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Introduction and Background

The composite plate shear wall/concrete-filled (C-PSW/CF) sys-
tem, alternatively referred to as SpeedCore, is a structural element
comprising two steel faceplates with a concrete core sandwiched
between them. The steel plates are connected by tie bars or steel-
headed stud anchors, both of which are embedded within the con-
crete infill. This wall system has demonstrated its efficiency in
accelerating construction timelines, as evidenced by its successful
implementation in the Rainier Square Tower project in Seattle. In
recent years, extensive research has been conducted to explore and
understand the behavior, analysis, and design of the C-PSW/CF
system. Various studies have focused on the in-plane flexural and
shear behavior of these walls (Agrawal 2020; Alzeni 2014; Alzeni
and Bruneau 2017; Kizilarslan 2021; Kizilarslan and Bruneau
2021, 2023; Sener and Varma 2014; Shafaei et al. 2021; Varma
et al. 2014). The results from these tests and analyses have been
summarized and implemented in ASCE-7 (ASCE 2022), AISC 360
(AISC 2022b), and AISC 341(AISC 2022a).

The general attention that recent implementations of this wall
system in high-rises in seismic regions has received has subsequently
sprung interest for implementation where wind design governs over
seismic regions, such as Boston, New York, and Miami. In many of
these regions, contractors typically prefer bolted splices over welded
splices for field applications. This paper presents the results of re-
search to investigate the shear behavior of C-PSW/CF components
with bolted splices.

In the design of bolted splices, multiple limit states are consid-
ered. The more ductile limit states of slip-critical resistance, net and
gross section yielding strengths, and bearing strength are deemed
preferable in bolted C-PSW/CF components as they are relatively
more ductile than others. Regarding the bearing strength, previous
research (Brown et al. 2007; Frank and Yura 1981; Kim and Yura
1996; Kulak et al. 1987; Lewis and Zwememan 1996) has demon-
strated that the bearing strength of 2.4dtFu can typically be achieved
when the bolt hole develops a 6.4-mm (0.25-in.) deformation. Fur-
ther research (Kim and Lee 2020; Može 2018) has explored the lim-
its of bearing-type connections, finding that larger end distances or
bolt spacings result in higher bearing strengths. However, an upper
limit of 3.0dtFu is commonly adopted for most cases even when
the hole is allowed to develop a substantially greater than 6.4-mm
(0.25-in.) elongation.

While the structural behavior of all-steel bolted connections has
been previously investigated, the focus here is on the shear behav-
ior of bolted C-PSW/CF components. Fig. 1 shows an elevation
from a 28-story SpeedCore project in Boston featuring bolted spli-
ces, designed by Magnusson Klemencic Associates (MKA). The
figure highlights horizontal and vertical bolted splices. Generally,
the horizontal splices are expected to be governed by their flexural
strength, meaning they are primarily designed to resist tension and
compression forces induced by the overturning moment at both
ends. In contrast, the vertical splices are designed to resist shear
flow between the wall segments, as shown in Fig. 2. These vertical
splices typically run the height of the wall, and testing here is per-
formed on a segment of that entire length.

The shear specimens were designed to investigate shear behav-
ior and applicability of AISC 360 equations for C-PSW/CF with
bolted splices. Three limits states, bearing, slip-critical, and yield-
ing, were analyzed to study the shear behavior of these connections.
Additionally, these specimens were tested without the concrete in-
fill to contrast behavior of all-steel connections with the compa-
rable noncomposite connections.

Six shear component tests were conducted, alongside corre-
sponding finite-element models. Eccentricity typically exists in a
shear splice, which can introduce torsion in a bolt group system.
However, as the splice length increases, as is the case in a wall, this
eccentric effect tends to become negligible. To study the effects of
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eccentricity, additional finite-element models were developed to in-
vestigate how increasing splice length can mitigate these effects.
Also, using finite-element models considering longer walls segments
more representative of bolted splices in C-SPW/CF, a proposed shear
strength formula was developed to account for the combined effects
of the bearing strength of steel and the shear strength of concrete.

Design of Component Specimens, Instrumentation,
and Testing Protocol

Fig. 2 illustrates a corresponding wall segment subjected to story
shear force and overturning moment due to lateral loads. A double
shear connection is adopted to represent a segment of the wall’s
vertical splice, which is subjected to shear load from the splice’s
shear flow.

Shear Specimens

In the shear tests, the connection details vary to account for differ-
ent fastener types used and desired governing limit states. Table 1
shows a summary of shear test specimens selected for the test pro-
gram. As shown in Fig. 3, developed by Magnusson Klemencic
Associates, there are two types of splice configurations considered
in this case, namely, Type 1 - blind bolts and Type 2 - through rods
with pipe sleeves. The designation Case A, B, and C is used to re-
present different governing limit states, respectively, bearing, slip-
critical, and yield strength control. The three different types of

Fig. 2. Designed wall segment.

Fig. 1. 28-story Boston project.

Table 1. Shear test specimens

Type
Case A
(bearing)

Case B
(slip-critical)

Case C
(yielding)

Type 1 (blind bolts) — Specimens
S3/S4

—

Type 2 (through bolts) Specimens
S1/S2

— Specimens
S5/S6

Fig. 3. Different types of bolts: (a) prewelded nuts; (b) shuriken; and (c) through rod with pipe sleeve.
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connections were selected to represent different details considered
by industry for applications of bolted splices in C-SPW/CF, while
at the same time dimensioned/sized to investigate behavior of dif-
ferent limit states.

