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Abstract: Pinned base plate connections are the most common base connection used in low-rise steel
buildings. In this research, an extensive parametric study is performed using the Finite Element
(FE) software Abaqus to determine the elastic rotational stiffness, moment resistance, and energy
absorption of the pinned base plate connection connected to a reinforced concrete footing and
subjected to an eccentric axial load. The developed FE model is validated using experimental results
from the literature. Moreover, an intensive parametric study is conducted to understand the behavior
of these connections better. The investigated parameters include the base plate thickness, anchor
bolt diameter, and arrangement and number of bolts. The most effective parameters that affect the
elastic rotational stiffness and moment resistance of pinned base connections are the anchor bolt
arrangement and diameter. The maximum increase in the rotational stiffness was 53% for the anchor
bolt diameter of 30 mm when the base plate thickness increased from 12 mm to 30 mm. Based on
the base plate thickness, the moment resistance is improved by 150-260% when the bolt diameter

increases from 12 mm to 30 mm.

Keywords: rotational stiffness; pinned base connection; moment resistance; energy absorption;
anchor bolt; finite element

1. Introduction

Low- and medium-rise steel structures are widely used all over the world as industrial
buildings, stores, schools, markets, and warehouses. These types of buildings are com-
monly used because of their low cost and quick fabrication and construction. Reactions
of columns (moment, shear, and axial forces) are transferred to foundations through their
bases, which can be pinned, semi-rigid, or fixed connections. The moment distribution,
as well as lateral drifts in columns, are changed according to the shape of the base plate
connection. For low-rise buildings, pinned base plate connections (see Figure 1) with
assumptions of no moment are commonly used because of the smaller values of the lateral
drifts. Moreover, the required foundation sections for these connections are smaller. On the
other hand, using semi-rigid base plate connections as pinned connections by neglecting
their rotational stiffness leads to larger lateral drifts than the actual values. Therefore, the
semi-rigid base plate connections should be defined with the actual rotational stiffness.
Moreover, the pinned connections act as semi-rigid connections and can transfer part of the
applied moment to foundations by exhibiting rotational stiffness resistance. During design,
the rotational stiffness of the pinned and semi-rigid base plate connections is ignored
in single-story low-rise buildings [1]. The prediction of this rotational stiffness is more
complicated due to various factors such as the bond between the anchor bolts and concrete
base, the stress concentration on concrete under the compression flanges of columns, and
the behavior of the grout bed under the steel base plate.
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Figure 1. The traditional shape of pinned base connection.

Excessive previous studies explored behaviors of the steel base plate connections and
the complex relationships among their components. Experimental studies were conducted
on steel base plate connections to investigate the effect of the base plate thickness, anchor di-
ameter, and load eccentricity on the monotonic and cyclic moment capacities and rotational
stiffness of these connections [2-6]. Most of these studies were performed on anchor bolts
outside the steel column flanges [4-6]. Yielding or rupture of the base plate and anchor
bolt were the main modes of failure, which were followed by weld cracking and concrete
crushing. Relatively limited experimental studies were conducted to study the column
base plate connections with anchor bolts inside the steel column flanges [7-10]. Full-scale
steel frames supported by base plate connections with rods inside the column flanges
were tested by [11-13]. Considering moment restrains for the pinned base connections
led to reductions in the service deflections and strength requirements [14,15]. Moreover,
reductions in the structure weight up to 12% were obtained [1]. These studies confirmed
that the main parameters, which affect the rotational stiffness, were the compressive axial
force, anchor bolt diameter, bolt distribution, and base plate thickness: the greater the axial
compressive force, the greater the rotational stiffness [1,16,17].

Eurocode 3 [18] grossly overestimated the rotational stiffness of the pinned base
plate connections. Moreover, the improved formula by [19] could not predict all cases of
these connections. Therefore, an intensive parametric study is presented in this study to
understand the behavior of these pinned base plate connections better and calculate their
rotational stiffness accurately. A Finite Element (FE) model was developed and validated
using experimental results from the literature. Moreover, an intensive parametric study
is conducted to understand the behavior of these connections better. The investigated
parameters include the base plate thickness, anchor bolt diameter, and arrangement and
number of bolts.

