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AN ABSTRACT OF THE THESIS OF

Mazen Bilal Helwe for Master of Engineering
Major: Civil and Environmental Engineering

Title: Experimental and Analytical Investigation of Alternate Block shear in steel
moment connections

Alternate block shear (ABS) failure in beams needs to be addressed when
designing bolted flange plate (BFP) and double Tee moment connections associated with
deep beams in seismic areas. This study investigates experimentally and analytically the
ABS failure in such moment connections when subjected to monotonic tensile loading.
ABS, not yet included in the AISC 358 specifications, is a failure mode that combines
full tensile fracture in the beam flange with shear failure in the beam web. The design of
BFP and double Tee moment connections requires deep beams and thick plate
connections to sustain high moment demands. ABS failure might be considered as one
of the potential failure modes in such conditions. Therefore, investigating such failure is
necessary for the inclusion in the provisions. To address this issue, FE models are
conducted to validate the experimental results of structural Tee connections available in
the literature. The same FE technique is conducted on a series of prequalified BFP and
double Tee moment connections to examine the ABS failure. The dimensionless ratio of
connection length to beam depth ratio is considered the major parameter for identifying
the governing failure mode. Then, an experimental program is conducted to examine the
ABS failure in the beams associated with thick plate connections. The results of a series
of four specimens showed that the ABS failure path is a combination of both yielding
and rupture mechanisms leading to a ductile failure in the beam. Moreover, the
experimental and FE results conducted in this study are compared with existing strength
models to investigate their prediction capability and accuracy while designing moment
connections. Results indicate that the ABS failure have a lower capacity than the block
shear failure which is included in the ANSI/AISC 358-16 design provisions of the BFP
and double Tee connections. FE simulations are developed to predict the experimental
results. The FE models can predict with acceptable accuracy the experimental results of
force-deformation and the behavior and failure path of the tested specimens. Finally, a
proposed methodology is presented through a stiffness based model to predict the failure
path and mode in the beam associated with BFP and double Tee moment connections.

The experimental and analytical results clearly show that the ABS failure governs
the behavior of beams associated with BFP and double Tee moment connections. These
results indicate the importance of including the ABS failure in the design standards to
ensure a safe design for steel moment connections. This study will provide design
guidelines in predicting the ABS failure mode in steel moment connections. This will
constitute a significant change from the current design procedure which doesn’t include
ABS as a limit state.
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CHAPTER |
INTRODUCTION

Steel moment connections are commonly designed by considering a range of
potential failure modes, assessing the capacity for each mode, and taking the lowest mode
as the governing for the connections. All the other potential failure modes are then
compared to the lowest mode and arranged from the lowest to the highest to obtain the
sequence of potential failures.

Typical failure modes of beams in steel moment connections include plastic
hinging (gross section yielding), net section fracture (NSF), block shear, and bolt tear-
out and bearing. However, there are potential failure modes that might occur besides the
aforementioned ones. The atypical failure mode in Tees connected through their flange
was reported in the literature and termed as ABS. this failure mode is similar to block
shear mode which is recognized as a limit state in beams of steel bolted connections as
per the ANSI/AISC 358-16 (ANSI/AISC 358, 2016). The failure mechanism of block
shear combines a tensile fracture on one plane and shear failure (yielding or rupture) in
the transverse plane. The ABS is defined as a combination of full tensile fracture in the
beam flange followed by an alternate shear failure path propagating in the beam web
toward the edge. Figure 1 shows the block shear and ABS failure in flange plate
connected to beam section, representing steel moment connections. The block shear
failure is considered a ductile failure mode and is available in the ANSI/AISC 360-16
specifications (ANSI/AISC 360, 2016), unlike the ABS failure which is not recognized
as a limit state

In the past two decades, BFP and double Tee moment connections have

undergone extensive analytical and experimental investigations to study all potential



failure modes and yielding mechanisms (ANSI/AISC 358, 2016). Such connections
undergo significant moment demands requiring deep beams and thick plate connections
to sustain the high moment demand. In such conditions, ABS might be a potential failure
mode in the beams associated with BFP and double Tee moment connections. In fact,
ANSI/AISC 358-16 (ANSI/AISC 358, 2016) explicitly states that ABS failure needs not
be checked for the studied connections, since shear bolts are designed to fail prior to net
section fracture (NSF) in the beam flange. Recall that NSF in the beam flange occurs
during the ABS failure mode (Fig. 1 (b)). However, due to the high moment demand in
special moment resisting frames, thick flange plate and Tee stem, and large shear bolts
might be needed. This means that NSF in beam flange might occur prior to shear bolt
failure. Furthermore, it is evident that block shear failure consists of two shear planes in
the beam flange (Fig. 1(a)) while ABS failure consists of one shear plane in the beam
web (Fig. 1(b)). Knowing that the beam web thickness is usually less than the beam
flange thickness, ABS failure might have a lower capacity than the block shear failure.
Therefore, it is essential to investigate experimentally and analytically the ABS failure
in beams associated with moment connections. Also, it is important to include ABS
failure check in the available design procedure of BFP and double Tee moment
connections to ensure a safe design.

Existing experimental and analytical studies dealt only with structural Tee
connection to investigate the ABS failure. Figure 1 (c) shows ABS failure path in
structural Tee connection. Epstein and McGinnis (1999) developed a series of FE models
to reproduce the experimental tests of structural Tee connections (Epstein and McGinnis,
1999). The results showed that the FE simulations were in good agreement with the
experimental tests and were capable to predict the governing failure modes. Also, Epstein

and Stamberg (2002) conducted an extensive experimental program on structural Tee



connections. Different parameters were incorporated in these tests such as beam depth,
eccentricity, connection length, spacing between bolts, and number of bolts. Note that
the connection length depends on spacing between bolts and/or number of bolts. It was
concluded that as the beam depth increases, the failure mode is controlled by ABS.
Similarly, as the connection length decreases, the failure mode is controlled by ABS.
Therefore, both beam depth and connection length have been reported in the literature as
major behavioral parameters that impact the ABS phenomenon in structural Tee
connections. Also, no existing strength model is available in the ANSI/AISC 360-16
specifications (ANSI/AISC 360, 2016) and in the ANSI/AISC 358-16 provisions
(ANSI/AISC 358, 2016). The failure mechanism of ABS which is similar to block shear
failure has an alternate shear failure path in the beam web as shown in Fig. 1 (a) and (b).
Therefore, Epstein 1996 provided a few adjustments on the block shear equations
available in the ANSI/AISC 360-16 specifications (ANSI/AISC 360, 2016) and proposed
a strength model that predicts the ABS failure capacity for the structural Tee connections
(Epstein and McGinnis, 1999 and Epstein and Stamberg, 2002). Moreover, Driver et al.
(2005), and Cai and Driver (2010) proposed a unified equation (unified strength model)
that was recommended to be used for all block shear failures, regardless of whether the
failure paths are classical (block shear) or atypical (ABS). This equation showed good
agreement when compared for many tests of angles, gusset plates, coped beams and tees.
The shear term of the unified equation was modified with a combination of ultimate and
yield stresses.

