for double shear connections with single bolt,
slotted holes, in shear.
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Figure 4.36 Failure mode of test SS-118-118-A307-9/16x7/8-1-DS-1.5-T1.

Figure 4.38 Failure mode of test SS-68-68-A307-9/16x7/8-1-DS-1.5-T1.
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Table 4.15 Test Results for Single Shear Connections with Slotted Holes, Single Bolt, e/d =1.5

Nominal Nominal B_oIt Actual
No Specimen Label TSEan(;; Tﬁ':gfggs Pla an (iﬁ_) F.  Pus(b) A(n) Pes/Pus
mil) (i) (n) (ksi)
1 SS-118-118-A307-9/16/3/4-1-SS-1.5-T1 118 118 0.5 3.83 0.75 52.2 4861 0.689 0.95
2  SS-118-118-A307-9/16/3/4-1-SS-1.5-T2 118 118 0.5 3.83 0.75 52.2 4757 0.655 0.93
3  SS-118-118-A307-9/16/7/8-1-SS-1.5-T1 118 118 0.5 3.83 0.75 52.2 3924 0.633 0.77
4  SS-118-118-A307-9/16/7/8-1-SS-1.5-T2 118 118 0.5 3.83 0.75 52.2 3595 0493 0.70
5  SS-68-68-A307-9/16/7/8-1-SS-1.5-T1 68 68 0.5 716  0.75 54.5 2056 0.353 0.72
6  SS-68-68-A307-9/16/7/8-1-SS-1.5-T2 68 68 0.5 716  0.75 54.5 2013 0.363 0.71
7  SS-68-68-A307-9/16/3/4-1-SS-1.5-T1 68 68 0.5 716  0.75 54.5 2554 0.446 0.71
8  SS-68-68-A307-9/16/3/4-1-SS-1.5-T2 68 68 0.5 716  0.75 54.5 2456 0431 0.68
Table 4.16 Test Results for Double Shear Connections with Slotted Holes, Single Bolt, e/d =1.5
Nominal  Nominal B_olt Actual
No Specimen Label Tﬁ':grggs Tﬁngrgis Pla oy Fu Pealb) A(n) PedPus
(mil) mil)  (in.) (ksi)
1 SS-118-118-A307-9/16/3/4-1-DS-1.5-T1 118 118 0.5 3.83 0.75 52.2 5460 0497 1.07
2  SS-118-118-A307-9/16/3/4-1-DS-1.5-T2 118 118 0.5 3.83 0.75 52.2 5441 0.503 1.06
3  SS-118-118-A307-9/16/7/8-1-DS-1.5-T1 118 118 0.5 3.83 0.75 52.2 5323 0.539 1.04
4  SS-118-118-A307-9/16/7/8-1-DS-1.5-T2 118 118 0.5 3.83 0.75 52.2 5302 0.547 1.04
5  SS-68-68-A307-9/16/3/4-1-DS-1.5-T1 68 68 0.5 716 0.75 54.5 2903 0430 1.02
6  SS-68-68-A307-9/16/3/4-1-DS-1.5-T2 68 68 0.5 716 0.75 54.5 2884 0414  1.01
7  SS-68-68-A307-9/16/7/8-1-DS-1.5-T1 68 68 0.5 716 0.75 54.5 2878 0495 1.01
8 SS-68-68-A307-9/16/7/8-1-DS-1.5-T2 68 68 0.5 7.16 0.75 54.5 2717 0464 0.95
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4.4.3. Sheet Bearing Failure and Sheet Shear Failure Combined

| conducted a series of tests using a thickness of 68mil with single shear and 1/2
in. diameter A307 bolts. During the bolts installation phase, one bolt was installed into
the hole that had an edge distance e/d = 1.5, whereas the second bolt was placed in the
hole that had a distance of 3 times of the bolt diameter (3d) from the center of the first
hole. Upon that configuration, the sheet shear failure occurred at the first hole, the hole
that had an e/d =1.5, and the sheet bearing failure occurred at the second hole. That is
clearly demonstrated in Figures 4.39 and 4.40. A typical failure mode on single shear
connections with 9/16 in. x 3/4 in. slots and 9/16 in. x7/8 in. slots is shown in Figures
1.39 and 4.40 respectively. The bolts tilt angles were large and the nut and the bolt’s
head went through the elongated slots which, therefore, caused the separation of the
two sheets. Again, the effect of the bolts rotation was obvious. It was found that the
connections with smaller short slotted holes yielded higher strength than the

connections with larger short slotted holes. Table 4.17 summarizes the test results of

this specific configuration.

