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ABSTRACT

This paper presents the results of an experimental study aiming to investigate the behavior of steel connections that combine pretensioned 
high-strength bolts and longitudinal fillet welds on a common faying surface. A total of 75 double-shear tension splices were tested under 
direct tension loading to quantify the effect of various connection variables on the load-deformation behavior of the connection. These 
variables include the (1) bolt pattern (2×2 and 2×3), (2) bolt size (w in. and 1 in.), (3) bolt grade (ASTM F3125 Grade A325, A490, and F1852), 
(4) bolt pretensioning method (turn-of-nut and tension control bolts), (5) faying surface class (Class A and B), and (6) weld/bolt strength ratio. 
The variation in the connection characteristics covered a wide range of weld/bolt strength ratios from 0.50 to 2.00. The bolts were installed 
in oversized holes, and the specimens were assembled in a negative bearing condition to allow for a maximum slip distance. The load- 
deformation behavior of the combination connections was recorded and compared to that of the bolted- and welded-only control speci-
mens. In all tests, the addition of welds increased the capacity of the connection. The investigation shows that the capacity of the com-
bination connection with pretensioned high-strength bolts and longitudinal fillet welds can be computed by adding the capacities of the 
individual connecting elements while considering the strain compatibility.

Keywords:  pretensioned high-strength bolts, slip-critical connection, fillet weld, combination connection, double-shear, tension splice, 
steel connection, experimental testing.

INTRODUCTION

S tructural steel connections have been traditionally 
designed and constructed as either bolted or welded. 

The need to supplement a bolted connection with welds 
may arise during retrofit and strengthening of exist-
ing structures or in an effort to accommodate a change 
in design loads after fabrication. Although a weld tensile 
coupon can exhibit significant deformation, welded con-
nections are generally considered to be stiffer than snug-
tightened bolted connections. As a result, if snug-tightened 
mechanical fasteners are combined with welds in a single 

load sharing system, the welds may reach their ultimate 
capacity within a very small deformation that is not suffi-
cient for bolts to fully engage in the force transfer. Accord-
ingly, the current American Institute of Steel Construction 
(AISC) Specification for Structural Steel Buildings (2016), 
herafter referred to as the AISC Specification, does not 
allow snug-tightened bolts to be combined with welds. This 
situation may be exacerbated if transverse welds are used in 
combination with snug-tightened bolts given the significant 
decrease in ductility of connections using this weld orienta-
tion. Furthermore, the load-deformation behavior of differ-
ent connecting elements in the elastic range (i.e., stiffness) 
may not enable the direct addition of the various capacities 
(Miller, 2001, 2002).

Experimental investigations to quantify the capacity and 
load-deformation characteristics of connections utilizing 
bolts and welds in combination began in the late 1960s. 
One of the earliest known studies into combination con-
nections is highlighted in the Guide to Design Criteria of 
Bolted and Riveted Joints, 2nd Ed. (Kulak et al., 2001). The 
authors discuss an experimental study by Steinhardt et al. 
(1969) into the load-deformation behavior of small tension 
butt splices with bolts and welds in combination. This early 
study concluded that the connection capacity can be pre-
dicted as the sum of the individual bolted-only slip load and 
the ultimate load of the welded-only connection.
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Perhaps the largest research body in literature aiming 
at characterizing the behavior of combination connec-
tions can be attributed to the efforts made by Dr. Kulak 
and his co-workers. Holtz and Kulak (1970) started this 
endeavor by investigating how connection variables—that 
is, weld orientation (longitudinal or transverse), bolt preten-
sion, and bolt hole clearance—influenced the connection 
performance. Their testing program included three differ-
ent configurations of double-lap connections that vary the 
aforementioned connection variables. Although the combi-
nation connections implementing transverse welds reached 
higher capacities than connections with longitudinal welds, 
the researchers advised against the use of transverse welds 
in combination connections due to the limited ductility of 
connections utilizing this weld orientation. Longitudinal 
welds, however, showed a higher deformation capacity 
when combined with bolts. The connections without bolt 
hole clearances provided higher factors of safety than the 
connections with standard bolt hole clearances. However, 
these direct bearing bolt conditions are not representative 
of typical steel construction when standard holes are used.

The effect of weld orientation was further studied through 
an additional experimental investigation by Jarosch and 
Bowman (1986). The researchers tested tension splices with 
pretensioned high-strength bolts employed with varying 
weld orientation (longitudinal and/or transverse). Again, 
the study recommended that transverse welds should not 
be combined with pretensioned high-strength bolts due to 
the limited ductility of this weld orientation. Additionally, 
they showed that the frictional resistance of the bolts may 
not contribute to the overall connection capacity when com-
bined with transverse welds. For their tested connections 
implementing longitudinal welds, the ultimate capacity 
was conservatively predicted by summing the weld shear 
strength and the bolt slip force.

Further investigations were continued by Manuel and 
Kulak (2000) to study the effect of weld orientation, bolt 
pretension (pretensioned or snug-tight), and bolt bearing 
condition. The researchers defined two bearing conditions: 
positive bearing and negative bearing. For negative bearing, 
the connection is assembled in a way that allows the bolts 
to slip over a distance equal to twice the hole clearances 
before the bolts would engage in bearing. Positive bearing 
bolts would engage in bearing immediately when load is 
applied. Similar to previous research, the authors recom-
mended that transverse welds should not be combined with 
pretensioned high-strength bolts due to ductility limitations 
of the connections with this weld orientation. The fric-
tional resistance of tested connections was noticeable in the 
experimental data but not clearly understood. For connec-
tions with bolts in positive bearing, certain connections dis-
played a capacity increase that reached 81% compared with 
the capacities achieved with the negative bearing condition. 

The following model was proposed to estimate the ultimate 
capacity of a combination connection:

	 Rult = Rfriction + Rbolts + Rtrans.welds + Rlong.welds� (1)

In this model, when pretensioned bolts are utilized, the 
frictional contribution, Rfriction, is equal to 25% of the total 
slip resistance of the bolts. When it is certain that the bolts 
are in negative bearing or when transverse welds are used, 
the resistance provided by the bolt shear strength, Rbolts, is 
removed from the equation. When the bolts are in positive 
bearing or intermediate bearing (middle of the hole), Rbolts is 
75% or 50% of the bolt shear strength, respectively. Lastly, 
when both transverse and longitudinal welds are used 
together, the longitudinal weld shear strength, Rlong.welds, 
is reduced to 85% of the weld shear strength. Rtrans.welds is 
equal to the weld shear strength of the transverse welds.

Additional research by Kulak and Grondin (2003) and 
Sato (2000) sought to understand how the randomness in 
the bolt bearing condition influenced the accuracy of the 
model presented in Equation  1. Their testing program 
included nominally similar connections with pretensioned 
high-strength bolts and longitudinal welds. During the 
connection assembly, the bolt bearing condition was not 
controlled. To test the effectiveness of the model, the bolt 
bearing condition was classified as intermediate bearing. 
The model predicted the connection capacities with an 
average error of 2.4%.