Despite the experimental and analytical research performed on ABS failure in
Tee connections, no research work has been conducted to investigate the ABS failure in
beams of full moment connections, specifically BFP and double Tee. Therefore, FE

models are developed in this study to investigate the ABS failure on a series of designed



BFP (Sato et al. 2008) and double Tee moment connections (Hantouche, 2010 and
Hantouche and Jaffal, 2016). These moment connections were designed following the
ANSI/AISC 358-16 specifications (ANSI/AISC 358, 2016) to satisfy the prequalification
requirements in special moment resisting frames.

The aim of this research is to investigate experimentally and analytically the ABS
failure in beams of BFP and double Tee moment connections when subjected to
monotonic tensile loading. First, FE simulations are conducted to validate the
experimental results available in the literature (Epstein and McGinnis, 1999). The same
FE technique is used to examine the ABS phenomenon in steel moment connections
(BFP and double Tee). An extensive parametric study using ABAQUS is conducted by
varying the behavioral parameters (connection length and beam depth) that impact the
governed failure mode. A dimensionless parameter (connection length to beam depth
ratio) is established to classify the governing failure mode (ABS, NSF, or a combination
of ABS and NSF). Then, four tests varying the beam depth and the connection length (by
varying the number of shear bolts), are performed in the Structural and Materials
Laboratory at the American University of Beirut. FE models are developed again to
validate the experimental results. Moreover, the existing strength models that account for
the ABS failure are compared with the experimental results available in the literature and
the FE results conducted in this study to demonstrate their prediction capabilities. Also,
a comparison is made between the ABS and the block shear capacities of the tested
specimens to prove that ABS is more critical than block shear and thus needs to be
included in the design as a limit state. Finally, to be able to classify the failure path
whether it is ABS or NSF, a stiffness based model that characterize the force
displacement response of BFP and double Tee moment connection is developed. The

proposed stiffness based model is able to predict the governing failure mode based on



the dimensionless ratio (connection length to beam depth ratio) for those moment
connection associated with deep beams ranging between W24 and W36. The results of
this research will expand the experimental and analytical database of investigating the
ABS failure as a limit state in the current design procedure of steel moment connections

to ensure a safe design.
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CHAPTER II

FE MODELS OF STRUCTURAL TEE CONNECTIONS AND
MOMENT CONNECTIONS (BFP AND DOUBLE TEE)

A. Alternate Block Shear in Structural Tee connections

The FE models are developed to reproduce the structural Tee connections
available in Epstein and McGinnis (1999). The results of the structural Tee connections
are compared with those obtained from the experimental program and FE results
performed by Epstein and McGinnis (1999) as shown in Table 1.
1. Development of FE models

An overall view of the FE model developed in this study using ABAQUS is
shown in Fig. 2. Details of the geometrical dimensions and the material properties of the
connections can be found in Epstein and McGinnis (1999). Further details of this analysis
are available in the following section.
2. Boundary conditions

All the specimens are loaded into two steps. The first step applies a pretension
force in the shear bolts. The pretensioning is assigned by subjecting a pressure on the
head of the bolts equivalent to the minimum required pretension force specified in the
ANSI/AISC 360 specifications (ANSI/AISC 360, 2010). The second step applies a
displacement on the tip surface of the beam in Z direction as shown in Fig. 2.

Throughout the analysis, boundary conditions are applied on different elements
of the structural Tee connection as shown in Fig. 2. During the first step, the shear bolts
are restrained against any translaltion to ensure the contact between the bolt nut and the
bolt head, and the steel base material. During the second step, only the boundary

condition on the beam plate surface is kept active.



3. Material discretization

All the connection components were meshed with eight node brick elements with
reduced integration technique (C3D8-R). The mesh configuration of the model is shown
in Fig. 2. To improve the accuracy of predictions, a fine mesh was used for the whole
connection region. Moreover, a mapped mesh technique was used around the bolt holes
to account for stress concentrations and to discretize bolts and their surrounding areas.
The contact surfaces are modeled using the surface-to-surface sliding with a coefficient
of friction of 0.25. The finite sliding permits sliding separation, and rotation of the contact
surfaces.

4. FE predictions vs. existing FE simulations and experimental results

FE models are developed to predict the governing failure modes of the structural
Tee connections and are validated against the experimental and FE results available in
(Epstein and McGinnis, 1999). The failure is classified as ABS when the shear failure
propagates toward the beam web edge after a full tensile fracture of the entire beam
flange. Also, NSF is considered when the tensile fracture propagates along the entire
beam cross section.

The capability of the ABAQUS model to predict the ABS failure is validated
against the experimental and FE results (Epstein and McGinnis, 1999). Figure 3 shows
the normalized FE failure load versus the beam depth. The normalized failure load is
calculated by dividing the failure load of each specimen by the one resulted from WT4x9
(Epstein and McGinnis, 1999). The FE results conducted in this study show a good
agreement with the results presented in (Epstein and McGinnis, 1999). FE models predict
well the failure load and the failure mode of the specimens when compared with the

experimental results as shown in Table 1. Both FE and experimental results show that as



the beam depth increases, the governed failure mode is ABS. The beam depth is
considered one of the major parameters that impact the governed failure mode in
structural Tee connections. Moreover, once the governed failure mode is ABS, the
increase in the beam depth has no effect on the failure load capacity (see Fig. 3).
Moreover, both FE and experimental results show the same transition depth where the
failure changes from NSF to ABS (combination of ABS and NSF) as illustrated in Table
1 and Fig. 3. This failure starts as ABS failure and changes to NSF as described in Epstein
and McGinnis, (1999). Figure 4 (a) and 4 (b) show the von Mises contour of WT4x9+1
(combination of ABS and NSF failure) and WT4x9+2 (ABS failure), respectively. Thus,
the same FE modeling technique can be used to examine the ABS failure in steel moment

connection such as BFP and double Tee moment connections.

B. Alternate Block Shear in BFP and double Tee moment connections
1. Development of FE models

Considering the steel moment connections available in the literature (Sato et al.
2008, and Hantouche, 2010 and Hantouche and Jaffal, 2016), six FE models are
developed to investigate the ABS failure in BFP and double Tee moment connections
having deep beams ranging from W24 to W36 and thick plate connections (see Table 2).
The same modeling technique described in the previous section is used to model those
steel moment connections (BFP and double Tee). An overall view of a typical FE model
of steel moment connection used in this study is shown in
Fig. 5.
2. Geometry of connection components

The six specimens (BFP and double tee connections) are associated with deep
beams W30x108 (BFP-1), W30x148 (BFP-2), W36x150 (BFP-3), W30x108 (TEE-1),

W24x76 (TEE-2), and W36x150 (TEE-3). Details of the connections configuration and



dimensions for both BFP and double Tee connections are found in (Sato et al. 2008, and
Hantouche, 2010 and Hantouche and Jaffal, 2016), respectively.
3. FE Results

Figure 6 (a) to 6 (f) show the von Mises stress contours for the beams used in the
moment connections. The failure modes results for all the specimens are presented in
Table 2. The FE results for all the specimens showed that, the failure modes initiated in
the beams. Note that most of the specimens showed a web local buckling before failure
occurs. This web local buckling was also observed in the experimental results of the
structural Tees (Epstein and Stamberg, 2002).