2. Finite Element Simulation

A FE model was developed using the numerical software Abaqus, 2017 [20], to simulate
a cantilever steel column with a steel base plate connection tested by Gomez et al. [21].

2.1. Geometry of Columns

The steel column section was W200 x 213 (W8 x 48 of A992 Grade 55). The cross-section
of the column was constant through the total height with a web of 400 mm x 12 mm and
two equal flanges of 200 mm x 16 mm each. The column height was 1000 mm and welded
to a base plate of 432 mm x 250 mm. The steel base plate was connected to a reinforced
concrete base with four anchor bolts of 19 mm diameter. The steel column flanges were
embedded in the reinforced concrete base with an end washer plate. Table 1 shows the
values of ultimate and yield stresses which are used in the FE analysis. Moreover, Table 2
lists the concrete and grout material characterizations that are used for the validations.
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Table 1. Yielding and ultimate stresses used in the FE analysis [21].
Steel Column Steel Base Plate Anchor Bolt
fy (MPa) 392 299 450
fu (MPa) 539 499 865

Table 2. Material characterizations of concrete and grout used in the FE analysis [21].

Concrete Grout

f. (MPa) 245 49.0

2.2. Selection of Elements

The eight-node fully integrated brick element, C3D8, was used to model the com-
ponents under the effect of bending. These components include the base plate, anchor
bolts, washers, and nuts. The loading plate, grout, and reinforced concrete base were
mainly under the effect of bearing stress. Therefore, the solid element C3D8R with reduced
integration was used to model these components. The steel column was represented with
general-purpose four-node shell elements, C4R, with reduced integration. This element
is suitable to model each of the two flanges and web of the column if local buckling is
not required [20]. Two nodes truss element, T3D2, with linear displacement was used to
simulate the steel reinforcement bars embedded in the concrete base. The steel column,
loading plate, and base plate were simulated as one unit with different material properties
for each part because they are welded together. Moreover, the reinforced concrete base
and grout were simulated as one unite because of the strong bond between them [21,22].
Figure 2 shows an illustration of the FE model as one-half of the connection with a plane of
symmetry passing through the column web thickness. Each of the anchor bolts, including
the nuts and square washers, was modeled as one part. The square washers and nuts are
simulated as thick square plates, as shown in Figure 3.

Steel Column

Concrete Base
Supporting Surface

Figure 2. Finite Element Model.

£
Anchor Bolt
Anchor Bolt

(@)

Figure 3. Simulation of the anchor bolt with washer and nut: (a) FE model and (b) experimental test.
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2.3. Meshing and Convergence Study

The mesh size was chosen according to the mesh sensitivity study to achieve accuracy
of the numerical and computation time. Moreover, each part of the FE model was meshed
separately with different sizes according to the sensitivity and importance of this part. The
mesh size of the steel column, loading plate, and base plate was 10 mm. The mesh size
was refined around the holes, in the anchor bolt cross-section, and through the base plate
thickness. The anchor bolt mesh size was 10 mm along the length. The mesh size of the
reinforced concrete base was 35 mm.

2.4. Component Interaction and Contact

The three main components of the connection (steel column, reinforced concrete base,
and anchor bolt) were assembled by defining the contact surface properties between them.
The contact between the steel base plate and grout is “hard contact” with the allowance of
separation [20]. The coefficient of friction was 0.45, as mentioned by [21]. Another contact
surface was defined between the anchor bolt washer and base plate (steel-steel contact) as
hard contact with the allowance of separate property, and the coefficient of friction was
0.8 [23]. The contact between the anchor bolt and the reinforced concrete base includes
two parts. The first part is between the outer circular surfaces of the anchors and concrete,
which is a frictionless surface [17]. The second one is between the anchor bolt end washer
and concrete, which is simulated as hard contact with the allowance of separation.