In shear, it is unescapable that the presence of concrete will al-
low the development of a diagonal compression strut acting simul-
taneously to the strength provided by the steel splice. To be able to
separate the contribution of steel and concrete, testing included
specimens without concrete in the splice region and comparable
ones with concrete for which full composite action can develop.
The steel-only specimens are designated as S1, S3, and S5, while
those with concrete infill are Specimens S2, S4, and S6. Fig. 4

shows the six shear test specimens. The constant cross-section of
the specimen, which consists of 6.4-mm-thick (0.25-in.) steel face-
plates and splice plates, is the part tested in shear. Fig. 5 illustrates
how specimens were inserted in a pantograph that was used in all
shear tests to apply a condition of pure shear at midheight of the
specimen (i.e., at the splice location). This pantograph already ex-
ists at the University at Buffalo and has been used successfully in
prior research (Berman and Bruneau 2006; Kenarangi and Bruneau
2020). The maximum load that can be applied using this setup is
1,868 kN (420 kip). The pantograph consists of diagonal truss
members connected to a center member and to the top loading
and foundation beams by high-strength pin connections. Fig. 6

Fig. 4. List of shear specimens: (a) Specimens S1 and S2; (b) Specimens S3 and S4; and (c) Specimens S5 and S6.

Fig. 5. Shear test setup: (a) 3D view; and (b) side view.
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provides a free-body diagram of the pantograph. This configuration
allows horizontal translation of the top loading beam without resis-
tance while preventing its rotation, thus eliminating axial force in the
specimen and ensuring approximately equal specimen end moments,
putting the specimen in double curvature, with shear and zero-
moment at midheight of the specimen.

Note that a concept was developed to allow reuse of the steel
framing the specimen outside of the splice region. As shown in
Fig. 7, it consisted of bolted rectangular collars framing around
the specimens, to keep their free length (the height of the specimen)
short and therefore develop an ultimate behavior dominated by
shear instead of flexure. This concept also allowed concrete to be
cast into all of the specimens at the same time and in the lab, and
made it possible to swap and sequentially test each composite
specimen. Fig. 8 shows the test setup of a shear specimen in the
laboratory.

The 444-mm (17.5-in.) free length was determined based on
Specimen S5/S6, as shown in Fig. 4. A 2 × 2 bolt layout was

chosen to achieve the gross section yielding strength of the steel
faceplates. This resulted in a 381-mm (15-in.) splice plate height,
with an additional 32-mm (1.25-in.) clearance at the top and bottom
of the faceplates to ensure sufficient space for the splice plate to
rotate without contacting the top and bottom fixture plates. The
length of the reusable spaces was then designed to ensure that
the trusses in the pantograph maintain reasonable angles between
30° and 60°.

The steel components of the shear specimens were fabricated in
the shop, and their infill concrete was poured on the same day in the
laboratory at the University at Buffalo. For the pretensioning pro-
cess, all bolts for the shear specimens were either assembled using a
torque gun or done by the fabricator. For Specimen S3, the turn-of-
the-nut method was applied, rotating the nut 1=3 of a turn after snug
tight. For Specimen S4, the bolts were pretensioned by the fabri-
cator. The remaining specimens were assembled using a torque
gun, applying a torque of approximately 400 ft-lb.

Material Properties and Limit States

A572 Gr. 50 steel was used in the construction of all specimens. All
the 6.4-mm-thick (0.25 in.) steel plates used for the shear speci-
mens were cut from the same sheet. Three coupon specimens were
cut from the splice plate of Specimen S1, and all coupon specimens
were tested under uniaxial tension. The average yield strength, Fy,
for the steel plate was 440 MPa (63.9 ksi), and the average ultimate
strength, Fu, for each coupon test was 503 MPa (72.9 ksi). For
concrete, fifteen 152.4 mm × 304.8 mm (6 in: × 12 in:) cylinders
were taken on the day of concrete pouring from the concrete batch
used for the infill of the shear specimens. This large number of cyl-
inders enabled periodic testing and monitoring of concrete strength
over time. The corresponding concrete strength on the day of testing
for composite Specimens S2, S4, and S6 were 21.4 MPa (3.1 ksi),
22.1 MPa (3.2 ksi), and 21.4 MPa (3.1 ksi), respectively.

The designation of Specimens S1/S2, S3/S4, and S5/S6 is used
to represent different governing limit states: bearing strength, slip-
critical, and yield strength control, respectively. Table 2 shows the
design shear strength calculated per AISC-360 equations for each
shear specimen under different limit states. In the table, “target
load,” or design shear strength, refers to the assumed shear force
that the splice would have to be designed to resist over that segment
of wall of a given length, where this length (equal to width of the
specimen in the pantograph) is selected to be the same for all shear
component test specimens. The term “sequence” is used to rank,
from weakest to strongest, the strengths obtained considering vari-
ous limit states for each wall segment. Lastly, the net section shear
yielding strength (0.6AeFy) listed in Table 2 was provided as a
reference and not used as a failure prediction.