Figure 4.39 Failure mode of test SS-68-68-A307-9/16x3/4-2-SS-1.5-T3.
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Figure 4.40 Failure mode of test SS-68-68-A307-9/16x7/8-2-SS-1.5-T1.
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Table 4.17 Test Results for Single Shear Connections with Slotted Holes, Double Bolts, e/d =1.5

Nominal Nominal

No Specimen Label Tﬁngn(;gsTﬁngrSi;s D(??(:.I;{d dit (iﬁ') i%:?l Pest (I6) A (iN.)  Pres/Pras
(mil) (mil) '

1 SS-68-68-A307-9/16/3/4-2-SS-1.5-T1 68 68 05 716 075 545 2260 0.208  0.794

2 SS-68-68-A307-9/16/3/4-2-SS-1.5-T2 68 68 05 716 075 545 2577 0511  0.905

3 SS-68-68-A307-9/16/3/4-2-SS-1.5-T3 68 68 05 746 075 545 2615 0494  0.919

4  SS-68-68-A307-9/16/7/8-2-SS-1.5-T1 68 68 05 716 075 545 2021 0411 0707

5 SS-68-68-A307-9/16/7/8-2-SS-1.5-T2 68 68 05 716 075 545 1930 0403 0678
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CHAPTER 5
DISCUSSION

5.1. Sheet Bearing Strength of Bolted Connections Without Washers on Oversized
Holes

The results were compared to the NASPEC (2007). In particular, the resulted
values of bearing strength for bolted connections with oversized holes with e/d greater
than 3 were evaluated and compared to the calculated bearing strength for bolted
connections without washers on standard holes using NASPEC (2007). As mentioned
earlier, the current NASPEC (2007) utilizes two design factors, the modification factor ms
and the bearing factor C, to distinguish and report different bolted connections
configurations. A unified bearing factor formula, listed in Table 2.2, is employed in
NASPEC (2007) for both single shear and double shear bolted connections.

Different values were applied for the modification factor m;. According to
NASPEC (2007), the modification factor ms= 0.75 for single shear connections without
washer on standard hole, whereas m;=1.33 for the inside sheet of double shear
connections without washer.

Figure 5.1 shows the comparison of the examined bearing factor C with the
NASPEC (2007) method, table 2.2, and Waterloo’s C equations for single shear
connections, table 2.1. The equation C = Pt/ (Mm;d t Fy) was used to calculate the
tested bearing factor C where my= 0.75 (Single Shear Connection). The Figure also
confirms that for single shear bolted connections with d/t larger than 7, the tested
bearing strength is lower than the NASPEC (2007) predictions. On the other hand, by
comparing the results to Waterloo’s method, we found that most of the tested values

were also lower than the Waterloo predictions. Not only that but also the plot shows that
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the bearing strength values of the bolted connections with single bolt were in close
proximity to the bearing strength values of the same connections with double bolts.
Looking into the behavior of the low ductile steel we can observe that the low ductile
steel connections data results, which have solid symbols in Figure 5.1, are all gathered
at the bottom of the whole data pool; however, the results still inside the boundary.
Consequently, it can be observed that the selected low ductile steel materials in this
research and the high ductile steel materials, in terms of predicting the bearing strength

for bolted connections behavior, can be treated equally.
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Figure 5.1 C vs d/t for bearing strength test on single shear connections with oversized
holes.
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Figure 5.2 C vs d/t for bearing strength test on double shear connections with oversized
holes.