The FE results show the three different failure modes that might govern the
behavior of moment connections (ABS, NSF, and a combination of ABS and NSF). BFP-
1 and TEE-3 failed by ABS as shown in Figs. 6 (a) and 6 (b), respectively. It was
observed that the failure initiates by a tensile fracture in the beam flange followed by a
shear failure path in the beam web. BFP-2 and TEE-2 specimens failed by NSF as shown
in Figs. 6 (c) and 6 (d), respectively. It was observed that the beams examined a full
tensile fracture along the entire beam section, propagating from the top beam flange
toward the bottom beam flange. BFP-3 and TEE-1 specimens failed by a combination of
ABS and NSF as shown in Figs. 6 (e) and 6 (f), respectively. It was observed that the
failure started in the beams as ABS failure and then changed to NSF.

Table 2 shows the failure mode of BFP and double Tee moment connections
using FE models. For instance, for beam depth of 762 mm (30 in.) the FE results show
that ABS and NSF governed the behavior of BFP-1 and BFP-2, respectively. This
indicates that for both moment connections having the same beam depth, the failure mode
changes from ABS to NSF when increasing the connection length. Note that, the

connection length is the total spacing between the shear bolts. On the other hand, TEE-

10



2 have a connection length of 533 mm (21 in.) and a beam depth of 607 mm (23.9 in.)
failed in NSF, and TEE-3 have a connection length of 667 mm (26.25 in.) and beam
depth of 912 mm (35.9 in.) failed in ABS. This indicates that for the moment connections
having large connection length, the failure mode changes from NSF to ABS due to the
increase in the beam depth. Consequently, this shows that beam depth and connection
length are considered the key parameters in determining the type of failure of beams in

moment connection.

11



12

o
c
©
c
‘D
b7
o
S
2L "B6x 1L/ WOIy paynsal auo ayy Ag papIAIp SI uawidads Yyoes Jo peo| ainjred,
7 .m. "8]qe|1eAR 10N,
M = ‘(66T ‘SIUUIDIA pue uIdIsd3) ul paquasap se ade|d %003 4SN 810437 SV Buoje |1ey 03 uebag uswidads a8y ,
3§ ‘(66T ‘SIUUIDIA pue UILISd3) ul 8|ge|reAe sauo ay} 0} puodsallod elep pale|ngel 8yl ;
\hb
S G90'T (S'TET) 0'98S sav €80'T sav VN sav (S1) 18¢ TT+6xV LM
(@)) -
— @ ¥90'T (#'TET) S'¥8S sav 080'T sav VN sav (1) soe 8+6x7.LM
s - —
c g €90°T (z1e1) 9°€¢8S |  sav 60T sav VN sav (T1) 6.2 L+6x7 LM
_>
3= £€90'T (cTeT) 9°€8G | sav 6.0'T sav A\ sav (01) ¥se 9+6x7.LM
W & 2901 (T'TET) T'€8S sav 9/0'T sav VN sav (6) 62¢ G+6x7.LM
X
m il 290°T (01€T) L'285 |  sav 00T sav VN sav (8) €0z P+Ex7 LM
2 ,.Wu 650'T (L0oeT) v'18S | sav €90'T sav eVN sav (1) 8.1 E+6x7 LM
o
,_._MB 250'T (6'621) 8'LLG sav 90’1 sav (9°2€1) 0°2T9 sav (9) zsT Z+6X7 LM
23 820'T (8'927) 0795 | 4SN-SaV €201 4SN-sav | (£'8€T) 0'LT9 ASN (9) Let T+6x7 LM
5 o
O Ll 000'T (r'ezt) 6815 4SN 000'T 4SN (8'9€T) 5'809 4SN (v) €01 67 LM
m z 956'0 (0'811) 6525 | dSN 2860 4SN (T'€€T) 0'265 4SN (€) 88 T-6xP LA
& H (sdpi) N apow yPEO opowl (sdpi) N .
=9 peo| aunjre} peo| aan|re) aan|re) 34 aunjey peoj ainjreq | ;apow aunjre} (un) wiw ;SU01193S
m. S pazijewaoN aunjrey 34 a4 pazijew.IoN a4 [eswiIadxg | [euswiiadxg | Udep wesg | sa118s
]
=
29
(=



Table 2. Failure modes of BFP and double Tee connections using FE models.

Specimen Beam Beam Connection | Plate thickness | von Mises | Ratio
pname section depth (d) length (1) (tp) Failure (I/d)
mm (in.) mm (in.) mm (in.) mode
BFP-1 | W30x108 | 757 (290.8) | 457 (18) 38 (1-1/2) AoSIn 1 0604
BFP-2 | W30x148 | 780(30.7) | 732 (30) 44 (1-3/4) '\éigr'n” 0.977
BFP-3 | W36x150 | 912(35.9) | 686 (27) a4.(1-34) | ABSTISEIN g 757
TEE-1 | W30x108 | 757 (29.8) | 610 (24) 20-04) | APSTSEIN g0
TEE-2 | W24x76 | 607 (23.9) | 533 (21) 22 (7/8) I | 07
TEE-3 | W36x150 | 912 (35.9) | 667 (26.25) 38 (1-1/2) '%Bein']“ 0.731
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Displacement is applied at the
surface of the beam in the Z
direction

All nodes on the surface of the /
beam-plate are fixed against
translation and rotation

Nodes at the middle surface of shear
shanks are fixed against any translation in
the pretension step only

Figure 2. Structural Tee connection details in finite element model.
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11 = = = ABAQUS FE results * FE results (Epstein and McGinnis, 1999)
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Normalized FE failure load
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Depth (mm)

Figure 3. Normalized FE failure loads vs. beam depth: Results of the developed FE vs.
existing FE (Epstein and McGinnis, 1999).
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Figure 4. von Mises contour of (a) WT4x9+1, and (b) WT4x9+2.
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CHAPTER 111

GEOMETRIC PARAMETERS AFFECTING THE
ALTERNATE BLOCK SHEAR IN BPF AND DOUBLE TEE
MOMENT CONNECTIONS

The main purpose of this parametric study is to gain additional understanding of
the key parameters that impact the behavior of ABS in BFP and double Tee moment
connections. Key parameters including the connection length and the beam depth are
examined. A dimensionless ratio (connection length to beam depth ratio) is used to
classify the beam failure mode. A summary for all the FE results of this parametric study

is presented in Table 3, showing the specimens configurations, the failure modes and the
connection length to beam depth ratio (1),

A. Connection length and beam depth

A study on the effect of connection length and beam depth on BFP and double
Tee moment connections behavior is performed. The connection length is varied by
whether increasing or decreasing the number of shear bolts in the connections. BFP-1
and TEE-2 are selected for the analyses as shown in Table 3. For BFP-1, the number of
shear bolts is increased from 7 to 10 bolts per row. For TEE-2, the number of shear bolts
is decreased from 8 to 6 bolts per row. The FE results show that the connection length
has a significant effect on the ABS behavior of BFP and double Tee moment connection.
It can be concluded that as the connection length decreases, the failure mode is controlled
by ABS.