2.5. Material Definition

All steel parts were modeled as non-linear isotropic hardening material with stress—
strain curves provided by [21] under the effect of monotonic loading. The modulus of
elasticity of steel was 2.0 x 10° MPa with a Poisson ratio of 0.3. Each steel part (anchor bolt,
steel column, base plate, and loading plate) has a different stress—strain curve, which was
adopted in the FE model, as provided by Gomez et al. [21]. The concrete damage plasticity
model was defined for grout and concrete [20]. The failure stresses were defined by [21],
and the stress—strain curve for concrete was modeled as in [24]. The nuts, washers, and
loading plate were modeled as rigid and elastic materials. The reinforcement steel bars are
defined as bi-linear elastic perfectly plastic material with a yield stress of 400 MPa. For models
under the effect of cyclic loading, kinematic hardening plasticity is defined for each material.

2.6. Boundary Condition and Loading Protocol

The lateral monotonic load was applied at the top of the steel column as a lateral
deformation in the FE model. The modeled lateral deformation value is reported in the
validation section. Moreover, the cyclic loading protocol was used to validate the FE model.
The steel column with welded base plate was supported to the reinforced concrete base
using a set of anchor bolts. The lower surface of the reinforced concrete base was fully
restrained from rotation and transition. Moreover, the symmetrical plane was defined for
the FE model at the centerline of the steel column web.

2.7. Validation of the FE Model

Two validations were conducted for two specimens with the same dimensions and
materials but under the effect of two different loading protocols, monotonic and cyclic
loading, tested by Gomez et al. [21].

2.7.1. The First Specimen under Monotonic Loading

This specimen was subjected to lateral deformation of 250 cm in one direction and
zero axial load. Figure 4 shows a good agreement between the experimental and FE results.
However, the FE model does not reach the ultimate load because of the stress failure in
the anchor bolts. The modes of failure of the tested specimen and FE model are illustrated
in Figure 5. The great similarity of deformation is shown by taking into consideration the
difference between the ultimate loads for each case. Moreover, the vertical deformation
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contours of the base plate are almost the same for the FE model and tested specimen (see
Figure 6).
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Figure 4. Moment-deformation relationships of the tested specimen and FE model.

Figure 5. Modes of failure of the base plate: (a) FE model and (b) experimental test.
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Figure 6. Vertical deformation contours of the base plate: (a) FE model and (b) experimental test.
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2.7.2. The Second Specimen under Cyclic Loading

This specimen was tested under the effect of cyclic loading following the cycle curve
protocol, as shown in Figure 7a [21]. The material kinematic hardening model was defined
for the plates, anchor bolts, and anchor bolt with one plate washer at the top. The contact
between the washer plate and base plate allows separation to take into consideration the
effect of the washer plate under the base plate during the reversible loading. Figure 7b
shows a good agreement between the FE and experimental results in terms of the base
moment and column drift.
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Figure 7. Validation of the second specimen: (a) cyclic loading protocol and (b) base moment vs.

column drift for the FE and experimental results.

3. Parametric Study

An extensive parametric study was performed using the validated FE model to pro-
vide perfect descriptions and determine the elastic rotational stiffness, moment resistance,
and energy absorption of the base plate connections. The parametric study investigated
four variables for each specimen: the number of bolts (B), the diameter of anchor bolts
(D), the distance between the anchor bolt and the center line of the base plate (S), and the
base plate thickness (T). The steel column in each specimen was supported by a reinforced
concrete base and under the effect of an eccentric compressive axial load. This effect was
represented by axial concentric compressive and lateral loads. Each specimen was labeled
with a unique name to cover all studied parameters, i.e., specimen (B4-D18-5050-T24) can
be defined as follows: the number 4 in B4 refers to the number of anchor bolts, where the
number of anchor bolts varies from two to six, as shown in Figure 8; the number 18 in
D18 refers to the anchor bolt diameter in mm, where the anchor bolt diameter varies from
12 mm to 30 mm; the number 050 in SO50 refers to the spacing between the anchor bolt
and the center line of the base plate (see Figure 8c,d), where the spacing varies from 0 to
150 mm to represent 0%, 25%, 50%, and 75% of half of the steel column depth; the number
24 in T24 refers to the abase plate thickness in mm, which varies from 12 mm to 30 mm.
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Figure 8. Various arrangements of the base plate connection: (a) sectional elevation, (b) plan of two
anchors, (c) plan of four anchors, and (d) plan of six anchors.