On the other hand, Figure 5.2 shows a plot that represents a comparison of the
examined bearing factor C with the NASPEC (2007) method, table 2.2, and Waterloo’s
C equations for double shear connections, table 2.1. The tested bearing factors were
calculated by the same equation for single shear connection; however, the modification
factor m; was equal t01.33 in this case. Using the same method we used for single
shear connections, we found that the maijority of the double shear connections data
results with oversized holes gave consistently lower bearing strength with compare to
the NASPEC (2007) and Waterloo calculations for connections with standard holes.
Nevertheless, the tested bearing factors C for single and double bolt connections were
close to some extent. It can be observed from Figure 5.2 that the material ductility plays

an important role throughout these tests. The Figure shows that the low ductile steel
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connections have lower tested bearing factors than the high ductile steel connections.
However, the difference is not that crucial and not adequately significant to distinguish
the two types of steel into two trends.

Generally, we can conclude from the test results that the cold-formed steel bolted
connections without washers on oversized holes yield methodically lower bearing
strength comparing to the calculated values by the current NASPEC 2007 and Waterloo
methods for connections without washers on standard holes. Chapter 4: Tables 4.2, 4.3,
4.4, and 4.5 listed the test-to-NASPEC prediction ratios. The average test-to-predicted
ratio for the sheet bearing strength was 0.87 for single shear connections, whereas the
ratio was 0.75 for the double shear connections. Additionally, Tables 5.1 and 5.2
summarize the average ratio for the overall tests and breakdowns according to the
number of bolts and the steel ductility.

Table 5.1 Test-to-Predicted Ratios for Sheet Bearing Strength of Single Shear
Connections with Oversized Holes

‘S Ptest/ |:>NAS Ptest/ |:)NEW
Connection o) o o
] ; o]
configuration = ff), Standard Coefficien Standard Coefficient
S Average o t of Average o of
> deviation L deviation .
variation variation
Single bolt 34 0.88 0.17 0.194 1.02 0.14 0.135
Double bolts 17 0.84 0.17 0.206 1.00 0.13 0.127
High ductile steel 43 0.90 0.17 0.187 1.03 0.14 0.134
Low ductile steel 8 0.70 0.06 0.081 0.93 0.07 0.069
Overall 51 0.87 0.17 0.198 1.01 0.13 0.131
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Table 5.2 Test-to-Predicted Ratios for Sheet Bearing Strength of Double Shear
Connections with Oversized Holes

‘S Ptest/ PNAS Ptest/ I:>NEW
Connection oo
! : 92 . .
Conf|gurat|on c E Standard Coefficien Standard Coefficient
= Average - t of Average - of
= deviation L deviation L
variation variation
Single bolt 17 0.77 0.16 0.215 1.03 0.15 0.147
Double bolts 20 0.74 0.16 0.209 0.98 0.10 0.105
High ductile steel 26 0.82 0.13 0.163 1.05 0.1 0.109
Low ductile steel 11 0.59 0.08 0.126 0.90 0.10 0.114
Overall 37 0.75 0.16 0.210 1.00 0.13 0.127

From the test data results for the bearing strength, a new method was proposed

to calculate the bearing factor, C, and the modification factor m¢ to accurately calculate

the bearing strength of cold-formed steel bolted connections without washers on

oversized holes. The proposed method is listed in Table 5.3 and 5.4 respectively. Those

tables summarize the proposed factors for the single and double shear connections. On

the other hand, the same bearing strength calculated by equation (Eq. 6.2) from

NASPEC (2007) was still utilized for connections with oversized holes. However, the

factors were substituted by the newly proposed ones.

Table 5.3 Proposed Bearing Factor, C, for Bolted Connections with Oversized Holes

Ratio of fastener diameter to member

thickness, d/t C

di<7 3
7<dit=<18 1+14/(d/t)

d/it>18 1.8
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Table 5.4 Proposed Modification Factor, my, for Bolted Connections with Oversized
Holes

Type of bearing connection m;

Single shear connection without washers under

both bolt head and nut on oversized hole 0.72

Inside sheet of double shear connection without

washers on oversized hole 1.12

A comparison between the test results and the two design methods for the single
shear and double shear connections are respectively illustrated in Figures 5.3 and 5.4.
The y-axis represents the ratio of the nominal bearing strength for the design methods
to the product of tensile strength, the bolt diameter and the sheet thickness, which can
be expressed as P/(F, d t). In other words, the ratio stands for the peak load per bolt for
the test results. As it is shown in Figures 5.3 and 5.4, the proposed design method has
a reasonable agreement with the test results for both single and double shear bearing
connections. The calculated average test-to-predicted ratio for the proposed method is
1.01 for the single shear connections and 1.00 for the double shear connections. Both
the single shear and the double shear connections have s standard deviation of 0.13. In
addition, the newly proposed design method can also be used for both low and high

ductile steel connections.
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Figure 5.3 Test results vs. design methods for single shear connections with oversized
holes.
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Figure 5.4 Test results vs. design methods for double shear connections with oversized
holes.
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5.2. Sheet Shear Strength of Bolted Connections Without Washers on Oversized
Holes