The beam depth is varied by whether increasing or decreasing the beam depth in
the connections. BFP-3 and TEE-1 are selected for the analyses as shown in Table 3. For
BFP-3, the beam depth is changed from 912 mm (35.9 in.) to 762 mm (30 in.) and 1016
mm (40 in.). For TEE-1, the beam depth is changed from 757 mm (29.8 in.) to 635 mm

(251in.) and 889 mm (35 in.). The results show that the beam depth has a significant effect
19



on the ABS behavior in BFP and double Tee moment connections. It can be concluded
that as the beam depth increases, the failure mode is controlled by ABS.

The results of this study demonstrate that both beam depth and connections length
are the major behavioral parameters that impact the ABS failure in BFP and double Tee
moment connections. These results conform the conclusions provided by Epstein and
McGinnis (1999), and Epstein and Stamberg (2002).

B. Failure criteria

Throughout the studies and the observations, it was clearly recognized that the
ABS failure occurred in a sequential manner. The failure initiates by a full tensile fracture
in the beam flanges at the location of the leading bolt holes, and then followed by a shear
failure propagating in the beam web toward the edge. On the other hand, NSF initiates
also by a full tensile fracture in the beam flanges, and then continues along the whole
beam web. Therefore, the tensile fracture in the beam flange can be seen as a common

initial failure for ABS and NSF.

C. Connection length to beam depth ratio

The connection length to beam depth ratio (W) is computed for each case to
identify the corresponding governed failure mode as shown in Tables 3. As a result, ABS

is the governed failure mode for a ratio (M) less than 0.731, whereas NSF is the
governed failure mode for a ratio (V) larger than 0.879, and a combination of ABS and

NSF is the governed failure mode for a ratio(}) between 0.731 and 0.879. The

connection length to beam depth ratio could be used as a guideline to predict the governed
failure mode (ABS, NSF, or combination of ABS and NSF) of BFP and double Tee

moment connections associated with deep beams ranging from W24 to W36.
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Table 3. Summary of the parametric study results.

beam

Specimen | Beam | SEBIN | Comnection | G, | von Mises | at
name section mm mm (in.) (&) mode (V)
(in) mm (in.)
BFP-1 | W30x108 (275;) ?1587) (1?32) 35I| 0,604
BFP-1-B8 | W30x108 (273;) ?g’f) (1?%2) SN 0705
BFP-1-B9 | W30x108 (275_2) ?214(; (1_31%2) AESNSE | 0805
BFP-L-BL0 | WS0108 | 00 | oo (12 WP 0.906
s [ | (B | B | e || o
BFP-3-D30 | W36x150 (73602) ?287E; (1_4; N WP 0.900
BFP-3-D40 | W36x150 1(%? ?S% (1f‘;4) SN o675
x| 2| 0 | oy | | o
TEE-1-D25 | W30x108 (62355) (6214(; (1_312/4) NP1 0,960
TEE-1-D35 | W30x108 ?385% (62140) (1_312/ N £SIn| 0686
AR BNk
TEE-2-B7 | W24x76 (ggfg) (41587) (1?12/ N Air?g'e'zr‘:’f 0.753
TEE-2-B6 | W24x76 (ggg) ?fé) (1:'312/ N ABBE‘;:]” 0.628
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CHAPTER IV

STIFFNESS BASED MODEL FOR BFP AND DOUBLE TEE
MOMENT CONNECTIONS

The purpose of developing the stiffness based model is to determine the failure
path and the governing failure mode (ABS or NSF) in BFP and double Tee moment
connections. The stiffness based model is able to predict the force displacement
characteristics of those moment connections when subjected to tension loading. The
proposed stiffness model consists of a series of multi-linear springs that are combined
together either in series or in parallel to account for the stiffness of each component in
the connections. The assembly of theses springs are illustrated in Fig. 6. The proposed
stiffness model is able to predict both the elastic and the plastic stages of the connections.
Also, the proposed model is able to account for the force displacement when either ABS
or NSF is the governed failure mode. ABS is the governed failure mode whenl / d <
0.731, and NSF is the governed failure mode whenl /d > 0.879. BFP-1, BFP-2, and
BFP-3-B40 are selected for the analyses. The stiffness components of the connections
includes bolts in shear, beam flange and plate in bearing, web in shear, and web in tension
as shown in Fig. 6. All the stiffness coefficients of the springs that are incorporated in
the stiffness based model are based on the work done by Wuer et al. (2012), and the
Eurocode 3 (European Committee for standardization CEN, 2005).

A. Component stiffness

1. Bolts in shear

The bolt in shear stiffness, K, is defined as per (Wuer et al. 2012):

Kl — 8db2 Fub (1)
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where d, is the bolt diameter, F, is the ultimate strength of the bolt, and d,,,, is

the nominal diameter of a M16 bolt. Note that, K, is the stiffness of one bolt per row.
2. Plate and beam flange in bearing
The plate in bearing stiffness, and the beam flange in bearing stiffness, K, are
defined as per (Wuer et al. 2012):
K, =12K, K d,F, (2)

where K, is the minimum of K, and K,

K, =22 05<1.25 3@)
db
~0.25p, 3(b)

K,, = +0.375<1.25
db
where e, is the edge distance parallel to load transfer, and p, is the pitch distance
parallel to load transfer (spacing between bolts).

K, is taken as the lesser of the two following equations:

1.5t (4a)
d
k, = lesser of { "*°
25 (4b)

where tis the beam flange thickness “t; ” and/or the thickness of the plate/T-
stem “t > when computing for the bearing stiffness, K, of the beam flange and/or the

plate/T-stem, respectively.

3. Web in shear
The web in shear stiffness, K;is defined as per the Eurocode 3 (European

Committee for standardization CEN, 2005):

 0.38A,,
pd,,

®)

K, E
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where [ is the transformation parameter as defined in the Eurocode 3 (European
Committee for standardization CEN, 2005), d, is the beam web depth, A, is the shear
area in the web, and E is the Young modulus of elasticity.
4. Web in tension

The web in tension stiffness, K,is defined as per the Eurocode 3 (European

Committee for standardization CEN, 2005):

_ % E (6)
whered, is the beam web depth, t,, is the web thickness, and | is the connection

K4

length.

