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Chapter 1. Introduction

1.1. Background

Strut-and-tie method (STM) is a practical design tool for deep structural members
that simplifies their internal force flow into idealized struts and ties. Typically, the
configuration of the strut-and-tie models developed in drilled shaft footings forms
three-dimensional (3D) shapes. 7xDOT Project 0-6953: 3D Strut-and-Tie
Modeling for Design of Drilled Shaft Footings (Yi et al., 2022) established a series
of design recommendations for drilled shaft footings using the 3D STM based on
large-scale tests and numerical analyses. However, the comprehensive research was
limited to uniaxial loading scenarios, and the design example proposed by the
research was also primarily based on the recommendations for drilled shaft footings
subjected to uniaxial loads. The design example also includes one biaxial eccentric
loading case: axial compression combined with mild biaxial flexure resulting in
non-uniform compression in drilled shafts. The configuration of the 3D strut-and-
tie model developed for the biaxial load case is the same as that developed from the
simplest load scenario (uniaxial compression-only loading); therefore, the proposed
recommendations could be applicable to the biaxial load case.

On the other hand, in-practice drilled shaft footings are also designed with biaxial
eccentric loading cases inducing tension at one corner of the column or one of four
drilled shafts. Due to the lack of research on the 3D strut-and-tie models of drilled
shaft footings under these complex loading conditions, the recommendations
proposed by Yi et al. (2022) cannot be directly applied when designing the footings
under biaxial eccentric loading. These limitations hinder the application of the 3D
STM to a consistent design of drilled shaft footings that can be subjected to various
loading conditions. Therefore, refined recommendations for the 3D STM design for
drilled shaft footings that cover biaxial loading scenarios are needed.

1.2. Project Objective and Scope

The research team expanded and refined the guidelines proposed by Yi et al. (2022)
for using the 3D STM in drilled shaft footings under biaxial eccentric loading which
is the more common loading scenario in practice. The refinements were conducted
theoretically; therefore, all proposed recommendations in this research are
established based on a conservative standpoint. The drilled shaft footing design
example of Yi et al. (2022) was updated for two additional biaxial eccentric load
cases using the refined recommendations.



1.3. Organization

The literature regarding design recommendations for drilled shaft footings
subjected to biaxial eccentric loading is reviewed in Chapter 2. Chapter 3
categorizes the load cases used in the in-practice drilled shaft footings constructed
by TxDOT in Texas to clarify the proportion of biaxial eccentric load cases in the
total load cases. Chapter 4 contains a summary of the 3D STM design
recommendations for drilled shaft footings proposed by Yi et al. (2022). The
recommendations are refined in Chapter 5 to apply the 3D STM when designing
drilled shaft footings subjected to biaxial eccentric loading. Chapter 6 provides the
design example for a drilled shaft footing under biaxial eccentric load cases using
the refined design recommendations to supplement the design example proposed
by Yi et al. (2022). Lastly, the outcomes of this research and conclusions are
summarized in Chapter 7.



Chapter 2. Literature Review

To the authors’ knowledge, the research on drilled shaft footing subjected to biaxial
loading conditions is limited despite the fact that this is a common loading scenario
in current practice. Current specifications addressing strut-and-tie modeling were
formulated based on research of 2D deep beams and thus those are conservative for
3D structures like four drilled shaft footings, so previous researchers mitigate some
over-conservatism by updating and adapting their stress limits for 3D structures. In
addition, most studies investigated the behavior of footings under pure axial
compression, and a few studies tested specimens under uniaxial eccentric loading
conditions due to the limited knowledge. Regarding the design examples for drilled
shaft footings under biaxial eccentric loading, the only study found was conducted
by Ballestrino et al. (2011) in fib bulletin 61, in which there are examples of strut-
and-tie models for a variety of structural components.
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Figure 2.1 Dimension and load condition (Ballestrino et al., 2011)

In the example, a rectangular footing with a center-located rectangular column was
supported on the ground, not on a group of drilled shafts, as shown in Figure 2.1.
The biaxial bending resulted in a non-uniform distribution of the compression over
the soil underneath, and tensile reaction would not be developed. Ballestrino et al.
(2011) assumed that the reactions of the soil were calculated in four each quadrant
and were located at the center of the corresponding quadrant. A sectional analysis
of the column was used to determine the forces and the locations of the equivalent



forces. Based on their assumptions, they developed a strut-and-tie model in order
to represent the internal force flow, as illustrated in Figure 2.2.
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Figure 2.2 Strut-and-tie model of footing under biaxial loading (Ballestrino et al., 2011)

When proportioning ties, the authors assumed that the bottom mat reinforcement
was distributed uniformly (i.e., a grid layout), and all reinforcement in the half of
the cross-section was considered to contribute to the corresponding tie capacities
since the ground supported the footing. The authors recommended that the column
bars be bent inward for sufficient development.

The triaxial hydrostatic compressive strength of the concrete was employed for
checking the nodal capacity of the CCC node, Node 6. The required area was
calculated from that the factored force in the strut was divided by the triaxial
concrete strength. The nodal strength was acceptable because the required area was
much smaller than the column dimension.

The anchorage length of the vertical column bars at Node 5 started from the end of
the bend with the assumption of 90-degree hooked bars. The anchorage length was
calculated in accordance with CEB—FIP recommendations (1999).

In summary, there are several limitations to directly comparing this study and
Ballestrino et al. (2011). The four drilled shafts support the footing in this study,



while the footings were supported by the ground. If tension develops on the bottom
face due to large flexure, some part of the bottom face cannot resist the tension due
to the characteristics of the soil. Additionally, it was not necessary to check stresses
at bottom nodes because the extremely large bearing area of bottom nodes resulting
from the ground supporting condition, not supporting by shafts. Moreover,
anchorage length of column reinforcement was checked from the end of the bend
to the end of steel while available development length usually defines from the
critical section to the end of steel or the start of the bend. Notably, the research team
found that Ballestrino et al. (2011) employed triaxial compressive strength.



Chapter 3. Design Load Case Review

The research team at the University of Texas at Austin, with support from the
TxDOT project team, reviewed load cases of several constructed drilled shaft
footings in bridge projects that TxDOT and their consultants have designed.

The load cases in drilled shaft footings can be divided into seven categories
depending on the stress state over the column section and shaft, as illustrated in
Figure 3.1. Load Case I (LC1) is pure axial compressive loading, resulting in a
uniform compression over the column section and uniform compressive reactions
in the shafts. Load Cases II (LC2), III (LC3), and IV (LC4) represent axial
compression with uniaxial bending. Two groups of shafts react with non-uniform
compression in LC2 and LC3, while severe uniaxial flexure in LC4 results in two
shafts in tension. Mild flexure in LC2 leads to the compressive distribution over the
entire column section, whereas moderate and severe uniaxial flexure in LC3 and
LC4, respectively, result in tension on one side of the column section and
compression on the other side. Biaxial load scenarios from Load Case V (LC5), VI
(LC6), and VII (LC7) have a stress state in the column section similar to load cases
with uniaxial flexure (LC2 through LC4). Non-uniform compressive reaction
develops in LC5 and LC6. The moderate biaxial flexure in LC6 causes tensile stress
at one corner of the column section. Severe biaxial flexure in LC7 results in tension
in one shaft and tension on one side of the column section. Note that the design

examples for LC1 through LC5 were provided in the previous research, Yi et al.
(2022).
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Figure 3.1 Load case classification depending on the stress over the column section and
in shafts. The darker the circle, the higher the stress level.

From three constructed drilled shaft footings provided by TxDOT, total 354 load
cases were compiled and reviewed. Cases where the ratio of minimum-to-
maximum bending moments was less than 0.2 were categorized as under a uniaxial
load rather than a biaxial load, since the flexural stresses induced from one of the
bending moments about the certain axis would dominate the behavior of the
footings. Table 3.1 summarizes the number of each load case for each constructed
footing after calculating reactions in the drilled shafts and stresses at the corner of
the columns. Figure 3.2 shows the distribution of the load cases. The most common
load case was LC3, axial compression with moderate uniaxial flexure. LC6, axial
compression with moderate biaxial flexure, is the next most common. Load cases
with moderate uniaxial or biaxial flexure, resulting in a non-uniform compression
in the shafts and tensile stress in at least one corner of the column section, occurred
the most frequently (85.6%) in the design of the drilled shaft footing. Biaxial load
combinations (LC6 and LC7), the focus of this research, made up 17.8% of the load
cases.



Table 3.1 Summary of reviewed load cases

. Ratio
EFO"“nlg Total LCI LCI LCII LCIV LCV LCVI LCVI (LCVI+
xamples LC VID)
Footing A 288 0 1 251 8 0 10 18 9.7%
FootingB 22 0 1 1 0 10 10 0 45.5%
FootingC 44 0 2 6 0 11 25 0 56.8%
Total 354 0 4 258 8 21 45 18 17.8%
Percentage
of all load 00% 1.1% 72.9% 23% 59% 12.7% 5.1%

cases

~LC2(1%)

LC7(5%| ’
LC4(2%) —\

Figure 3.2 Distribution of reviewed load cases




Chapter 4. Design Recommendations: TxDOT
Project 0-6953

TxDOT Project 0-6953 (Yi et al., 2022) proposed designs for drilled shaft footings
using the 3D STM based on the data and insights obtained from large-scale tests
and numerical analyses for drilled shaft footings under uniaxial loading scenarios.
In accordance with the recommendations, Yi et al. (2022) also provided a drilled
shaft footing design example under various uniaxial and biaxial loading scenarios.

The 3D STM-based design procedure for drilled shaft footings recommended by
Yi et al. (2022) is summarized below and detailed in the following subsections:

1) Developing a 3D strut-and-tie model

2) Proportioning ties

3) Performing nodal strength checks

4) Proportioning shrinkage and temperature reinforcement

5) Providing necessary anchorage for ties

4.1. Developing a 3D Strut-and-Tie Model

The configuration of a 3D strut-and-tie model for a drilled shaft footing was
determined by the force flow according to the considered load combination. The
internal stress field of the footing was expressed with struts and ties comprising an
idealized truss. To do so, the applied load on the column was transformed into an
equivalent force system over the column-to-footing interface. Assuming the
column section remained plane during loading, the stress distribution over the
column section was subdivided into four components, and struts were positioned at
the centroids of the subdivided regions to describe the internal force flow of the
footing flowing down to four drilled shafts. When the applied uniaxial flexural
stresses induced tension at one face of the column, a simplified rectangular stress
block was used for concrete in compression based on the factors proposed by
Collins and Mitchell (1991). The equivalent stress block factors made it possible to
model the linear and nonlinear behavior of the concrete. Further, the tensile
capacity of the concrete was neglected, and the column reinforcement at the tensile
face of the column was only considered to resist the tie force in the column. Figure



4.1 illustrates the 3D strut-and-tie models and their equivalent force systems at the
interface depending on the applied loading scenarios.

(c) Load Case IV
Figure 4.1 3D strut-and-tie models under various loading scenarios

The basic assumptions employed to determine 3D strut-and-tie models are as
follows:
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The equivalent force system determined the nodal positions beneath the
column, and the nodes were located 0.1 times the height along the z-axis if
there was no top tie ring in the 3D STM. (Figure 4.1a and b).

The position of the four nodes for the top tie ring (Figure 4.1c) was the
projection of the center of the drilled shafts at the elevation of top mat
reinforcement, and the nodes beneath the column were positioned on the
same horizontal plane of the top tie ring.

The position of the four nodes above the drilled shafts was the projection of
the center of the drilled shafts at the elevation of bottom mat reinforcement.

Ties on the plane of the bottom/top tie ring were placed along the axis of
bottom/top mat reinforcement.

Column ties stretched down to the plane of the bottom tie ring were
positioned at the axis of the tensile column reinforcement array.

A strut was placed to meet the equilibrium condition with applied forces
and reaction forces in each axis at each node. The angle between a diagonal
strut and the plane of bottom mat reinforcement and the angle between a
strut and a tie on the same plane were limited to 25—-65 degrees.

Tie and strut forces could be computed using statics (method of joints or
method of sections).

4.2. Proportioning Ties

The bottom and top mat reinforcement, which are placed the entire span of the
footing, can be engaged to take the tie forces if the reinforcement is sufficiently
anchored. This recommendation was established based on the experimental test
results conducted for the grid and banded layouts, and the ultimate capacities of the

specimens were comparable regardless of the layouts (Yi et al., 2022). Therefore,

the capacity of a tie element can be estimated, as shown in Eq. (4.1).

Pn,tie

= fyAst Eq. (4.1)

where:

Pn,tie

fy
Ast

= nominal resistance of a tie [kip]
=yield strength of non-prestressed longitudinal reinforcement [ksi]

= area of non-prestressed longitudinal reinforcement engaged in
taking the tie force [in.’]
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Generally, two horizontal ties in each direction are provided to a 3D strut-and-tie
model for drilled shaft footings supported by four drilled shafts. Therefore, half the
amount of the top or bottom mat reinforcement is used to estimate the tie force.
Further, all drilled shaft reinforcing bars in the drilled shaft under tension are also
engaged to take the drilled shaft tie force. Like determining the equivalent force
system, only the column reinforcement at the tensile face of the column is
considered to calculate the capacity of the column tie element.

4.3. Nodal Strength Checks

A simple but straightforward 3D nodal geometry was proposed to take into account
the triaxial confinement effect and the strut-to-node interface of the node (Figure
4.2). The sections of the nodes performing the nodal strength checks are illustrated
in Figure 4.3. The assumptions for defining the 3D nodal geometry are described
as follows:

e Non-hydrostatic nodes and prismatic struts with a rectangular cross-section
were used.

e The circular bearing face at the drilled shafts was assumed to be an
equivalent square-shaped bearing face to define the nodal geometry. Hence,
the strut width at the node was used as the width of the equivalent square
bearing face.

e The back face height of the CCC node was assumed to be twice the distance
from the top surface.

e The back face height of the CTT nodes above the drilled shafts was assumed
to be twice the distance from the bottom surface

e If multiple struts were connected to a node forming multiple strut-to-node
interfaces, the strut forces were resolved into a single force applied
perpendicularly to a single strut-to-node interface.

12



0.2h

The equivalent square bearing face was rotated towards the direction of the
resolved strut, and the length of the strut-to-node interface was derived from
the inclination of the resolved strut and the specified dimensions.

VA /2

ZCb

’
DDS

(a) CCC node (b) CTT node

Figure 4.2 Detail of 3D nodal geometry in drilled shaft footing
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=== Strut y » quadrntofthe colu

Equivalentsquare shafts

(a) Diagonal section (b) Plan view

Note a@: Angle between x-axis and projected strut AB to the plane of the bottom mat
reinforcement
6: Angle between strut AE and the plane of bottom mat reinforcement
A.: Area of the column
Dps: Shaft diameter
D'ps: Length of the equivalent square shaft (= DDXJTM)
¢p: Distance from bottom surface to the centroid of bottom mat reinforcement
h: Height of the footing

(a) Load Case I, I, and V

Iz === Strut
g — Tie

. ~,
RN
yt k
Equivalent square shafts

(a) Diagonal section (b) Plan view

Note @: Angle between strut AE and the plane of bottom mat reinforcement
8',6""- Angle between the resolved strut and the plane of the bearing face
Dps: Shaft diameter
D'ps: Length of the equivalent square shaft (= Dps+/m/4)
a: Equivalent stress block depth
¢;,: Distance from bottom surface to the centroid of bottom mat reinforcement
h: Height of the footing

(b) Load Case III

L === Strut
— Tie

x Equivalent square shafts
(a) Diagonal section (b) Plan view

6: Angle between strut AE and the plane of bottom mat reinforcement

8" Angle between the resolved strut and the plane of the bearing face

Dpg: Shaft diameter

D'ps: Length of the equivalent square shaft (= Dpg./m/4)

a: Equivalent stress block depth

¢;,: Distance from bottom surface to the centroid of bottom mat reinforcement
¢;: Distance from top surface to the centroid of top mat reinforcement

h: Height of the footing

(c) Load Case IV

Figure 4.3 Sectional views that demonstrates 3D nodal geometry for 3D strut-and-tie
models under various loading scenarios
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4.3.1. Confinement Modification Factor

Nodal strength enhancement due to the massive concrete surrounding a node can
be considered by employing the confinement modification factor. The factor is
determined by a bearing frustum and allowed up to 2.0 for CCT and CTT nodes,
which is the same as the limit for all node types of 2D structures (AASHTO LRFD
Bridge Design Specifications, 2019; ACI318-19, 2019; CSA A23.3-14, 2014). Yi
et al. (2022) found that for drilled shaft footing specimens under flexural stresses,
the nodal region of the CCC node, whose bearing area is smaller than that of the
CTT node, remained largely undamaged until the ultimate state of the footing.
Nevertheless, the ultimate state was governed by the failure in the vicinity of the
CTT node. Therefore, the recommendations proposed using a maximum
confinement of 3.0 for CCC nodes under triaxial compression, the same as specified
in Eurocode 2 (2004) and fib Model Code 2010 (2013).