A unified equation (Eq. 1.1) for the sheet shear strength for all bolted connections
with standard holes is used by the NASPEC (2007). Tables 4.6 and 4.7 summarize the
test-to-NASPEC prediction ratio for each shear strength test. A comparison of the tested
shear strengths with the NASPEC (2007) predictions (Eq. 1.1) is shown in Figure 5.5.
The plot shows that the current NASPEC (2007) provisions for the sheet shear strength
of bolted connections on standard holes conform to the test results for connections
without washer on oversized holes. The average test-to-NASPEC prediction ratio for all
tests is 1.05 with a standard deviation of 0.22. In addition, no major difference was
found between the single and double shear connections in terms of the sheet shear
strength. The NASPEC (2007) grants fairly good prediction for the sheet shear strength
for low ductile steel connections. The average test-to-NASPEC prediction ratio for the
low ductile steel is 0.93 with a standard deviation of 0.11. Generally, the current
NASPEC (2007) design method can be utilized in the bolted connections without
washers on oversized holes. Table 5.5 gives the details of the test-to-predicted ratios.

Table 5.5 Test-to-Predicted Ratios for Sheet Shear Strength of Connections with
Oversized Holes

Connection Number Presi/Pras .
configuration of tests  Average itapdgrd Coefﬂcu_ant
eviation  of variation

Single shear 31 1.01 0.20 0.200

Double shear 24 1.10 0.24 0.214

High ductile steel 26 1.06 0.21 0.194

Low ductile steel 19 0.93 0.11 0.120

Overall 55 1.05 0.22 0.210
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Figure 5.5 Pist/Pnas Vs d/t for sheet shear strength of connections with oversized holes.

5.3. Low Ductile vs High Ductile Steel

As we have seen earlier, Figures 5.1 and 5.2 respectively show comparisons of
the bearing strength tests with the design equations for single shear and double shear.
Filled or solid symbols are used for the low ductile steel tests, whereas unfilled symbols
are used for the high ductile steel tests in order to visibly monitor their behavior. The low
ductile steel data results are located in the lower bound of the whole test point set;
however, they are not separated from the main group. When comparing the two data
sets, the low ductile and the high ductile data sets, we found that the low ductility in the
material did not considerably weaken the bearing strength of the bolted connections.
That conclusion can also be made for the sheet shear strength as shown in Figure 5.5.

The low ductile steel tests (30 mil and 39 mil) present a good agreement with the
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current NASPEC predictions which was originally developed for high ductile steel
connections. As mentioned earlier, the proposed bearing strength method and the
current NASPEC (2007) sheet shear strength method can be used for low ductile steel.
The effect of material ductility was obvious on the hole deformation. In fact, it was
observed that when low ductile sheets were used, the connections had less hole
elongation compared to the high ductile steel at peak loads. Accordingly, the tilt angle of
the bolt in the low ductile steel connections was less than in the high ductile steel single
shear connections. Figures 5.6 and 5.7 show the bearing failure of a 43 mil high ductile
steel connection and the bearing failure of a 39 mil low ductile steel connection
respectively. The high ductile steel sheet warped to a great extent and the elongation of
the hole was large enough to allow the head of the bolt to pass through the sheet.
Similarly, in the low ductile steel connections the bolt tilted and, in some tests, the bolt

head and the nut went through the sheet. As a general finding, the low ductile steel

sheets revealed less warping and hole deformation than the high ductile steel sheets.

Figure 5.6- 43 mil high ductile steel bearing failure.
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Figure 5.7- 39 mil low ductile steel bearing failure.