According to the AISC limit state [25], the service drift limit for medium-height steel
frames should not exceed the height of the column “H” divided by 150 (H/150). The drift
of the column through the loading process can be represented through the rotation of
column “8” by dividing the lateral drift over the column height (see Figure 9a). The value
of drift at the top of the column was 6.67 mm, which represents 0.67% of the column
height. Moreover, the applied moment at this limitation (H/150) was calculated from the
FE analysis (see Figure 9b). The rotational stiffness at H/150 was calculated by dividing the
applied moment by the rotation “8” (see Figure 9b). The energy absorption at this value of
drift was calculated as the area under the M-8 Curve (see Figure 9¢c). The calculated values
are listed in Table 3 for the analyzed specimens.

Moment
Moment

I L

— > -
*HI50 Rotation - Rotation

(b) (c)

Figure 9. Schematic for calculating the (a) rotation 6 = 6 /H, (b) rotational stiffness K = M/6, and (c) moment and energy at

certain value of rotation.

Figures 10-12 show the moment rotation curves, deformed shapes, and von misses
stresses at the drift level of H/150 for analyzed specimens with different bolt numbers and
arrangements. The base plate thickness and bolt diameter were kept constant for compar-
ison purposes. The maximum rotation was selected to be 0.02 rad. because the current
study aims to explore the rotational stiffness at the elastic region. For the same number of
bolts, the rotational stiffness increased by 6.67% when the spacing between bolts increased
from 100 mm to 300 mm (see Figures 11a and 12a). Moreover, an incredible improvement
in the rotational stiffness was obtained when the number of bolts increased from four to six
at the same spacing (31% increase). These results confirm that the bolt arrangement plays a
vital role in controlling the rotational stiffness of the base plate connections.
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Table 3. Rotational stiffness, energy absorption, piecewise linear idealization, and moment capacity for the analyzed specimens.

Specimen K1 K2 K* M ** E #%* Tension Force in Anchor Bolt (KN)
(KN.m)/rad (KN.m)  (N.m) Comp. Side Middle Tension Side

B2-D12-5000-T12 44,671 2933 5702 38.01 204 - 35.2 -
B4-D12-5050-T12 45,108 4788 7338 48.92 243 29.3 - 38.1
B4-D12-5100-T12 66,828 6732 7321 48.81 259 20.5 - 36.8
B4-D12-5150-T12 62,684 9489 7439 49.59 276 10.3 - 35.9
B2-D18-S000-T12 65,421 4672 7462 49.74 239 - 75.3 -
B4-D18-S050-T12 31,006 7213 10,078 67.18 300 50.4 - 85.9
B4-D18-5100-T12 65,666 9692 11,352 75.68 345 289 - 85.6
B4-D18-5150-T12 62,358 15,170 11,918 79.45 394 14.9 - 84.0
B2-D24-S000-T12 48,080 5805 8386 55.91 262 - 140.9 -
B4-D24-5050-T12 41,383 10,136 11,621 7747 338 57.2 - 153.5
B4-D24-5100-T12 63,887 12,146 13,762 91.75 396 32.8 - 159.2
B4-D24-5150-T12 48,771 20,223 17,591 117.27 510 12.8 - 161.4
B2-D30-S000-T12 31,258 7521 9349 62.32 283 - 199.0 -
B4-D30-S050-T12 29,541 11,579 13,027 86.84 374 60.9 - 213.8
B4-D30-5100-T12 30,570 16,363 15,538 103.58 441 36.6 - 2439
B4-D30-5150-T12 65,919 24,271 20,869 139.12 589 9.7 - 256.9
B2-D12-S000-T18 44,881 3435 5716 38.11 212 - 35.8 -
B4-D12-S050-T18 38,532 6005 7666 51.10 257 32.6 - 354
B4-D12-5100-T18 67,251 8056 7439 49.59 266 23.8 - 36.3
B4-D12-5150-T18 46,764 8987 7464 49.76 280 11.5 - 35.6
B2-D18-S000-T18 20,369 5593 8061 53.74 254 - 82.3 -
B4-D18-5050-T18 28,471 10,076 11,318 75.46 337 59.7 - 82.4
B4-D18-5100-T18 67,272 12,984 11,577 77.18 372 374 - 82.3
B4-D18-5150-T18 49,441 18,180 11,952 79.68 411 17.0 - 82.3
B2-D24-5000-T18 38,163 7859 10,241 68.27 298 - 141.8 -
B4-D24-5050-T18 49,381 11,121 14,360 95.73 395 57.9 - 146.9
B4-D24-5100-T18 49,506 15,183 16,752 111.68 471 36.9 - 150.9
B4-D24-5150-T18 48,717 23,417 18,054 120.36 563 12.9 - 149.0
B2-D30-S000-T18 41,008 9375 11,772 78.48 331 - 219.9 -
B4-D30-S050-T18 30,331 15,120 16,367 109.11 440 61.9 - 2249
B4-D30-5100-T18 29,662 17,059 20,167 134.45 537 34.1 - 238.1
B4-D30-5150-T18 34,384 23,176 24,791 165.27 694 53 - 235.1
B2-D12-5000-T24 38,796 3914 5716 38.11 213 - 34.8 -
B4-D12-5050-T24 30,106 7455 7660 51.07 262 32.1 - 349
B4-D12-5100-T24 41,994 8990 7482 49.88 269 244 - 35.1
B4-D12-5150-T24 46,991 10,065 7469 49.79 282 11.7 - 35.2
B2-D18-5000-T24 41,087 6657 8273 55.15 267 - 80.0 -
B4-D18-S050-T24 29,253 10,496 11,757 78.38 352 56.9 - 79.6