/\/ Loaded
N A Area, A 2
* 43 45" f J:_,_,_,_,_,_,l( 1
Loaded R e ~
Area | LAZ is measure
A ' 5 on this plane
1 i
/\/ Section A-A through
Plan View Member

Figure 4.4 Determination of notional area (adapted from AASHTO LRFD, 2020)

A, 3.0 (CCCnodes)

= < Eq. (4.2
m /A1 — 2.0 (Other nodes) 9 (4-2)
where:

m = confinement modification factor

Aq = area under bearing device [in.?]

A, = notional area defined as shown in Figure 4.4 [in.?]

4.3.2. Concrete Efficiency Factor

Providing crack control reinforcement at the plane of the strut is challenging for the
3D strut-and-tie model of drilled shaft footings. Further, Yi et al. (2022) identified
the contribution of side face reinforcement to the ultimate capacity from large-scale
drilled shaft footing tests. Therefore, the recommendations proposed providing at
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least 0.18% side reinforcement orthogonally at all side surfaces of the footing, in
accordance with the shrinkage and temperature reinforcement requirement
specified in AASHTO LRFD (2020) (Article 5.10.6), instead of the crack control
reinforcement requirement specified in current provisions for 2D structures. If the
side reinforcement requirement was satisfied, the current 2D STM provision of the
efficiency factor could be maintained, whereas the minimum strut efficiency factor
(0.45) was recommended when the provided side reinforcement ratio is smaller
than 0.18%.

4.3.3. Summary

The nodal strength at all faces of the nodes with defined nodal geometry in drilled
shaft footings can be estimated based on Eq. (4.3).

Pon = feuAcn Eq. (4.3)
where:

P,» = nominal resistance of a node face [kip]

fou = effective compressive stress at the node face, taken as mvf, [ksi]

m = confinement modification factor, taken as \/A,/A4; < 3.0 for CCC
nodes and 2.0 for other node types (CCT and CTT), as defined in
Article 5.6.5

v = the minimum concrete efficiency factor (0.45) if the side face
reinforcement requirement (0.18%) is not satisfied OR the concrete
efficiency factor as shown in Table 5.8.2.5.3a-1 if the side face
reinforcement requirement (0.18%) is satisfied, in accordance with
Article 5.10.6

Table 5.8.2.5.3a-1—Efficiency Factors for Nodes with Crack Control
Reinforcement (AASHTO LRFD, 2020)

Node Type
Face CCC CCT CTT
Bearing Face 0.85 0.70 ,
Back Face f
fe 085 = 20 ki
lsﬁgrt}:;NOde 085 = 0 kst 0.45 < v < 0.65
0.45 <v < 0.65
f;  =compressive strength of concrete for use in design [ksi]

A., = effective cross-sectional area of the node faces as specified in Article
5.8.2.5.2; and in Figure 4.3 [in.’]
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4.4. Anchorage for Ties

4.4.1. Horizontal Ties (Top and Bottom Mat Reinforcement)

4.41.1. At Singular Nodes

Based on the determined 3D nodal geometry at singular nodes, the
recommendations employed a similar approach using the extended nodal zone to
define the critical section. Figure 4.5 illustrates the extended nodal zone in a 3D
strut-and-tie model projected on the plane parallel to the tie. The critical section for
the development of a tie is at the point where the centroid of the tie intersects the
edge of the diagonal strut. Therefore, the available development length can be
computed based on the geometry. The reinforcing bars can be sufficiently
developed by satisfying the anchorage requirement, providing an available
development length greater than the required development length.

Section A-A

= Footing
Extended

Nodal‘Zgne 1

as,pro J 1

=
! Equivalent Square
Critical Section Drilled Shaft

Tie B

U

Cp/tanbsproja T | p,y'/2 ‘DD5/2+OH
i

E‘It'ca[ 1 Ct"'_m 9!]1%‘-3- Available Development

Le ngth (lud,A)

(b) Sectional view

oft of Tie A

Length (l,45)

Available Development

Critical Secti

Available Development
Length (1,4 4)

sproj.A Bs,proj,B
(a) Plan view (¢) Isometric view

Figure 4.5 Critical section for bottom mat reinforcement in drilled shaft footings (at
singular nodes)
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4.4.1.2. At Smeared Nodes

The recommended extended nodal zone approach cannot be used at smeared nodes,
for which the nodal geometry cannot be clearly defined. Therefore, the critical
section of the tie at a smeared node is determined conservatively at the point
directly above the interior edge of the equivalent square drilled shaft, as Williams
et al. (2012) proposed.

Tie at Smeared Node

1

1

1

1

1

1

. 1
Tie .
LY

&
i Smeared Node
1
Equivalent Square
Critical Section Drilled Shaft

Figure 4.6 Critical section for bottom mat reinforcement in drilled shaft footings (at
smeared nodes)

4.4.2. Vertical Ties (Column and Drilled Shaft Reinforcement)

4.4.2.1. Axial Compression Combined with Moderate Uniaxial Flexure

The 3D strut-and-tie model resulting from axial compression combined with
moderate uniaxial flexure has vertical column tie elements connected to smeared
nodes in the footing. Therefore, the critical section for the column ties cannot also
be determined using the corresponding nodal geometry. Instead, a large
compression field bounded by diagonal struts flowing down to the drilled shafts is
considered to perform the same role as an extended nodal zone for establishing the
critical section of the column tie elements, as shown in Figure 4.7. The available
length of the column reinforcement can be determined based on the defined critical
section. When hooked anchorage is employed for the column reinforcement, the
hook needs to be oriented inwards to react against the diagonal strut flowing down
from the compression face of the column to activate its bearing action.
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Figure 4.7 Critical section for column reinforcement in drilled shaft footings under Load
Case Il

4.4.2.2. Axial Compression Combined with Large Uniaxial Flexure

Due to the large flexure inducing tension at one face of the column and two of four
drilled shafts, the anchorage checks for the vertical column tie elements, connected
with smeared nodes, also need to be performed. Therefore, a large compression
field between the column and drilled shaft tie elements was proposed to represent
the force transfer mechanism between the tie elements, which resembles a non-
contact lap splice behavior. The field is determined by the minimum strut angle
specified in AASHTO LRFD (2020), 25 degrees, as illustrated in Figure 4.8. Hence,
the critical sections for the column and drilled shaft reinforcement can be defined
based on the compression field. In determining the available lengths for the column
and drilled shaft reinforcement, the column reinforcement is assumed to be placed
above the bottom mat reinforcement to facilitate constructability. Similarly, the
drilled shaft reinforcement is assumed to extend up to the bottom layer of the top
mat reinforcement.

" " [ toptiering ____2_53_&;;7 1

Critical Section ~ __a@
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(a) [sometric view (b) Sectional view

Figure 4.8 Critical section for column and drilled shaft reinforcement in drilled shaft
footings under Load Case IV
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Chapter 5. Refined Desigh Recommendations:
Biaxial Load Scenarios

The 3D-STM recommendations for drilled shaft footings proposed by Yi et al.
(2022) were used for the design examples of footings subjected to specific load
scenarios. Those load scenarios were verified experimentally (Load Cases I, III,
and IV in Figure 3.1) or resulted in simple strut-and-tie configurations (Load Cases
ITand V in Figure 3.1). However, the load cases involving biaxial flexural loading,
which this research is interested in, have not been studied in detail, as summarized
in Chapter 2. In particular, the 3D strut-and-tie model for drilled shaft footings
under extremely complicated loading conditions inducing tension at one of four
drilled shafts (axial compression combined with considerable biaxial flexure) has
not been investigated.

Therefore, this section presents the modifications to the design recommendations
proposed by Yi et al. (2022) for applying the 3D-STM to the design of drilled shaft
footings under axial compression combined with moderate and large biaxial
flexural loading.

5.1. Develop 3D Strut-and-Tie Model

5.1.1. Equivalent Force System

Yi et al. (2022) recommended that the equivalent force system of the column
section partially under tension due to flexural loading be established by the actual
stress distribution based on the applied loading to maintain the consistency of force
flow between a B-region and a D-region. In the cases with uniaxial flexural loading
(Load Case III and IV in Figure 3.1), the stress block factors proposed by Collins
and Mitchell (1991) can be used to cover both linear and nonlinear behavior of the
concrete. Further, the neutral axis becomes inclined owing to biaxial flexure. The
inclined neutral axis determines a group of column reinforcement carrying column
tie forces (reinforcing bars placed within the white-colored region in Figure 5.1).
Therefore, a sectional analysis based on the linear strain distribution and
constitutive relationships needs to be performed to clarify resultant forces at the
column-footing interface. Three unknowns—neutral axis inclination (8), neutral
axis depth (c), and extreme compressive fiber strain (&.)—can be derived from
three equilibrium equations ( X B, = 0; ¥ M, = 0; ¥ M,,,, = 0) through an
iterative process. Figure 5.1 presents the strain and stress distribution of the column
section in the elastic state under the biaxial flexural loading.
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Figure 5.1 Strain and stress distribution over the column section under biaxial flexural
loading and types of compressive region shape

In the 3D strut-and-tie models employed in the design example of Yi et al. (2022),
the resultant forces at the interface were subdivided into four force components to
proportion the optimal amount of the bottom mat reinforcement and perform nodal
capacity checks at CCC nodes. The subdivided nodes should be compatible with
the reactions at four drilled shafts and satisfy force and moment equilibriums at the
interface. Accordingly, subdividing resultant forces should consider the internal
force flow of the footing and actual stress distribution at the interface, which are
challenging for the scenarios with biaxial flexure loading. The different shape of
the compressive region at the interface (Figure 5.1) further complicates the
procedure; therefore, designers should put in significant computational effort even
when designing a drilled shaft footing for one biaxial flexural load case using the
equivalent force system, comprising two struts and two ties. Since a drilled shaft
footing is designed with many biaxial flexural load cases, it is not practical to
establish an equivalent force system comprising multiple force components.

Based on this fact, the research team proposes using an equivalent force system
consisting of a single compressive force and a single tensile force. This approach
decreases the strut inclinations and results in an increase in strut and tie forces
relative to those obtained from the equivalent force system with multiple struts and
ties, leading to a conservative design of drilled shaft footings. Under this equivalent
force system, the vertical strut is positioned at the resultant compressive force,
while the tie is at the resultant tensile force. The exact locations at the interface are
derived from the sectional analysis. To simplify the procedure, the tensile capacity
of the concrete and compressive reinforcement contribution are neglected, and only
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the column reinforcing bars at two adjacent tensile column faces are considered for
the sectional analysis to determine the equivalent force system.

5.1.2. 3D Strut-and-Tie Model

5.1.2.1. LC6: Axial Force Combined with Moderate Biaxial Flexure

Figure 5.2 presents the 3D strut-and-tie model for drilled shaft footings under axial
force combined with moderate flexural loading. The recommendations regarding
nodal elevations of the 3D strut-and-tie model remain the same as those
summarized in Section 4.1.

Figure 5.2 3D strut-and-tie model for drilled shaft footing under Load Case VI

The resultant compressive force of the established equivalent force system is
transmitted through four diagonal struts (Struts AC, AD, AE, and AF in Figure 5.2)
spreading from the CCC node to the four drilled shafts, respectively. A tie ring
(Ties CD, DE, EF, and CF in Figure 5.2) is necessary to resist the lateral force
component of the diagonal struts. A vertical column tie (Tie BB' in Figure 5.2)
representing the resultant tensile force of the equivalent force system extends down
to the plane of the bottom tie ring. To satisfy the vertical force equilibrium, an
additional diagonal strut (Strut AB in Figure 5.2) is provided, connecting the CCC
node and the bottom end node of the column tie element. The diagonal struts (Struts
BC, BE, and BF in Figure 5.2) on the horizontal plane of the bottom tie ring are
required to satisfy the horizontal force equilibrium at the CTT nodes. The
configuration of the 3D strut-and-tie model is almost the same as that proposed by
Ballestrino et al. (2011) (Figure 2.2). However, the internal force flow of drilled
shaft footings subjected to the biaxial flexural loading cases is no longer symmetric.
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Therefore, the configuration of the diagonal struts for the horizontal force
equilibrium is not fixed but varies depending on the footing geometry and
equivalent force system, as illustrated in Figure 5.3.
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Figure 5.3 Two different configurations of horizontal struts on the bottom tie ring plane

5.1.2.2. LC7: Axial Force Combined with Large Biaxial Flexure

The biaxial flexural loading induces tension at one of four drilled shafts and has the
most complicated internal force flow among the loading scenarios. The 3D strut-
and-tie model for this biaxial load case has not been investigated so far. The
research team developed a simplified 3D strut-and-tie model to understand the
internal force flow of drilled shaft footings resulting from this extreme biaxial
flexural loading condition, as shown in Figure 5.4.
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Figure 5.4 Simplified 3D strut-and-tie model for drilled shaft footing under Load Case VII

One tensile and the other three compressive reactions at the four drilled shafts are
carried by the resultant compressive force at the equivalent force system through
one diagonal tie (Tie AE in Figure 5.4) and three diagonal struts (Struts AC, AD,
and AF in Figure 5.4), respectively. The vertical column tie (Tie BB' in Figure 5.4)
resulting from the tensile resultant force of the equivalent force system is also
carried by the resultant compressive force through a diagonal strut (Strut AB in
Figure 5.4). All of the aforementioned diagonal elements are connected to the CCC
node beneath the column (Node A in Figure 5.4), and their lateral force components
satisfy the equilibrium. Similarly, the horizontal elements (Ties BG, CG, DG, and
FG and Strut EG in Figure 5.4) placed on the bottom tie ring plane are required to
satisfy the equilibrium at the nodes above drilled shafts (Nodes C through F in
Figure 5.4). Those elements also meet at the node (Node G in Figure 5.4) where the
CCC node is projected on the bottom tie ring plane and satisfy the equilibrium at
Node G.

(a) 3D strut-and-tie model with a single truss panel (b) 3D strut-and-tie model with a double truss panel

Figure 5.5 3D strut-and-tie models with a truss panel to transfer drilled shaft tie force
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A triangular truss panel for transmitting the tensile reaction is substituted with a
single rectangular truss panel (Figure 5.5a), which indicates that the truss panels of
the column tie force transfer mechanism and of the drilled shaft tie force mechanism
do not overlap each other. Nevertheless, the force transfer mechanism representing
the non-contact lap splice behavior between the drilled shaft reinforcement and
some column reinforcing bars (Tie 1J in Figure 5.5b) can be identified from the
model expressed with two rectangular truss panels (Figure 5.5b). However,
subdividing the column tie element into two ties requires computational effort, as
described in Section 5.1.1.

Figure 5.6 Idealized 3D strut-and-tie model for drilled shaft footing under Load Case VI

Figure 5.6 presents an idealized 3D strut-and-tie model by disassembling the
diagonal ties in Figure 5.4 into orthogonal ties to facilitate designing the top and
bottom mat reinforcement. Unlike the simplified model, the planes of the column
and tie force transfer mechanisms are integrated together in the idealized model,
and this discrepancy leads to inequilibrium at the CTT node of the drilled shaft
under tension (Node E in Figure 5.6). The error caused by the inequilibrium can be
estimated by shifting the nodal position of Node E to satisfy the equilibrium. The
externally applied moments are compared with those estimated from the reactions
of the shifted nodal position. The error was estimated in the design example covered
in Section 6.2.2 and was found to be insignificant, at less than 1.0% (0.6%).
Furthermore, the strut that induces the inequilibrium (Strut BE in Figure 5.6) is not
used for the nodal strength checks; therefore, the inequilibrium problem does not
greatly impact the design procedure.

One more thing that needs to be considered in the idealized model is positioning
the top nodes (Nodes Gi, Gz, ... and Gn in Figure 5.6) for the top tie elements.
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Whereas the 3D strut-and-tie model of the uniaxial flexural case resulting in tension
at two of four drilled shafts has a rectangular-shaped top tie ring owing to the
symmetric configuration of the model, the 3D strut-and-tie model of the biaxial
flexural case inducing tension at one drilled shaft is no longer symmetric. The
lateral force component of the diagonal strut representing the non-contact lap splice
behavior (Strut BI in Figure 5.6) is transferred to the CCC node underneath the
column through a top tie ring (Ties GnH, HI, 1J, and Gi1J in Figure 5.6) and
horizontal struts stemming from the corners of the top tie ring (Struts AH, AJ, and
AGi ... AGn in Figure 5.6). The second and third top nodes comprising the top tie
ring (Nodes H and J in Figure 5.6) are positioned on the center axes of two drilled
shafts adjacent to the drilled shaft under tension. On the other hand, the fourth node
cannot be positioned on the center axis of the drilled shaft to transfer the tie forces
and satisfy the equilibrium at Node A. Instead, a series of struts and ties are required
to be formed near the corner; however, determining the number of nodes to be
provided and their nodal positions for satisfying the requirements is overly
complicated. Therefore, since the strut-and-tie model configuration near the corner
varies significantly depending on the applied loading, the force component of each
strut and tie in this region is not considered. Nevertheless, the drilled shaft footing
design based on the idealized model is made possible by resolving the widespread
struts (Struts AG1 ... AGn in Figure 5.6) into a single diagonal strut (Strut AG)
whose force can be derived from the equilibrium at Node A. The top mat
reinforcement can also be designed from the orthogonal ties (Ties GnH, HI, 1J, and
G1J in Figure 5.6) of the model.