5.4. A307 vs A325 Bolts

Both A325 bolts and the A307 Type A bolts were used throughout these tests.
They both have the same nominal shank diameter (1/2 in.); nevertheless, the A325
bolts have larger head and nut sizes (measured side to side dimension 0.862 in.)
compared to that of the A307 Type A bolt (measured side to side value 0.739 in.). The
effect of ASTM A307 Type A and A325 bolts on connections strength was investigated
by the tests on 68 mil single shear connections using one %z in. shank diameter bolt.
The test results are listed in Tables 4.5 and 4.6. A comparison of the 68 mil tests with
two types of bolts for bearing strength is shown in Table 5.6. The results show that
connections with A325 bolt yielded rationally higher bearing strength with an average
value of 18% higher than those using A307 bolts. The bolt head and nut have partial
function as washers in the bolted connections. Therefore, the larger size of head and
nut in A325 bolt help to having a small tilting angle of the bolt as well as the curling of
the sheet. In addition, a higher bearing strength was achieved. The bearing failures of
single shear connections by using A307 and A325 bolt are shown respectively in

Figures 5.8 and 5.9. It can be observed that the A325 bolt ended up with less rotation
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than the A307 bolt. As a result, the use of A325 bolt is more valuable for bearing
strength in single shear connections without washers.

Table 5.7 shows the 68 mil tests with two types of bolts for sheet shear strength.
It was found that the A325 bolt connections yielded slightly higher sheet shear strength
than the A307 bolt connections with an average 8% increase. The sheet shear failure
mode of 68 mil single shear connections with A307 bolt and A325 bolt are illustrated
respectively in Figure 5.10 and Figure 5.11. It was observed that the A307 bolt tilted to
the highest degree in single shear and the sheet warped. The A325 bolt achieved
typical sheet shear failure in the sheet and the bolt tilted but not as much as the A307
bolt did.

Generally, based on the results, the employ of A325 bolt could increase the
bearing strength and sheet strength of single shear bolt connections due to the larger
head and nut sizes compared to the A307 Type A bolt with the same nominal bolt
diameter. The tests emphasize that due to the fact that the improvement is greater in
the bearing strength. The proposed design method for bearing strength was calibrated

by the tests on A307 bolts and was, therefore, conservative for connections using A325

bolts.
Table 5.6 Comparison in Bearing Strength between A307 and A325 Bolts
Bolt Type - Connection Prest Average Piegt

Test label Diameter Configuration (Ibs) (Ibs)
OH-680-680-A325-1/2-1-SS-4-T1 A325 - 1/2¢ Single Shear 4685
OH-680-680-A325-1/2-1-SS-4-T2 A325 - 1/2¢ Single Shear 4945 4760
OH-680-680-A325-1/2-1-SS-4-T3 A325 - 1/2° Single Shear 4649
OH-680-680-A307-1/2-1-SS-4-T1 A307 - 1/2” Single Shear 3971
OH-680-680-A307-1/2-1-SS-4-T2 A307 - 1/2° Single Shear 3925 4026
OH-680-680-A307-1/2-1-SS-4-T3 A307 - 1/2° Single Shear 4182
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Figure 5.9 Bearing failure of .a 68 ..r.nil si.ngle shear connection with one A325 bolt.

Table 5.7 Comparison between 1/2” Dia. A307 and A325 Bolts in Single Shear

Test Label (IID tt)e;; Aver(? 8:) Pest
OH-680-680-A325-1/2-1-SS-1.5-T1 3404 3384
OH-680-680-A325-1/2-1-SS-1.5-T2 3363
OH-680-680-A307-1/2-1-SS-1.5-T1 3134 3123
OH-680-680-A307-1/2-1-SS-1.5-T2 3112
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Figure 5.11 Sheet shear failure of a 68 mil single shear connection wih one A325 bolt.

5.5. Connections with Different Sheets and Different Hole Sizes

Throughout this research a variety of sheet thicknesses and hole sizes were
used in bolted connections tests without washer. In this section, 33 mil sheets bolted
connection tests were evaluated based on four configurations. In all of the four
configurations, washers were not used, single shear was employed, and single 1/2 in.
A307 bolt was utilized. In the first configuration, each sheet had an oversized hole. In
the second configuration, one sheet had a standard hole size while the other sheet had

an oversized hole. In the third configuration, each sheet had a standard hole size. In the
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last configuration, a 33 mil sheet assembled with a 43 mil sheet and each of these
sheets had an oversized hole.