For Specimens S1/S2 and S5/S6, the limit state of slip-critical
resistance was ignored. In addition, although connection eccentric-
ity would typically not be an issue in the long splices of walls, since
the eccentricity of shear connection is unavoidable for the speci-
mens considered here, bearing strength subjected to combined
shear force and torsion in the system were also calculated using
the elastic method from the AISC Steel Manual, but replacing bolt
strength by bearing strength. These values are included in the table
for comparison purposes.

Note that when establishing the hierarchy of limit states during
design of the specimen, these eccentricities were neglected. Addi-
tionally, the instantaneous center of rotation method has not been
used, as the intent in calculating eccentricities here is solely to give
an indication of the consequence of eccentric loading on results,
and as there would be no eccentricity effect in C-SPW/CF, as shown
in later sections of this paper.

Fig. 6. Free body diagram of pantograph and specimen (cut at
midpoint).

Fig. 7. Reusable parts for shear specimens.

Fig. 8. Test setup of shear component specimen.
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Instrumentation and Test Protocol

String potentiometers were used to measure the shear deformation
and the vertical deformation of the specimens. As shown in Fig. 9,
six string potentiometers were installed around the specimen. String
potentiometers SP1 and SP2 were used to obtain the shear deforma-
tion (SP2–SP1) over the free length of the connection by measuring
the displacement at the top and bottom of this free length of the
specimen. String potentiometers SP3 to SP6 were used to measure
the vertical movements between the plates at the end of the speci-
men’s free length, as well as between the top and bottom of the reus-
able parts. In addition, four linear potentiometers (L1 to L4) were
installed at four different levels on the specimen and reusable parts.
Their purpose was to measure the relative movements between the
pantograph and the reusable part, as well as between the reusable
part and the connection part. No relative movement due to sliding
was observed from the linear potentiometers during tests.

The testing protocol in Fig. 10 was proposed for the component
specimens. Considering the description in Section 7.4.3.2 of the
Pre-Standard for Performance-Based Wind Design (ASCE 2019),
inelastic strain at 1.5 times the section yield should be limited to

approximately 10 cycles. Therefore, 10 cycles were applied at this
amplitude. For cycles below that amplitude, the target was to also
apply a maximum of 10 cycles, up to the nominal strength (1.0Pw).
Previous research by Kizilarslan and Bruneau (2023) subjected
T-shaped composite plate shear walls to 500 cycles in the elastic
range, without strength degradation after the first few cycles. In
consultation with the Project Advisory Group, considering that
500 cycles in the previous research for a single specimen took over
a week of continuous testing without any benefit beyond the first
few cycles, in this study, a maximum of 10 cycles was chosen as an
upper limit, provided that strength degradation has stabilized within
these 10 cycles. For cycles above 1.5 times yield, the number of
cycles applied followed an intent of a protocol similar to that speci-
fied in AISC-341. Beyond that, the intent was (1) for Specimens S1
to S4 to be still loaded with 10 cycles at each amplitude up to fail-
ure, to investigate the shear behavior beyond performance-based
wind loads; and (2) for Specimens S5 and S6, because they were
expected to reach their gross section shear yielding strength, to ap-
ply fewer subsequent cycles after reaching the nominal strength,
following practices commonly used in conventional earthquake

Table 2. Limit states for shear Specimens S1 to S6

Target loading Vu (kip)

S1/S2 S3/S4 S5/S6

175 142 268

Limit states Strength (kip) Sequence Strength (kip) Sequence Strength (kip) Sequence

A. Slip-critical resistance (kip) 168 1 142 1 190 3
B. Net section yield (0.6AeFy) (kip) 225 5 218 5 235 4
C. Gross area yield (0.6AgFy) (kip) 268 8 268 8 268 7
D. Bearing capacity (kip) 175 4 197 4 263 5
E. Tear-out capacity (kip) 364 9 386 9 760 11
F. End tear-out & bearing (kip) 238 6 243 6 443 9
G. Net section rupture (0.6AeFu) (kip) 257 7 249 7 268 6
H. Bolt shear strength (kip) 531 11 445 11 594 10
I. Eccentric bearing capacity 2.4dtFu (kip) 134 2 144 2 146 1
J. Eccentric bearing capacity 3.0dtFu (kip) 168 3 180 3 183 2
K. Composite shear strength (kip) 406 10 406 10 406 8

Note: Fy ¼ 440 MPa (63.9 ksi); Fu ¼ 503 MPa (72.94 ksi); and 1 kip ¼ 4.45 kN.

Fig. 9. String and linear potentiometers of shear specimens.
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engineering. However, the loading protocols described earlier were
slightly modified for each specimen based on observations while
running the test. The original loading protocol specified running
10 cycles at 1.5 times the yield strain, followed by 2 cycles after
the 1.5εy. However, during testing, it was decided to extend the 10
cycles up to the bearing strength of 2.4dtFu. to observe possible
strength degradation upon repeated cycling. Additionally, more
than 2 cycles were performed beyond 2.4dtFu to gain a more com-
prehensive understanding of the specimen’s inelastic behavior. The
updated loading protocols are listed in Table 3.

As the specimens were tested before the steel coupon tests, the
target nominal strength (Pw) in Table 3 is based on assumed yield
strength (RyFy) and tensile strength (RuFu) of 379 kPa (55 ksi) and
494 kPa (71.5 ksi), respectively. These assumed nominal strengths
are lower than the actual material strengths shown in Table 2, where
Fy and Fu are 440 MPa (63.86 ksi) and 503 MPa (72.94 ksi),
respectively.