5.2. Perform Nodal Strength Check at CCC Node

5.2.1. Modified Equivalent Square Bearing Face

Before describing the proposed approach to defining the CCC nodal bearing face
under the biaxial loading scenarios that cause tension in the column section, the
research team reviewed the assumptions used to define the CCC nodal bearing face
for the other loading scenarios. The approaches employed to develop the
recommendations of Yi et al. (2022) for defining the bearing faces of the CCC node
in the drilled shaft footings under various load conditions are summarized below.

For a load case in which the entire column section is subjected to compression, the
column section is subdivided into four sections based on the actual stress
distribution according to the determined equivalent force system. Each of these
subdivided sections becomes the bearing face of the CCC node. The bearing faces
could have complex shapes depending on the load case (Load Case V in Figure 3.1);
therefore, each subdivided section is replaced with an equivalent square bearing
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face to develop the proposed 3D nodal geometry. Each equivalent bearing face is
considered to be subjected to uniformly distributed stress, regardless of the actual
stress distribution, when estimating its nodal strength. This approach is reasonable
since the entire column section is under compression, and the sum of the capacities
of the equivalent bearing faces is identical to the bearing capacity of the entire
column section.

On the other hand, the dimension of the bearing face of the CCC node is determined
based on the actual stress distribution when tensile stresses act on the part of the
column section due to flexure. For the continuously changing neutral axis, Yi et al.
(2022) defined the bearing face of the CCC node conservatively using the
compressive stress block region, which is smaller than the actual compressive
region over the column section, determined by equivalent stress block factors
proposed by Collins and Mitchell (1992). This approach is limited to the uniaxial
load cases (Load Case III and IV in Figure 3.1) since the equivalent stress factors
were not verified for the cases with biaxial flexural loading. The nodal strength
check was performed based on the 3D nodal geometry developed using the
rectangular-shaped bearing face of the CCC node.

However, the two aforementioned approaches cannot be directly applied to the
scenarios with biaxial loading in this research because not only is the entire column
section not subjected to compression, but the shape of the compressive region
changes depending on the applied load. Furthermore, the equivalent stress block
factors verified only for the cases under uniaxial flexural loading cannot be used.
As an alternative, in this study, the bearing face of the CCC node is defined through
a conservative approach. We assumed that the maximum stress value of the
compressive stress region over the column section derived from the sectional
analysis (f, in Figure 5.1) is uniformly distributed over the bearing face of the CCC
node. Therefore, a modified bearing area of the CCC node can be obtained by
dividing the resultant compressive force by the maximum stress value. After that,
the modified bearing area is replaced with an equivalent square-shaped bearing face
to cover the varying compressive region of the column section under the biaxial
flexural loading (Figure 5.1). Consequently, the derived square-shaped bearing face
is much smaller than the actual area of the compressive region but results in a much
simpler and conservative estimate of the CCC nodal strength. The research team
defined this simplified bearing face of the CCC node as the modified equivalent
square bearing face.

Nevertheless, the confinement modification factor described in Section 4.3.1 is
determined based on a square bearing face, equivalent to the actual compressive
area derived from the sectional analysis. As illustrated in Figure 5.7, this approach
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leads to a conservative design compared to the confinement modification factors
determined from the equivalent square bearing face and actual compressive area.

Ay Az
A2 A A
™= 4, A, ™= A, m= 1,

e
I
S

2
%
b S

K

(a) Equivalent square bearing face

(c) Modified equivalent square

(b) Actual compressive area

bearing face

Figure 5.7 Comparison of approaches defining confinement modification factor

Table 5.1 summarizes the approaches employed to define the bearing faces of the
CCC node in drilled shaft footings under different loading scenarios.

Table 5.1 Different approaches for defining bearing face of CCC node in drilled

shaft footings depending on loading scenario
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Load Case I Load Case Il Load Case 111 Load Case IV
Load Axial Compression Axial Compression + Aﬁg;g;ﬁ%ﬁ?;gﬁ Axial Compression +
Combination P Mild Uniaxial Flexure Flexure Large Uniaxial Flexure
Compressive Uniform Uniform
Stress Uniform Linear/Nonlinear (Equivalent stress (Equivalent stress
Distribution block) block)
Shape O.f . . . . Partial Partial
Compressive Entire Section Entire Section
Reoi (Rectangular) (Rectangular)
egion
Approach for
Bearing Face Equivalent Equivalent Equivalent Stress Equivalent Stress
of CCC Square Bearing Face Square Bearing Face Block Block
Node
Load Case V Load Case VI Load Case VII
Load Axial Compression + Motﬁ:::tlg rBiis;g; * Axial Compression +
Combination Mild Biaxial Flexure Large Biaxial Flexure
Flexure
Compressive
Stress Linear/Nonlinear Linear/Nonlinear Linear/Nonlinear
Distribution
C()Sr}rllag:s(s)ifve Entire Section Partial Partial
pre (3 Different types) (3 Different types)
Region
Approach for
Bearing Face Equivalent Modified Equivalent Modified Equivalent
of CCC Square Bearing Face Square Bearing Face Square Bearing Face
Node



5.2.2. Development of 3D Nodal Geometry

Under the proposed equivalent force system, the 3D strut-and-tie model has only
one CCC node connected with multiple struts acting in different directions. The
diagonal struts must be resolved to reduce the number of force components acting
at the CCC node to three for developing the 3D nodal geometry proposed by Yi et
al. (2022). However, when struts acting at only one CCC node are resolved to a
single strut, its lateral force component converges to be zero. Hence, it is impossible
to develop the 3D nodal geometry without additional modification. A bent cap
design example using the 2D STM proposed by Williams et al. (2012) subdivided
a node connected with multiple struts in opposite directions to develop the nodal
geometry to address a similar problem. The node was subdivided based on the ratio
of the vertical force components of the struts acting in the opposite direction, as
shown in Figure 5.8.

(a) 3D strut-and-tie model of Load Case VI (b) 3D strut-and-tie model of Load Case VII

e=e Struts carried by subdivided CCC nodes on Node F and D-sides
e=o Struts carried by subdivided CCC nodes on Node F-side
@ee Struts carried by subdivided CCC nodes on Node D-side

Internal force flow carried by subdivided CCC node on Node F-side

Internal force flow carried by Node D-side

Figure 5.8 Subdividing struts acting at CCC node to develop 3D nodal geometry

The research team also subdivided the CCC node of the 3D strut-and-tie models for
the scenarios with biaxial loading to develop its 3D nodal geometry. The forces
acting at the CCC node are subdivided into two groups based on the diagonal
sectional plane of the footing connecting the drilled shafts under the largest and
smallest reaction forces. The diagonal struts in the vicinity of this plane are
disassembled by the ratio of the reaction forces acting on the other two drilled shafts,
and the struts in each group are resolved into a single diagonal strut. The width of
the resultant compressive force and the modified equivalent square bearing face of
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the CCC node is also subdivided by the ratio of the reaction force acting on those
two drilled shafts. As a result, three force components (subdivided resultant
compressive force, resolved diagonal strut, and lateral force component of the
resolved diagonal strut) act at the two subdivided CCC nodes. Therefore, the 3D
nodal geometries of those two subdivided CCC nodes can be developed based on
the specified dimensions, as illustrated in Figure 5.9 and Figure 5.10.
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Figure 5.9 Development of 3D nodal geometry for CCC node in drilled shaft footing under
Load Case VI
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Figure 5.10 Development of 3D nodal geometry for CCC node in drilled shaft footing
under Load Case Vil
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Chapter 6. Design Example

6.1. Summary of Previously Published Design Example

6.1.1. Drilled Shaft Footing Geometry

435 W, = 7.50° 4.5

Z

L.

P

g
"+ ]
= b— & Drilled Shaft —|
! !
! !
! !
=1 !
OH=0.75'—+—1— = bt He ou-o07s
Dps=4.00° - Dps = 4.00°
|
! Sps=10.50"
L= 16.00"
ELEVATION
¥ ) L,=16.00"
. 5.00" L 8.00°
X
*—¢ Column & _ .
€ Footing OH=0.75
=]
=
=+
= I
= &
2 i
= ¥ Column w | 'E_;
" (P_FD-Dling W __.=7.50" "-g L]
-j. N ool o
2 g
o -+
IIE
— | s
i OH=0.75'
OH=0.75 , 11— OH=0.75'
Dps=4.000 650 Dps = 4.00°
PLAN
Figure 6.1 Geometry of the drilled shaft footing for the design example (Williams et al.,
2012)
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The design example of TxDOT 0-6953 (Yi et al., 2022) is a drilled shaft footing
with the same geometry as Williams et al. (2012). The 16-foot-square drilled shaft
footing is 5 feet tall and supported by four 4-foot-diameter drilled shafts, with a
span of 10.50 feet. The footing has a rectangular column with a dimension of 7.50
by 6.25 feet. The footing and the column are doubly symmetric with respect to x-
and y-axes, as illustrated in Figure 6.1.

6.1.2. Load Cases

The drilled shaft footing of the design example of Y1 et al. (2022) has five different
loading scenarios. Figure 6.2 shows the factored load combinations of the five
loading scenarios.

'ﬂ, =2849 k

My, = 9507 k-ft

u P, = 5000 k
uyy = -

Load Case IV Load Case V

Figure 6.2 Factored load combinations used for design example of Yi et al. (2022)

6.1.3. Designed Reinforcement Detail

The reinforcement details designed from the five loading scenarios are summarized
in Table 6.1.

33



Table 6.1 Summary of reinforcement designed with Load Case | through V

Reinforcement Anchorage Governing
Amount Detail Load Case
Bottom Mat . .
Reinforcement 38-No.11 @ 5.00 in. Straight Load Case |
Top Mat 20-No.6 @ 10.00 in. Straight Minimum
Reinforcement X
Vertical Side Face Shrinkage and
. 20-No.6 @ 10.00 in. | 90-Degree Hook Temperature
Reinforcement .
Horizontal Side Face Reinforcement
- 1 - 0
Reinforcement 5-No.6 @ 10.00 in. 90-Degree Hook (0.18%)
.Column 44-No.11 90-Degree Hook N/A*
Reinforcement
Drilled Shaft 4-No.9 180-Degree
Reinforcement (Embedded in footing) Hook Load Case IV

*Column reinforcement layout is already given

6.2. Design Task

To supplement the design example of Yi et al. (2022), the research team designed
the same drilled shaft footing with two additional biaxial loading scenarios using
the proposed design guidelines. Therefore, the research team used the same
concrete compressive strength (f; = 3.6 ksi) and yield strength of reinforcement
(fy = 60 ksi) as those of the previous design example.

One of the reviewed in-practice drilled shaft footings (Footing A in Table 3.1) has
the same geometry as the footing designed in this section. Therefore, the extreme
biaxial load cases classified as Load Case VI and VII (refer to Figure 3.1) are
selected for the design example.

Based on the refined design recommendations introduced in Chapter 5, the drilled
shaft footing is designed with a biaxial flexural loading following the general STM
procedure below:

Step 1: Determine loads

Step 2: Analyze structural components

Step 3: Develop strut-and-tie model

Step 4: Proportion ties

Step 5: Perform strength checks

Step 6: Proportion the shrinkage and temperature reinforcement

Step 7: Provide necessary anchorage for ties
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6.2.1. Design Calculations: Load Case VI

Figure 6.3 illustrates the factored load case where the column is subjected to axial
compression combined with moderate biaxial flexure. This loading combination
leads to tension at one corner of the column and non-uniform compression in drilled

shafts.
P,=1656 k
‘ M,, = 3670 k-ft

Z
X Fky M,,, = 1440 k-ft

Figure 6.3 Factored load: Load Case VI

6.2.1.1. Step 1: Determine the Loads

Based on the given loading combination, a sectional analysis is conducted to
determine the equivalent force system over the column section. Three unknowns
(neutral axis depth (c); neutral axis inclination (8); and extreme compressive fiber
strain (&.)) are derived from three equilibrium equations (X B, = 0; > M,,,, =
0; X M,,, = 0) through an iterative process. The calculation procedure is provided
in Appendix A. Figure 6.4 presents the derived strain and stress distribution over
the column section, and the compressive and tensile resultant forces of the section
determines the equivalent force system.
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1047 psi

£, =3.1x 104

D,, = 6.25'

™ [ ] .o [ ) [ ]

197 ' 3.01

Figure 6.4 Stress distribution over the column section: Load Case VI

6.2.1.2. Step 2: Analyze Structural Component

The reaction forces in drilled shafts can be derived from the equilibrium conditions
of the external loading. Figure 6.5 presents the results of the structural analysis.

P, 1( M 1( M
R1 — _u+_(ﬂ> +_(ﬂ)
4 2\Spsx 2 \Sps,y
_ 1656 k1p (1440 k- ft) (3670 k—ft
10.50 ft 2 10.50 ft
M M,
R2 - < - ) ( o )
Spsx Sps,y
1656 klp 1 (144-0 k- ft) (3670 k—ft
2\ 10.50 ft 10.50 ft

) = 657.3 kip (Compression)

) = 520.2 kip (Compression)
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M M
SDSx SDSy
_ 1656 k1p 1440 k— ft) 1 (3670 k—ft
10. 50 ft 2 10.50 ft

4= SDSx SDSy
1656 k1p 1 (1440 k- ft) (3670 k—ft
2 10.50 ft 2 10.50 ft

P, = 1656 k
z ‘
M,,, = 3670 k-ft

X "”ky ﬁnﬂw = 1440 K-ft

1
2

) = 307.8 kip (Compression)

) 170.7 kip (Compression)

Figure 6.5 Applied loading and reaction forces: Load Case VI

6.2.1.3. Step 3: Develop Strut-and-Tie Model

The research team developed a 3D strut-and-tie model corresponding to the applied
loading condition following the basic principle of the 3D STM specified in Section
5.1.2.1. The strut-and-tie configuration on the bottom plane of this design example
is different from that of Ballestrino et al. (2011). This difference results from the
discrepancy between lateral force components of the diagonal struts flowing down
to drilled shafts. As illustrated in Figure 6.6, the y-directional lateral force
component of Strut AD is higher than that of Strut AC; therefore, a horizontal strut
(Strut BC) must be connected to Node C to satisfy the equilibrium.
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Based on the strut-and-tie model configuration, strut forces and tie forces satisfying
the equilibrium of each axis at each node can be computed, as shown in Figure 6.7

and Figure 6.8. The calculation procedure to derive the elemental forces is provided
in Appendix B.

3D VIEW
f ¢ = ': { - F i | y-force component of Strut AC
\ of S,/ L !
N1 4 /| =11156c0s36.1°cos 36.1° = 728.0 kip
N i
NN »” I'
SOt / f t of Strut AB
\\ > 5 y-Ttorce component o ru
td
S A}‘*\ N ] = 1022.2 cos 30.6° cos 28.6° = 772.8 kip
© 'I S -.~:\\ B
= ! . \..\ ’ . . .
/ y f S "\ Strut BC is required to satisfy
,/ NN the y-directional force equilibrium
7 iy \\x:\"\"- [T
f28.6°7 FARON. \ | y-force component of Strut BC
I T q !
N OB = 71.7 cos 51.3° = 44.9 kip
PLAN VIEW

Figure 6.6 Determination of the strut-and-tie model configuration: Load Case VI
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Figure 6.8 3D strut-and-tie model (axonometric view): Load Case VI
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6.2.1.4. Step 4: Proportion Ties

The required number of No. 11 reinforcing bars for the bottom mat reinforcement
can be estimated from the computed bottom tie forces. Furthermore, the researchers
examined the capacity of the column-reinforcing bars in the tension side of the
column to verify whether they can carry the computed column tie force based on
the given column reinforcement layout and the derived stress distribution over the

column section.

Tie CD (Bottom Mat Reinforcement)

Factored tie force:

Tie capacity:

Number of No. 11 bars required:

Fytie = 772.8 kip

o fy st = utle
(0.9)(60 k51)Ast 772.8 kip
Ag = 14.311in.2

s 2
14.31 in. /1.56 iz = 10 bars

Tie DE (Bottom Mat Reinforcement)

Factored tie force:

Tie capacity:

Number of No. 11 bars required:

Fyie = 420.7 Kip

¢ fy st = utle
(0.9)(60 ksi)As; = 420.7 Kkip
A = 7.79in.2

ia 2
779 56z = 5 bars

Tie EF (Bottom Mat Reinforcement)

Factored tie force:

Tie capacity:

Number of No. 11 bars required:

Fyie = 454.2 Kip

¢ fy st = utle
(0.9)(60 ksi)4y, = 454.2 kip
Az = 8.41in2

ia 2
SALINY| 56in2 = 6 bars

Tie CF (Bottom Mat Reinforcement)

Factored tie force:

Tie capacity:

Number of No. 11 bars required:

Fy tie = 587.6 kip

¢ fy st = utle
(0.9)(60 ksi)A;, = 587.6 kip
A, = 10.88 in.2

2
10.88 in. /1.56 2= 7 bars



Tie BB' (Column Reinforcement)

Factored tie force: Fy tie = 80.2 kip

Tie capacity: ¢ fy - Ast = Fytie
(0.9)(60 ksi)A; = 80.2 kip
Ag = 1.49in.2

- 2
Number of No. 11 bars required: 1.49 in. /1.56 2= 1 bars

(18 bars are under tension)

As summarized in Table 6.1, the bottom mat reinforcement determined in Load
Case I (19 bars per tie element) still governs the design. In addition, the column
reinforcing bars under tension are sufficient to carry the column tie force.