The results of these four configurations are summarized in Table 5.8 and it
indicates that the use of a standard hole on one sheet and an oversized hole on the
other sheet, the second configuration, may increase the bearing strength of the
connection. The use of thicker material on one sheet, the fourth configuration, can also
improve the bearing strength of the connection. The enhancement in the bearing
strength by using higher strength configurations in one connected sheet can be
achieved; however, the increase in strength is not significant. It is recommended that
the connection strength be calculated according to the thinner sheet configuration.

Table 5.8 Comparison among for 33 mil Single Shear Connections Using One 1/2 in.

Dia. A307 Bolt
Connection Configurations without Average Pist  Bearing Strength
washers (Ibs) Increased

33 mil .
oversized holes 1448 0%

33 mil oversized/standard holes 1544 6.6%

33 mil o
standard holes 1586 9.6%

33 mil 43 mil 1653 14.2%

oversized holes

5.6. Two-Bolt Connections with Oversized Holes in Bearing and Shear Combined
Failure

Throughout the tests, it was obvious that the shear failure most likely occurred at
the hole that located close to the sheet edge, edge distance = 1.5, whereas the bearing

failure occurred at the other hole, which was located at a distance equals to 3 times the
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nominal bolt diameter from the center of the first hole. Tables 5.9 and 5.10 give a
comparison between the peak loads of the combined failure and the typical bearing
failures in two-bolt connections and the typical shear failure in one-bolt connections in
single shear and double shear respectively. The Pyt in both tables is the average peak
load per bolt. It was found that for the high ductile steel connections, the peak load of
the combined failures was greater than sheet shear failure and less than the bearing
failure. The strength of the combined failures was closer to the shear strength due to the
fact that the observed bearing strength was considerably higher than the shear strength.
Due to the complexity of the load distribution between the two bolts in the specific
connection configuration, further investigation should be conducted. It is recommended
to use sheet strength for both bolts to predict the connection strength for this specific
configuration.

Table 5.9 Comparison between Combined Failure and Typical Failures for Single Shear

. . Prest (Ibs)
Cogggﬁfatlt?gn Ogﬁegfléaﬁgreeet Com-tEin\:ZdBlggi’lures Be-;\:ilr?gBISz:(isll’Jre (P, +Ps)
(P1) (P2) (P3) 2

43 mil, 1/2" A307 2004 2071 2127 2066
33 mil, 1/2" A307 1281 1386 1308 1295
33 mil, 1/4" A307 1001 1030 1103 1052
30 mil, 1/2” A307 1724 1712 1667 1696
39 mil, 1/2” A307 2537 1902 2241 2389
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Table 5.10 Comparison between Combined Failure and Typical Failures for Double

Shear
Connection Two Bolt, Two Bolts,
configuration One Bolt, Sheet Combined Bearing (P, +P;)
Shear Failure . : ~ 3
(Ps) Failures Failure 2
(P2) (P3)
43 mil, 1/2" A307 1962 2470 3646 2804
33 mil, 1/2" A307 1648 1777 2110 1879
33 mil, 1/4" A307 1020 1225 1717 1369
30 mil, 1/2” A307 1773 2002 2617 2159
39 mil, 1/2” A307 2662 2562 3523 3093

5.7. Options of Washers and Hole Sizes (Additional Group)

Additional group tests were conducted in order to identify the differences in
bearing strength between connections having either standard on oversized holes with or
without washers. The test results are shown in chapter 4, Table 4.10, where Pyas is the
bearing strength determined by the current NASPEC (2007) method for connections
with standard holes.

The conducted tests on connections with standard holes were compared with the
previous tests conducted by other researchers. Wallace, LaBoube, Schuster (2002)
summarized previously conducted tests and used the data to calibrate the current
NASPEC Method. Figure 5.12 illustrates a comparison between the previous tests and
the tests of this research for 33 mil and 43 mil sheets with single shear connections with
washers on standard holes. Apparently, the Figure shows that the tests of this research
fairly match the previous data for single shear connections with washers on standard

holes.
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Figure 5.13 illustrates a similar comparison to Figure 5.12 but on the “without
washer” option. Figure 5.13, on the other hand, addresses the connections of standard
holes without washers. The Figure indicates that the tests of this research on
connections without washers on standard holes locate at the bottom of the previous test
data pool; however, the test data do not exceed the boundary limits.