B. Equivalent connection stiffness

The equivalent stiffnesses of BFP, K,zsand K., are defined by assembling

the stiffness of each component as presented in Fig. 6. K 5 is the equivalent stiffness of
the connections when ABS is the governing failure mode and consists of two parallel
springs K, and Kj;. K is the equivalent stiffness of the connection when NSF is the
governed failure mode and consists of two parallel springs K and K,. Note that, K,

is developed by assembling the component stiffnesses of the plate- beam flange based on

the work done by Wuer et al. (2012) (see Fig. 6). The equivalent stiffness, K  of asingle

bolt-row can be expressed:

1 1 1 1 ()
_ = — 4 — 4 —
K (K, K, K,

The equivalent stiffness, K ;5 of BFP can be written as follows:

Kags = 2n,K, +K; (8)
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where n, is the number of shear bolts per row. It is important to note that, n, is

limited to a maximum number of 7 bolts per row as per (Wuer et al. 2012).

The equivalent stiffness, K, of BFP can be expressed as follows:
Kyse =2n,K, +K, 9)

C. Limit states and failure modes

The capacity of each spring component is incorporated in the stiffness model by
calculating all limit states and possible failure modes in BFP connections. This includes
bolt slip, bolt shear strength, plate bearing resistance, block shear rupture, NSF, and ABS
failure. ABS capacity is calculated based on the unified equation (Driver et al. 2005 and
Cai and Driver, 2010), and the remaining failure modes are calculated based on the
equations available in The ANSI/AISC 360 specifications (ANSI/AISC 360, 2016). The
failure point on the curve is computed when the moment connection reaches the
maximum load capacity that can sustain. In this study, the governing failure modes are
either ABS or NSF. When the ABS yielding capacity of the connection is reached, the

post-yielding stiffness, K,z is expressed by:

F,-F, (10)

u

K =K ge ——
p,ABS ABs T op

where € , is the plastic strain of the beam base material.
When the NSF yielding capacity of the connection is reached, the post-yielding

stiffness, K s is expressed by:

F—F (11)
Kp,NSF = KNSF —

eE
Moreover, the proposed model is able to predict the slip phase that starts when it

reaches the slip resistance force available in the AISC specifications (AISC, 2016) with

a displacement, s_.that can be computed as follows:

slip
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d —-d
sslipzz( h2 bJ

where s_.is the horizontal distance that the bolt can freely slip before having

slip
contact with the bolt edge hole and d, is the diameter of the bolt hole. The failure point

in the curve is reached when the force reaches the ABS capacity load or the NSF capacity
load.
D. Model performance

The performance of the stiffness based model is validated against the FE results
of the BFP connections. Figure 8 shows the force displacement response of the three
moment connections (BFP-1, BFP-2, and BFP-3-D40). It can be seen that the proposed
model predicts the force displacement with excellent agreement when compared with FE
results for all the cases presented. Moreover, the model is able to predict the possible

limit states, failure modes (ABS and NSF), and failure displacements.
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Figure 8. Stiffness based models vs. FE of BFP moment connections for (a), BFP-1,
(b) BFP-2, and (c) BFP-3-D40.
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CHAPTER V

EXPERIMENTAL INVESTIGATION OF ALTERNATE
BLOCK SHEAR IN STEEL MOMENT CONNECTIONS

A. Experimental program

In order to investigate the strength and behavior of ABS failure mode in beams
of BFP and double Tee moment connections, a number of experimental tests were carried
out as part of this research. Test specimens were designed to examine the effects of two
parameters (connection length and beam depth) on the ABS failure mode and connection
strength. The objectives of this experimental program are to: (1) expand the pool of
available experimental data , (2) assess the ability of the existing strength models to
predict the capacity of ABS in beams of moment connections, (3) provide data to develop
and calibrate FE models describing the behavior of ABS in beams associated with
moment connections.

To fulfill the above mentioned objectives, four component tests of thick plate
connected to beam section were tested under monotonic loading. The beam sections used
in the experiment are: IPE 220 (two specimens), IPE 240 (one specimen), and IPE 270
(one specimen). The experimental 2 results conducted in this study can be used as a
benchmark for future experimental tests on full scale beams associated with BFP and
double Tee moment connections.

B. Test geometry and material properties

One of the objectives of this research is to identify the geometric parameters that
affect the ABS failure mode in moment connections. For this purpose, beam depth and
number of shear bolts were varied. These parameters were reported in the literature to
impact the ABS failure mode. Details of the main geometric and material characteristics
of the specimens are presented in Fig. 9 and Table 4. For specimens MC1, MC2, and
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MC3 having the same number of shear bolts (3 bolts per row), the beam depth was varied
using different beam sections (IPE 220, IPE 240, and IPE 270, respectively). For
specimen MC4 having the same beam section as MCL1, the number of shear bolts was
increased to 4 bolts per row. The flange plate thickness used was 25 mm (1 in.).

The component beams were connected to thick plates (S355) using M18 and M20
(grade 10.9) shear bolts. For all specimens, MC4, taken as a reference specimen, was
designed to fail by NSF in the beam and MC1, MC2, and MC3 were designed to fail by
ABS in the beam.
C. Experiment setup and test arrangement

An overall view of the test set-up and a schematic drawing of the test assembly
configuration are shown in Fig. 10. Six linear variable differential transformers (LVDTS)
were used to record the beam deformation throughout the test. LVDTs 1 and 2 were
installed to record any deformation at the restrained surface of the specimen, and LVDTs
3, 4, 5, and 6 were installed to record the deformation at the displaced surface of the
specimen as shown in Fig. 11. The total displacement in the beam was computed as the
deduction of the average of LVDTs 1 and 2 from the average of LVDTs 3 till 6.
D. Loading conditions

Shear bolts in all specimens were preloaded, using direct torque control, in
accordance with the minimum pretension load available by the ANSI/AISC 360-16
(ANSI/AISC 360, 2016).

The specimens were subjected to monotonic tensile loading ranging from 1 to 4
mm/min.
C. Test results

Two different failure modes occurred in the experimental program: ABS and

NSF. Two limit were reached prior to failure in all specimens: (1) shear bolts slip
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occurred at an early stage of the testing and (2) beam web local buckling occurred right
after. Note that, beam web local buckling was also observed in the experimental tests of
structural Tees (Epstein and Stamberg 2002).

Table 1 summarizes the test results showing the failure mode, the ultimate load
that the specimen sustained, and the connection length to beam depth ratio (/). This ratio

was calculated by dividing the connection length (total spacing between bolts) by the
beam depth. Figures 12 and 13show the force-displacement response and the failure path
of the specimens, respectively. The results showed that specimens MC1, MC2, and MC3
failed by ABS in the beam section while specimen MC4 failed by NSF. The ultimate
displacement recorded at failure point was around 22 mm (0.86 in.) for the beam sections
that failed by ABS and 15 mm (0.60 in.) for the beam section that failed by NSF (see Fig.
12). Also, the strain energy (indicated by the area under the force-displacement curve)
consumed by the beam sections that failed by ABS is greater than the one consumed by
the beam that failed by NSF. This shows that ABS failure is more ductile than NSF.
Figure 13 (a) shows a close-up view of the ABS fracture path in MC3. It is
observed that the failure starts by a full tensile fracture in the beam flange, followed by
shear failure in the beam web toward the edge. Note that the observed shear failure

combines both shear yielding and shear
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Table 4. Test results

Beam

Connection

Section | Beam | BOIS Depth, length, Ratio | pajjure | FaIlUre
. per Load

Name | section d, l, (ld) | mode .

row - - KN (Kips)
mm (in.) mm (in.)