Test Observations and Results

Test Observations

Fig. 11 summarizes all test results of shear specimens, with the ap-
plied shear force versus shear deformation. Various aforementioned
limit states are marked in the figure. Fig. 12 shows all shear spec-
imens at the point of failure during testing, while Fig. 13 reveals the
damage observed in the shear specimens after the splice plates were
removed posttesting. More specifically, the following steps were
followed:
• Specimen S1: During the Step 1 loading cycle, at an actuator

force of 111 kN (25 kips) and a corresponding displacement
of 2.5 mm (0.1 in.), the first sliding between the splice plates
and faceplates was observed, accompanied by a loud bang when
the actuator moved toward the positive peak displacement. More
severe rotation of the splice plates can be observed in sub-
sequent steps. The peak shear forces reached 933 kN (209.7 kip)
in the positive direction during Step 6 and –818 kN (–184 kip) in
the negative direction during Step 5, both exceeding the target
nominal strength of 766 kN (172 kip), which corresponds to the
bearing strength of 2.4dtFu. When the actuator reached the neg-
ative peak in Step 6, another loud bang was heard, followed by
an abrupt drop in force due to connection failure. After this, the
specimen was pulled further to a −127-mm (−5.0-in:) displace-
ment in Step 7, resulting in noticeable tear-out damage.

• Specimen S2: During Step 1, evidence of sliding was observed,
indicated by a reduced stiffness in the load-deformation curve at

an actuator force of 133 kN (30 kip). However, this sliding was
less significant compared to Specimen S1, as the concrete infill
restricted the movement between the lower and upper parts of
the specimen. No visible concrete damage was observed during
the loading cycles up to the nominal strength level at Step 4.
Starting from the loading cycles in Step 5, several pieces of con-
crete fell off from the sides. At Step 6, the shear force peaked
at 1,134 kN (255 kip) in the positive direction and −988 kN

Fig. 10. Original loading protocol for shear test: (a) for Specimens S1 to S4; and (b) for Specimens S5 to S6.

Table 3. Modified loading protocols during testing

Step
Disp.
(in.) +

Disp.
(in.) –

Force
(kip) +

Force
(kip) – Cycles

Force
Level

(a) Modified loading protocol for Specimen S1
0 0.00 0.00 0 0 — —
1 0.47 0.53 43 43 10 0.25Pw
2 0.96 0.84 86 86 10 0.5Pw
3 1.26 1.19 129 129 10 0.75Pw
4 1.68 1.95 172 172 10 1.0Pw
5 2.20 2.50 185 190 5 —
6 2.90 3.20 209.7 184 — Failure
7 — 5.00 — — — Final

(b) Modified loading protocol for Specimen S2
0 0.00 0.00 0 0 — —
1 0.12 0.13 43 43 10 0.25Pw
2 0.27 0.28 86 86 10 0.5Pw
3 0.45 0.50 129 129 10 0.75Pw
4 0.75 0.83 172 172 10 1.0Pw
5 1.05 1.16 219 199 5 —
6 1.50 1.70 255 222 5 —
7 2.00 2.30 251 220 5 —
8 2.50 2.80 251 175 4 —
9 3.00 3.30 216 160 1 Failure

(c) Modified loading protocol for Specimen S3
0 0.00 0.00 0 0 — —
1 0.11 0.08 36 36 10 0.25Pw
2 0.21 0.19 72 72 10 0.5Pw
3 0.30 0.29 107 107 10 0.75Pw
4 0.42 0.53 143 143 10 1.0Pw
5 0.66 0.77 182 180 10 —
6 0.90 1.01 211 210 10 2.4dtFu
7 1.14 1.25 220 216 5 —
8 1.48 1.59 234 231 5 0.6AgFy
9 1.92 2.03 244 240 5 0.6AeFu
10 2.46 2.57 249 242 5 —
11 2.70 — 224 — — Failure
12 4.00 — — — — Final
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(−222 kip) in the negative directions, representing a 21% to 22%
increase compared to Specimen S1. After Step 6, the applied
force gradually decreased, the connection damage became more
severe, and the rotation of the splice plate became quite notice-
able. The condition of the connection at Step 9 showed that the
through-rods had torn out of the faceplates. At this point, it was
decided to terminate the test and return the actuator back to zero
displacement. The test results of Specimens S1 and S2 indicate
that both specimens achieved the shear strength necessary to de-
velop the bearing strength of 2.4dtFu. As the bearing strength
increased upon larger hole deformation, Specimen S2 was able
to develop net section shear rupture strength (0.6AeFu) in the
positive direction. Both specimens ultimately failed due to the
increasing bearing deformation, which eventually caused tear-
out at the bolt holes.

• Specimen S3: The first instance of sliding during testing was
recorded in Step 4 when the applied forces increased to 1.00Pw.
A loud bang was heard due to the sliding between splice plates
and faceplates when the actuator moved toward the negative di-
rection. The peak force before sliding was−641 kN (−144 kip),
which was close to the calculated slip-critical resistance of
−630 kN (−141.53 kip). After sliding occurred, the rotation of
splice plates became noticeable and progressively more severe.
At Step 10, the applied forces reached peak values of 1,107 kN
and −1,079 kN (249 kip and –242 kip) in the positive and neg-
ative directions, respectively. During Step 11, the applied force
experienced a sudden drop when the load reached 994 kN

(224 kip) and the displacement reached 68.6 mm (2.7 in.).
The failure mechanism revealed that the top faceplates exhibit
severe bearing deformations, while the bottom plates show a
combined failure mechanism involving bearing failure and
net section fracture.