Shi et al. (2011a, 2011b) investigated the ultimate capac-
ity of combination connections both experimentally and 
numerically. The researchers studied combination connec-
tions with pretensioned high-strength bolts in combination 
with longitudinal and transverse welds. They concluded 
that the ultimate capacity may be dependent on the ratio a 
between the bolt slip capacity, Rfriction, and the longitudinal 
weld capacity, Rlong.welds. The following stepwise model was 
developed to predict the capacity:

	

Rult =

Rlong.welds for a < 0.5

0.75Rlong.welds + Rfriction for 0.5 a < 0.8

0.9Rlong.welds + 0.8Rfriction for 0.8 a 2
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Rfriction for  a 3
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(2)

More recently, a study by Kim and Lee (2020) sought 
to understand how the steel grade, bolt bearing condition, 
and weld orientation influenced the performance of com-
bination connections. They concluded that the steel grade 
had little effect on load-deformation behavior of the con-
nection. Similar to previous research conducted by Manuel 
and Kulak (2000), connections with positive bearing bolts 
resulted in higher capacities. The researchers proposed the 
following capacity equation for connections with preten-
sioned high-strength bolts and longitudinal welds:
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Rult = 0.8Rbolts +URlong.welds , U =
1.0 for L 2W

0.87 for 2W > L 1.5W

0.75 for 1.5W > L W≥
≥

≥
⎪
⎨
⎪

⎧

⎩ �

(3)

In this model, Rbolts is the ultimate strength of the bearing-
type bolted connection, and Rlong.welds is the ultimate shear 
strength of the welds. Any frictional resistance provided by 
the connection was neglected to be conservative. The weld 
strength contribution is multiplied by the shear lag factor, 
U. This factor is characterized by the variables L and W, 
which represent the connection length and plate width, 
respectively.

AISC Specification Section J1.8 currently provides 
guidelines for connections using bolts and welds in com-
bination. The specification allows combining pretensioned 
high-strength bolts and longitudinal fillet welds in shear 
connections with common faying surface. The available 
strength is permitted to be taken as the sum of the bolt 
slip capacity and the longitudinal fillet weld strength. The 
specification imposes limitations on the percentage of force 
carried by the bolts and welds given the bolt pretensioning 
method.

The AISC Specification nominal slip resistance of the 
bolts, Rnb, is defined as:

	 Rnb = DuhfTbnsμ 	  
� (AISC Spec. Eq. J3-4)

in which µ is the mean slip coefficient for Class A or B sur-
faces; Du is a multiplier that reflects the ratio of the mean 
installed bolt pretension to specified minimum bolt preten-
sion, taken as 1.13; hf is a factor for filters; Tb is the mini-
mum fastener pretension force; and ns is the number of slip 
planes in the connection.

The AISC Specification nominal shear strength of the 
weld, Rnw, is defined as:

	 Rnw = Fnw Awe	  
� (AISC Spec. Eq. J2-3)

where Fnw = 0.6 FEXX for fillet welds (from Table J2.5) and 
Awe is the effective fillet weld area. FEXX is defined as the 
filler metal classification strength. The effective fillet weld 
area, Awe, is equal to the effective weld length multiplied by 
the effective weld throat. The throat is the shortest distance 
from the weld root to the face of the fillet weld.

Although previous research provides several models for 
predicting the capacity of connections with bolts and welds 
in combination, the combined connection behavior is still 
not fully understood. For instance, the contribution of the 
bolt slip capacity is not well characterized. While Shi et 
al. (2011b) recommended using the slip capacity as the bolt 
contribution, Kim and Lee (2020) advocated against its 
use, and the model proposed in Manuel and Kulak (2000) 
uses only 25% of this friction force. It is also apparent in 

literature that the positive bearing condition led to a higher 
connection capacity; however, it may not be practical to 
specify that combination connections must be assembled 
in a positive bearing condition. Based on this discussion, 
it seems that the effects of the plate steel grade and weld 
orientation are well understood. Furthermore, there exist 
additional connection variables that may also influence the 
behavior of the combination connection. These include bolt 
pattern, bolt size, bolt grade, pretensioning method, and fay-
ing surface class. Additionally, further experimental work 
is necessary to fully understand and quantify the influence 
of the weld/bolt strength ratio. The comprehensive experi-
mental testing program discussed herein investigates these 
connection variables.

EXPERIMENTAL TESTING PROGRAM

In this paper, the behavior of connections with bolts and 
welds in combination was studied experimentally through 
a testing program encompassing 75 double-shear tension 
splice connections. The connections were loaded in a direct 
tension test frame that was designed and constructed for 
this study. This section illustrates the test specimens as well 
as the experimental methods used for the research program.

Test Connection Matrix and Specimens

The connections included in this study are separated into 
groups according to the connection bolt pattern and fay-
ing surface class. These connections are highlighted in the 
test connection matrix depicted in Table 1. Of the total con-
nections tested, 30 were either bolted only or welded only. 
These tests are classified as ancillary and were utilized to 
establish experimental material characteristics such as the 
bolt pretension, slip coefficient, and weld shear stress. The 
remaining 45 connections in the test matrix combine pre-
tensioned high-strength bolts and longitudinal fillet welds. 
For these connections, the following test variables were 
investigated: bolt size, bolt grade, pretensioning method, 
faying surface class, and, more importantly, the weld/bolt 
strength ratio. Each test consisted of three connection sam-
ples to better characterize the statistical variability of the 
capacity and how it is affected by the variability of vari-
ous input parameters. As will be seen later in this paper 
(e.g., Figure 8), due to this variability, several connections 
would show a capacity that is equal to or higher than other 
connections with larger weld size. Accordingly, simply test-
ing one specimen from each configuration would have not 
provided data that enables understanding the combinational 
behavior. Further, the proper consideration of this variabil-
ity allows for predicting the reliability of these connections. 
The connection samples in the test series were named A, B, 
and C (e.g., 1A, 1B, 1C.). Additional samples were added 
to Test 1 and Test 16 to better understand the randomness 
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connections are classified as SSPC-SP6 commercial blast- 
cleaning in the AISC Steel Construction Manual (2017), 
hereafter referred to as the AISC Manual. The Class B 
plates were blast-cleaned by the steel fabricator and were 
free of all visible rust, mill scale, paint, and foreign matter. 
All welded-only and combination connections include four 
equal length longitudinal fillet welds, with a c  in. weld 
leg size, using a E70 weld electrode. A 8 in. Lincoln Elec-
tric E7018 H4R weld electrode was used with the shielded 
metal arc welding (SMAW) process. Each weld length was 
specifically designed to achieve a target weld/bolt strength 
ratio ranging from 0.50 to 2.00, depending on the test. The 
ratio was computed based on the nominal capacity of con-
necting bolted-only and welded-only connections.

of the steel friction coefficient. Test 17 also included addi-
tional samples to record the experimental load-deformation 
behavior of welds with different lengths.

The test matrix in Table  1 outlines the specific vari-
ables studied for each connection type. All connections 
utilized w-in.-diameter bolts, except Test  15 where 1  in. 
bolts were used. For the bolt grade, either A325 or A490 
pretensioned high-strength bolts were used, which repre-
sent ASTM F3125 Grade A325 and Grade A490 (ASTM, 
2021b), respectively. The pretensioning methods included 
both the turn-of-nut method (ToN) as well as tension con-
trol (TC) bolts (i.e., ASTM F3125 Grade F1852). All bolts 
used in the test program are Type  1 bolts. Class  A con-
nections utilize plates with clean mill scale, while Class B 