MCL 1 pE220 | 3 | 220 (8.66) | 100 (3.94) | 0.454 | ABS | 1141 (257)

(ST44)

(2”3%523) IPE240 | 3 | 240 (9.45) | 100 (3.94) | 0.416 | ABS | 1171 (263)

MC3 270

oran | PE270| 3 | gy | 110@432) | 0407 | ABS | 1574 (254)

(g"Tij) IPE220 | 4 | 220(8.66) | 165(6.48) | 0.750 | NSF | 1347 (303)
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Figure 12. Force displacement response of (a) MCL1, (b) MC2, (c) MC3, and (d) MCA4.
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CHAPTER VI
FE MODELS VS. EXPERIMENTAL RESULTS

The FE models are developed to reproduce the four tested specimens (MC1, MC2, MC3,
and MC4). The results of the FE simulations are compared with the experimental
program conducted in the Structural and Materials Laboratory at the American
University of Beirut.
A. Development of FE models

An overall view of the FE model developed in this study using ABAQUS is
shown in Fig. 14. The FE models reproduce the geometry details and the material
properties of all components, the pre-tensioning of bolts, and the contact interactions at
interfaces. The results presented in this chapter are used to better understand the ABS
failure mode. Further details of this analysis are available in the following sections.

1. Material properties used for modeling

The von Mises yield criterion is used in this study to model yielding and isotropic
hardening to model plastic behavior of the specimens. The bolts used are 10.9 equivalent
to A490. The bolt material is used in the FE analysis with a yield stress of 931 Mpa (135
ksi), ultimate stress of 1103 Mpa (160 ksi), and ultimate plastic strain of 0.0103. In this
study, the bolts are modelled using their gross area, rather than their effective area. For
the base material, ST44 is used for the beams. Note that the true stress and strain for

ST44 material is computed and used in the model to get the most accurate results in the
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simulations. The true stress strain curve of ST44 is shown in Fig. 15. For all members of

the connections, Young’s modulus of elasticity is used as E = (29,000 ksi) and Poisson’s

ratio of v = 0.3. In summary, a bilinear model with isotropic hardening was used for the

bolt material, and the true stress strain curve of ST44 for the beam material was used in

the analysis.

2. Loading and boundary conditions

All the specimens are loaded into two steps. The first step applies a pretension
force in the shear bolts. The pretensioning is assigned by subjecting a pressure on the
head of the bolts equivalent to the minimum required pretension force specified in the
ANSI/AISC 360 specifications (ANSI/AISC 360, 2010). The second step applies a
displacement on the tip surface of the beam in Z direction as shown in Fig. 14.

Throughout the analysis, boundary conditions are applied on different elements
of the structural Tee connection as shown in Fig. 14. During the first step, the shear bolts
are restrained against any translaltion to ensure the contact between the bolt nut and the
bolt head, and the steel base material. During the second step, only the boundary
condition on the beam plate surface is kept active.

3. Material discretization

All the connection components were meshed with eight node brick elements with
reduced integration technique (C3D8-R). The mesh configuration of the model is shown
in Fig. 14. To improve the accuracy of predictions, a fine mesh was used for the whole
connection region. Moreover, a mapped mesh technique was used around the bolt holes
to account for stress concentrations and to discretize bolts and their surrounding areas.

The contact surfaces are modeled using the surface-to-surface sliding with a coefficient
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of friction of 0.25. The finite sliding permits sliding separation, and rotation of the contact
surfaces.
4. Comparison of FE models with experimental results

FE models are developed to validate the failure mode, the failure load, and the
force displacement of the experimental results of the tested specimens (MC1, MC2,
MC3, and MC4). The failure is classified as ABS when the shear failure propagated in
the beam web toward the edge after a full tensile fracture of the beam flange. NSF is
considered when a full tensile fracture occurs in the beam cross section.

The values obtained for failure mode, and failure load from FE and experimental
tests are compared in Table 5. Result show that FE results are in excellent agreement
with the experimental results in predicting the failure mode that governed the behavior
of the beams in the moment connections. Also, the FE results can accurately predict the
ultimate failure load that the specimen could sustain. It can be seen that the mean value
of the tested-to-predicted ratio is very close to 1.0 (see Table 5).

The force displacement curve obtained from the FE analysis for the four
specimens is compared with the experimental results, as shown in Fig. 16. The FE results
show an excellent agreement with the experimental results (see Fig. 16). The FE models
can accurately predict the force displacement behavior, the yielding point, and the
fracture point as presented in Fig 16.

The von Mises stress contours for the beams is presented and compared with the
experimental results as shown in Fig 17. It can be seen that the FE results can accurately

trace the failure path in the beams whether it is ABS or NSF.
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Table 5. Summary and FE results (failure mode, failure load, test-to-predicted
ratio) of the modeled specimens.

Section | Beam | BOItS | Beam | Connection | Ratio | Faijure Failure Load
. per Depth Iength d Experiment FE T/P

Name | section | ' - § I (ld) | mode o o
MC1 | IPE220 3 ?22%) 3.94" (100) | 0.454 | ABS 1141 1164 | 0.980
MC2 | IPE270| 3 1(2765’) 432" (110) | 0.407 | ABS 1574 | 1608 | 0.979
MC3 | IPE240| 3 ?2'1‘3) 3.94" (100) | 0.416 | ABS 1171 | 1216 | 0.963
MC4 | IPE220| 4 ?2'2%) 6.48" (165) | 0.750 | NSF 1347 | 1358 | 0.992
Mean T/P 0.979
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Figure 14. Typical FE model of the specimens (BFP/ double Tee).
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Figure 15. True stress strain curve for ST44 material.
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Figure 16. Experimental and FE results of the force displacement of (a) MC1, (b)

MC2, (c) MC3, and (d) MCA4.
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CHAPTER VII

EXISTING STRENGTH MODELS APPLIED ON
STRUCTURAL TEE AND MOMENT CONNECTIONS (BFP
AND DOUBLE TEE)

A strength model that predicts the ABS load capacity can be used as design check
when designing BFP and double Tee moment connections. The US building code did not
yet incorporate strength check for the ABS failure mode. The purpose of this section is
to evaluate the capability of existing strength models in prediction of the ABS failure.
Existing strength models developed by Epstein (1996), and Driver et al. (2005) and Cai
and Driver (2010) are compared with the experimental results of structural Tee
connections (Epstein and Stamberg, 2002) and the experimental and FE results of BFP
and double Tee moment connections conducted in this study.

The strength model developed by Epstein (1996) is taken as the lesser of the
following two equations:

0.6FA, +FA, (13a)
R, = lesser of
0.6F A, +FA, (13b)

where Agv is the beam gross shear area, A, is the beam net shear area, Agt IS
the beam gross tension area, A\, is the beam net tension area , Fy is the steel yield stress,

and F, is the steel ultimate stress.