B4-D18-5100-T24 49,798 14,901 11,684 77.89 381 39.3 - 79.1
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Table 3. Cont.

Specimen K1 K2 K* M ** E #%* Tension Force in Anchor Bolt (KN)
(KN.m)/rad (KN.m)  (N.m) Comp. Side Middle Tension Side

B4-D18-5150-T24 49,732 19,195 11,958 79.72 417 16.9 - 79.3
B2-D24-5000-T24 48,332 8768 11,016 73.44 320 - 140.4 -
B4-D24-5050-T24 29,130 13,930 16,050 107.00 430 60.2 - 143.6
B4-D24-5100-T24 48,427 17,907 16,928 112.85 498 42.0 - 145.6
B4-D24-5150-T24 48,548 26,380 18,047 120.31 580 12.2 - 142.5
B2-D30-S000-T24 49,366 10,939 13,212 88.08 362 - 210.6 -
B4-D30-S050-T24 29,200 15,765 18,662 124.41 486 61.3 - 201.0
B4-D30-5100-T24 65,577 24,066 22,488 149.92 594 34.1 - 232.7
B4-D30-5150-T24 48,895 30,424 25,544 170.30 739 4.0 - 2344
B2-D12-5000-T30 41,191 3782 5717 38.12 213 - 349 -
B4-D12-5050-T30 38,637 6220 7775 51.83 263 345 - 34.8
B4-D12-5100-T30 46,811 10,576 7506 50.04 270 28.1 - 35.2
B4-D12-5150-T30 42,979 11,118 7471 49.81 282 11.9 - 35.2
B2-D18-S000-T30 28,033 6562 8258 55.05 272 - 78.1 -
B4-D18-5050-T30 39,123 11,892 11,980 79.87 359 66.2 - 77.7
B4-D18-5100-T30 50,070 15,120 11,736 78.24 385 41.0 - 79.6
B4-D18-5150-T30 50,007 19,420 11,955 79.70 420 17.2 - 78.9
B2-D24-5000-T30 38,346 9598 11,450 76.34 331 - 136.9 -
B4-D24-5050-T30 41,972 15,508 16,498 109.99 448 68.1 - 141.9
B4-D24-5100-T30 43,540 20,710 16,996 113.31 508 449 - 140.5
B4-D24-5150-T30 47,432 28,155 18,036 120.24 586 12.0 - 141.5
B2-D30-S000-T30 28,224 12,133 13,866 92.44 379 - 185.5 -
B4-D30-5050-T30 49,865 17,980 20,104 134.03 514 66.3 - 213.8
B4-D30-5100-T30 44,144 24,048 23,148 154.32 626 35.7 - 2229
B4-D30-5150-T30 47,114 32,522 25,531 170.20 758 3.8 - 2244
B6-D12-5100-T12 42,148 7753 8965 59.76 289 14.7 39.3 38.1
B6-D18-5100-T12 42,164 11,908 13,085 87.24 375 20.3 72.8 88.0
B6-D24-5100-T12 47,631 14,481 15,272 101.81 430 232 97.8 158.3
B6-D30-5100-T12 54,834 17,071 17,294 115.29 479 25.0 86.9 238.5
B6-D12-5100-T18 45,144 9264 9310 62.06 307 19.1 359 359
B6-D18-5100-T18 46,322 14,473 14,619 97.46 424 21.8 74.0 83.6
B6-D24-5100-T18 46,420 18,044 19,207 128.05 510 19.8 84.9 156.1
B6-D30-5100-T18 40,430 18,345 21,825 145.50 571 18.4 89.3 236.8
B6-D12-5100-T24 48,471 9807 9364 62.42 313 21.5 34.5 35.0
B6-D18-5100-T24 46,471 17,144 14,978 99.85 442 23.9 71.0 79.8
B6-D24-5100-T24 46,474 20,348 20,662 137.75 554 18.4 87.5 145.5
B6-D30-5100-T24 36,858 20,730 24,764 165.09 631 9.9 83.0 217.8