Table 1.  Test Connection Matrix

Test No.
Bolt 

Pattern
Bolt 

Grade

Bolt 
Pretensioning 

Method

Faying 
Surface 
Class

Weld 
Geometry

Weld/Bolt 
Strength 

Ratio
Number of 
Samples

Bolted only

1 2×2 A325 ToN B — — 5

2 2×2 A325 ToN A — — 3

3 2×2 A490 ToN B — — 3

4 2×2 A325 TC A — — 3

5 2×2 A490 ToN A — — 3

Welded only 6 — — — — c × 3.0 — 3

Bolted and welded

7 2×2 A325 ToN B c × 5.0 1.50 3

8 2×2 A325 ToN B c × 2.25 0.67 3

9 2×2 A325 ToN B c × 3.5 1.00 3

10 2×2 A325 TC B c × 2.25 0.67 3

11 2×2 A490 ToN B c × 2.75 0.67 3

12 2×2 A325 ToN A c × 1.25 0.67 3

13 2×2 A325 ToN A c × 2.0 1.00 3

14 2×2 A325 ToN A c × 3.0 1.50 3

15* 2×2 A325 ToN A c × 3.5 1.00 3

Bolted only 16 2×3 A325 ToN A — — 5

Welded only
17-2 — — — — c × 2.0 — 3

17-4 — — — — c × 4.0 — 2

Bolted and welded

18 2×3 A325 ToN A c × 2.0 0.67 3

19 2×3 A325 ToN A c × 3.0 1.00 3

20 2×3 A325 ToN A c × 4.0 1.33 3

21 2×3 A325 ToN A c × 6.25 2.00 3

22 2×3 A325 TC A c × 3.0 1.00 3

23 2×3 A490 ToN A c × 2.0 0.50 3

NOTE: All bolts are w in. diameter (oversized holes) unless noted otherwise.
TC = tension control bolt; ToN = turn-of-nut method
Four fillet weld lines of the specified geometry per connection. Units are inches.
* Bolts are 1-in.-diameter Grade A325 in oversized holes.
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self-reacting and is hung off a W30×99 top header beam 
that is supported on either side with supplemental fram-
ing support. The load application occurs on each side of 
the test specimen through a load column that is attached 
to the top and bottom header beams. The bottom header 
beam is made up of two W24×66 sections. Each load col-
umn consists of a hydraulic cylinder, load cell, and filler 
column made of four HSS3×3×a and two end plates. Each 
hydraulic cylinder was retrofitted with servo valves and a 
linear variable displacement transducer (LVDT) to be con-
trolled with an MTS FlexTest 60 controller. During the load 
application, the actuators extend simultaneously at a rate 
of 0.02-in./min. This rate was adopted to simulate a static 
loading condition and is similar to the test rate adopted by 
Holtz and Kulak (1970). This actuator displacement rate 
also ensured that the average slip rate of the connections 
was below 0.003-in./min as recommended by the Research 
Council on Structural Connections (RCSC, 2020). This 
extension lowers the bottom header beam and applies direct 
tension to the specimen.

Each test specimen is composed of three components: 
the tested connection, the anchorage zone, and the connec-
tion grip. Figure 1 shows the typical 2×2 and 2×3 test speci-
men and highlights the aforementioned components. The 
tested connection zone indicates the portion of the sample 
that is to be studied and corresponds to the designated test 
characteristics highlighted in Table 1. The bolts in this zone 
are pretensioned and are placed in oversized holes to allow 
the connection to slip over a longer distance. This leads to 
a better understanding of the load-deformation behavior of 
the joint. The bolts in the anchorage zone are placed in stan-
dard holes and work in bearing. Finally, a large pin in the 
connection grip provides an attachment mechanism for the 
specimen to the load frame to minimize loading eccentrici-
ties. The steel used for all specimen plates is ASTM A572 
Gr. 50 (ASTM, 2021a).

Experimental Methodology

A direct tension load frame, shown in Figures  2 and 3, 
was designed and constructed for this study. The frame is 

(a)

(b)

Fig. 1.  Details of test specimens.
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Fig. 2.  Experimental test frame.

Fig. 3.  Experimental test frame details.
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Each connection was instrumented with bolt load cells, 
LVDTs, and strain gauges, as shown in Figure 4. Four high-
accuracy AC-LVDTs, with a stroke of 0.20 in., measure the 
relative displacement between the connection components 
(i.e., slip) and are located at the bottom corners of each 
splice plate. The total slip of the connection is measured as 
the average of the four AC-LVDTs. Two global DC-LVDTs 
measure the separation of the top and bottom center plates. 
These devices capture the slip behavior of the connection 
past the limits of the AC-LVDTs (i.e., 0.20 in. of slip). Each 
bolt was fitted with a bolt load cell to verify that the mini-
mum pretension was provided and to monitor the bolt pre-
tension during the test. Finally, strain gauges were applied 
to the tested connection to monitor the strains during test-
ing. Additional gauges were applied in the anchorage zone 
to detect any load eccentricity. A National Instruments  
NI-cDAQ-9178 was used in conjunction with LabVIEW 
NXG (NI, 2018) to record all instrumentation data.

A testing protocol was developed to ensure that all speci-
mens were tested consistently. Before connection assembly, 
all faying surfaces were cleaned to remove any media that 
could contaminate the surface. The bolted connection in the 
anchorage zone was assembled in positive bearing, while 
the tested connection was assembled in negative bearing. 
Because literature indicated that connections assembled 

in positive bearing provide higher capacities (Manuel and 
Kulak, 2000), the negative bearing condition was chosen 
for the tested zone to provide a lower bound of the capac-
ity and to allow for the accurate investigation of the bolt 
frictional contribution to the capacity and load-deformation 
behavior of the connection.

Before the test connection bolts were pretensioned, 
three additional bolts that represent the test bolt group  
(A325/A490 and ToN/TC) were tested in a bolt tension mea-
surement device, and their pretension data was recorded. 
These additional tests ensured that the pretensioning equip-
ment was operating properly and provided supplemental 
bolt pretension data. All ToN bolts were pretensioned with 
a turn-of-nut wrench, and all TC bolts were pretensioned 
with a shear wrench. After bolt pretensioning, the connec-
tions were welded by a certified welder according to the test 
matrix, and their lengths and leg dimensions were measured. 
The leg dimension measurements were taken at three loca-
tions along the weld length and were used to estimate the 
experimental effective throat of the fillet weld. An effective 
throat computation was adopted from Salmon et al. (2009) 
and accounted for unequal leg size geometry. Finally, all 
strain gauges and LVDTs were placed on the connection 
according to the instrumentation plan in Figure 4.

ANCILLARY TESTING

In order to properly evaluate the capacity of the combina-
tion connections, several ancillary tests were completed 
throughout the research program to establish the following 
experimental test variables:

Tb	= bolt pretension force, kips
µ	 = slip coefficient of tested plates
τ	 = weld shear strength

These experimental test variables allow for the proper pre-
diction of the capacity of the connection based on actual 
material characteristics rather than nominal values.

Pretension Evaluation

Slip-critical bolted connections rely on the frictional forces 
developed between the faying surfaces for strength. This 
resistance is both a function of the steel frictional coeffi-
cient and the bolt pretension. Throughout the testing pro-
gram, 201 bolt pretension tests were conducted over a range 
of bolt styles, grades, and sizes. Before every connection 
test, three bolts were tested in a bolt tension measurement 
device. Moreover, the pretension force of the w in. bolts 
was recorded using washer-type bolt load cells. The load 
cells were installed on the nut side. The bolt load cell model 
is Omega LC901-w-65K. These load cells also come with 
a conical washer to center the load cell as the nut is being 
tightened. Both the bolt pretension tests and the bolt load 

2×2
Connections

2×3
Connections

Global DC-LVDTs
Slip AC-LVDTs
Strain Gauges
Bolt Load Cells

Fig. 4.  Specimen instrumentation layout.
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cell measurements provided insight into the experimental 
bolt pretension that is applied to the connection and ensured 
that the pretensioning was completed properly.

During the testing program, it was noted that the pre-
tension data from the bolt load cells displayed higher 
amounts of variability than the bolt pretension test data. 
For example, the bolt tension measurement device recorded 
an average pretension of 42.7 kips with a standard devia-
tion of 1.99 kips for the A325 ToN bolt group, whereas the 
bolt load cells recorded an average pretension of 39.3 kips 
with a standard deviation of 5.42  kips for this same bolt 
group. After benchmarking the results of the bolt load cells 
against those obtained from the bolt pretension test of the 
bolts from the same lot, it was determined that the higher 
variability in these measurements can be attributed to the 
load cell measurement accuracy. Because no probabilistic 
analysis is performed to account for this variability in this 
paper, it was decided to use the bolt pretension readings in 
the capacity prediction models presented herein. The vari-
ability in bolt load cell data was properly captured in devel-
oping a probabilistic approach to investigate the reliability 
of these connections in Khandel et al. (2022). Table 2 shows 
the experimental bolt pretension data from the bolt preten-
sion tests. The mean experimental pretension values were 
used to evaluate the steel fictional coefficient as well as the 
predicted capacity of the combination connections.