The work performed by Epstein (1996) provided adjustments on the shear area
and the tension area of the block shear equation available in the ANSI/AISC 360
specifications (ANSI/AISC 360, 2010). The areas necessary for the calculation of ABS

capacity are modified as follow:
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A=A, =(l+e)t, (142)

Qv
A=A, —(d-K)t, (15b)

1 (15c¢)
A=Ay —2[db +Ejtf
where | is the total length of the spacing between the bolts (connection length),

€ is the beam edge distance, 1, is the beam web thickness, Ag is the beam gross area, d

is the beam depth, kis the fillet distance, db is the bolt diameter, and t; is the beam

flange thickness.
Another strength model is developed by Driver et al. (2005) and Cai and Driver

(2010) to predict the ABS capacity. This strength model (unified equation) is given by:

F +F, (16)
Rn = RtAntFu + RvAgv .

23

where R, and R, are the mean stress correction factors of tension area and shear

area, respectively.

The unified strength model take into account that the rupture of the tension plane
take place on the net area. The shear stress is taken as the average of the shear yield and
ultimate stresses, since the capacity can exceed the shear yielding (Driver et al. 2005).

For the case of BFP and double Tee moment connections, all the equations above
remain the same except for Eq. 14(a) and 14(b) that become as follow, respectively:

A, =A, =2(l+e)t, 17(a)
Ay =A,-(d-2k)t, 17(b)

A small modification is applied, the “2” coefficient is added in both equations to
represent the two shear planes and the two tensile planes (W beams sections) in Eq. 17(a)
and 17(b), respectively. Table 6 shows the results of the strength model proposed by
Epstein (1996) and the unified strength model (Driver et al. 2005 and Cai and Driver,
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2010). The most accurate strength model has to have the mean test-to-predicted (T/P)
ratios to be the closest to 1.0, and the smallest coefficient of variation (COV). The test-
to-predicted ratio is calculated by dividing the failure load provided from the
experimental tests (Epstein and Stamberg, 2002) and the FE results by the one resulted
from the mentioned existing strength models. It can be seen that the unified strength
model has a mean test-to-predicted ratios with the closest value to 1.0, and has the
smallest coefficient of variation. This indicates that the unified strength model (Driver et
al. 2005 and Cai and Driver, 2010) is accurate in predicting the ABS capacity when
occurring in the structural Tee connection and the steel moment connections (BFP and
double Tee).

The main conclusion that can be drawn from the results presented in Table 6 is
that the unified strength model provides more accurate results than the one provided by
Epstein (1996) in predicting the ABS failure load. Therefore, the unified strength model
by Driver et al. (2005) can be used to accurately predict the ABS capacity in BFP and

double Tee moment connections.
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Table 6. Failure load capacity of the tested tees (Epstein and Stamberg, 2002) and
moment resisting connections that failed under ABS using unified equation (Driver et al.
2005, and Cai and Driver, 2010), and Epstein equation (Epstein, 1996)

Test results Unified strength model?® | Epstein strength model®
Specimen . Failure Capacity Test-to- Capacity Test-to-
name Fr?]'cl)lége load load preglcte load KN Predicted
KN (kips) KN (kips) (T/P) (Kips) (T/P)
El ABS 388 (87.3) 350 (78.7) 111 334 (75.2) 1.16
E1/C1 ABS | 379(85.1) | 350 (78.7) 1.08 | 334(75.2) 1.13
E1/C2 ABS | 363(8L7) | 350(78.7) 104 | 334(75.2) 1.09
E1/C3 ABS | 386(86.8) | 350 (78.7) 110 | 334(75.2) 115
E2 ABS 431 (97) 383 (86.14) 1.13 437 (98.2) 0.99
E5/C8 ABS | 398(89.5) | 401 (90.22) 099 | 381(85.7) 1.04
Series! E5/C8 ABS | 415(93.3) | 401 (90.22) 1.03 | 381(85.7) 1.09
E5/C8 ABS | 416(93.6) | 401 (90.22) 1.04 | 381(85.7) 1.09
E5 ABS | 409 (91.9) | 401 (90.22) 1.02 | 381(85.7) 1.07
E5 ABS | 408(91.7) | 401(90.22) 1.02 | 381(85.7) 1.07
E5 ABS 405 (91.1) 401 (90.22) 1.01 381 (85.7) 1.06
E5 ABS | 390 (87.6) | 401(90.22) 0.97 | 381(85.7) 1.02
C8 ABS | 490 (110.1) | 809 (114.41) | 0.96 | 496 (111.6) 0.99
E6 ABS | 601 (135.1) | 450 (101.15) | 1.34 | 417 (93.8) 1.44
7993 7055 7879
BFP-1 | ABS | 1797 | (1856.00) LO3 1 (17713 0.98
5480 5566 5332
TEE-2-B6 | ABS (1232.05) (1251.46) 1.02 (1198.8) 0.977
1288 12588 12068
FEmodels | BFP-3-D40 | ABS | (p760cn | (2830.00) 1.02 (2713.1) 0.98
8779 8953 8509
TEE-1-D35 | ABS | 1g7365) | (2012.73) 1.02 (1013) 0.97
10864 10994 10510
TEE-3-BY ABS (2442.48) (2471.63) 1.01 (2362.8) 0.97
Specimens MC1 ABS 1141 (257) 1117 (251) 1.021 1058 (238) 1.078
experiment | MC3 (A36) | ABS | 1171 (263) | 1148 (258) 1.020 | 1105 (249) 1.059
MC4 ABS | 1574 (354) | 1570 (353) 1.002 | 1423(320) 1.106
Mean test-to-predicted (T/P) 1.044 1.069
Mean coefficient of variation (COV) 0.077 0.109

The series of experimental tests correspond to the ones available in (Epstein and Stamberg, 2002).
2The unified strength model corresponds to the one available in (Driver et al. 2005, and Cai and Driver,

2010).

3Epstein strength model corresponds to the one available in (Epstein, 1996).
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CHAPTER VII
ALTERNATE BLOCK SHEAR VS. BLOCK SHEAR

As mentioned earlier, the ANSI/AISC 358-16 (ANSI/AISC 358, 2016) requires
designers to check for block shear failure in the beam flange for both BFP and double
Tee moment connections. However, the code states that ABS failure needs not be
checked. For this reason, a comparison was made between the failure loads of ABS and
block shear and it was shown that the ABS failure mechanism is more critical than the
block shear and thus needs to be codified in the studied moment connections.

The ANSI/AISC 360-16 (ANSI/AISC 360, 2016) specifications provide the following

equation to calculate the block shear capacity:

0.6FA,, +U
R, =lesser of
0.6F,A_, +U,FA 18(b)

bs" u” *nt

FA, 18(a)

bs" u

where Ups is the shear lag factor and its value can be found in the ANSI/AISC
360-16(ANSI/AISC 360, 2016).