6.2.1.5. Step 5: Perform Strength Checks

The nodal strength checks for one CCC node (Node A in Figure 6.8) and four CTT
nodes (C, D, E, and F) are performed in this step. Whereas the nodal strength check
procedure for the CTT nodes is identical to that of Yi et al. (2022), that of the CCC
node is performed following the proposed design procedure of this research owing
to the single strut-based equivalent force system.

. Node A (CCC node)

The extreme compressive fiber stress and resultant compressive force over the
column section derived from the sectional analysis are used to develop the modified
equivalent square-shaped bearing face of the CCC node that is proposed in this
research. The area of the modified equivalent square bearing face (A4,,.) and its
width (W,,) can be derived from the below equation. It is much smaller than that
of the actual compressive region (4,) of the column, as depicted in Figure 6.9. The
area represents the conservativeness of the proposed approach to perform the nodal
capacity check for the CCC node.

_F, _1736.2kip

Ape =2 = = 1658 in.?
me = F = 7105 ksi n

Woq = \/Ame = 40.7 in,
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fc =1047 psi 1047 psi

=6.25"

Deos

(b) Assumed compressive
stress distribution for modified
equivalent square bearing face

(a) Actual compressive stress
distribution

(c) Comparison between two
compressive regions

Figure 6.9 Derivation of modified equivalent square bearing face of CCC node (Node A):
Load Case VI

The diagonal struts acting at Node A are subdivided diagonally based on the
reaction forces at Node D and F, as described in Section 5.2.2, to develop the nodal
geometry of the CCC node, as follows:

Node D-side
P ( Rp )—(11156)( 20.2 )—70091{'
AC,D — FAC Rp + Ry - ' 520.2 + 307.8) 2 XIp
Rp 520.2
F =F,.|———) = (4315 ( ) =271.1ki
AE,D AE (RD + RF> ( ) 520.2 + 307.8 P
Rp 520.2
F =F,———— = (134. = 84.2 ki
AB,D 'AB (RD + RF> (134.0) (520.2 + 307.8> 8 P
Node F-side
e ( Ry )—(11156)( 307.8 )—4147k'
ac,F = Fac R, + Ry - ’ 520.2 + 307.8) P
R 307.8
F =F..|———) = (4315 ( ) = 160.4 ki
AEF AE (RD + RF> ( ) 520.2 + 307.8 P
R 307.8
Fupp = Fpp (——) = (134.0 = 49.8 ki
AB,F AB (RD + RF) ( ) (520.2 + 307.8) P
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Similarly, the resultant compressive force and the modified bearing face are also
subdivided into two components (Figure 6.10). The subdivided compressive forces
are applied to the centroid of each subdivided bearing face, and the centroids are
considered to be subdivided nodes of the CCC node (Nodes A, and Ar).

Figure 6.10 Subdivided bearing face of CCC node (Node A): Load Case VI

Rp 520.2 _
Fap = Fa <m> = (17362) (520 2+ 307 8) = 1090.7kip
R 307.8 _
Far =Fa (m) = (17362) (520 2 + 307 8) = 6454 kip
D F . .
F 1090.7
F 645.4

The two subdivided groups of internal forces are resolved into two diagonal struts

(Faa,p and Fya,r)-

Force component™, kip Strut Force, kip
Strut
X y z (Vx? +y%+2?)
Facp -334.0 4573 413.0 700.9
F, . -159. . .
Node Dside AE.D 191.3 159.3 107.2 271.1
Fupp 62.1 -26.7 50.4 84.2
Fip -420.7 -772.8 520.2 1022.2
Resolved
Strut Faap -501.5 -501.5 1090.8 1301.0
Strut Angle (atan(z//x? + y?)), DEG 57.0

*The sign of a number is based on the coordinate specified in Figure 6.8
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Force component*, kip Strut Force, kip

trut
S x y 2 ([P Hyr+7)

Facr -197.6 270.6 244 .4 414.7

F, . -94. . .
Node Fuside B F 113.2 94.3 63.4 160.4
Fasp 36.7 -15.8 29.8 49.8
Fur 549.2 340.9 307.8 716.0

Resolved

S Frar 501.5 501.5 645.4 958.9
Strut Angle (atan(z/4/x? + y?)), DEG 42.3

*The sign of a number is based on the coordinate specified in Figure 6.8

Therefore, each subdivided node is subjected to three force components:
subdivided resultant compressive force, resolved diagonal strut, and horizontal
force component of the resolved diagonal strut. Following the design
recommendations of Yi et al. (2022), the 3D nodal geometry of two subdivided
nodes can be developed based on the specified dimensions, as depicted in Figure
6.11, Figure 6.13, and Figure 6.14.

Fyp = 1090.7 kip : Fyp = 645.4 kip
| Node A, “

£
au
/!,Vbdg Ao =

PLAN VIEW 3D VIEW

Figure 6.11 Subdivided and resolved internal forces to develop 3D nodal geometry of
CCC node: Load Case VI

The triaxial confinement factor, m, can be computed from the equivalent square
bearing face with the same area of the actual compressive region of the column
section (Figure 6.12). The center of the assumed bearing area coincides with the
resultant compressive force position derived from the sectional analysis described
in Section 6.2.1.1.
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| 16.00°

Loaded Area, A,

12.05'

5.51’x 5.51’

16.00'
6.25'

12.05' -

Figure 6.12 Determination of confinement modification factor, m, for Node A: Load Case VI

_ [Ae _ r2osx1205 o 1o
M= 4, T s51x551 0= sem= s

Concrete efficiency factor, v, is determined in accordance with Table 5.8.2.5.3a-1
of AASHTO LRFD (2020). The footing will be designed accordingly to satisfy the
minimum side face reinforcement requirement (> 0.18%); therefore, the concrete
efficiency factor does not have to decrease to 0.45.

1090.7 k
— 40T

Figure 6.13 Details of 3D nodal geometry at Node Ap: Load Case VI
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NODAL STRENGTH AT BEARING FACE (Node Ap)

Factored load:
Concrete efficiency factor:

Concrete capacity:

Nodal capacity:

Fupearing = 1090.7 kip
v =0.85

fou=m-v-f! = (2.19)(0.85)(3.6 ksi)

= 6.70 ksi

¢Fn,bearing = ¢fcuVVqueq,D
= (0.7)(6.70 ksi) (1042 in.2 )
= 4886.8 kip > 1090.7 kip OK

NODAL STRENGTH AT BACK FACE (Node Ap)

Factored load:

Effective area:

Concrete efficiency factor:

Concrete capacity:

Nodal capacity:

Fypacke = 709.2 kip
Acnpack = Waq * 0.2H = (40.7 in.)(12.0 in.)

= 489 in?
v =0.85
fou =m-v-f) =(2.19)(0.85)(3.6 ksi)
= 6.70 ksi

¢Fn,back = ¢fcuAcn,back
= (0.7)(6.70 ksi) (489 in.? )
= 2292.2kip > 709.2kip OK

NODAL STRENGTH AT STRUT-TO-NODE INTERFACE (Node Ap)

Factored load:

Effective area:

Concrete efficiency factor:

Concrete capacity:

Nodal capacity:

Fu,SNI = 13010 klp
Agnsn = Wag - Ls = (40.7 in.)(28.0 in.)

— 1140 in.?
—os8s_/J¢ _ 0.85 _ 3.6ksi
V=085 -7/ s = 0.85 /20 ksi
=067>065  -sev=0.65
fu =m-v-f = (2.19)(0.65)(3.6 ksi)
= 5.12 ksi

QF, = ¢fcuAcn,SN1
= (0.7)(5.12 ksi) (1140 inz)
= 4088.5kip > 1301.0kip OK
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Figure 6.14 Details of 3D nodal geometry at Node Ar: Load Case VI
NODAL STRENGTH AT BEARING FACE (Node AF)

Factored load: Fypearing = 645.4 Kip

Concrete efficiency factor: v = 0.85

Concrete capacity: fou =m-v-f) =(2.19)(0.85)(3.6 ksi)
= 6.70 ksi
Nodal capacity: ¢Fn,bearing = ¢fcuVVeq Weq,F
= (0.7)(6.70 ksi) (616 in.?)

= 2891.6 kip > 645.4kip OK
NODAL STRENGTH AT BACK FACE (Node Ar)

Factored load: Fy pack = 709.2 kip
Effective area: Acnpack = Weq - 0.2H = (40.7 in.)(12.0in.)
= 489 in?
Concrete efficiency factor: v = 0.85
Concrete capacity: fou =m-v-f) =(2.19)(0.85)(3.6 ksi)
= 6.70 ksi
Nodal capacity: QF, nback = ¢fcuAcn,back
= (0.7)(6.70 ksi)(489 in.?)

= 2292.2kip > 709.2kip OK
NODAL STRENGTH AT STRUT-TO-NODE INTERFACE (Node Ar)

Factored load: Fy sn; = 958.9 kip
Effective area: Acnsng = Weq - Lg = (40.7 in.)(19.11in.)
= 776 in.?
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Concrete efficiency factor: _ _ [ ! _ _ 3.6 ksi
v =085-"/50 =085 /20 ksi

= 0.67 > 0.65 ~sev =0.65
Concrete capacity: fou =m-v-f) =(2.19)(0.65)(3.6 ksi)
= 5.12 ksi
Nodal capacity: OF, = ¢fculcensni

= (0.7)(5.12 ksi) (776 in2)
= 2784.7 kip > 9589 kip OK

. Node C (CTT Node)

Figure 6.15 illustrates the dimension and applying forces after resolving struts AC
and BC at Node C in three dimensions based on the proposed recommendations of
this study. Two diagonal struts (F.4 and F.p) are resolved into one diagonal strut
as summarized in the following table.

Force component*, kip Strut Force, kip
Strut > > 5
x y z (W x?% +y?% + z?)
Diagonal Fey -531.7 728.0 657.3 1115.6
struts Fes -55.9 44.9 0.0 71.7
Resolved
Strut Fuc -587.6 772.8 657.3 1172.4
Strut Angle (atan(z//x? + y?)), DEG 34.1

*The sign of a number is based on the coordinate specified in Figure 6.8

The confinement modification factor of the bottom nodes (Nodes C through F) is
1.55 as illustrated in Figure 6.16. For the CTT node, the concrete efficiency factors
at each face are identical to the following:

—ogs_f¢ _ _ 3.6 ksi _ : _
v=1085-"/50 s = 085 /o0 ksi = 067 > 0.65 = sev =065

Note that the nodal strength check at back faces is not necessary since an adequate
development length that satisfies the anchorage requirement is provided in this
example.
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1115.6 kips
“(StrutCA
»7 ( Oca =)36. 1°
T_ CF Qg = 53.9°
e
C A ~~ 717 kips
(Strut CB)
657.3 kipsTie CD 9cs =

(Ri) tcp = 38.8° L

1172.4 kips
”’ (Fli.Stl'lit)

. T L, =D'pssin@ + 2c,cos 0 657.3k
657.3 kips =42.5"sin34.1°+ 2X(4"+1.41") cos 34.1°
(Fubearing) =23.85"+894" = 32.8"

Figure 6.15 Resolving the strut forces (left) and details of 3D nodal geometry and applied
forces (right) at Node C

~—% column & Footing

Tl —
Equivalent Square
'Drilled Shaft
0
o ”4_%” 7””7”143,75:50‘:(5.50
I|I:lg m -
ay o
= 1
» € Drilled Shaft a5
5.50 '

Figure 6.16 Determination of the confinement modification factor, m, for bottom nodes
(Nodes C through F)

_— = 1. < = 1.
354 X 354 1.55<2 sem = 1.55
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NODAL STRENGTH AT BEARING FACE

Factored load: Fy pearing = 1165.0 kip

Concrete efficiency factor: v = 0.65

Concrete capacity: fow =m-v-f; =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi

Nodal capacity: ¢Fn,bearing = ¢fcuAcn,bearing

= (0.7)(3.63 ksi)(1809.6 in.2)
= 4598.8 kip > 657.3kip OK

NODAL STRENGTH AT STRUT-TO-NODE INTERFACE

Factored load: Fy, sny; = 1756.1 kip

Concrete efficiency factor: v = 0.65

Effective area: Acnsn = Ws - Lg = (42.5in.)(32.81n.)
= 1395.7 in.?
Concrete capacity: fouw =m-v-f =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi
Nodal capacity: ¢Fn,SNI = ¢fcuAcn,SNI

= (0.7)(3.63 ksi)(1395.7 in?)
= 3546.5kip > 1172.4kip OK

50



. Node D (CTT Node)

Figure 6.17 illustrates the dimensions and applying forces at Node D in three
dimensions based on the proposed recommendations of this study. The confinement
modification factor and the concrete efficiency factor of Node D are the same as
those of Node C (m = 1.55 and v = 0.65).

520.2 k

L, =D'pssin8 + 2¢c,cos 8
=42.5"sin30.6°+ 2X(4"+1.41") cos 30.6°
=21.65"+930"= 31.0"

Figure 6.17 Details of 3D nodal geometry and applied forces at Node D

NODAL STRENGTH AT BEARING FACE

Factored load: Fy pearing = 520.2 kip

Concrete efficiency factor: v = 0.65

Concrete capacity: fow =m-v-f; =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi

Nodal capacity: QF, n,bearing = qbfcuAcn,bearing

= (0.7)(3.63 ksi)(1809.6 in.2 )
= 4598.8 kip > 520.2kip OK
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NODAL STRENGTH AT STRUT-TO-NODE INTERFACE

Factored load: Fy sny; = 1756.1 kip

Concrete efficiency factor: v = 0.65

Effective area: Acnsn = Ws* Lg = (42.5in.)(31.0in.)
= 1317.1 in.?
Concrete capacity: fow =m-v-f; =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi
Nodal capacity: dFnsni = Ofculensni

= (0.7)(3.63 ksi) (1544.9 in?)
=3346.8kip > 1022.2kip OK

. Node E (CTT Node)

Figure 6.18 illustrates the dimensions and applying forces at Node E in three
dimensions based on the proposed recommendations of this study. The confinement
modification factor and the concrete efficiency factor of Node E are the same as
those of Node C (m = 1.55 and v = 0.65). Two diagonal struts (Fg4 and Fgp) are
resolved into one diagonal strut as summarized in the following table.

Force component*, kip Strut Force, kip
Strut > > >

x y z (W x?% +y?% +z?)
Diagonal Fgy 304.4 -253.5 170.6 431.3
struts Fep 116.3 -200.8 0.0 232.0

Resolved

Strut Fuk 420.7 -454.2 170.6 642.2
Strut Angle (atan(z/+/x? + y?)), DEG 15.4

*The sign of a number is based on the coordinate specified in Figure 6.8
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431.5 kips N
(StrutEA) /
Ops =23.3 ) /
apy=39.8°"V4, _Tie EF /

231.8 kips -~

(Strut EB) /" 642.2 Kk
t’g = g‘;_go Tie ED {:Resolved s
170.7 kips <--(EA*
-, ® ;
. N N
642.2 kips N
(Fu.strut)\ Tie EF AN

170.7 k

. L; = D'pssin6 + 2c,cos @
1;0.7 kips = 42.5"sin15.4°+ 2X(4"+1.41") cos 15.4°
( u,bearing) =11.30"+1041"=21.7"

Figure 6.18 Resolving the forces (left) and details of 3D nodal geometry and applied
forces (right) at Node E

NODAL STRENGTH AT BEARING FACE

Factored load: Fy pearing = 170.7 kip

Concrete efficiency factor: v = 0.65

Concrete capacity: fou =m-v-f) = (1.55)(0.65)(3.6 ksi)
= 3.63 ksi

Nodal capacity: ¢Fn,bearing = ¢fcuAcn,bearing

= (0.7)(3.63 ksi)(1809.6 in.2 )
= 4598.8 kip > 170.7 kip OK

NODAL STRENGTH AT STRUT-TO-NODE INTERFACE

Factored load: Fy sn; = 642.2 kip

Concrete efficiency factor: v = 0.65

Effective area: Acnsn = Ws* Lg = (42.5in.)(21.7 in.)
= 924.6 in.?
Concrete capacity: fow =m-v-f; =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi
Nodal CapaCity: QF, n,SNI = ¢fcuAcn,SNI

= (0.7)(3.63 ksi)(924.6 in?)
= 2349.4 kip > 642.2kip OK
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. Node F (CTT Node)

Figure 6.19 illustrates the dimensions and applying forces at Node F in three
dimensions based on the proposed recommendations of this study. The confinement
modification factor and the concrete efficiency factor of Node F are the same as
those of Node C (m = 1.55 and v = 0.65). Two diagonal struts (Fr4 and Frp) are
resolved into one diagonal strut as summarized in the following table.