Bolted-Only Tests and Friction Coefficient Evaluation

The testing program included 22 bolted-only connection 
samples that were used to evaluate both the steel frictional 
coefficient used in the study, as well as develop a baseline 
for bolted-only connection behavior. The test characteris-
tics of the bolted-only connections correspond to Tests 1–5 
and Test 16 in the connection matrix shown in Table 1. The 
RCSC (2020) provides typical load-slip curves for slip-
critical bolted connections. These curves are illustrated 
in Figure  5 and were adopted to determine the slip load 
of the connections. The slip load corresponds to the maxi-
mum load before 0.02 in. of slip for connections following 
Case a, the load before sudden slip for Case b, and the load 
at 0.02‑in. of slip for Case c.

The bolted-only connections with Class A surfaces dis-
played load-slip behaviors similar to Case c while Class B 
surfaces displayed a slip response similar to Case a. How-
ever, it should be noted that two of the 2×3 Class A speci-
mens displayed a behavior similar to Case a. The slip load 
for each bolted-only connection was identified based on 
these outlined behaviors. Typical bolted-only load-slip 
curves are presented in Figure 6 for Class A and Class B 
surfaces (Tests  5 and 3, respectively) and the experimen-
tally obtained connection capacities, denoted by Test Rn in 
this paper, are shown in Table 3. Note that the deformation 
levels at which slip occurs are significantly lower than those 
occurring at the failure of a bearing-type bolted connection. 
Using the slip load for each test connection, the slip coef-
ficient, ks, is computed for each sample as:

	
ks =

slip load

2 clamping force× �
(RCSC Eq. A3.1)

where the clamping force is equal to the average bolt pre-
tension pretension force (see Table  2) multiplied by the 
number of bolts used in the connection. Table 3 presents a 
summary of this computation for each bolted-only connec-
tion. Note that separate computations for the 2×2 Class A 
and 2×3 Class A surfaces were required due to the differ-
ent behavior observed during the bolted-only tests for the 
two groups of plates. The plates used for the 2×2 Class A 
surfaces displayed a more uniformly textured oxide layer 
than the plates used for the 2×3 Class A connections. The 
properties of the oxides layer (e.g., uniformity, chemical 
composition, adhesion, etc.) may have led to this difference 
in the load-slip behavior of the connections.

For each faying surface group, the experimental slip 
coefficient, µ, was identified as the average of all individ-
ual slip coefficients, ks, for connections in the group. The 
slip coefficients for both the 2×2 and 2×3 Class A surfaces 
were higher than the AISC Specification minimum of 0.3. 
The 2×2 Class A surface was found to have an average slip 
coefficient of 0.457. The test data was very consistent with 
a standard deviation of 0.022 and coefficient of variation 
of 4.87%. Unlike the 2×2 Class  A friction data, the 2×3 
Class  A data displayed high variability with a mean slip 

Table 2.  Bolt Pretension Test Probabilistic Measurements

ww in. A325-ToN ww in. A325-TC ww in. A490-ToN 1 in. A325-ToN

Number of samples 129 27 36 9

AISC minimum pretension* (kips) 28 28 35 51

Mean value (kips) 42.7 38.5 46.8 64.1

Standard deviation (kips) 1.99 2.76 2.30 3.07

NOTE: TC = tension control bolt; ToN = turn-of-nut method
* Table J3.1 (AISC, 2016)
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Fig. 5.  RCSC load-slip definition (RCSC, 2020).
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coefficient of 0.382 and resulted in a standard deviation of 
0.079 and a coefficient of variation of 16.3%. To improve 
confidence in the slip coefficient prediction for the 2×3 
Class A surface, a two-tailed Z-test was conducted using 
slip coefficient data described in Grondin et al. (2007) 
where a mean value of 0.301 was reported for Class A sur-
faces. For the Z-test, the null hypothesis was that the mean 
value of the slip coefficient calculated from the experimen-
tal test data was equal to the value reported by Grondin et 
al. (2007); an alternative hypothesis was that the two values 
were not equal. Two samples were rejected (16D and 16F) 
from the 2×3 group with a 90% significance level based on 
the hypothesis test. A mean slip coefficient of 0.339 was 
calculated based on the remaining three tests.

Similar to the Class A surfaces, the Class B surface 
produced an experimental slip coefficient that exceeded 

the AISC Specification minimum of 0.5, but with higher 
variability. The 2×2 Class B surface displayed a slip coef-
ficient of 0.535 with a standard deviation of 0.079 and coef-
ficient of variation of 14.8%. Note that specimen Test 1B 
was removed from the study due to a faying surface con-
tamination (hydraulic oil) that would be unlikely to occur 
under typical construction field conditions. The slip coef-
ficient computed in this ancillary test was found to be very 
close to the mean value of 0.524 reported by Grondin et 
al. (2007); however, additional statistical analysis was per-
formed to gain confidence in the slip coefficient prediction. 
A similar two-tailed Z-test was conducted for the Class B 
surface data and a p-value was computed as 0.764. Accord-
ingly, the obtained experimental mean was considered to 
belong to the population distribution. Although these tested 
Class B bolted-only connections included only four bolts, 

Table 3.  Slip Coefficient Evaluation

Faying Surface Bolt Type Test
Bolt Pretension 

(kips)
Clamping Force  

(kips)
Test Rn  
(kips)

Slip Coefficient 
ks

2××2 Class A

A325 ToN

2A

42.7 171

153 0.446

2B 158 0.462

2C 145 0.424

A325 TC

4A

38.5 154

143 0.465

4B 146 0.474

4C 139 0.452

A490 ToN

5A

46.8 187

173 0.462

5B 161 0.430

5C 186 0.497

AVG == 0.457
SD == 0.022
CV == 4.87%

2××2 Class B

A325 ToN

1A

42.7 171

189 0.552

1C 142 0.414

1D 181 0.530

1E 217 0.636

A490 ToN

3A

46.8 187

168 0.448

3B 222 0.592

3C 215 0.575

AVG == 0.535
SD == 0.079
CV == 14.8%

2××3 Class A A325 ToN

16B

42.7 256

170 0.331

16C 169 0.329

16E 183 0.357

NOTE: All bolts are ¾ in. diameter (oversized holes) unless noted otherwise.
TC = tension control bolt; ToN = turn-of-nut method
AVG = average; SD = standard deviation; CV = coefficient of variation

AVG == 0.339 
SD == 0.016
CV == 4.61%
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from the weld measurements of all the welded-only and 
combination tests and was found to be 0.194 in. with a stan-
dard deviation of 0.012 in. and a coefficient of variation of 
6.13%.

The welded-only connection data highlighted in Table 4 
provides the weld shear stress computation for each indi-
vidual connection. Overall, this data concluded that the 
experimental weld shear strength is approximately 69.5 ksi 
with a standard deviation of 3.77 ksi and a coefficient of 
variation of 5.42%. This weld shear stress is roughly 30% 
higher than previous experimental work reported in litera-
ture for the similar E70 filler metal (Manuel, 1996). The 
high shear stress computed from the welded-only test data 
can be attributed to the higher mechanical properties of the 
weld electrodes used in the study and the use of the pre-
fracture measured effective weld area. The higher mechan-
ical properties of the weld electrodes were confirmed by 
the results of two weld coupons that were fabricated and 
tested according to AWS B4 (2016). These weld specimens 
showed a yield stress of 74 ksi and ultimate stress of 83 ksi. 
As noted in the literature (e.g., Deng et al., 2003), the actual 
fracture area of the weld is approximately 27% larger than 
the effective pre-fracture area. A similar value was also 
observed in this research program. Accordingly, using the 
actual fracture area would lead to a significantly lower 
shear stress value. However, since the pre-fracture area is 

the slip level at which the first slip event occurred was 
found to be comparable to experimental results of bolted 
connection with 32 bolts reported in Borello et al. (2009). 
These experimental slip coefficients were used to evaluate 
and predict the slip contribution into the combination con-
nections capacity.