B6-D12-5100-T30 42,571 11,014 9401 62.67 316 22.2 34.8 35.0
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Table 3. Cont.

Specimen K1 K2 K* M ** E #%* Tension Force in Anchor Bolt (KN)
(KN.m)/rad (KN.m)  (N.m) Comp. Side Middle Tension Side
B6-D18-5100-T30 46,670 15,693 15,408 102.72 452 25.1 75.3 78.4
B6-D24-5100-T30 39,637 22,244 21,065 140.43 574 19.3 101.9 140.2
B6-D30-5100-T30 40,733 24,926 26,491 176.61 672 6.5 91.6 216.6
B6-D12-5150-T12 62,885 11,170 9195 61.30 314 7.8 34.6 37.1
B6-D18-5150-T12 45,776 16,291 14,769 98.46 446 8.9 741 85.0
B6-D24-5150-T12 47,221 22,700 19,556 130.37 548 49 92.2 161.5
B6-D30-5150-T12 45,205 26,739 22,904 152.69 632 2.6 89.2 254.4
B6-D12-5150-T18 46,941 12,741 9438 62.92 328 8.7 35.3 355
B6-D18-5150-T18 46,407 20,944 15,621 104.14 476 72 70.2 82.6
B6-D24-5150-T18 45,227 24,733 21,996 146.64 623 0.8 93.2 149.7
B6-D30-5150-T18 38,689 28,841 28,365 189.10 740 0.5 72.5 241.0
B6-D12-5150-T24 48,487 13,606 9443 62.95 330 8.9 347 35.2
B6-D18-5150-T24 59,220 22,115 15,840 105.60 490 49 74.2 79.2
B6-D24-5150-T24 46,822 27,817 22,745 151.64 651 0.6 93.9 146.5
B6-D30-5150-T24 42,561 31,725 29,327 195.51 789 0.3 89.3 229.5
B6-D12-5150-T30 46,960 14,131 9433 62.89 331 9.2 35.1 35.3
B6-D18-5150-T30 44,338 22,496 15,873 105.82 498 6.2 742 79.0
B6-D24-5150-T30 48,078 29,511 23,254 155.03 670 0.4 104.8 141.4
B6-D30-5150-T30 43,544 35,171 30,360 202.40 815 0.1 97.8 223.7

* Rotational stiffness at H/150 in KN.m/rad; ** Moment in KN.m at H/150; *** Energy absorption in N.m at H/150.
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Figure 10. Specimen B2-D18-S000-T18: (a) moment-rotation curve, (b) deformed shape—von misses stress at H/150 column drift.
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Figure 11. Specimen B4-D18-5050-T18: (a) moment-rotation curve, (b) deformed shape—von misses stress at H/150 column drift.
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Figure 12. Specimen B6-D18-5150-T18: (a) moment-rotation curve, (b) deformed shape-von misses stress at H/150 column drift.