Force component*, kip Strut Force, kip
Strut > > 5
x y z (Vx% +y%+2z?%)
Diagonal Fra 549.2 340.9 307.8 716.0
struts Fg 38.4 113.4 0.0 119.6
Resolved

St Fur 587.6 4542 307.8 803.9
Strut Angle (atan(z//x? + y?)), DEG 22.5

*The sign of a number is based on the coordinate specified in Figure 6.8

716.0 kips
’
PA (Strut Fﬁls. 50

) 7]
- A o Tie FE a§i= 31.8° /
ﬂng.s kips
(StrutFB) / 803.9k

307.8 kipsTie FC 8¢ = 0° jRESOWEd 2

(R4) “63271-30 ‘;\_"‘“-..(,FA

-

803.9 kips
- (Fu.str'ut)

307.8 kips L, =D'pssin@ + 2c,cos 0
=42.5"sin22.5°+ 2X(4"+1.41") cos 22.5°
=16.29"+998"= 26.3"

Figure 6.19 Resolving the forces (left) and details of 3D nodal geometry and applied
forces (right) at Node F

(F u,bearing)
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NODAL STRENGTH AT BEARING FACE

Factored load: Fy pearing = 307.8 kip

Concrete efficiency factor: v = 0.65

Concrete capacity: fow =m-v-f; =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi

Nodal capacity: ¢Fn,bearing = ¢fcuAcn,bearing

= (0.7)(3.63 ksi)(1809.6 in.2)
= 4598.8 kip > 307.8kip OK

NODAL STRENGTH AT STRUT-TO-NODE INTERFACE

Factored load: Fy sn; = 803.9 kip

Concrete efficiency factor: v = 0.65

Effective area: Acnsn = Ws - Lg = (42.5in.)(26.3in.)
=1118.11in.?
Concrete capacity: fou =m-v-f =(1.55)(0.65)(3.6 ksi)
= 3.63 Kksi
Nodal capacity: dFnsni = Pfculensni

= (0.7)(3.63 ksi)(1118.1 in?)
=2841.1kip > 803.9kip OK

Therefore, the nodal capacities of the CCC nodes and CTT nodes with defined
nodal geometry are greater than factored loads.

6.2.1.6. Step 6: Proportion Shrinkage and Temperature
Reinforcement

The widths of the footing in both directions are 192 in. and the thickness is 60 in.
For this footing, 0.50 in.?/ft. for side faces is required for shrinkage and
temperature reinforcement, as the following calculation indicates.

1.30bh 1.30(192 in.)(60 in.)

A. > = = 0. in.? /ft.
S22 F Wf,  2(192in 160in) (G0 ksp) 0 /M

To determine the spacing of side face reinforcement, the spacing of bottom mat
reinforcement (5 in.) is doubled, for practical purposes. This spacing (10 in.) is
under the maximum of 12 in. for components thicker than 36.0 in. On the side faces,
No. 6 bars with 10 in. spacing (4, = 0.53 in.2/ft.) are provided in both horizontal
and vertical directions. On the top face, No. 6 bars with 10 in. spacing in orthogonal
directions are provided. The shrinkage and temperature reinforcement is not
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necessary on the bottom face because uniformly distributed bottom mat
reinforcement exists over the entire bottom face. The reinforcing details are
provided in Section 6.2.3.

6.2.1.7. Step 7: Provide Necessary Anchorage for Ties

° Bottom Ties

As described in Section 4.4, all ties have to be completely developed at the section
where the tie centroid intersects with the extended nodal zone. It is necessary to
check whether the available development length for bottom mat reinforcement is
greater than the minimum requirement. Figure 6.20 depicts the available length of
Tie CD at both ends. Resolved struts were used to define the extended nodal zone,
and the projected angles on XZ- and YZ-plane as summarized the following table.

Projected Angle, DEG

Resolved  Force component™®, kip Strut Force, kip
XZ-Plane YZ-Plane

St X y z XAyt atan(z/x) atan(z/y)
CA -587.6  772.8 6573 1172.4 48.2 40.4
DA -420.7 -772.8 520.2 -1022.2 51.0 33.9
EA 420.7 -454.2 170.6 642.2 22.1 20.6
FA 587.6 4542 307.8 803.9 27.6 34.1

*The sign of a number is based on the coordinate specified in Figure 6.8

(unit: in. if not specified)

YZ-Plane YZ-Plane
Resolved SErut (AC+BC) Strut AD
\ a A Ay >
Extended Nodal Zone Footing Extended\l&dal Zone Footing
. i |
GCA,pro {) NZ I 7] D A,pro} I
Tie cp N 204 Tie cODNA = 33.9
5.41 5.41) =i
o Equivalent Square 3 o Equivalent Square 3
Critical Drilled Shaft = Critical Drilled Shaft =
Section Section
6.4) 42.5/2 48/2+9 80| 425/2 48/2+9
T T
< laacpc =576 - laacpp =593 _
(a) Node C (b)Node D

Figure 6.20 Critical sections for the development of Tie CD
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The available development lengths for the bottom ties are indicated by the
following calculation:

Tie CD

c
laagcpc = — Dps'/2+ Dps/2+ OH — ¢
tan 0ca proj-vz

5.41 in.
= —(tan 20 43 +(425in.)/2 + (48.0in.)/2 + 9in. -3 in.= 57.6 in.
l L + Dps'/2 4 Dps/2 + OH
~one.. . —c
ad,CD,D tan GDA,proj—YZ DS DS
5.41 in.
= ian 33 90) +(42.5in.)/2 4+ (48.0in.)/2 + 9 in.—3 in.= 59.3 in.
Tie DE
: b + Dps'/2 + Dps/2 + OH
T ond. .. o —c
ad,DE,D tan QDA,proj—XZ DS DS
(5.41in.) _ _ . . |
= ancioe T (425in.)/2+(48.0in.)/2 + 9in.~3 in.= 55.6 in.
: = & + Dps'/2 + Dps/2 + OH
ad,DE,E — tan OEA,proj—XZ DS DS C
(5.41in.) _ _ . . |
= w@n221° T (42.5in.)/2 + (48.0in.)/2 + 9 in. —3 in. = 64.6 in.
Tie EF
l = b + Dps'/2 + Dps/2 + OH
ad,EF.E — tan OEA,proj—YZ DS DS c
(5.41in.) _ _ . . |
= @n206 T (42.5in.)/2 + (48.0in.)/2 + 9 in. —3 in. = 65.7 in.
Cp ,
laaerr = + Dps'/2 4+ Dps/2+ OH — ¢

tan HFA,proj—YZ
_(541in.)

=——+(425in.)/2 + (48.0in.)/2 + 9 in. —3 in. = 59.3 in.
tan 34.1°
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Tie CF

Cp
l =——— +Dys'/2+ Dpg/2 + OH —
ad,CF.C = on HCA,proj—XZ ps'/ ps/ c
5.41 in.
= g +(42.5in.)/2 + (48.0in.)/2 + 9 in.—3 in. = 55.6 in.
tan 51.0°
c
lag,crr = d + Dps'/2 + Dpg/2+ OH — ¢

tan BCA,proj—XZ
_ (541in.)

=——+(42.5in.)/2+ (48.0in.)/2 + 9in.—3 in.= 61.6 in.
tan 27.6°

The minimum required development lengths of a straight bar and a 90- or 180-
degree hooked bar are calculated in accordance with Article 5.10.8.2 of AASHTO
LRFD (2020). Table 6.2 summarizes the calculation of the minimum development
lengths for each tie and each anchorage type and compares them with the available
lengths. As a result, both straight and hooked No. 11 bars are adequate for the
development within proposed available lengths for all ties due to the low
reinforcement excess factorAi,, (required reinforcement area/provided reinforcement
area). Using straight reinforcing bars for the bottom mat, as is the most common
current practice, is suggested.
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Table 6.2 Summary of the minimum development lengths

AridefArch
Note) I = 2_4@&(%} lop = 38dy fy

lag min: the minimum of the available development length at both ends of a tie

VFre

60 flc(

A,: reinforcement location factor (=1.0)
Acg or Ay, coating factor (=1.0)
A,¢: reinforcement confinement factor (no transverse reinforcement assumed for straight
bars and 1.0 for hooked bars)
Aer: €xcess reinforcement factor
A: concrete density modification factor (=1.0)

° Vertical Tie

The anchorage check for the vertical column tie element (Tie BB') also needs to be

A )

. ld or ldh lad,min

Tie Anchorage Type Are Aer [in.] [in.] Check
Straight 0.56 0.48 29.1 OK

D Hooked 1.00 0.48 13.6 376 OK
Straight 0.56 0.26 15.9 OK

DE Hooked 1.00 0.26 7.4 336 OK
Straight 0.56 0.28 17.1 OK

EF Hooked 1.00 0.28 8.0 593 OK
Straight 0.56 0.37 22.2 OK

CF Hooked 1.00 0.36 10.4 536 OK

ArcAcwler

performed. The available length for the column reinforcement is determined by the
compression field proposed by Yi et al. (2022) (Figure 6.21) and can be computed

as follow:

laa.coL = (i—:) (0.9H — ¢) — (dppu) = (

26.9
86.7

)(0.9(60) _5.41) — (1.41) = 13.7 in.

—an 1
0.1H =6 h~
IS
4 s
LL N
’ SO
,’ ~ \\~
e SN Critical Section
/ ~ ~J0
4 SN Ta
dp py = 141" 4 ~ ~o Available Development
' d S J-s“gth (Laacor)
¢, = 5.41"§‘ﬁ = =
Ly = 26.9"
L, =86.7"

Figure 6.21 Critical section for development of column tie: Load Case VI
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As designed with Load Case III and VI, 90-degree hooked bars are employed for
the column reinforcement, and the column reinforcement placed for the major
moment is recommended to be oriented towards the column. Even though the
hooked column reinforcement placed with respect to the minor moment axis is
outer-oriented, the diagonal strut existing in the strut-and-tie model of Load Case
IV and VII to represent a non-contact lap splice behavior of the column and drilled
shaft reinforcement can also activate the bearing action of the outer-oriented hook.
Therefore, the anchorage requirement checks for both inner and outer-oriented
hooked column reinforcement are performed with the required development length
of hooked bars in accordance with AASHTO LRFD (2020). The reinforcement
confinement factor, A,., is 0.8 determined by given details of the column
reinforcement; the coating factor, A, is 1.0 for uncoated reinforcement; the excess
reinforcement factor, A,,, is 0.048 based on the given and required column
reinforcement; and the concrete density modification factor, A, is 1.0 for normal
weight concrete. The required development length of a hooked No. 11 bar is
calculated below:

. 38.0(1.41in.) 60 ksi y (0.8 -1.0-0.048
ah = 60.0 V3.6Ksi 1.0

Therefore, the anchorage details designed for Load Case I through V (Table 6.1)
can still develop sufficient stress levels to be safe under Load Case VI.

) =1.1in.< lad,COL(: 13.6 in.)
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6.2.2. Design Calculations: Load Case Vi

Figure 6.22 presents the factored load case where the column is subjected to axial
compression combined with large biaxial flexure. This loading combination
induces tension at one corner of the column and one of four drilled shafts.

P,=1015k
Z l
M,, = 5526 k-ft

X/L\y M,,x= 1144 Kk-ft

e m——
- -

.,
-,
"I -~

Figure 6.22 Factored load: Load Case VIl

6.2.2.1. Step 1: Determine the Loads

A sectional analysis is also conducted for the load combination. Three equilibrium
equations (3, B, = 0; ¥ My, = 0; ¥ M,,, = 0) can derive three unknowns (neutral
axis depth (c); neutral axis inclination (8); extreme compressive fiber strain (&.))
required for developing the strain and stress distribution over the column section.
The calculation procedure is presented in Appendix A. Figure 6.23 illustrates the
developed strain and stress distribution. The compressive and tensile resultant
forces comprising the equivalent force system of the 3D strut-and-tie model can be
determined from the distribution.
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Figure 6.23 Stress distribution over the column section: Load Case VII
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6.2.2.2. Step 2: Analyze Structural Component

The reaction forces in drilled shafts can be derived from the equilibrium conditions
of the external loading. Figure 6.24 presents the results of the structural analysis.

P, 1(M 1M
R1=_u+_<i>+_< uy)
4 2 SDS,X 2 SDS,y
1015kip |, 1 (1144k—ft\ , 1 (5526 k—ft : .
= Lap —( ) + —( ) = 571.4 kip (Compression)
4 2\ 1050 ft 2\ 1050 ft

R, = P_u_z(w> +1<M>
4 2 SDS,x 2 SDS,y
1015kip 1 (1144k—ft\ , 1 [5526k—ft : .
= E— —( ) + —( ) = 462.4 kip (Compression)
4 2\ 1050 ft 2\ 1050 ft

R, = P_u_l(Mux) _1<MW)
3 4 2 SDS,x 2 SDS,y
1015kip 1 (1144 k—ft) 1 (5526 k—ft) ) )
= —= —= = 63.9 kip (Tension
4 2\ 10.50 ft 2\ 10.50 ft p( )

P, 1(M 1( M
Ry= e (M) £ (2
4 2 SDS,x 2 SDS,y
1015kip | 1 (1144k—ft\ 1 (5526 k—ft : .
=—=F —( ) - —( ) = 45.1 kip (Compression)
4 2\ 10.50 ft 2\ 1050 ft

P,=1015k
Z ‘
M,, = 5526 k-it

XA
y ﬁﬂdu,(: 1144 k-ft

Figure 6.24 Applied loading and reaction forces: Load Case VII
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6.2.2.3. Step 3: Develop Strut-and-Tie Model

As described in Section 5.1.2.2, the drilled shaft footing subjected to large biaxial
flexure is designed using the idealized 3D strut-and-tie model. Figure 6.25 and
Figure 6.26 present the idealized strut-and-tie model for Load Case VII. The force
component of Strut BE is not considered in the design example due to the error
resulting from integrating the force transfer plane offset for the column and drilled
shaft ties in the idealized model. Similarly, the nodal position of Node G is
determined to satisfy the equilibrium condition at Node A, as shown in Figure 6.25.
The calculation procedure to derive the elemental forces is provided in Appendix
B.

o)
%,
6
/3
o ;
~ )
W'
]
= b

I.I::I 92=210 < 4
‘E_—— e °_‘" g\?s\ S
Se5F RS AT X S <3
o= 331.2 2T 24 |©
G RS ‘i”y&e =
Al 45.1 k Y 563, [
~J I 33 6° 39.8 4' \\\
R e T |
)] Nor” ¥ >

*
e S
I \
3, S
-

,=462.4 k
Figure 6.26 3D strut-and-tie model (axonometric view): Load Case VI
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The error in the idealized model is estimated by shifting Node E on the x-axis to
satisty the equilibrium condition, as illustrated in Figure 6.27. Based on the shifted
nodal position, the moment to the y-axis is computed from the reaction forces
(Myy computea = 5494 k-ft) and compared with the factored moment (M, =
5526 k-ft). The error is estimated as 0.58%, which is an insignificant error. Based
on the estimated error, the idealized model can be applied to the footing geometry
and load case of the design example.

) 6°969

)
[
)

5

(Strut BE causes error)
(b) Modified strut-and-tie model configuration
with shifted Node E

Figure 6.27 Modified strut-and-tie model configuration to estimate error in idealized model

(a) Idealized strut-and-tie model configuration

6.2.2.4. Step 4: Proportion Ties

The reinforcement amounts of the drilled shaft, bottom mat, and top mat
reinforcement are estimated from the tie forces. Even though Node G deviates from
the center axis of the drilled shaft, the inclined top ties connected to the node are
also considered to be carried by the top mat reinforcement placed within the half
span of the footing. Similar to Load Case VI, the derived column tie force can verify
the safety of the given column reinforcement design.

Tie EI (Drilled Shaft Reinforcement)

Factored tie force: Fy tie = 63.9 kip
Tie capacity: b fy - Ast = Futie
(0.9)(60 ksi)As; = 63.9 kip
Ay = 1.18in.2
- 2
Number of No. 9 bars required: 1.18 in. /1.00 2= 2 bars
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Tie CD (Bottom Mat Reinforcement)

Factored tie force: Fy tie = 650.8 kip

Tie capacity: - fy st = Futie
(0.9)(60 ksi)As; = 650.8 kip
Age = 12.05 in.?