By comparing the additional group and the main group tests on the 33 mil and 43
mil single shear connections, we found that the connections with oversized holes yield
less bearing strength than those with standard holes whether washers were used or not.
The ratios of bearing strength of connections with oversized holes to connections with
standard holes are listed in Table 5.11. The reduction, therefore, in the bearing strength
could be as large as 20% for single shear connections.

Table 5.11 Direct Comparison between Tests on Connections with Oversized holes and
Standard Holes in Bearing

Poversized hoIe/Pstandard hole

Sheet Thickness

Without Washers With Washers
33 mil 0.924 0.838
43 mil 0.803 0.895
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Figure 5.12 Bearing factor C for single shear and outside sheets of double shear bolted connections [with washers].
(Wallace, LaBoube, Schuster, 2002)
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5.8. Sheet Bearing Strength of Bolted Connections Without Washers on Short Slotted
Holes

In this section, we compared the test results of the conducted connections with short
slotted holes with the connections with oversized holes. Also, we examined the
predictions by both design methods; the current NASPEC (2007) method and the new
design method proposed in this report. The test-to-predicted ratios “Piesi/Pnas” are listed
in chapter 4, Tables 4.11 and 4.12, where Py is the peak load per bolt and Pyas is the
NASPEC (2007) prediction for the bearing strength of single shear without washers for

the thinner sheet.

4 T T
—— Current NAS Design
=== Proposed Design
3.51 e Single Shear Connections with Oversized Holes
O Single Shear Connections with 9/16x3/4 Slotted Holes
3l A Single Shear Connections with 9/16x7/8 Slotted Holes | |
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Figure 5.14 Test results vs. design methods for single shear connections in bearing.

An evaluation, in terms of the bearing strength, of the test results with the design
methods is shown in Figure 5.14. The figure points out that a low bearing strength was

achieved when single shear connections were used with two different short slotted
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holes comparing to the same connection configuration on oversized holes. The average
test-to-NASPEC prediction ratio for the single shear connections with 9/16 in.x3/4 in.
slots is 0.72, whereas for the single shear connections with 9/16 in.x7/8 in. slots, the
ratio is 0.60. The reduction in bearing strength was due to the fact that the short slotted
holes were wider than the oversized holes; thus, it made it easier for the bolt head and
nut to rotate and went through the sheets. It is recommended that, for single shear
connections, when either 9/16 in.x 3/4 in. or 9/16 in.x 7/8 in. short slotted holes was
used, washers must be utilized.

The tilting of bolt was almost prevented throughout the double shear connection
tests. The configuration with double shear resulted in an increase in the bearing
strength. A comparison between the test results and the design methods for the bearing
strength of inside sheet of double shear connections is shown in Figure 5.15. It was
found that the double shear connections with short slotted holes had similar
performance to the connections using oversized holes in terms of the bearing strength.
The proposed design method for bearing strength has a reasonable match to the test
results. The average test-to-prediction of the new design method for the double shear
connections with 9/16 in.x3/4 in. slots is 0.99 with a standard deviation of 0.163,
whereas for the double shear connections with 9/16 in.x7/8 in. slots, the average ratio is
0.96 with a standard deviation of 0.149. It is recommended that the newly proposed
design method be used for the inside sheet of a double shear bolted connection with
9/16 in.x3/4 in. or 9/16 in.x7/8 in. slotted holes. The ratios of test-to-NASPEC prediction

of the new design method (Piest/Pnew) are listed in chapter 4, Tables 4.13 and 4.14.

96



— Current NAS Design

=== Proposed Design
e Double Shear Connections with Owersized Holes
O Double Shear Connections with 9/16x3/4 Slotted Holes | |
A Double Shear Connections with 9/16x7/8 Slotted Holes

P/(F dt)

|
0 5 10 15 20 25 30
d/t

0 | |

Figure 5.15 Test results vs. design methods for double shear connections in bearing.