Table 7 shows the comparison between the existing strength models that predict
the ABS failure [3, 6] and the block shear equations available in ANSI/AISC 360-
16(ANSI/AISC 360, 2016). As mentioned in this study, experimental results showed that
ABS governed the behavior of MC1, MC2, and MC3 specimens. Also, the existing
strength models showed excellent accuracy in predicting the ABS failure load. The
results of the comparison clearly show that the ABS failure mode has a lower capacity
than the block shear failure mode for both experimental results and strength models

predictions.
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Additionally, the strength models were applied on a series of design examples
available in the literature of BFP moment connections (BFP1, BFP2, and BFP3) (Sato et
al. 2008), and double Tee moment connections (TEE1, and TEE2) (Hantouche, 2010)
and compared with the block shear equations as shown in Table 7. The five specimens
(BFP and double tee connections) were associated with deep beams W30x108 (BFP1),
W30x148 (BFP2), W36x150 (BFP3), W30x108 (TEE1), and W24x76 (TEE2). Note
that, these moment connections were designed following the guidelines available in
ANSI/AICS 358 in its earlier versions. The geometry and material properties of BFP and
double Tee moment connections can be found in (Sato et al. 2008) and (Hantouche,
2010), respectively. Results show that the block shear capacity is greater than the ABS
capacity for all the cases (Table 7).

In conclusion, ABS failure has one shear plane in the beam web compared to two
shear planes in the beam flange for block shear failure. Recalling that the beam flange
thickness is greater than the beam web thickness for the tested specimens and design
examples, ABS controlled over block shear failure mode. Thus, it is necessary to consider
ABS failure as a potential failure mode and should be included in the design procedure

for BFP and double Tee moment connections as a design check.
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Table 7. Test results vs. existing strength models (unified strength model and Epstein
strength model) vs. block shear.

Test ABS Unified strength | ABS Epstein strength ELOCK
1 2 ear
results model model 4
Specimen - . - equatlgn
name Failure | Capacity Test-to- Capacity Test-to- Capacity
load load Predicted load dicted load
KN KN re /lcte KN Pre /lcte KN
(ips) | (aps) | TP | psy | )| (kips)
1141 1117 1058 1241
MC1 (257) (251) 1.021 (238) 1.078 (279)
1171 1148 1105 1214
MC2 1.020 1.059
Experimental (263) (258) (249) (273)
tests
1574 1570 1423 1673
MC3 (354) (353) 1.002 (320) 1.106 (376)
MC4 1347 1659 1521 2152
(303) (373) (342) (484)
8256 7879 12801
BFP1 (1856) (1771) (2878)
Prequalified
14434 13523 27548
BFP moment | - BFP2 (3245) (3040) (6193)
connections N/A N/A
13265 12464 21405
BFPS | NIA | (o9g2) (2802) (4812)
Prequalified TEEL 8483 8091 12771
double Tee (1907) (1819) (2871)
moment
ConnectionSS TEE? 6454 6134 10774
(1451) (1379) (2422)
The unified strength model corresponds to the one available in (Driver et al. 2005, and Cai and Driver,
2010).

2Epstein strength model corresponds to the one available in (Epstein, 1996).

3Block shear equation corresponds to the one available in (ANSI/AISC 360, 2016).

“BFP Moment connections corresponds to the one available in (Sato et al. 2008).
Double Tee Moment connections corresponds to the one available in (Hantouche, 2010).
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CHAPTER VIII
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

A. Summary and Conclusions

In designing steel moment connections all failure modes are needed to be
accounted for including the ABS failure. In fact, large moment demands in high seismic
areas are associated with thick flange plate and Tee stem and large shear bolts in BFP
and double Tee moment connections. That is, ABS failure might occur in the beam
section. For this reason, experimental and analytical investigations were performed to
investigate further the ABS failure in the beams associated with moment connections.
Experimental results showed that two different failure modes (ABS and NSF) governed
the behavior of the connections depending on the beam depth and connection length.

Furthermore, results showed that as the beam depth increases and/or the connection
length decreases the failure mode is controlled by ABS. A dimensionless ratio (1) is

able to predict the governed failure mode (ABS, NSF, or combination of ABS and NSF)
in the beams (W24 to W36) associated with BFP and double Tee moment connections.
FE models were validated against experimental results and showed excellent prediction
of the load-displacement curves and failure paths in all four specimens. Moreover,
existing strength models were tested against the experimental and FE results conducted
as part of this study. As a result, the unified strength model showed excellent agreement
with the experimental results and was recommended to be used in predicting the ABS
capacity load in BFP and double Tee moment connections. To be able to predict the
ultimate path in moment connections whether it is ABS or NSF, a stiffness based model
is developed. The proposed stiffness model is able to account for the force displacement

of BFP and double Tee moment connections. A comparison between ABS and block
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shear capacities showed that ABS is more critical and thus it is essential to include it in

the design codes of both moment connections. Also, experimental results showed that

ABS is a combination of both yielding and rupture and thus can be considered a ductile

failure mode. Furthermore, although ABS might not be the governing failure mode in

BFP and double Tee moment connections, it can potentially be the next failure mode

after beam plastic hinging. This study resulted in the following conclusions:

The FE results show that the major parameters impacting the ABS failure in
structural Tee connections are the beam depth and the connection length.

The FE parametric results show that the connection length to beam depth ratio
(I/d) is the dimensionless ratio that can predict the governed failure modes (ABS,

NSF, or a combination of ABS and NSF) in BFP and double Tee moment
connections.

Experimental results showed two different failure modes (ABS and NSF) that
governed the behavior of BFP and double Tee moment connections depending
on the beam depth and the connection length.

ABS failure is reported in this study as a ductile failure.

The proposed stiffness model is able to account for the governed failure mode
(ABS or NSF) based on the connection length to beam depth ratio(l/d). One of

the main advantages of the proposed stiffness model is that, it is accurate and it
needs less computational effort when compared to FE analysis.

The unified strength model (Driver et al. 2005 and Cai and Driver, 2010) is
recommended to be used in predicting the ABS load capacity in BFP and double
Tee moment connections. This strength model shows excellent agreement when
tested against experimental results available in the literature and FE results

conducted in this study.
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This research provides the engineers design guidelines in predicting the ABS
failure in beams associated with BFP and double Tee moment connections. Moreover,
this study is a preliminary step towards including the ABS failure in the provisions and
specifications as a potential failure mode that needs to be checked. Finally, the performed
experimental and analytical investigations are part of an ongoing research that aims at
codifying the ABS failure mode in BFP and double Tee moments connections to ensure
a safe design.

B. Recommendations

More research work is still needed in order to develop a full understanding of the
ABS behavior in moment resisting frames.

e A fracture model to be incorporated in the FE simulations to allow the prediction
of the behavior of the connection post-ABS failure.

e Investigation of the ABS in steel moment connections when welding is used
instead of shear bolts has to be conducted.

e More experimental tests are needed to be conducted in order to include a full
scale moment connections (BFP and double Tee connections) with deep beams

ranging between W24 and W36.
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