• Specimen S4: No sliding or damage of concrete were observed
during Steps 1 to 6. Concrete began to fall off during the loading
cycles in Steps 7 and 8, with the applied load reaching peak
values of 1,392 kN (313 kip) in the positive direction and
−1,336 kN (−300 kip) in the negative direction, representing
a 24% to 26% increase compared to Specimen S3. After this
peak, the applied load gradually decreased with each subsequent
cycle. The rotation of the splice plates became more noticeable,
and concrete damage progressively worsened. The specimen ul-
timately failed during the third cycle in Step 10, and fractures on
the bottom faceplates were observed. The test results for Spec-
imens S3 and S4 show that the target limit state of slip-critical
resistance was reached and exceeded in Specimen S3, while
Specimen S4 did not exhibit a sliding plateau. Both specimens
had a combined failure mechanism involving bearing failure and
net section fracture. Specimen S3 developed net section shear
rupture strength (0.6AeFu) before failure, with Specimen S4
achieved the gross section yielding strength (0.6AgFy) prior to
failure.

• Specimen S5: The connection sliding was observed during
Step 1 loading cycle when the applied force reached 212 kN
(47.7 kip). The rotation of splice plates can be observed and
became progressively more severe through successive loading
cycles. In Step 6, the applied load reached its peak values of
1,120 kN (252 kip) in the positive direction and −1,148 kN
(−258 kip) in the negative direction. On the third cycle of
Step 7, the bottom faceplate fractured and moved sideways,
as shown in Fig. 12(e). This resulted in significant bearing de-
formation and tearing out of the edge of the faceplate at this
point. Therefore, the test was terminated. The failure mecha-
nism revealed that the top faceplates exhibit severe bearing de-
formations and some fractures, while the bottom plates show a
combined failure mechanism involving bearing failure and net
section fracture.

• Specimen S6: No sliding or concrete damage was observed dur-
ing the loading cycles from Steps 1 to 4. Starting from Step 5,
some of the concrete on the side began to fall off, but no sig-
nificant rotation of splice plates was observed. The rotation of
the splice plates and the damage to the concrete became more
severe during Steps 8 and 9, with the applied load reaching peak
values of 1,387 kN (312 kip) in the positive direction and
−1,285 kN (−289 kip) in the negative direction during Step 9,
representing a 12% to 24% increase compared to Specimen S5.
In Step 10 (final step), the applied loads reached 1,196 kN
(269 kip), then dropped abruptly in the positive direction. The
test results of Specimens S5 and S6 indicate that Specimen S5
reached a peak strength of 1,147 kN (258 kip), which was 3.7%
below the target limit state of gross section shear yielding of
1,192 kN (268 kip). This discrepancy is likely due to eccentric
loading effects, including shear and torsion. Specimen S6 was
able to exceed the gross section yielding strength. Both speci-
mens had a combined failure mechanism involving bearing fail-
ure and net section fracture.

Test Results and Summary

All the shear component specimens, for all the different connection
details considered, were able to develop their calculated target
loads. Specimens with splices that used blind bolts, or bolts with

Table 3. (Continued.)

Step
Disp.
(in.) +

Disp.
(in.) –

Force
(kip) +

Force
(kip) – Cycles

Force
Level

(d) Modified loading protocol for Specimen S4
0 0.00 0.00 0 0 — —
1 0.10 0.09 36 36 10 0.25Pw
2 0.20 0.18 72 72 10 0.5Pw
3 0.30 0.30 107 107 10 0.75Pw
4 0.46 0.42 143 143 10 1.0Pw
5 0.69 0.68 188 188 10 AeFy
6 0.92 0.94 247 236 10 0.6AeFu
7 1.15 1.20 282 271 5 —
8 1.48 1.56 313 300 5 —
9 1.91 2.02 305 292 5 —
10 2.44 2.58 276 246 4 Failure

(e) Modified loading protocol for Specimen S5
0 0.00 0.00 0 0 — —
1 0.53 0.14 58 58 10 0.25Pw
2 1.09 0.67 116 116 10 0.25Pw
3 1.70 0.88 173 173 10 0.5Pw
4 2.14 1.53 231 231 10 0.75Pw
5 2.58 2.18 248 252 10 2.4dtFu
6 3.02 2.83 252 258 10 —
7 3.46 3.48 252 222 2 Failure

(f) Modified loading protocol for Specimen S6
0 0.000 0.000 0 0 — —
1 0.155 0.140 58 58 10 0.25Pw
2 0.320 0.310 116 116 10 0.5Pw
3 0.500 0.540 173 173 10 0.75Pw
4 0.750 0.900 231 231 10 1.0Pw
5 0.940 1.110 258 258 10 2.4dtFu
6 1.130 1.320 286 272 5 —
7 1.320 1.530 295 274 5 —
8 1.610 1.840 308 285 5 —
9 2.000 2.250 312 289 5 —
10 2.490 — 269 — — Failure