Welded-Only Tests and Weld Shear 
Strength Evaluation

In addition to the bolted-only connection tests, eight 
welded-only tests were conducted to evaluate the experi-
mental weld shear strength. These tests include Tests 6 and 
17 in the connection test matrix and cover weld lengths of 
2, 3, and 4  in. The experimental load-deformation curves 
for the welded connections are depicted in Figure 7. These 
curves show similar profiles compared to those reported by 
Lesik and Kennedy (1990). The ultimate capacity of these 
connections corresponds to the maximum load sustained 
during the test.

To compute the experimental weld shear stress, AISC 
Specification Equation J2-3 was adopted and rearranged 
to solve for the stress. In this equation, Rnw corresponds to 
the test connection ultimate capacity and Awe to an effective 
fillet weld area. This effective fillet weld area is equal to 
the measured fillet weld length multiplied by the average 
effective throat. The average effective throat was computed 
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normally reported in the connection design, it was decided 
to use the 69.5 ksi as the ultimate weld shear stress in con-
junction with the pre-fracture area for capacity calculation.

COMBINATION CONNECTIONS TESTING 
RESULTS AND CAPACITY PREDICTION

A total of 45 connections were tested to investigate the 
capacity and load-deformation (i.e., load-slip) behavior of 
connections utilizing bolts and welds in combination. These 
tests correspond to Tests 7–15 and Tests 18–23 in Table 1. 
The combination tests are grouped based on their bolt pat-
tern and faying surface as 2×2 Class A, 2×2 Class B, and 
2×3 Class A. Using the known properties of the connect-
ing elements (i.e., bolt pretension, slip coefficient, average 
effective throat, and weld shear stress), a model can be con-
structed to predict the connection capacity. Figures 8(a)–(c) 
show, respectively, the load-deformation behavior of the 
2×2 Class A (i.e., Tests 12–14), 2×2 Class B (i.e., Tests 7–9), 
and the 2×3 Class A (i.e., Tests 18–21) connections.

Combination Connection Capacity Prediction

The predicted capacity of the combination tests is high-
lighted in Table 5 as the As-Built Rn. This value incorpo-
rates the results of the ancillary tests with the current AISC 
Specification model for capacity prediction of combination 
connections. This capacity is computed as:

	 Rn = Rb + Rw� (4)

where Rb is the slip resistance of the bolted components and 
Rw is the weld shear strength. AISC Specification Equa-
tion J3-4 is adopted for the slip resistance, Rb, calculation; 
however, the term Du is omitted because the actual bolt 
pretension from Table 2 is used. The mean slip coefficient, 

µ, is equal to the values highlighted in Table  3 based on 
the connections bolt pattern and faying surface class. AISC 
Specification Equation J2-3 is adopted for the weld shear 
strength computation, Rw, where the weld shear stress, Fnw, 
is equal to 69.5 ksi based on the data in Table 4, and the 
effective fillet weld area, Awe, is equal to the average effec-
tive throat multiplied by the measured weld lengths for the 
individual connection.

For determining the connection capacity based on the 
experimentally obtained load-deformation profiles (i.e., 
Test Rn reported in Table 5), it was decided to follow the 
RCSC (2020) curves depicted in Figure  5. Because these 
connections may fundamentally be slip-critical bolted 
connections in need of retrofit, it is essential to limit the 
slip in the connections to prescribed RCSC limitations. 
The deformation level at which the slip capacity occurs 
in a slip-critical bolted connection varies widely depend-
ing on the faying surface condition. For Class A surface, 
some bolted-only connection continued to carry force at 
displacement levels well beyond 0.02-in. However, con-
nections with other Class A surfaces (i.e., 2×3 plates) and 
Class B surfaces slipped at very low displacement levels, 
and the ultimate capacity occurred at less than 0.02 in. of 
slip. Accordingly, it may be difficult to provide a reliable 
prediction of the force carried by the bolted connection at 
slip levels higher than 0.02 in.

Accordingly, the ultimate capacity, Test Rn, is taken as 
the maximum force carried by the connection at or before 
0.02 in. of slip. For Class A connections, this capacity rep-
resents, on average, 87% of the maximum load carried by 
the connection based on the load-slip curves. The ultimate 
capacity of connections with Class B faying surfaces occurs 
on average at 0.017 in. of slip. For each combination con-
nection test, the strength ratio, ρ, of the AISC prediction 
model, Test Rn/As-Built Rn, was computed, both for the 

Table 4.  Weld Shear Strength Evaluation

Weld Size Test
Effective Throat Area 

(in.2)
Test Rn  
(kips)

Weld Shear Stress 
(ksi)

cc ×× 3 in.

6A 2.49 181 72.5

6B 2.47 170 68.9

6C 2.36 167 70.8

cc ×× 2 in.

17-2A 1.65 107 65.0

17-2B 1.64 112 68.0

17-2C 1.65 106 64.2

cc ×× 4 in.
17-4D 3.23 231 71.4

17-4E 3.23 244 75.4

NOTE: �Four fillet weld lines of the specified geometry per connection. Units are inches.
Average effective weld throat: 0.194 in.

AVG = 69.5
SD = 3.77
CV = 5.42%
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connections with 1 in. bolts, Test 15, but at a much higher 
margin. These connections display a strength ratio, ρ, of 
0.80 with a standard deviation of 0.082 and a coefficient of 
variation of 10.2%. It should be noted, however, that none 
of the connections failed under the AISC Specification pre-
dicted capacity using nominal material properties.

2××2 Class B Connections

A total of 15 specimens were tested in the 2×2 Class B com-
bination connection group. These connections correspond 
to Tests 7–11. Similar to samples in the 2×2 Class A con-
nection group, Tests 7–9 specifically study the effect of the 
weld/bolt strength ratio. The connections are constructed 
with ratios of 0.67, 1.00, and 1.50, respectively, and utilize 
A325 bolts that are pretensioned with the ToN method. The 
specimens in Test 10 study the effect of the bolt pretension-
ing method by using TC bolts. Test 11 includes connections 
with A490 bolts that are pretensioned with the ToN method 
to understand the effect of higher bolt grades. Both Tests 10 
and 11 are constructed with weld/bolt strength ratios of 
0.67.

The load-deformation curves for Tests 7–9 are plotted 
in Figure 8(b). The connections display behaviors similar 
to that of Case a in Figure 5. Tests 10 and 11 also showed 
a similar behavior. Therefore, the Test Rn for this connec-
tion group is reported in Table 5 as the maximum sustained 
load before 0.02 in. of slip. The overall strength ratio ρ for 

individual test series and connection group, to evaluate the 
efficacy of the current model.

2××2 Class A Connections

In the 2×2 Class A connection group, 12 specimens were 
tested. These correspond to Tests 12–15 shown in Table 1. 
The 2×2 Class A specimens isolate the weld/bolt strength 
ratio and aim to understand its effects on the connection 
behavior. The ratios studied in this test group are 0.67, 
1.00, and 1.50 for Tests 12, 13, and 14, respectively. These 
connections use A325 bolts and are pretensioned with the 
ToN method. To complement this specimen group, Test 15 
includes bolts that are 1 in. in diameter to provide insight 
into the effect of larger bolts.