3.1. Effect of the Base Plate Thickness (T)

The base plate thicknesses of 12, 18, 24, and 30 mm are investigated in this section.
The base plate thickness shows a slight effect on the moment resistance and rotational
stiffness of the pinned base plate connection when using smaller bolt diameters (12 mm and
18 mm). The anchor bolts with smaller diameters control the behavior and subsequently
trivialize the effect of the base plate thickness. On the other hand, 24-53% enhancements
in the moment resistance are obtained when the base plate thickness increases with using
bigger bolt diameters (24 mm and 30 mm). For using bigger bolt diameters, the base plate
thickness controls the behavior. However, these improvements vanish at the thickness of
30 mm (see Figure 13). This trend of results is observed for all other arrangements and
diameters of the anchor bolts in the base plate connections.
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Figure 13. Effect of the base plate thickness (T) on the rotational stiffness for different anchor bolt diameters (D): (a) D = 12 mm,
(b) D =18 mm, (¢) D =24 mm, and (d) D = 30 mm (four anchor bolts and S = 50 mm).

3.2. Effect of the Anchor Bolt Diameter (D)

The anchor bolt diameters of 12, 18, 24, and 30 mm are investigated in this section.
The results shown in Figure 14 conclude that the anchor bolt diameter increases the moment
resistance of the pinned base plate connections. Moreover, this improvement in the moment
resistance is enhanced as the base plate thickness increases. At the base plate thickness of
12 mm, the moment resistance is improved by 150% when the bolt diameter increases from
12 mm to 30 mm (see Figure 14a). However, 260% improvement is obtained when using
the base plate thickness of 30 mm (see Figure 14d). Moreover, the increase in the elastic
moment resistance reaches 284% for specimens with a base plate thickness of 30 mm and
spacing of 150 mm. Therefore, the anchor bolt diameter plays the main role of increasing

the moment resistance.
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Figure 14. Effect of the anchor bolt diameter (D) on rotational stiffness for different base plate thickness (T): (a) T = 12 mm,
(b) T=18 mm, (c¢) T =24 mm, and (d) T = 30 mm (Four anchor bolts and S = 50 mm).

3.3. Effect of the Anchor Bolts Arrangement (Number and Spacing)

The anchor bolt numbers two, four, and six with different spacing are investigated in
this section. Figure 15 displays the moment-rotation curves for specimens with different
anchor bolt diameters and arrangements, but the base plate thickness is constant (18 mm).
Figure 15a shows an increase in the elastic rotational stiffness by 50% for the four bolts
arrangement, and the spacing increases from 50 mm to 150 mm. However, a 37% increase
is obtained for the six bolts arrangement and the spacing increases from 100 mm to 150 mm.
In the same context, the six-bolt arrangement increases the elastic rotational stiffness by
44% when S increased from 100 mm to 150 mm, and the anchor bolt diameter is 18 mm.
The distance between the anchor bolts has a greater effect on the rotational stiffness and
moment capacity in the elastic region than the number of bolts. Moreover, this effect
increases as the bolt diameter increases. Although the values of the rotational stiffness
are equal at the drift limit of H/150, the specimens provide different behavior before that
limit. Therefore, the comparison is constructed based on the values of K2, which are listed
in Table 3.
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Figure 15. Effect of the anchor bolt number and spacing (S) on the rotational stiffness for different anchor bolt diameters
(D): (a) D=12mm, (b) D =18 mm, (¢) D = 24 mm, and (d) D = 30 mm (the base plate thickness of 18 mm).

4. Discussions of the FE Results

To investigate the rotational behavior of the pinned base connection, the elastic ro-
tational stiffness, moment resistance, and energy absorption are calculated and listed in
Table 3 for each analyzed specimen at the drift level of H/150 [19]. The tension force in each
of the anchor bolts is also listed in Table 3. Figure 16 shows the anchor bolt arrangement
according to the direction of the applied moment.

i i

Bolt in U

=

| Boltin

Comp. Side # Ja} %Tension Side
Bolt on

The Middle

Figure 16. Anchor bolt arrangement according to moment direction.

The inelastic behaviors of the specimens were investigated by creating four piecewise
linear best fit to the moment-rotation envelopes [16], as shown in Figure 17. The piecewise
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linear response fitting of specimens B2-D12-5000-T12 and B6-D24-5150-T30 are shown
in Figure 18. In the first branch, the stiffness K1 is determined by the elastic rotational
stiffness. However, the best fit that minimizes the error between the idealized curve and
the envelope obtained from the FE results is used to determine the parameters K2 (see
Figure 17).