Note: 1 in. = 25.4 mm; and 1 kip = 4.45 kN.
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Fig. 11. Experimental results of shear specimens: (a) Specimen S1; (b) Specimen S2; (c) Specimen S3; (d) Specimen S4; (e) Specimen S5; and
(f) Specimen S6.
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Shuriken inside the wall, generally developed their theoretical slip-
critical strength, unlike those designed with threaded rods through
pipe sleeves. All bearing strength results obtained in the test were
developed with significant deformations. The following specific re-
sults were obtained:
• Positive and negative displacement amplitudes are unsymmet-

rical during the testing of shear specimens. The unsymmetrical
displacement occurred because the shear specimens were tested
with symmetric load targets below and up to the target load.
After reaching the target load (1.0Pw), displacement was man-
ually controlled by applying constant increments in both posi-
tive and negative directions. During testing, the specimen was

subjected to large displacements in the direction where failure
initially occurred to observe a clear failure mechanism. Therefore,
Fig. 11 shows unsymmetrical behavior under large deformation.

• All shear specimens exhibited similar behavior. For the non-
composite shear specimens, the sequence began with the initial
sliding of the bolted connection, followed by bearing deforma-
tion of the bolts under torsional forces, ultimately leading to
bearing failure or net section rupture. For the composite shear
specimens, however, sliding only occurred after the concrete
was crushed enough to create space for sliding.

• The composite sections were initially stiffer and reached peak
force with significantly less sliding in the splice compared to

Fig. 12. Side views of shear specimen at failure: (a) Specimen S1 [Step 7, Disp: ¼ −127mm ð−5 in:Þ]; (b) Specimen S2 [Step 9, Disp: ¼
−83.82mm ð−3.3 in:Þ]; (c) Specimen S3 [Step 11, Disp: ¼ 68.58mm ð2.7 in:Þ]; (d) Specimen S4 [Step 10, Disp: ¼ 61.98mm ð2.44 in:Þ];
(e) Specimen S5 [Step 7, Disp: ¼ 87.88mm ð3.46 in:Þ]; and (f) Specimen S6 [Step 10, Disp: ¼ 63.25mm ð2.49 in:Þ].

Fig. 13. Faceplates revealed after test: (a) Specimen S1; (b) Specimen S2; (c) Specimen S3; (d) Specimen S4; (e) Specimen S5; and (f) Specimen S6.
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noncomposite sections. The peak shear strength of the com-
posite section was typically sustained over larger deformations,
whereas the strength of the noncomposite sections progressively
increased with larger deformations up to failure. However, as
deformations increased beyond 2.5 cm (1 in.), the strength of
the composite sections progressively degraded to approach that
of the noncomposite sections before failure. The results indicate
that, ultimately, as the concrete severely cracked and crushed, its
contribution to the shear strength decreased.

• In the shear component tests (S1 to S6), bearing strengths were
calculated in the direction parallel to the splice. However,
strength was also verified using the elastic method for eccentric
connections, per the procedure in the AISC manual, which con-
siders an eccentric bolt group to develop bearing strengths of
2.4dtFu and 3.0dtFu, and all specimens were able to develop
and exceed these strengths during the tests. Moreover, despite
all composite and noncomposite specimens exceeding the shear
strength necessary to develop a bearing strength of 2.4dtFu, in
the direction parallel to the splice, diagonal deformation was
observed in the bolt holes of the splice plates in all shear spec-
imens, indicating a combined behavior of shear and torsion on
the splices due to the fact that some flexure was unavoidably
applied to the specimen simultaneously with the shear force.

Finite-Element Analysis of Shear Specimens

Finite-Element Model and Properties

Finite-element analysis of the shear Specimens S1 to S6 was con-
ducted using LS-DYNA. Fig. 14 shows examples of the finite-
element models for Specimens S1 and S2. The figure demonstrates
various components of the assembled models and the reference co-
ordinate system for the x-, y-, and z-directions. All steel (plates,
bolts, etc.) was modeled using the plastic_kinematic (MAT_003)
bilinear material model with kinematic hardening. The properties
of the steel material used in the finite-element analyses are pre-
sented in Table 4. For concrete elements, the Winfrith concrete
material model (MAT_085 in LS-DYNA) was used, as summarized
in Table 5. The automatic_surface_to_surface_mortar contact model
was used for all the contact interfaces, and a static interface friction
coefficient of 0.3 was assigned. Bearing contact in LS-DYNA was

modeled using a contact spring, as described in the LS-DYNA theory
manual (Hallquist 2006), to develop the normal force. The sliding
contact and friction behavior were represented by applying the fric-
tion coefficient to the normal force, generating the frictional force.
Table 6 presents a summary of the pretension values used in the
finite-element models. The table includes the diameter (db) and area
(Ab) of bolts or through rods, the initial stress (prestress) and preten-
sion force (Tb) of bolts or through rods, and the coefficient of friction
(μ). The theoretical slip resistance (Rtheory) can be calculated using
the formula Tb× # of bolts ×μ × 2 (for double shear), as indicated in
the table. Additionally, the table also includes the observed slip re-
sistances from the tests (Rtest).

Fig. 14. Finite-element model of Specimens S1 and S2.

Table 6. Prestress value used in finite element models

Specimen
db
(in.)