Figure  8(a) displays the load-deformation curves for 
Tests  12–14. The behavior of these connections follows 
the profile outlined by Case c in Figure 5. Therefore, the 
experimental capacity, Test Rn, for these connections cor-
responds to the sustained load at 0.02-in. of slip. Test  15 
performed in a similar manner, and the Test Rn was also 
recorded at this slip level. The Test  Rn for these connec-
tions is highlighted in Table  5. The overall strength ratio 
ρ for the connections utilizing w  in. bolts, Tests  12–14, 
was 0.977 with a standard deviation of 0.054 and a coeffi-
cient of variation of 5.55%. Meaning, on average, the AISC 
model slightly overpredicted the capacity of the connection. 
The AISC model also overpredicted the capacity of the 

Table 5.  AISC As-Built Capacity Prediction

 Test
Connection 

Variables

Average  
As-Built Rn 

(kips)

Average Test 
Rn  

(kips)

Average 
Strength Ratio 

ρρ

Group 
Strength Ratio 

ρρ 

2××2 Class A

Test 12 A325 ToN ratio: 0.67 235 241 1.02 AVG == 0.977
SD == 0.054
CV == 5.55%

Test 13 A325 ToN ratio: 1.00 278 262 0.94

Test 14 A325 ToN ratio: 1.50 321 309 0.96

Test 15* A325 ToN ratio: 1.00 439 352 0.80 —

2××2 Class B

Test 7 A325 ToN ratio: 1.50 460 470 1.02

AVG == 1.07
SD == 0.106
CV == 9.94%

Test 8 A325 ToN ratio: 0.67 321 348 1.09

Test 9 A325 ToN ratio: 1.00 376 391 1.04

Test 10 A325 TC ratio: 0.67 289 331 1.15

Test 11 A490 ToN ratio: 0.67 355 377 1.06

2××3 Class A

Test 18 A325 ToN ratio: 0.67 292 266 0.91

AVG == 0.958
SD == 0.069
CV == 7.25%

Test 19 A325 ToN ratio: 1.00 335 323 0.97

Test 20 A325 ToN ratio: 1.33 394 355 0.90

Test 21 A325 ToN ratio: 2.00 518 490 0.95

Test 22 A325 TC ratio: 1.00 327 321 0.98

Test 23 A490 ToN ratio: 0.50 306 319 1.04

NOTE: *Test 15 uses 1-in.-diameter bolts and is not included in the 2×2 Class A group statistics. 
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this connection group was 1.07 with a standard deviation of 
0.106 and a coefficient of variation of 9.94%.

2××3 Class A Connections

The 2×3 Class A connection group is the largest of the com-
bination groups and contains 18 samples. These connec-
tions correspond to Tests 18–23 in Table 1. Tests 18–21 vary 
the weld/bolt strength ratio similar to the other connection 
groups but include 1.33 and 2.00 ratios. These specimens 
are constructed with A325 bolts that are pretensioned with 
the ToN method. The last two test series, Tests  22 and 
23, respectively, study the effect of the bolt pretensioning 
method by using TC bolts, and higher bolt grades with 
A490 bolts. Test 22 is constructed with a weld/bolt strength 
ratio of 1.00 and Test 23 with a ratio of 0.50.

The load-deformation curves for Tests 18–21 are depicted 
in Figure 8(c). Similar to the 2×2 Class A connections, the 
2×3 Class A connections show a behavior that closely fol-
lows Case c in Figure 5. The Test Rn for these connections 
is thus considered as the sustained load at 0.02 in. of slip. 
These values can be found in Table 5. Tests 22 and 23 also 
followed this behavior, and the same methodology was used 
to report the Test Rn. The overall strength ratio ρ for the 
connection group was 0.958 with a standard deviation of 
0.069 and a coefficient of variation of 7.25%.

AISC Model Efficacy

Based on the experimental behavior and the analysis of the 
prediction results of the combination connections, it seems 
that the current AISC model may overpredict the available 
strength of certain connection groups. Although the average 
overprediction is minor (e.g., 4.2% for the 2×3 Class A con-
nections), certain test series even exhibited a 10% overpre-
diction (e.g., Test 20). This overprediction may be attributed 
to the lack of consideration of strain compatibility within 
the prediction model. Figure  9(a) further illustrates this 
observation by analyzing the independent load-deformation 
curves (bolted only and welded only) that make up the com-
bination connections of Test  14. For this connection, the 
average of the following experimentally obtained curves are 
plotted: (A) bolted only, (B) welded only, and (C) combina-
tion. The figure also includes a profile that shows the arith-
metic summation of curves A and B. As shown, the average 
experimental behavior of the combination connection given 
by Curve C can be reasonably approximated by the summa-
tion of the individual contributions of the connecting ele-
ments (i.e., Curve A + Curve B). This is especially true at 
lower slip levels. However, for computing the combination 
connection capacity, the current prediction model adds the 
friction capacity of bolts, computed at 0.02 in. of slip, to the 
ultimate weld capacity, which occurs at higher deformation 
levels; accordingly, strain compatibility may not be prop-
erly accounted for.

A similar behavior to that reported in Figure  9(a) was 
observed for most of the tested connection series. How-
ever, for some connections—mostly belonging to the 2×3 
Class A group—the summation of the individual element 
contributions led to an unconservative prediction of the 
combined connection behavior. An example of these con-
nections is shown in Figure 9(b). As shown, the summation 
(i.e., Curve A + Curve B) yielded a higher capacity than the 
average test results (i.e., Curve C). This mainly occurred for 
Test 18 and 20 and can be attributed to the high variability 
associated with the friction coefficient of the 2×3 Class A 
faying surfaces.

Proposed Capacity Model

A prediction model that accounts for the strain compat-
ibility between the connection elements can be achieved by 
identifying the weld shear stress at 0.02 in. of slip. This will 
allow for a better prediction of the combination connection 
capacity. For the welded-only connections tests, the aver-
age weld shear stress associated to this deformation level 
was found to be 64.0 ksi. Furthermore, the ratio of the weld 
shear stress at 0.02 in. of deformation over the ultimate weld 
shear stress was computed to be 0.92 for the c  in. welds 
used in the testing program. A prediction model accounting 
for this strain compatibility between the bolt slip resistance 
and the weld shear strength can then be expressed as:

	 Rn = Rb +CwRw� (5)

where Cw is the ratio of the weld shear stress at 0.02 in. of 
slip to the ultimate weld shear strength.

Based on the experimental results reported in Table  4, 
the Cw factor in Equation 5 is equal to 0.92 for the studied 
combination connection using c  in. welds. The efficacy 
of the proposed capacity prediction model is shown in Fig-
ure 10. For all connections plotted, the model provides an 
average strength ratio ρ of 1.04. For each connection group, 
the model shows appropriate levels of conservatism with 
strength ratio ρ of 1.01, 1.11, and 0.998, for 2×2 Class A, 
2×2 Class  B, and 2×3 Class  A connections, respectively. 
This data is highlighted in Table 6. The coefficient of varia-
tion is 5.29%, 9.73%, and 7.01% for the three respective con-
nection groups considered herein.