5.9. Sheet Shear Strength of Bolted Connections Without Washers on Short Slotted
Holes

A comparison was conducted by using the test results with the NASPEC
prediction for shear strength of bolted connections on standard holes. The test-to-
NASPEC prediction ratios are listed in Chapter 4, Tables 4.15 and 4.16. Because the
bolt had a large tilting angle in the single shear connections on short slotted holes, the
tested shear strength was systemically lower than the NASPEC predictions.

On the other hand, the tilting of the bolt was prevented to some extent so that a
typical shear failure was achieved and the connection strength was significantly
improved in the double shear tests. The peak loads of the double shear tests had a
good agreement with the NASPEC prediction, the average test-to-predicted ratio is 1.03

with a standard deviation of 0.037. A comparison between the test results and the
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NASPEC prediction is shown in Figure 5.16. It is recommended that the current
NASPEC prediction for sheet shear strength be used for double shear connections
using 9/16 in. x 3/4 in. and 9/16 in. x 7/8 in. slotted holes. It is also recommended that

washers be required for single shear connections with slotted holes in shear.
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Figure 5.16 Test results of oversized holes vs. sheet shear strength of short slotted
holes.

5.10. Two-Bolt Connections with Short Slotted Holes in Bearing and Shear Combined
Failure

Throughout the tests, a combined failure mode, the bearing and the shear, was
occurred on the connections with double bolts and e/d = 1.5. The configuration was
observed on 68 mil connections and the results are summarized in Chapter 4, Table
4.17. A comparison between the combined failures with the other two typical failure

modes is illustrated in Table 5.12. Pist in Table 5.12 is the average peak load per bolt. It
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was found that the strength of the combined failure modes is close to sheer failure. We
can predict the strength of the specific configuration by assuming both bolts fail in the
sheet shear failure.

Table 5.12 Comparison between Combined Failure and Typical Failures for Single
Shear Connections

Connection .
Configuration Combined Two Bolt Single Bolt
. Connections in Connections in
Failure )

Bearing Shear

68 mil

9/16” x 3/4” slot 2484 4652 N/A
68 mi 1976 3770 2035

9/16” x 7/8” slot
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CHAPTER 6
CONCLUSIONS AND FUTURE WORK
6.1. Conclusion

In order to investigate both the sheet shear strength and bearing strength tensile
tests on cold-formed steel connections without washers on oversized and short slotted
holes were conducted. The tests results show that current NASPEC (2007) design
provisions for the sheet shear strength can be used for the bolted connections without
washers on oversized holes in both single shear and double shear configurations.
Additionally, it was found throughout the tests results that the NASPEC provisions have
good agreement with the double shear connections without washers on short slotted
holes. However, the single shear connections without washers on short slotted holes
gave relatively low shear strength; therefore, it is recommended that washers be
required for single shear connections with slotted holes.

For the bearing strength, the test results show that the bolted connections
without washer on oversized and short slotted holes gave lower strength than the
connections with standard holes. As a result, the current NASPEC design method
yielded none conservative predictions for those connections having greater holes.
Based on the test results, new bearing factor C and modification factor m; were
proposed to account for the influence by the oversized holes. The new design method
has a good agreement with to the tested bearing strength of connections without
washers on oversized holes in both single shear and double shear. It was found that the
method also works well for the connections with short slotted holes in double shear.

Large reduction in bearing strength was observed on the single shear connections with
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short slotted holes, it is recommended that washers be required for those bolted
connections.

It was also found that the low ductile steel can be treated equally as high ductile
steel in terms of the design method for the bearing and shear strength of connections
without washers on oversized holes. The test results indicated that connections using
ASTM A325 bolts yielded higher bearing strength than connections using ASTM A307
Type A bolts because of the larger head and nut sizes in A325 bolts. This test program
used ASTM A307 Type A bolts for the majority of the specimens, the proposed design

method shall be applicable for connections using ASTM A325 bolts.

6.2. Future Work

The future work will focus on the study of the fracture failure, Type Il failure, for
the bolted connections without washers for oversized and short slotted holes, and the
results will be examined and compared to NASPEC 2007 Section E3.2. The
performance of the two grades of bolts, A307 and A325, in the Type Il failures will be
investigated. Additionally, the behavior of the low ductile steel and the high ductile steel

in the Type Il failures will be studied.
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