Ab
ðin:2Þ

Prestress
(ksi)

Tb
(kip)

# of
bolts μ

Rtheory
(kip)

Rtest
(kip)

S1 1 0.79 52.5 41.2 4 0.30 99.0 40
S2 1 0.79 52.5 41.2 4 0.30 99.0 —
S3 0.75 0.44 52.5 23.2 6 0.30 83.5 144
S4 0.75 0.44 52.5 23.2 6 0.30 83.5 —
S5 0.75 0.44 52.5 23.2 8 0.30 111.3 48
S6 0.75 0.44 52.5 23.2 8 0.30 111.3 —

Note: 1 in. = 25.4 mm; 1 kip = 4.45kN; and 1 ksi = 6.89 MPa.

Table 5. Material properties for concrete

Specimen Ec (ksi)
Poisson’s
ratio f 0

c (psi) ft (psi) FE ASIZE

S1 to S6 3,122 0.2 3,000 300 0.0034 0.50

Note: 1 ksi ¼ 1,000; and psi ¼ 6.89 MPa. FE = fracture energy; and
ASIZE = representative element size in the finite element mesh.

Table 4. Material properties for steel

Part Es (ksi) Poisson’s ratio Fy (ksi) Et (ksi) β

Steel plates 29,000 0.3 63.9 66.0 0.0
Bolts/rods 29,000 0.3 120 221.2 0.0

Note: 1 ksi = 1,000 psi = 6.89 MPa.
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Finite-Element Analysis Results

Fig. 15 summarizes all finite-element analysis results compared
with the corresponding test results for shear specimens, in terms of
shear force versus shear deformation. Monotonic pushover analy-
ses were conducted for all specimens, while cyclic loading analy-
ses were applied to composite Specimens S2, S4, and S6. Fig. 16

shows the vonMises stresses of the faceplates during cyclic loading
in Specimen S2. Five arbitrary points were selected to demonstrate
the distribution of stress and deformation of the faceplates. The
combined shear and eccentric torsion behaviors contributing to
the hole deformation were captured in the model, representing
the bearing behavior observed during testing.

Fig. 15. Finite-element analysis results of shear specimens.

Fig. 16. Finite-element analysis results of Specimen S2.
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Table 7 summarizes the analysis results, highlighting peak shear
forces in comparison to the corresponding test results. In the table,
VFEM denotes the peak shear forces obtained from the monotonic
finite-element analysis, and VTestþ and VTestþ denote the peak
shear force obtained from tests in the positive and negative direc-
tions, respectively. The results indicate that the peak shear forces
predicted by the finite-element models demonstrate an accuracy
range of −14% to 8% when compared to the test results across
all specimens. The contribution of shear strength provided by con-
crete was found to be 25% to 31% of the total shear strength at peak
shear strength of the composite shear specimens. This was achieved
by cutting a cross-section at the middle of the finite-element model
and isolating forces acting on the steel and concrete components
separately.

Fig. 17 shows a comparison of shear strengths obtained from the
S1 and S2 finite-element models. The peak shear strengths for S1
and S2 are 863 kN (194 kip) and 1,068 kN (240 kip), respectively.
By subtracting the shear strength of S1 from S2 over the entire de-
formation range, the shear strength provided by the concrete com-
ponent can be somewhat inferred, and is labeled “S2-S1” in Fig. 17
(a). The S2-S1 shear strength reaches a peak strength of 445 kN
(100 kip) at a shear deformation of 8.9 mm (0.35 in.), and it de-
creases to 200 kN (45 kip) at a shear deformation of 50.8 mm (2.0
in.). Finally, the shear strength of concrete obtained from the S2
finite-element model is compared with the S2-S1 shear strength
as shown in Fig. 17(b). Note that models S1 and S2 do not exhibit
perfect synchronization of their behavior. For example, the two
models experienced sliding at different deformation levels. There-
fore, using the S2-S1 method to calculate the contribution of con-
crete to total strength may lead to inaccuracies.

Finite-Element Analysis of Wall Case Scenarios

Finite-Element Model and Properties

In this section, longer walls with bolted splices are examined to
investigate the behavior of connections governed by shear while
minimizing the influence of localized end-effects. Fig. 18 show
four shear models (W1 to W4) constructed in LS-DYNA, and all
these models share the same properties as the shear specimens S1 to
S6. Table 8 provides the corresponding geometries of these models.
The table compares the eccentricity ratios, representing the ratio
of eccentric bearing strength (Ecc. 2.4dtFu) to noneccentric (pure
shear) bearing strength (2.4dtFu) for Models W1 to W4. For Mod-
els W3 and W4, the ratios are 0.94 and 0.96, which are close to 1.0,
representing the condition in a wall case scenario where the impact
of eccentricity is negligible.

Finite-Element Analysis Results

Fig. 19 shows the shear strength per unit length of walls, including
total shear strength VT , steel shear strength VS, and concrete shear
strength VC, for Models W1 to W4. As shown in the figure, the
shear strengths per unit length increase for the longer walls as
the effect of eccentricity diminishes and converge in Models W3
and W4 for cases where the eccentricity ratio is close to 1. This
behavior is observed for the total strength and the steel shear
strength per unit length, but not as markedly for the concrete shear
strength per unit length.