It is noted that the capacity prediction model presented 
in Equation 5, specifically with Cw = 0.92, only applies to 
the tested connections given the weld dimensions measured 
during the experimental analysis. The tested welds were 
completed in an ideal environment by a highly trained cer-
tified welder. Furthermore, research reported by Lesik and 
Kennedy (1990) suggests that the load-deformation behavior 
of welded connections can depend on the weld leg size. The 
load-deformation prediction model in Lesik and Kennedy 
captures this effect and is adopted in AISC Manual Part 8 
to compute the capacity of welds using the instantaneous 
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Table 6.  Proposed Model Capacity Prediction

Test
Connection 

Variables

Average 
Model Rn 

(kips)

Average Test 
Rn  

(kips)

Average 
Strength Ratio 

ρρ

Group 
Strength Ratio 

ρρ

2××2 Class A

Test 12 A325 ToN ratio: 0.67 229 241 1.05 AVG = 1.01 
SD = 0.053 
CV = 5.29%

Test 13 A325 ToN ratio: 1.00 268 262 0.98

Test 14 A325 ToN ratio: 1.50 308 309 1.01

Test 15* A325 ToN ratio: 1.00 423 352 0.83 —

2××2 Class B

Test 7 A325 ToN ratio: 1.50 438 470 1.07

AVG = 1.11 
SD = 0.108 
CV = 9.73%

Test 8 A325 ToN ratio: 0.67 310 348 1.12

Test 9 A325 ToN ratio: 1.00 361 391 1.08

Test 10 A325 TC ratio: 0.67 279 331 1.19

Test 11 A490 ToN ratio: 0.67 343 377 1.10

2××3 Class A

Test 18 A325 ToN ratio: 0.67 282 266 0.94

AVG = 0.998 
SD = 0.070 
CV = 7.01%

Test 19 A325 ToN ratio: 1.00 322 323 1.00

Test 20 A325 ToN ratio: 1.33 376 355 0.94

Test 21 A325 ToN ratio: 2.00 491 490 1.00

Test 22 A325 TC ratio: 1.00 313 321 1.02

Test 23 A490 ToN ratio: 0.50 297 319 1.07

NOTE: * Test 15 uses 1-in.-diameter bolts and is not included in the 2×2 Class A group statistics. 
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center of rotation method. This model can be used to estab-
lish a relationship that represents the ratio between the weld 
strength at 0.02 in. of slip to the ultimate strength as a func-
tion of the fillet weld leg size. The deformation of a weld 
element at the ultimate strength Δu is (Lesik and Kennedy, 
1990; AISC, 2017):

	 u = 0.209 + 2( ) 0.32 wΔ θ � (6)

where θ is the weld orientation and w is the weld leg size. 
Using AISC Manual Equation  8-3, the ratio of the weld 
strength at a specific deformation, Δ, to the ultimate 
strength can be computed as:

	
f ( ) =

u
1.9 0.9

u

0.3

Δ Δ
Δ ΔΔ −⎛

⎝
⎞
⎠

⎡
⎣
⎢

⎤
⎦
⎥

�
(7)

By setting Δ equal to 0.02 in., the value of Cw can be 
found as a function of the weld leg size as:

	
Cw = f 0.02 in.( ) = 0.227w 0.013

w2

0.3⎛
⎝

⎞
⎠

−

�
(8)

Adopting Equation 8 for the c in. weld leg size used in 
the study would result in a Cw equal to 0.855. This value 
seems lower than the experimentally obtained value of 
0.92; however, with the average measured weld leg size 
of 0.275 in. in the experimental program, the value of Cw 

obtained by Equation 8 is 0.880, which is within a 4% differ-
ence from the experimental value. Accounting for the effect 
of weld leg size becomes more important as it increases. 
For connections with 2 in. welds, the Cw factor is further 
reduced to 0.761 according to Equation 8. However, limited 
experimental data exists to validate this result for larger 
fillet welds. Experimental data on welds mostly report the 
ultimate capacity rather than the full load-deformation 
behavior. Accordingly, more experimental work is needed 
to properly characterize the load-deformation of large fil-
let welds. Until more data is available, it is recommended 
to compute a Cw factor using the formulation provided by 
Equation 8. Table 7 presents the Cw factor for various typi-
cal weld leg sizes ranging from 8 in. to 2 in.

THE INFLUENCE OF DIFFERENT 
CONNECTION VARIABLES

The results reported in Figure 8 and Table 6 highlight the 
ultimate capacity and load-deformation behavior of com-
bination connections. The following discussion provides 
insight into how critical connection variables influence the 
connection performance. The variables considered herein 
are the bolt pattern, bolt size, bolt grade, bolt pretensioning 
method, faying surface class, and weld/bolt strength ratio.

Bolt Pattern

Two types of connection sizes were included in the test 
matrix to study the influence of the bolt pattern, 2×2 and 
2×3. The results of both configurations can be seen in Fig-
ures  8(a) and 8(c). Both connection sets use A325 bolts 
pretensioned with the ToN method and are constructed 
with Class A faying surfaces. Although the plates for both 
groups have the same steel grade, they came from differ-
ent heats, which affected their surface friction charac-
teristics. As seen in Figures 8(a) and 8(c), the two groups 
displayed similar load-deformation behaviors. After the 
elastic region, the 2×2 plates reached their ultimate capac-
ity at an average slip of 0.090 in., whereas the 2×3 plates 
reached their ultimate capacity at 0.137  in. In comparing 
the proposed capacity prediction model for both bolt pat-
terns, as reported in Table 6, the group prediction results 
show similar strength ratios, ρ. As seen from Figures 8(a) 
and 8(c), at a weld/bolt strength ratio of 0.67, two speci-
mens in Test  12 (2×2) showed similar capacities to those 
of Test 18 (2×3), even though the connection had two fewer 
bolts. This is due to the higher slip coefficient of the 2×2 
Class  A plates versus the 2×3 plates reported in Table  3. 
Overall, the test data shows that the bolt pattern has a neg-
ligible effect on the accuracy of the capacity prediction 
model for the tested configurations. For these combination 
connections, load sharing between the frictional resistance 
of the plates and the longitudinal weld elements was found 
to occur effectively given the strain compatibility (at low 
slip levels), between the load-deformation behavior of the 

Table 7.  Cw Factor (using Equation 8) 

Weld Size (in.) Cw Factor

8 0.995

x 0.949

4 0.899

c 0.855

a 0.818

v 0.787

2 0.761



ENGINEERING JOURNAL / THIRD QUARTER / 2022 / 177

occurred with the w  in. bolts. Figure 12 shows the defor-
mations around the bolt holes in one of the splice plates 
of Test  15. Allan and Fisher (1968) reported a 15% drop 
in the pretension force for 1 in. bolts when oversized holes 
are used. A similar reduction in the slip capacity of bolted 
connections when larger bolts are used has been reported in 
Shoukry and Haisch (1970) and Heistermann et al. (2013). 
Accordingly, it is believed that the drop in capacity for these 
connections is primarily attributed to the lower contribution 
of the bolt slip load.

Bolt Grade

The connections in Tests  23 and 11 are utilized to study 
the influence that bolt grade has on the combination con-
nection performance. These specimens utilize A490 bolts, 
while comparative tests—Tests 18 and 11—use A325 bolts. 
Test 23 is constructed with the same weld length of Test 18, 
and Test 11 is constructed with the same weld/bolt strength 
ratio as Test 8. The load-deformation behaviors shown in 
Figures 13(a) and 13(b) indicate that the bolt grade does not 
alter the slip behavior but leads to a change in the connec-
tion capacity that is comparable to the increase in the pre-
tension force introduced by the higher grade.

Bolt Pretensioning Method

Two connection groups were added to the test program 
to investigate the effect of the bolt pretensioning method 
on the capacity: Tests  22 and 10. These connections are 

frictional resistance and weld shear forces. For connections 
with different bolt patterns, if typical AISC Specifications 
detailing practices are followed with respect to maximum/
minimum edge distances and bolt spacing, loading sharing 
between the frictional resistance and the weld shear forces 
is expected to occur. With reliable load sharing, the connec-
tion capacity can be computed using the proposed capacity 
prediction equation.