- 02
Number of No. 11 bars required: 12.05 in. /1.56 2= 8 bars

Tie DE (Bottom Mat Reinforcement)

Factored tie force: Fy tie = 283.9 kip

Tie capacity: b fy  Ast = Futie
(0.9)(60 ksi)As; = 283.9 kip
Ag = 5.26in.2

Number of No. 11 bars required: 5.26 in.z/1 6inz= 4 bars

Tie EF (Bottom Mat Reinforcement)
Factored tie force: Fy tie = 696.2 kip
Tie capacity: ¢ - fy st = Fytie
(0.9)(60 ksi)As; = 696.2 kip
Ag; = 12.89 in.2

Number of No. 11 bars required: 12.89 in.z/ =9 bars
1.56in

Tie CF (Bottom Mat Reinforcement)

Factored tie force: Fy tie = 331.5 kip

Tie capacity: ¢ - fy st = Futie
(0.9)(60 ksi)As; = 331.5 kip
Ag = 6.14in.2

Number of No. 11 bars required: 6.14 in.z/ ., =4 bars
1.56in

Ties G1J (x-directional Top Mat Reinforcement)

Factored tie force: Fytie = 126.1 kip
Tie capacity: ¢ fy st = Futie
(0.9)(60 ksi)Ag; = 126.1 Kkip
Ag = 2.33in.2
Number of No. 6 bars required: 2.33in.? _
1 /0.44 in2 = 6 bars
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Ties GnH (y-directional Top Mat Reinforcement)

Factored tie force: Fytie = 107.7 kip
Tie capacity: - fy st = Futie
(0.9)(60 ksi)A;; = 107.7 kip
Age = 1.99 in.?
- 2
Number of No. 6 bars required: 1.99 in. /0.44 2= 5 bars

Tie HI (Top Mat Reinforcement)

Factored tie force: Fy tie = 67.9 kip
Tie capacity: & fy Ase = Futie
(0.9)(60 ksi)Az; = 67.9 kip
Ag = 1.26in.2
- 2
Number of No. 6 bars required: 1.26 in. /0.44 2= 3 bars

Tie 1J (Top Mat Reinforcement)

Factored tie force: Fy tie = 35.3 kip
Tie capacity: ¢ - fy st = Futie
(0.9)(60 ksi)Az; = 35.3 kip
Ay = 0.65 in.?
- 2
Number of No. 6 bars required: 0.65 in. /0.44 2= 2 bars

Tie BB' (Column Reinforcement)

Factored tie force: Fy tie = 456.3 kip

Tie capacity: ¢ - fy st = Futie
(0.9)(60 ksi)As; = 456.3 kip
Ag = 8.45in.2

Number of No. 11 bars required: 8.45 in.z/ ., = 6 bars
1.56in

(20 bars are under tension)

The bottom mat reinforcement amount determined from Load Case I (38-#11) is
still safe for Load Case VII. Similarly, the drilled shaft design of Load Case IV (4-
#9 per each drilled shaft) governs the design. Furthermore, the top mat
reinforcement amount determined from the shrinkage and temperature
reinforcement (20-#6) requirement also governs the top mat reinforcement design
of Load Case VII. The column reinforcement design is also safe to carry the column
tie force resulting from Load Case VII.
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6.2.2.5. Step 5: Perform Strength Checks

. Node A (CCC node)

The area (A,¢) and width (W) of the modified equivalent square bearing face of
the CCC node can be derived from the extreme compressive fiber stress and
resultant compressive force as shown below:

Fy _1471.3kip
f-  1.53ksi

Waq = \/Ame = 31.0 in,

Ape = = 959 in.2

f. =1534 psi 1534 psi

=6.258
Axis |
N I
2"

D,

. (b) Assumed compressive .
(a) Actual compressive stress stress distribution for modified (c) Comparison between two

distribution equivalent square bearing face compressive regions

Figure 6.28 Derivation of modified equivalent square bearing face of CCC node (Node A):
Load Case VIi

The diagonal struts acting at Node A are subdivided into two groups depending on
the reaction forces at Node D and F, as described in Section 5.2.2. The resolved
strut force (Strut AG) of the widespread diagonal struts (Struts AGi, -, AGn) is
estimated as 143.7 kip (x-force component: 116.2 kip; y-force component: 84.6 kip)
based on the equilibrium condition at Node A.

Node D-side
Rp 462.4
Facp = Fac [——) = (927.3 (—) = 844.9 ki
acp = Fac (RD + RF) 273)\ 3622 + 451 P
Rp 462.4
Fiep =F (—) = (143.7) (—) = 131.0 kip
AGD ™ TAG\R) + Ry 462.4 + 45.1

R 462.4 ,
Fuso = Fan (o 75) = €959 (g ¢ q7) = 6246 kip
D F . .
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Node F-side

R _ _
Frer = e (4 7,) = 0779 (s amg) = 4147
D F . .
R _ _
Face = Fac (s 77) = 1937 gz ama) = 12800
Rg . _
Fonr = Fun (5 75) = (6959 (g 4) = 009K

The resultant compressive force and the modified bearing face are also subdivided
into two parts, and two subdivided nodes of the CCC node (Nodes Ap and Af) are
assigned to the centroid of each subdivided bearing face (Figure 6.29).

Figure 6.29 Subdivided bearing face of CCC node (Node A): Load Case VII

F —F( i )—(14713)( foz )—13406k-
AP~ A\Rp +Rp) 2)\4624+451) - >HUOKP
F —F( i )—(14713)( 51 )—1307k'
AF T TA\Ry + R/ 2N\2624+451) = 0P
Fap 1340.6 .
Weqp = Weq F_A = (31.0) (1471.3) = 28.2 in.
Fyr 130.7 _
Weqr = Weg - = (310) (1471_3) = 28in.

The two subdivided groups of internal forces are resolved into two diagonal struts

(Fag,p and Fyg F).
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Force component™, kip Strut Force, kip

Strut
m x y z (Vx% +y% + z2)

Facp -302.0 592.9 520.6 844.9

Fac.o -105.9 77.1 0.0 131.0

NodeDside  Fupp 498.7 1164 357.6 624.6
Fup -258.3 -642.4 462.4 835.7

Frs 353 -84.6 0.0 91.7

Resolved

Strut Faap -212.9 -173.3 1340.6 1368.4
Strut Angle (atan(z//x? + y?)), DEG 78.4

*The sign of a number is based on the coordinate specified in Figure 6.8

Force component™®, kip Strut Force, kip
Strut
X y z (\/m)
Facr -29.4 57.8 50.8 82.4
Fag r -10.3 7.5 0.0 12.8
Node F-side Fupr 48.6 -11.3 34.9 60.9
Fap 87.8 51.3 45.1 111.3
Fy, 116.2 67.9 0.0 134.6
Resst"rxed Faar 212.9 1733 130.7 304.0
Strut Angle (atan(z//x? + y?)), DEG 25.5

*The sign of a number is based on the coordinate specified in Figure 6.8

Each subdivided node is subjected to three force components (subdivided resultant
compressive force, resolved diagonal strut, and horizontal force component of the
resolved diagonal strut). Therefore, the 3D nodal geometry of the subdivided nodes
can be developed based on the design recommendations of Yi et al. (2022), as
illustrated in Figure 6.30, Figure 6.32, and Figure 6.33.
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c - £ Fup =1340.6kip | Far = 130.7 kip
_NodeA:
Node AD_.v’ ‘i ‘
~T139° ° g’
\
J
\D,H B
PLAN VIEW 3D VIEW

Figure 6.30 Subdivided and resolved internal forces to develop 3D nodal geometry of
CCC node: Load Case VI

The triaxial confinement factor, m, can be computed from the equivalent square
bearing face, which has the same area as the actual compressive region of the
column section. The center of the assumed bearing area coincides with the resultant
compressive force position derived from the sectional analysis described in Section
6.2.2.1.

16.00'

Loaded Area, A,
4,05’ x 4.05’

%/////////J
L4.05' -

10.32' !

10.32'

16.00'
6.25'

Figure 6.31 Determination of confinement modification factor, m, for Node A: Load Case VIl

A, _ [1032x1082 . e
4, | 405x405 0= sem= s

m =
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Concrete efficiency factor, v, is determined in accordance with Table 5.8.2.5.3a-1
of AASHTO LRFD (2020) and must satisfy the minimum side face reinforcement
requirement (>0.18%).

1340.6 k

Figure 6.32 Details of 3D nodal geometry at Node Ap: Load Case VII
NODAL STRENGTH AT BEARING FACE (Node Ap)

Factored load: Fypearing = 1340.6 kip

Concrete efficiency factor: v = 0.85

Concrete capacity: feu =m-v- f! =(2.55)(0.85)(3.6 ksi)
= 7.80 ksi
Nodal capacity: ¢Fn,bearing = ¢fcuw/eq Weq,D

= (0.7)(7.80 ksi)(874 in.?)
= 4770.4 kip > 1340.6kip OK

NODAL STRENGTH AT BACK FACE (Node Ap)

Factored load: Fypack = 274.5Kip
Effective area: Acnpack = Weq * 0.2H = (31.0in.)(12.0 in.)
= 294 in?
Concrete efficiency factor: v = 0.85
Concrete capacity: fou =m-v-f; =(2.55)(0.85)(3.6 ksi)
= 7.80 ksi
Nodal CaPaCity: ¢Fn,back = ¢fcuAcn,back
= (0.7)(7.80 ksi)(294 in.?)

= 16059 kip > 274.5kip OK
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NODAL STRENGTH AT STRUT-TO-NODE INTERFACE (Node Ap)

Factored load: Fy sn; = 1368.4 kip
Effective area: Acnsng = Weq - Lg = (31.0in.)(29.6 in.)

=915 in.?
Concrete efficiency factor: _ _fe _ _ 3.6 ksi

v =085—7¢/50 ;= 085 /20 ksi
= 0.67 > 0.65 ~sev = 0.65
Concrete capacity: fow =m-v-f; =(2.55)(0.65)(3.6 ksi)
= 5.96 ksi

Nodal capacity: OF, = ¢fculcensni

= (0.7)(5.96 ksi) (915 in?)
=3820.1kip > 1368.4kip OK

130.7 k

Figure 6.33 Details of 3D nodal geometry at Node Ar: Load Case Vil

NODAL STRENGTH AT BEARING FACE (Node Ar)

Factored load: Fy pearing = 130.7 kip

Concrete efficiency factor: v = 0.85

Concrete capacity: fou =m-v-f; =(2.55)(0.85)(3.6 ksi)
= 7.80 ksi
Nodal capacity: ¢Fn,bearing = ¢fcuVVeq Weq,F

= (0.7)(7.80 ksi)(85 in.2)
= 465.1kip > 130.7kip OK

73



NODAL STRENGTH AT BACK FACE (Node Ar)

Factored load:

Effective area:

Concrete efficiency factor:

Concrete capacity:

Nodal capacity:

Fu,back = 274.5 klp
Agnpack = Waq - 0.2H = (31.0 in.)(12.0in.)

= 294 in?
v =0.85
fow =m-v-f; =(2.55)(0.85)(3.6 ksi)
= 7.80 ksi

¢Fn,back = ¢fcuAcn,back
= (0.7)(7.80 ksi) (294 in.? )
= 16059 kip > 274.5kip OK

NODAL STRENGTH AT STRUT-TO-NODE INTERFACE (Node AFr)

Factored load:

Effective area:

Concrete efficiency factor:

Concrete capacity:

Nodal capacity:

Fysni = 304.0 kip
Acnsni = Weq " Ls = (31.0in.) (9.8 in.)

= 302 in.2
_ _fe _ _ 3.6ksi
v =085-"/pq sy = 0.85 /20 ksi
= 0.67 > 0.65 ~sev =0.65
fou =m-v-f =(2.55)(0.65)(3.6 ksi)
= 5.96 ksi

QF, = ¢fcuAcn,SN1
= (0.7)(5.96 ksi) (302 inz)
= 1261.7 kip > 304.0kip OK
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. Node C (CTT Node)

Figure 6.34 illustrates the dimension and applying forces after resolving struts AC
and BC at Node C in three dimensions based on the proposed recommendations of
this study. The confinement modification factor and the concrete efficiency factor
of Node C are the same as those in Load Case VI (m = 1.55 and v = 0.65). Note
that the nodal strength check at back faces is not necessary since an adequate
development length that satisfies the anchorage requirement is provided in this
example.

10.8" |

I 2c

5714k

L, =D'pssin® + 2c,cos 0
=42.5"sin38.0°+ 2x(4"+1.41") cos 38.0°
=26.21"+852"=34.7°

Figure 6.34 Details of 3D nodal geometry and applied forces at Node C

NODAL STRENGTH AT BEARING FACE

Factored load: Fy pearing = 571.4 kip

Concrete efficiency factor: v = 0.65

Concrete capacity: fow =m-v-f; =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi

Nodal capacity: QF, n,bearing = ¢fcuAcn,bearing

= (0.7)(3.63 ksi)(1809.6 in.2 )
= 4598.8 kip > 571.4kip OK
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NODAL STRENGTH AT STRUT-TO-NODE INTERFACE

Factored load: Fy sni = 927.3 kip

Concrete efficiency factor: v = 0.65

Effective area: Acnsng = Ws * Lg = (42.5in.)(34.7 in.)
= 1477.5 in.?
Concrete capacity: fow =m-v-f; =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi
Nodal capacity: dFnsni = Ofculensni

= (0.7)(3.63 ksi)(1477.5 in?)
= 3755.0 kip > 927.3kip OK

. Node D (CTT Node)

Figure 6.35 illustrates the dimension and applying forces at Node D in three
dimensions based on the proposed recommendations of this study. The confinement
modification factor and the concrete efficiency factor of Node D are the same as
those of Node C (m = 1.55 and v = 0.65). Two diagonal struts (Fp4 and Fpp) are
resolved into one diagonal strut as summarized in the following table.

Force component*, kip Strut Force, kip
Strut > > >
x y z (W x?% +y?% +z?)
Diagonal Fpa 268.3 642.4 462 .4 835.7
struts Fog 15.4 8.3 0.0 17.7
Resolved
Strut Fup 283.7 650.7 462 .4 847.3
Strut Angle (atan(z//x? + y?)), DEG 33.1

*The sign of a number is based on the coordinate specified in Figure 6.8
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835.7 kips AN
, (Strut DA% /
, Opa=33.6° ,

=67.3°
D@2 Tie Dc "
~17.7 kips /
(Strut DB% / 8244k

462.4 kipsTie DE © Resolved 3

apg = 28.3°
(R2) PETTTT G (DAKQ
' \\\ ‘f
\\ [+ |
824.4 kips .
(Fl! str t!t)

462.4 kips Tie DE
(F u,bearing)

Figure 6.35 Resolving the forces (left) and details of 3D nodal geometry and applied
forces (right) at Node D

NODAL STRENGTH AT BEARING FACE

Factored load: Fypearing = 462.4 Kip

Concrete efficiency factor: v = 0.65

Concrete capacity: fou =m-v-f) = (1.55)(0.65)(3.6 ksi)
= 3.63 ksi

Nodal capacity: ¢Fn,bearing = ¢fcuAcn,bearing

= (0.7)(3.63 ksi)(1809.6 in.2)
= 4598.8kip > 462.4kip OK

NODAL STRENGTH AT STRUT-TO-NODE INTERFACE

Factored load: Fy sn; = 824.4 kip

Concrete efficiency factor: v = 0.65

Effective area: Acnsn = Ws* Lg = (42.5in.)(32.31in.)
= 1373.4in.?
Concrete capacity: fow =m-v-f; =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi
Nodal capacity: QF, n,SNI = ¢fcuAcn,SNI

= (0.7)(3.63 ksi)(1373.4 in?)
= 3490.2 kip > 824.4kip OK
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. Node F (CTT Node)

Figure 6.36 illustrates the dimension and applying forces at Node F in three
dimensions based on the proposed recommendations of this study. The confinement
modification factor and the concrete efficiency factor of Node F are the same as
those of Node C (m = 1.55 and v = 0.65). Two diagonal struts (Fr4 and Frp) are
resolved into one diagonal strut as summarized in the following table.

Force component*, kip Strut Force, kip
Strut > 5 >
x y z (A7)
Diagonal Fr -87.8 51.3 45.1 111.3
struts Fep 2437 -644.9 0.0 689.5
Resolved
o Fur 3315 -696.3 45.1 772.5
Strut Angle (atan(z//x? + y?)), DEG 3.3

*The sign of a number is based on the coordinate specified in Figure 6.8

OFa =23.9°
g = 33.1° ff ~

’111. 3 kips /
»” (StrutFA) /

Tie FE /z"

F S =~ = 689.5 kips /

(StrutFB), / 7725k
. . FB = %

45.1 kips Tie FC q;5—69.3° Resolved 3

(R4)
-

. L, =D'pssin® + 2c,cos 0 45.1k
45.1 kips =42.5"sin3.3°+ 2X(4"+1.41") cos 3.3°
(Fybearing) =2.48"+10.80" = 13.3"

Figure 6.36 Resolving the forces (left) and details of 3D nodal geometry and applied
forces (right) at Node F
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NODAL STRENGTH AT BEARING FACE

Factored load: Fy pearing = 45.1 Kip

Concrete efficiency factor: v = 0.65

Concrete capacity: fow =m-v-f; =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi

Nodal capacity: ¢Fn,bearing = ¢fcuAcn,bearing

= (0.7)(3.63 ksi)(1809.6 in.2 )
= 4598.8kip > 45.1kip OK

NODAL STRENGTH AT STRUT-TO-NODE INTERFACE

Factored load: Fy sni = 772.5Kip

Concrete efficiency factor: v = 0.65

Effective area: Acnsn = Ws Lg = (42.5in.)(13.31in.)
= 565.1in.?
Concrete capacity: fow =m-v-f, =(1.55)(0.65)(3.6 ksi)
= 3.63 ksi
Nodal capacity: (pFn,SNI = ¢fcuAcn,SNI

= (0.7)(3.63 ksi)(565.1 in?)
= 1436.1kip > 772.5kip OK

Therefore, the nodal capacities of the CCC nodes and CTT nodes with defined
nodal geometry are greater than factored loads.