The concrete shear strength specified for special structural walls
in ACI 318-19 (ACI 2019) equation 18.10.4.1 was adopted here to
compare with the concrete shear strength obtained in the shear
models as shown below:

Vc ¼ αcλ
ffiffiffiffiffi
f 0
c

p
Acv ð1Þ

where αc ¼ 3 for H=B ≤ 1.5 and αc ¼ 2 for H=B ≥ 2, λ ¼ 0.75
for lightweight concrete, and λ ¼ 1 for normal-weight concrete,
and Acv is the gross area of the concrete section bounded by web
thickness and length of the section in the direction of shear force.
H/B is the aspect ratio of the wall, where H denotes wall height and
B denotes wall length in the shear direction.

A further analysis was conducted based on Model W4, focusing
solely on the center core of Model W4 to eliminate the edge effects

Table 7. Comparison of peak shear forces of shear specimens

Specimen
VTestþ
(kip)

VTest−
(kip) VFEM (kip) VFEM=VTestþ VFEM=Vtest−

S1 210 184 194 0.93 1.05
S2 255 222 240 0.94 1.08
S3 249 242 231 0.93 0.96
S4 313 300 270 0.86 0.90
S5 252 258 224 0.89 0.87
S6 312 289 278 0.89 0.96

Note: 1 kip = 4.45 kN.

Fig. 17. Comparison of shear strengths between S1 and S2 finite-element models: (a) Vc obtained from S2-S1; and (b) Vc obtained from S2.

© ASCE 04025144-12 J. Struct. Eng.

 J. Struct. Eng., 2025, 151(10): 04025144 



caused by the cap plates. This condition was labeled as “Model
W4_Core,” representing the wall scenario without the influence of
edge cap plates. Fig. 20 illustrates the comparison between W4 and
W4_Core in LS-DYNA, while Fig. 21 shows the load-deformation
curve of W4_Core obtained from finite-element analysis. The

Table 8. Geometries and eccentricity ratio in Models W1 to W4

Parameter W1 W2 W3 W4

Width B (in.) 14 26 38 50
Thickness T (in.) 12 12 12 12
Height H (in.) 17.5 17.5 17.5 17.5
B=T 1.2 2.2 3.2 4.2
B=H 0.8 1.5 2.2 2.9
2.4dtFu (kip) 175 350 525 700
Ecc. 2.4dtFu (kip) 134 313 495 675
Eccentricity ratio 0.77 0.89 0.94 0.96

Note: 1 in. = 25.4 mm; and 1 kip = 4.45 kN.

Fig. 19. Unit length shear strength versus shear deformation (Models
W1 to W4).

Fig. 20. Finite-element model of specimens W4 and W4_Core.

Fig. 18. Finite-element models of W1 to W4.

Fig. 21. Finite-element results of load-deformation curve of Model
W4_Core.
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figure also marks the bearing strength of 2.4dtFu and the ACI con-
crete shear strength mentioned earlier.

Table 9 summarizes the shear strength per unit length of the to-
tal, steel, and concrete components in Models W4 and W4_Core,
along with the corresponding shear strength per unit length calcu-
lated using the bearing strength of 2.4dtFu and 3.0dtFu, and the
ACI concrete shear strength equations. The results indicates that,
for walls where the eccentricity of bolt group is less significant, the
steel shear strength Vs can reach and exceed the bearing strength of
3.0dtFu calculated parallel to the splice direction. However, for Vs
to reach 3.0dtFu, it requires bolt holes to develop large deforma-
tions. Controlling the bearing strength to 2.4dtFu allows for the
shear deformation to be kept below 5.1 mm (0.2 in.) (refer to
Fig. 21), helping to minimize the deformation of the connection for
high-rise buildings. Therefore, it is recommended to keep the de-
sign steel shear strength at 2.4dtFu. In addition, the contribution of
concrete, Vc, to the total shear strength can reach and exceed the
shear strength value given by ACI 318-19 equation 18.10.4.1. Con-
sequently, when the bearing strength is the governing limit state for
steel, the nominal shear strength Vn of C-PSW/CF with a bolted
connection can be conservatively obtained combining the shear
strength of steel and concrete, expressed as follows:

Vn ¼ Vs þ Vc ¼ 2.4dtFu þ αcλ
ffiffiffiffiffi
f 0
c

p
Acv ð2Þ

Table 10 provides a comparison between the peak forces obtained
from tested composite specimens and the proposed Eq. (2). Note that
the test specimens have a width of only 355.6 mm (14 in.), which
amplifies the impact of eccentricity. Even under this condition,
Eq. (2) still delivers conservative results for steel-composite mem-
bers having bolted splices.

Summary and Conclusions

The experimental observations and results indicate that all splice
details examined successfully achieved the nominal strength calcu-
lated using the current AISC equations for bolted steel connections
in shear. Finite-element models with monotonic and cyclic loading
analysis accurately captured the test results, with peak strength
comparisons ranging from −14% to 8% accuracy. In addition, lon-
ger walls with bolted connections were examined to investigate
shear connections where eccentricity of the bolt group is not

significant. A proposed equation combining the bearing strength
of 2.4dtFu and the ACI concrete shear strength equation
18.10.4.1 was developed to provide a conservative approach for
estimating the shear strength of C-PSW/CF bolted splices. Overall,
all analyses conducted validated the design equations used to cal-
culate the strength of bolted C-PSW/CF splices in shear.
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