A

Moment

K2

K1

Rotation (rad)

Figure 17. Piecewise linear idealization of the moment-rotation envelope curves.

45 80
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Figure 18. Piecewise linear idealization for specimens (a) B2-D12-S000-T12 and (b) B6-D12-5150-T30.

Figure 19 shows the tensile stresses on the anchor bolts during loading. The tensile
stresses in the anchor bolts at the tension side of the moment have a similar trend for differ-
ent anchor bolt diameters, the same arrangements of bolts, and the same base plate thickness
(see Figure 19a). On the other hand, the anchor bolts at the compression side experience small
tensile stresses when the anchor bolt diameters increase in size (see Figure 19b).

Figure 20 shows the tensile stresses in the anchor bolts for four and six bolts arrange-
ments. The trend of the tensile stresses is similar between the two specimens. However,
the middle anchor in the specimen with six bolts arrangement supports more stiffness, and
the elastic moment resistance increases by 32%.
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Figure 19. Tension force in the anchor bolts vs. rotation: (a) anchor bolts in the tension side, and (b) anchor bolts in the
compression side.
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Figure 20. Tension stresses in the anchor bolts vs. rotation for specimens with T = 24 mm, D = 18 mm, and S = 150 mm. (a)
B4-D18-5150-T24 and (b) B6-D18-5150-T24.

Figure 21 illustrates the effect of the anchor bolt diameter and base plate thickness
on the rotational stiffness. The maximum increase in the rotational stiffness was 53% for
the anchor bolt diameter of 30 mm when the base plate thickness increased from 12 mm
to 30 mm (see Figure 21e). Moreover, the increasing rate drops whenever the anchor
bolt diameter decreased. This phenomenon applies to any diameter of the anchors and
different thicknesses of the base plate. Figure 21b—d show that the increase in the spacing
between the anchors leads to reductions in the effect of the base plate thickness (case of
four bolts arrangement). The column flange supports the base plate against bending when
the anchors move closer to the column flanges.

Because of the flopped results for specimens with different distances between the
anchor bolts at the drift level of H/150, the values of K2 from Table 3 are used as the
rotational stiffness in Figure 22. These results confirm the significant effects of the diameter
and arrangement of the anchor bolts on the rotational stiffness values. Increasing the
number of bolts and spacing leads to enhancements in the rotational stiffness. Moreover,
this improvement in the rotational stiffness increases as the bolt diameter becomes bigger
(see Figure 22).
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Figure 21. The rotational stiffness vs. the anchor bolt diameter (d) for different base plate thicknesses and arrangements: (a)
two bolts—S = 0, (b) four bolts—S = 50, (c) four bolts—S = 100, (d) four bolts—S = 150, (e) six bolts—S = 100, and (f) six
bolts—S = 150.
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Figure 22. The rotational stiffness vs. the anchor bolt diameter for different anchor bolt arrangement and plate thicknesses:
(@) T=12mm, (b) T=18 mm, (¢) T =24 mm, and (d) T = 30 mm.

5. Conclusions

In this research, an extensive parametric study on pinned base connections is mainly

presented to determine the elastic rotational stiffness and moment resistance of these
connections at the design serviceability limits. The main findings are summarized as follow:

The most effective parameters that affect the elastic rotational stiffness and moment
resistance of pinned base connections are the anchor bolt arrangement and diameter.
The base plate thickness has a slight effect;

The maximum increase in the rotational stiffness was 53% for the anchor bolt diameter
of 30 mm when the base plate thickness increased from 12 mm to 30 mm;

Based on the base plate thickness, the moment resistance improved by 150-260% when
the bolt diameter increased from 12 mm to 30 mm;

An increase in the elastic rotational stiffness by 50% was obtained for the four bolts
arrangement, and the spacing increased from 50 mm to 150 mm. However, only a 37%
increase was obtained for the six bolts arrangement, and the spacing increased from
100 mm to 150 mm;

Increasing spacing between the anchor bolts leads to reductions in the effect of the
base plate thickness on the rotational stiffness.
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