Bolt Size

Nearly all connections studied in the research program are 
constructed with w in. bolts, except Test 15, which utilized 
1 in. bolts. Figure 11 compares the load-deformation behav-
iors of Tests 13 and 15 at the same weld/bolt strength ratio. 
The load-deformation behavior of the 1  in. bolts follows 
other 2×2 Class  A combination connections depicted in 
Figure 8(a). Accordingly, the Test Rn for the Test 15 speci-
mens is reported at 0.02 in. of slip in Table 6. The test data 
shows that the AISC model overpredicts the capacity of 
connections utilizing 1  in. bolts by roughly 20% and the 
proposed model, as shown in Table 6, overpredicts the con-
nection capacity by 17%. Both models show the strength 
ratio, ρ, that is significantly lower than the values obtained 
for connections made with w in. bolts. This drop in capac-
ity may be attributed to the loss of pretension force arising 
from the localized yielding that was observed around the 
bolt holes. Significant deformations around bolt holes were 
observed in the 1  in. tests, while no similar deformation 

0

50

100

150

200

250

300

350

400

450

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Lo
ad

 (k
ip

s)

Slip (in.)

TEST 13: w-in. Bolts

TEST 15: 1-in. Bolts

Combination
2×2-A325-ToN-Class A-Ratio 1.00

Fig. 11.  Bolt size load-slip curve comparison: w in. diameter vs. 1 in. diameter.



178 / ENGINEERING JOURNAL / THIRD QUARTER / 2022

constructed with TC bolts while all other connections in the 
study are pretensioned with the turn-of-nut (ToN) method. 
The performance of these two connection groups can be 
analyzed against similar connections pretensioned with 
the ToN method—Tests  19 and 8, respectively. The load-
deformation curves plotted in Figures 14(a) and 14(b) show 
that the pretensioning method does not alter the general 
connection behavior. The Class  A connections in Test  19 
(ToN) show an average slip load of 323 kips, while Test 22 
(TC) slipped at an average load of 321 kips, as shown in 
Table 6. This comparison shows a less than 1% drop in the 
capacity of the Class A connections using TC bolts. In com-
paring Tests 8 and 10, a 5% drop in capacity is observed in 
the TC bolted connection made with Class B plates. This 
drop in capacity is expected based on the bolt pretension 
data reported in Table 2, where the ToN method achieved 
higher pretension than the TC bolts on average. However, it 
should be noted that the sample size for the TC bolts was 
significantly smaller than that of the ToN bolts. Further-
more, the TC bolts achieved, on average, a pretension level 
that is 37% higher than the minimum required pretension 
force for this bolt style.

Faying Surface Class

The faying surface was found to have a significant influ-
ence on the load-deformation behavior of a combination 
connection. The load-deformation behavior highlighted 
in Figures  8(a) and 8(c) for Class  A connections shows a 
stiffness in the elastic region that is comparable to Class B 

connections. However, as the displacement increases, the 
connection begins to soften, and a reduction in stiffness 
occurs. The slip gradually increases until the ultimate load 
is reached, and the welds start to show fractures at the ends 
of the weld lines. Further loading leads to additional crack 
propagation and a gradual drop in the capacity until welds 
completely fracture or bolt bearing is achieved. Overall, 
the connections with Class A faying surfaces displayed a 
highly ductile behavior and were able to sustain loads over 
large deformations as the bolts slipped into bearing.

The Class B load-deformation behavior depicted in Fig-
ure 8(b) is also very stiff in the elastic region of the con-
nection. At approximately 0.017 in. of slip, the connection 
softens, and the load drops continuously as the deformation 
increases. These connections rely on the mechanical inter-
lock established between the blast-cleaned surfaces to pro-
vide friction resistance. As the interlock between the steel 
surfaces is disturbed, the friction resistance is diminished. 
Overall, the addition of weld to a connection with a Class B 
faying surface significantly increased the ductility of the 
connection and improved its behavior. Instead of the sud-
den slip occurring with the Class B bolted-only connections 
as they reach their slip load, the combination connections 
were able to sustain loads over a longer slip distance.

Weld/Bolt Strength Ratio

In this test program, weld/bolt ratios ranging from 0.50 
to 2.00 were studied across different connection groups. 
In all tested connections, an increase in the average slip 

    
	 (a)  Bolt head side	 (b)  nut side with washers

Fig. 12.  Plate dents from 1 in. bolt specimens.



ENGINEERING JOURNAL / THIRD QUARTER / 2022 / 179

SUMMARY AND CONCLUSIONS

This paper presented the results of an experimental inves-
tigation into the load-deformation behavior of double-shear 
tension splice connections made with pretensioned high-
strength bolts and longitudinal fillet welds in combination. 
The tested connections varied the bolt pattern, bolt size, 
bolt grade, bolt pretensioning method, faying surface class, 
and weld/bolt strength ratio. An assessment of the AISC 
prediction model for a combination connection was made, 
and a prediction model that maintains strain compatibility 

load occurs as the weld/bolt ratio increases. This is to be 
expected given the additional weld length utilized with 
higher weld/bolt strength ratios. In examining the strength 
ratio, ρ, reported for each independent test series in a con-
nection group, it is apparent that the weld/bolt ratio also has 
a negligible effect on the capacity prediction accuracy. As 
shown in Table 6, ρ does not display a consistent trend with 
respect to the weld/bolt ratio. Finally, Figure 8 shows that 
the weld/bolt ratio also does not influence the general load-
deformation behavior the combination connection.
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was presented. Based on the observations made during the 
research program, the following conclusions and recom-
mendations can be made:

1.	The addition of longitudinal fillet welds to concentrically 
loaded slip-critical bolted connections leads to an increase 
of the connection capacity as well as an improvement in 
the stiffness of the connection. Connections made with 
Class B faying surfaces also exhibit an improvement in 
the ductility when welds are used.

2.	Bolted-only connections with Class A (clean mill scale) 
faying surfaces are ductile and display a hardening 
behavior. For the tested configurations, combination 
connections made with these surfaces reach their ultimate 
capacity at a slip displacement ranging from 0.055 in. to 
0.165  in. However, to limit slip of the connection, it is 
recommended that the connection capacity be limited 
to the load sustained at 0.02  in. of slip. This load level 
accounts for 76% to 96% of the capacity.

3.	Bolted-only connections with Class B surfaces (SSPC-SP6 
commercial blast-cleaning) may slip suddenly before 
0.02  in. of deformation. Combination connections with 
these surfaces reach their ultimate capacity, on average, 
at approximately 0.017  in. of slip but are more ductile 
than their bolted-only counterparts. It is recommended 
that the connection capacity be limited to the maximum 
sustained load before 0.02 in. of slip.

4.	The proposed model, given by Equation  5, which 
considers strain compatibility of the weld at 0.02  in. of 
slip, can predict the combination connection capacity 
with strength ratio value, ρ, of 1.04. This model 
evaluates the welded component contribution to the 
combination connection capacity based on the fillet weld 
load-deformation prediction model provided in AISC 
Manual Part  8. It is recommended that this equation 
be adopted when determining the ultimate strength of 
connections utilizing pretensioned high-strength bolts 
and longitudinal welds in combination.

5.	Other connection variables such as the bolt pattern, 
bolt grade, bolt pretensioning method, and weld/bolt 
strength ratio show a negligible effect on the general 
load-deformation behavior of the tested combination 
connection or accuracy of the prediction model.

6.	Future experimental investigations of connections 
utilizing larger bolts—for example, 1  in. diameter and 
greater—are recommended to quantify how localized 
yielding at the bolt holes may affect the bolt pretension, 
frictional resistance, and ultimate capacity of the con
nection. These studies may also include connections 
using ASTM F3125 Grade A490, F1852, and F2280 bolts 
as well as bolt assemblies using ASTM F959 DTI washers 

to understand the sensitivity between the pretensioning 
method and the localized yielding at the bolt hole for 
large-bolt diameters.
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