6.2.2.6. Step 6: Proportion Shrinkage and Temperature
Reinforcement

The necessary shrinkage and temperature reinforcement for the footing was
specified in Section 6.2.1.6 On the side faces, No. 6 bars with 10 in. spacing (4; =
0.53 in.2/ft.) are required in both horizontal and vertical directions. On the top
face, No. 6 bars with 10 in. spacing A, (0.53 in.2 /ft.) are provided. No. 6 bars with
10 in. spacing as the top mat reinforcement are sufficient for the required strength
as calculated in Section 6.2.1.6. Therefore, the original reinforcement plan (No. 6
bars with 10 in. spacing) will be used.
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6.2.2.7. Step 7: Provide Necessary Anchorage for Ties

° Bottom Ties

Proper anchorage of the bottom mat reinforcement (Ties CD, DE, EF, and FC) was
discussed in Section 6.2.1.7. These ties are properly anchored with the use of
straight bars. Bottom ties connected with Node E need to be checked in the
anchorage because Node E is a smeared node where the boundary of a node is not
determined by the bearing plate. Figure 6.37 illustrates the available length at Node
E, confirming that straight bars are anchored properly there.

(Unit: in. if not specified)

Footing
. |
' |
Tie DE or EF_L ® |
! Node E
! Equivalent Square 3
Critical Drilled Shaft -
Section
42.5/2 48/2+9
'
’!ad,CD,C = 514

Figure 6.37 Critical sections for the development of ties at Node E

o Top Ties

Each top tie (Ties GH, HI, 1J, and JG) is connected with smeared nodes (Nodes G
through J) at both ends. The available development length is the same as that at
Node E, as shown in Figure 6.37. The minimum development length of a No.6
straight bar is 22.8 in. even if 4,,, excess reinforcement factor, is not considered
(Aer = 1.0) in accordance with AASHTO LRFD (2020). Therefore, top mat
reinforcement can be sufficiently developed in the given load case.

° Vertical Ties

The 3D strut-and-tie model for Load Case VII contains vertical ties for the column
(Tie BB') and drilled shaft reinforcement (Tie EI). The available lengths for those
tie elements are estimated from the compression field proposed by Yi et al. (2022),
as depicted in Figure 6.38.

lag,cor = H = (cp + ) = (dp pu) — 2s tan 25°
= (60in.) — (5.41in.+4.75in.) — (1.41in.) — (59.8 in.) tan 25°
= 20.6in.
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lad,DS =H— (Cb + Ct) — (db,tl) - ZS tan 250
= (60in.) — (5.41in.+4.75in.) — (0.75in.) — (59.8 in.) tan 25°
= 21.2in.

59.8"

176" 475" +075" = 550" |

AX[s of top tie ring 25.0° K ’,—"‘/

5918")tan25
O T Haans =L

,{riﬁcal Section _ ;

4009

1 ?ErificaISecticrv

V4 -

1N cop =.20.6" _--(59.8")tan25
' ,/ JPtae =27.87"

’_’/‘_( 25.0° Axis of bottom tie ring

Figure 6.38 Critical section for the development of column ties and drilled shaft ties

The anchorage requirement for the column and drilled shaft reinforcement can be
satisfied by employing hooked reinforcement. The proposed critical section of the
column reinforcement indicates the hooked column reinforcement oriented towards
the column is not effective. However, the diagonal strut flowing down from the
column (Strut AB in Figure 6.38) can activate the bearing action of the inner-
oriented hooked column reinforcement. Therefore, the anchorage requirement
check for the 90-degree hooked column reinforcement is performed with the
minimum required development length of hooked bars, regardless of the hook
orientation. The required development lengths for 90-degree and 180-degree
hooked bars are computed in accordance with AASHTO LRFD (2020). The
reinforcement confinement factor, 4,.., is 0.8 determined from given details of the
column reinforcement; the coating factor, A,,, is 1.0 for uncoated reinforcement;
the excess reinforcement factor, 4,,, is 0.244 based on the designed column
reinforcement; and the concrete density modification factor, A, is 1.0 for normal
weight concrete. The required development length of a hooked No. 11 bar is
calculated below:

38.0(1.41in.) 60 ksi (0.8 -1.0- 0.244)

= X X
dh,cOL 60.0 V3 6Ksi 1.0
= 55 in. < lad,COL(: 206 ln)

The drilled shaft reinforcement also uses No. 9 hooked bars to satisfy the anchorage
requirement. The orientation of the 180-degree hook does not affect the
development length. The same equation is used to calculate the development length
of a hooked No. 9 bar with excess reinforcement factor, 4,,., of 0.532 based on the
designed drilled shaft reinforcement:

81



38.0(1.128in.) 60 ksi (0.8 -1.0- 0.532)

l = X X
ah.DS 60.0 V3 6Ksi 1.0
=9.61in.< lyq ps(= 21.21in.)

Therefore, the research team confirms that all reinforcing bars of the footing
designed for Load Case VII are safe for the applied loading condition.
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6.2.3. Reinforcement Layout

The reinforcement details designed for Load Case I through V are sufficient to resist
the internal force resulting from the biaxial flexural load cases: Load Case VI and
VII. Therefore, the details remain the same as those proposed by Yi et al. (2022)

and depicted in Figure 6.39 through Figure 6.43.

, Inc

luding locations

16.00°

180-Degree
Hooks

90-Degree
(Inward to th

16.00"

Hooks
e column)

¥\

/
%

<

20-No.9 Drilled shaft
reinforcement

Figure 6.39 Reinforcement details for anchorage of vertical ties
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400" 19-No.11@5.00"  4.00" 19-No.11@5.00" 4.00"
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Figure 6.40 Reinforcement details for ties: elevation view
A
V
2
52 . 3.00"
§ g 20-No.6@ 10.00" (typ.) G over
- (Top Mat Reinforcement)
T
©3
=
© @
=== - 1
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AJ Bottom Mat Reinforcement g
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Figure 6.41 Details for shrinkage and temperature reinforcement: elevation view
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Figure 6.42 Details for bottom mat reinforcement: plan view
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Figure 6.43 Details for top mat reinforcement: plan view
86




Chapter 7. Summary and Conclusions

This research has developed design recommendations for drilled shaft footings
subjected to biaxial flexural loading scenarios (Load Case VI: axial compression
combined with moderate biaxial flexure; Load Case VII: axial compression
combined with large biaxial flexure) using the 3D STM in a conservative way. Due
to the lack of previous studies, the recommendations were mostly refined from
those proposed by Yi et al. (2022) for drilled shaft footings subjected to uniaxial
loading scenarios, and they are summarized as follows:

Equivalent Force System: Single Strut and Single Tie Equivalent Force System

Yi et al. (2022) proposed determining the equivalent force system of the 3D strut-
and-tie model for drilled shaft footings based on the actual stress distribution
corresponding to the applied loading condition. Complex biaxial flexural loading
leads to complex stress distribution over the column section, requiring complicated
calculations and decisions to establish the equivalent force system comprising
multiple struts and ties. Therefore, the research team simplified the procedure by
employing the single strut and single tie equivalent force system. The strut-and-tie
model developed from the proposed equivalent force system also leads to a
conservative design owing to decreased strut inclinations.

Development of 3D Strut-and-Tie Models for Load Cases VI and VII

According to the established equivalent force system and the reactions at drilled
shafts resulting from the biaxial flexural loading conditions, the research team
developed 3D strut-and-tie models for Load Case VI and Load Case VII. The
configurations of the models were determined based on the asymmetric internal
force flow in drilled shaft footings. The 3D strut-and-tie model of Load Case VII
was idealized to a strut-and-tie model configuration, similar to that of Load Case
II1, familiar to designers. The idealized model has a deficiency: it cannot consider
the offset between the truss panels of the column tie transfer mechanism and those
of the drilled shaft tie transfer mechanism; however, the error resulting from the
deficiency was insignificant.

Modified Equivalent Square Bearing Face for CCC Node

The bearing face of the CCC node is conservatively determined using the extreme
compressive fiber stress derived from the sectional analysis for the equivalent force
system. Assuming the extreme compressive fiber stress is uniformly distributed
over the bearing face of the CCC node leads it to become much smaller than the
actual compressive area over the column section. Furthermore, the modified
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bearing face is assumed to be an equivalent square-shaped bearing face, which is
proposed as the modified equivalent square bearing face in this research, to develop
the nodal geometry of the CCC node.

Development of 3D Nodal Geometry (CCC Node)

The research team proposed subdividing the CCC node into two parts for
developing the 3D nodal geometry. The diagonal struts acting at the CCC node are
divided by the ratio of the reaction force acting on the drilled shaft of each part with
respect to the diagonal plane of the foundation. Similarly, the modified equivalent
square bearing face and the vertical strut from the column are also subdivided. The
research team resolved all diagonal struts on each side into one diagonal strut;
therefore, the number of forces acting at each subdivided CCC node becomes three:
subdivided resultant compressive force, resolved diagonal strut, and lateral force
component of the resolved diagonal strut. The 3D nodal geometry of each

subdivided node can be established following the recommendations of Yi et al.
(2022).

Although many load cases subjected to biaxial flexural loading are considered in
the design of in-practice drilled shaft footings, little research on the application of
the 3D STM to the footings has been conducted. Since the research team
conservatively refined the design recommendations established based on large-
scale tests conducted by Yi et al. (2022), drilled shaft footings can be designed for
safety using the proposed methods. Designers can design even drilled shaft footings
with complicated internal force flow using the 3D STM based on the outcomes of
this research.

However, even though the proposed recommendations were established
conservatively, it must be acknowledged that they have not been experimentally
verified. Additional experimental studies on drilled shaft footings subjected to
biaxial loading scenarios can verify the conservativeness of the proposed
recommendations and further refine them.
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Appendix A Determination of Equivalent
Force System

The biaxial flexural loading scenarios corresponding to Load Case VI and VII
induces complex strain and stress distributions over the column section. This
section describes the calculation procedure of the sectional analysis to derive the
distributions.

Three unknowns (neutral axis depth (c¢); neutral axis inclination (6); and extreme
compressive fiber strain (&.)) are required to develop the strain and stress
distributions over the column section and can be resolved iteratively using three
equilibrium equations (X P, = 0; X My, = 0; ¥ My, = 0).

As illustrated in Figure A.1, the analysis is performed using the coordinate system
with the centroid of the column as the origin. The coordinates (x — y coordinate in
Figure #) of all four corners of the column and tensile column reinforcing bars are
transformed to new coordinates (x" — y’ coordinate in Figure A.1) rotated by the
neutral axis inclination (8).

Coordinate Transformation (x, y) — (x', y')
x'=xcosf +ysinf

y' =ycosf —xsinf

Therefore, the neutral axis depth (c) is expressed with the offset from the rotated
coordinate system (y’,, (=abs(y’, — ¢) in Figure A.1) for the analysis. The column
reinforcing bars subjected to compression and at the compressive faces of the
column (A — B and B — D faces in Figure A.1) are not considered in the analysis to
simplify the calculation.
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Figure A.1 Stress distribution over the column section under biaxial flexural loading

The shape of the compressive region varies depending on the neutral axis position;
therefore, this report computes the compressive resultant force and its centroid
position for each shape geometrically. Figure A.2 presents different shapes of the
compressive region available over the column section.
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. Compressive region

Case | Case ll Case lll
Ve < Yn < Y4 Va<yn <Y Yn > Vb

Figure A.2 Different shapes of compressive region depending on neutral axis depth

For each case, the resultant compressive force (C) and its centroid position (X and y
in x — y coordinate) can be derived as below using three assumed values (yy, 6,
and &,).

Casel
e >
! !
‘ yn - yB Y
y cos-6 e E,

H !
b: g (yn —yg):HcosO

_ Y=Y
cos @sinf
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Case II

The compressive region is subdivided into three parts to simplify the calculation.

ISCEC

:, yn Ya E,

yn yB

. YA VB
H/sin@ “sing
X yn yA
sin@
G v (X3,72) (X3,¥3)
Region 1 Region 2 Region 3

Region 1

1 Yo = Va Yn = YVa
= _ E H
G 2 <£C (y,’l —yp) °\ sin@
o Y4 _(Yn—Ya
1 7 sing 3sin 6

y1=0
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Region 2

—_ W (ya—s
272 3sin@
. H+H_ H
2575735 7%
Region 3
1(ys—ys Yo — Ya
Cs —g< s H )| e.E, — €.abs yZ— v E.
W (Ya— Vs
3 2 4sin @
_ H+H_ H
37 2747 4

Combining the computed results from three subdivided regions,
CC = Cl + Cz + C3

Cix1 + Cx3 + C3x3

X = c
_ Gy + Gy, +C3)s
Y= C
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Case 111

Similarly, the compressive region is also subdivided into six parts to simplify the
calculation.

Yn — YD
|5 |E
C(yn_yB) ¢

Ye = ¥n
cos@siné , , ,
n— YD sin 6
cos 6
SN %
(1, Y1) (x2,¥2) (x3,¥3)
Region 1 Region 2 Region 3
(X4, ¥a) (x5, ¥5) (X6, Vo)
Region 4 Region 5 Region 6
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Region 1

) (sm 6 cos 6)) O = ¥p)
_ W 1(y—yp
= 2+3< sin 6

_:_§+3y —¥p
y1 2 3\ cos@

Region 2
1 ye=n Yn =YD
Cr === )y — yh)e. [ 2—2)E
z 2<cos€sin9 On = yo)ec Vhi—ys) €
W 20m—yp)  1(yc—¥n
X=——Ft——"+= to
X2 2 " " 3sine 2\ cose )
—_H 1(yc—n
Y2 2 2\ cos@
Region 3
YD = Ya Yn = ¥p
C;=H E
() (= (i) )
% =0
y3=0
Region 4

1 (yb—Ya Vb — YA
C,=—H E
*T2 (sin@ & yh—vg) €

w H 2(yr, — va
Xy = -5 +(—cot9)+—(yD Ya)

2 3sind

Ya=0
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Region 5

Region 6

Combining the computed results from three subdivided regions,
CC:C1+C2+C3+C4+C5+C6

C1x1 + Cx; + C3x3 + Cu Xy + CsXs + CoXg
C

I
Il

CiY1 + Yy + G5Y3 + CaYa + C5Ys + CeYs
C

<
Il
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Based on the established equations, the calculation procedure to establish the
equivalent force system of the Load Case VI example is presented in this section.

Given Load Combination (Load Case VI)
P, = 1656 kip

M, = 1440 kip — ft
My, = 3670 kip — ft

1% iteration

Neutral axis depth (y;,): 0 in.

. Myy 1 ,
Neutral axis inclination (8): 60.5° (= atan (ﬁ)), Uncracked section assumed
uxix

Extreme compressive fiber strain (g.): -0.0001 (Elastic state)

Case Il (y; = —57.6in.< y, = 0in.< y; = 57.6 in.)

Region 1
L (yn—Ya\ . (¥n—Ya .
C, == E H=-1099k
172 <8C (y,; —ygp ) °\ sin@ P
—_ Yo (Yn—a .
= — = 15.9in.
17 Sing (351n9> n
y; = 0in.
Region 2

1(ys—ys Yn = Ya .
C, 2( s & o= ) Ee 95.5 kip

_ W (yi—vyp .
2_7_<35in9 =30.91n.

y, = H+H— =—12.5i

Yo=—5+3= = S5 in.
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Region 3

1(ya—yr Yn = Vi .
Cs =g< 2inGBH> (scEC—ecabs< 2 E. | = —116.0 kip

l
n B

w Ya—¥B .
X3 =7_abs(4sin9 = 34.4in.

Y3 = H+H— = —18.8i
YVs=—5+7= 8in.

Combining the computed results from three subdivided regions,

C.=C, +Cy + C3 = —421.4Kip

C1%1 + Xy + G3X3

x = C = 27.9in.

Cx .
M, . = abs (E) = 979.76 kip — ft

Ciy1 + Gy, + C3ys — _110in
c .0in.

Cx
M, . = abs (ﬁ) = 386.28 kip — ft

37:

From the assumed variables, the tensile forces and moments due to the column
reinforcing bars can be computed as below.
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Distance from

X y Reb Diameter | Area the neutral Tensile strain | Tensile stress T Mg M,
Rebar No. ebat axis L YbYn
(in.) (in.) s1ze (in.) (in.2) v (& = &cymy) (ksi) (kip) (kip-in.) (Kip-in.)
(in.)

1 -41.40 33.90 #11 1.41 1.56 52.72 9.15E-05 2.65 4.14 11.69 14.28
2 -41.40 27.74 #11 1.41 1.56 49.69 8.62E-05 2.50 3.90 9.02 13.46
3 -41.40 21.57 #11 1.41 1.56 46.66 8.10E-05 2.35 3.66 6.58 12.64
4 -41.40 15.41 #11 1.41 1.56 43.62 7.57E-05 2.20 3.42 4.40 11.82
5 -41.40 9.25 #11 1.41 1.56 40.59 7.04E-05 2.04 3.19 2.46 10.99
6 -41.40 3.08 #11 1.41 1.56 37.56 6.52E-05 1.89 2.95 0.76 10.17
7 -41.40 -3.08 #11 1.41 1.56 34.53 5.99E-05 1.74 2.71 -0.70 9.35
8 -41.40 -9.25 #11 1.41 1.56 31.50 5.47E-05 1.59 2.47 -1.91 8.53
9 -41.40 -15.41 #11 1.41 1.56 28.46 4.94E-05 1.43 2.23 -2.87 7.71
10 -41.40 -21.57 #11 1.41 1.56 25.43 4.41E-05 1.28 2.00 -3.59 6.89
11 -41.40 | -27.74 #11 1.41 1.56 22.40 3.89E-05 1.13 1.76 -4.06 6.07
12 -41.40 | -33.90 #11 1.41 1.56 19.37 3.36E-05 0.97 1.52 -4.30 5.25
13 -33.87 33.90 #11 1.41 1.56 46.17 8.01E-05 2.32 3.62 10.24 10.23
14 -26.35 33.90 #11 1.41 1.56 39.61 6.87E-05 1.99 3.11 8.79 6.83
15 -18.82 33.90 #11 1.41 1.56 33.06 5.74E-05 1.66 2.60 7.33 4.07
16 -11.29 33.90 #11 1.41 1.56 26.51 4.60E-05 1.33 2.08 5.88 1.96
17 -3.76 33.90 #11 1.41 1.56 19.95 3.46E-05 1.00 1.57 4.43 0.49
18 3.76 33.90 #11 1.41 1.56 13.40 2.33E-05 0.67 1.05 2.97 -0.33
19 11.29 33.90 #11 1.41 1.56 6.85 1.19E-05 0.34 0.54 1.52 -0.51
20 18.82 33.90 #11 1.41 1.56 0.29 5.07E-07 0.01 0.02 0.06 -0.04

21 26.35 33.90 #11 1.41 1.56 -6.26 N/A*

22 33.87 33.90 #11 1.41 1.56 -12.81 N/A*

23 41.40 33.90 #11 1.41 1.56 -19.37 N/A*

*Rebars under compression are not considered. Sum 48.55 58.70 139.86
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Therefore, three equilibrium equations can be established as below.

Force Equilibrium Equation

Z P = (C. +Ty) — P = —1283.17 kip

Moment Equilibrium Equation (x-axis)

Z My = (Mye + Mys) — My, = —996.41 kip — ft

Moment Equilibrium Equation (y-axis)

z My, = (M, + M,) — M,,, = —2549.20 kip — ft

The research team used the goal seek algorithm equipped in Excel to satisfy the

equilibrium equations.

1** Goal Seek Cycle
Step | To satisfy By changing | Updated variables | Equilibrium Equations
Yn = 0in. > P =-43520kip
Extreme (Case 1)
1 Z M, =0 Compressive Z M, = 12.52 kip — ft
Fiber Strain (&) g =—0.00033
0 = 60.53° ZMy = 0 kip — ft
v, = 8.86 in. S = okip
i (Case II)
D) Z P=0 Neutral A>,<1s Z Mo = 2604 Kip —
Depth () g, = —0.00033
6 = 60.53° ZMV = 274.44 kip — ft
Yn =886 n. > p=578kip
i (Case II)
3 Z My=0 INell.ltl‘? AXIQS Z M, = 0kip —ft
nclination (0) e, = —0.00033
9 = 61.19° ZMy = 305.33 kip — ft
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2" Goal Seek Cycle

Step To satisfy By changing | Updated variables | Equilibrium Equations
yn = 8.86in. ZP = —121.86 kip
Extreme (Case 1I)
1 Z M, =0 Compressive Z M, = —110.60 kip — ft
Fiber Strain (g,) | & = —0.00030
6 =61.19° ZMy=0kip—ft
vy, = 11.57 in. Zp = 0 kip
; (Case II)
2 Z p= Neutral Axis > M, = ~106.49 kip - ft
Depth (y,) . = —0.00030
0 =61.19° ZMY = 51.13 kip — ft
Yn =11.57 in. ZP = —19.25 kip
; (Case II)
3 Z M, =0 INeI‘.ltri.l AXI;‘ > M, =0kip—ft
nclination (8) | ¢ = —0.00030
6 = 58.57° Z M, = —63.92 kip — ft
3" Goal Seek Cycle
Step To satisfy By changing | Updated variables | Equilibrium Equations
Yn = 1157 in. z P =9.76 kip
Extreme (Case 1I)
1 Z M, =0 Compressive Z M, = 23.53 kip — ft
Fiber Strain (g.) g = —0.00031
6 = 58.57° > My =0kip—ft
vy, = 11.36 in. Zp = 0 kip
; (Case II)
2 Z pP= Neutral Axis Z M, = 24.97 kip — ft
Depth (yn) g. = —0.00031
0 = 58.57° Z M, = —3.48 kip — ft
yn = 1136 in. 2 P = 4.25kip
; (Case II)
3 Z M, = INeI‘.ltri.l AXIBS > M, =0kip—ft
nclination (0) . = —0.00031
6 =59.17° z M, = 23.61 kip — ft
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After a few more cycles, three values satisfying the equilibrium conditions can be
obtained as below:

¥Yp = 11.47 in. (Case II)
& =—0.00031
6 = 59.01°

Given Load Combination (Load Case VII)

P, = 1015 kip
M, = 1144 kip — ft
M,,, = 5526 kip — ft

1% iteration

Neutral axis depth (yy,): 0 in.

o Myyl :
Neutral axis inclination (8): 73.4° (= atan (Lly)), Uncracked section assumed
uxix

Extreme compressive fiber strain (g.): -0.0001 (Elastic state)

Case Il (y5 = —57.6in.< y, = 0in.< y;, = 57.6 in.)

Region 1

1 Yn — Va Yn — Ya _ .
C; = > (ec (y/q = E. s H = —261.1 kip

_ YA Yn— YA .
= - = 22.61n.
X1 sin 8 ( 3sind ) n
y; = 0in.
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Region 2

1(ys—ys Yn — YA :
== H E.|=-172.6k
G 2( sin @ & yh—vg) € 6 kip

2 3sinfd
V, = H+H— =—12.5i
2= 5 t3 = = Sin.
Region 3
1(ya—ys Yo = YVa .
Q:5<sm9H Sﬁfﬂﬂm:ﬁ_% E, | = —38.0 kip
W Ya— VB
=—— =394 in.
X3 2 ( 4sin @ mn
Vs = H+H— H_ 18.8i
Y3 = >t 2T 1" .8in.

Combining the computed results from three subdivided regions,
C.=C+C, +C3 =—471.8kip

C,% + C,%; + Ca X3
X =1 22 373 — 29.4in.

Cx
c = abs (—) = 1155.7 kip — ft

M
12

y

__C1)T1+62372+C3%_ .
y = - = —6.11in.

Cx
M, . = abs <§) = 239.3 kip — ft

From the assumed variables, the tensile forces and moments due to the column
reinforcing bars can be computed as below.
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Distance from
X y Reb Diameter | Area the neutral Tensile strain | Tensile stress T Mg M,
Rebar No. ebat axis L YbYn
(in.) (in.) s1ze (in.) (in.2) v (& = &cymy) (ksi) (kip) (Kip-in.) (Kip-in.)
(in.)

1 -41.40 33.90 #11 1.41 1.56 49.36 9.17E-05 2.66 4.15 11.72 14.31
2 -41.40 27.74 #11 1.41 1.56 47.60 8.84E-05 2.56 4.00 9.24 13.80
3 -41.40 21.57 #11 1.41 1.56 45.84 8.51E-05 2.47 3.85 6.92 13.29
4 -41.40 15.41 #11 1.41 1.56 44.08 8.19E-05 2.37 3.70 4.76 12.78
5 -41.40 9.25 #11 1.41 1.56 42.32 7.86E-05 2.28 3.56 2.74 12.27
6 -41.40 3.08 #11 1.41 1.56 40.56 7.53E-05 2.18 3.41 0.88 11.76
7 -41.40 -3.08 #11 1.41 1.56 38.79 7.21E-05 2.09 3.26 -0.84 11.25
8 -41.40 -9.25 #11 1.41 1.56 37.03 6.88E-05 1.99 3.11 -2.40 10.74
9 -41.40 -15.41 #11 1.41 1.56 35.27 6.55E-05 1.90 2.96 -3.81 10.23
10 -41.40 -21.57 #11 1.41 1.56 33.51 6.22E-05 1.81 2.82 -5.06 9.72
11 -41.40 | -27.74 #11 1.41 1.56 31.75 5.90E-05 1.71 2.67 -6.17 9.20
12 -41.40 | -33.90 #11 1.41 1.56 29.99 5.57E-05 1.62 2.52 -7.12 8.69
13 -33.87 33.90 #11 1.41 1.56 42.15 7.83E-05 2.27 3.54 10.00 10.00
14 -26.35 33.90 #11 1.41 1.56 34.93 6.49E-05 1.88 2.94 8.29 6.44
15 -18.82 33.90 #11 1.41 1.56 27.72 5.15E-05 1.49 2.33 6.58 3.65
16 -11.29 33.90 #11 1.41 1.56 20.51 3.81E-05 1.10 1.72 4.87 1.62
17 -3.76 33.90 #11 1.41 1.56 13.29 2.47E-05 0.72 1.12 3.16 0.35
18 3.76 33.90 #11 1.41 1.56 6.08 1.13E-05 0.33 0.51 1.44 -0.16

19 11.29 33.90 #11 1.41 1.56 -1.14 N/A*

20 18.82 33.90 #11 1.41 1.56 -8.35 N/A*

21 26.35 33.90 #11 1.41 1.56 -15.56 N/A*

22 33.87 33.90 #11 1.41 1.56 -22.78 N/A*

23 41.40 33.90 #11 1.41 1.56 -29.99 N/A*
*Rebars under compression are not considered. Sum 52.16 45.21 159.93
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Therefore, three equilibrium equations can be established as below.

Force Equilibrium Equation
Y P=(C+T)— P =-59537 kip
Moment Equilibrium Equation (x-axis)
Z M, = (My, + My) — My, = —859.53 kip — ft
Moment Equilibrium Equation (y-axis)

z My, = (M, + M,;) — M,,, = —4210.37 kip — ft

The research team used the goal seek algorithm equipped in Excel to satisfy the
equilibrium equations.

1°" Goal Seek Cycle
Step To satisfy By changing | Updated variables | Equilibrium Equations
Yn =0in. Z P = 747.55 kip
Extreme (Case 1I)
1 Z M, =0 Compressive Z M, = 50.83 kip — ft
Fiber Strain (g,) | & = —0.00042
6 = 73.40° Z My = Okip — ft
ys = —11.30 in. sz()kip
; (Case 1)
2 Z P=0 Neutral Axis Z M, = 137.05 kip — ft
Depth (y) g. = —0.00042
0 = 73.40° Z M, = —601.16 kip — ft
Yn = —11.30in. Z P = 44.80 kip
; (Case II)
3 Z M, =0 Nel.ltraF Axis Z M, = 0kip— ft
Inclination (8) g, = —0.00042
0 =76.07° Z M, = —395.41Kkip — ft
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2" Goal Seek Cycle

Step To satisfy By changing | Updated variables | Equilibrium Equations
yp = —11.30in. ZP = 126.48 kip
Extreme (Case II)
1 Z M, =0 Compressive Z M, = 88.17 kip — ft
Fiber Strain (¢,) | & = —0.00045
6 =76.07° ZMy=0kip—ft
v, = —12.95in. Zp = 0 kip
; (Case II)
2 Z p= Neutral Axis > M, = 11189 kip - ft
Depth (y,) . = —0.00045
6 =76.07° Z M, = —100.67 kip — ft
yn =—1295in. ZP = 36.25 kip
; (Case II)
3 Z M, =0 INeI‘.ltri.l AXI;‘ Z M, = 0 kip — ft
nclination (0) €. = —0.00045
6 = 78.02° z M, = 74.31kip — ft
3" Goal Seek Cycle
Step To satisfy By changing | Updated variables | Equilibrium Equations
Yn = —12.951n. ZP = 22.30 kip
Extreme (Case II)
1 Z M, =0 Compressive Z M, = —15.18 kip — ft
Fiber Strain (g.) g = —0.00045
0 = 78.02° > My =0kip—ft
v, = —13.24 in. Zp = 0 kip
; (Case II)
2 Z pP= Neutral Axis Z M, = —10.43 kip — ft
Depth (yn) . = —0.00045
0 = 78.02° Z M, = —16.74 kip — ft
Yn = —13.24in. Z P = —3.38kip
; (Case II)
3 Z M, = INeI‘.ltri.l AXIBS Z M, = 0 kip — ft
nclination (0) €. = —0.00045
0 = 77.84° Z M, = —33.18 kip — ft
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After a few more cycles, three values satisfying the equilibrium conditions can be
obtained as below:

yp = 13.28 in. (Case II)
g, = —0.00045
0 =77.95°
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Appendix B Derivation of 3D Strut-and-Tie

Model Element Forces

Load Case VI: Axial Compression combined with Moderate Biaxial Flexure

From the sectional analysis,

Resultant Forces:

Reactions:

F, = —1736.2 kip; Fz = 80.2 kip

Figure B.1 3D strut-and-tie model (axonometric view): Load Case VI

R; = 657.3kip; Rp = 520.2kip; Ry = 170.7 kip; Ry = 307.8 kip

x-coordinate

y-coordinate

z-coordinate

Node lin.] lin.] lin.]
A 23.70 29.19 54.00
B -36.08 16.53 541
C 63.00 263.00 541
D 63.00 63.00 541
E 263.00 63.00 541
F 263.00 263.00 541

108




Node D

Known Forces:

F,=0; E, =0; F, = Rp = 520.2 kip
Element Length - Unit Yector =
i ] k
DA 95.5 -0.412 -0.756 0.509
DC 126.0 0 -1 0
DE 126.0 -1 0 0
DA D¢ DE|[fra] |7
54| oe| oE| [T
[DA| [DC| [DE|l[F,,.| |-F,
g —_— _— —_ -1
Fpa DA D¢ DE1 || [-0412 0 -1 0
Focl=l— — — —ry=1-0756 -1 0 0
Fpel UDA[ |DC| [DE[l |_g| loso9 o ol l-s5202
—1022.2 kip (Strut)
= 772.9 kip (Tie)
420.7 kip (Tie)
Node C
Known Forces:
F, =0; F, = Fpc = 772.9Kip; F, = R¢ = 657.3 kip
it t
Element Length - Uni Yec = =
{ J k
CA 82.5 -0.477 0.652 0.589
CB 127.1 -0.780 0.626 0
CF 126.0 -1 0 0
CA TB CF1[Feal |H
= |-F,
c4] |cB| [cF|l|g,, .
FCF— _FZ
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FCA

FCB =
FCF

This calculation result justifies the bottom mat configuration of the 3D strut-and-
tie model for Load Case VI (Figure 5.3a). The y-force components of Struts AC
and AD are 7279 kip (=1115.6 X 0.652) and 772.9 kip (=1022.2 X 0.756),
respectively. Therefore, an additional strut (Strut BC) with the y-force component
of 45 kip (=71.9%0.626) is required to be connected to Node C to satisfy the

CA B CF
[CA| |cB| |cF]

equilibrium condition.

Node F

Known Forces:

—F,| =

—F

—1115.6 kip (Strut)

—0.477

0.652
0.589

—71.9 kip (Strut)
587.7 kip (Tie)

—0.780
0.626
0

o

0
772.9
657.3

|

F, = F¢p = 587.7 kip; F, = 0; F, = Ry = 307.8 kip
Element Length - Unit Yector =
{ J k
FA 113.0 0.767 0.476 0.430
FB 84.0 0.321 0.947 0
FE 126.0 0 1 0
FA FB FE Fm' =
— — =1 y
|F4| [FB| [FEl|g,] |-F
Fral [ F74 —FE| 10767 0321 0]7'[-587.7
Feg| = l l —F,[=(0476 0947 1 0
Fopl  LFA| |FB| FEl |_g| loaso o ol [-3078

—715.9 kip (Strut)
—120.1 kip (Strut)
454.6 kip (Tie)
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Node E
Known Forces:

F, = Fpp = 420.7 kip; F, = —Fpp = —454.6 kip; F, = Ry = 170.7 kip

Element Length - Unit Yector =
i ] k
EA 122.8 0.706 -0.588 0.396
EB 53.7 0.501 -0.865 0
For the calculation, the y- and z-force components are only considered.
o mlle -
B4 [E)l lFes) ~ L
FEA] _ EA EB [—Fy] _ [ 0 2.528 -1 [—Fy]
Fep Eq’l |ﬁ3’| —F, -1.156 -1.717 —F,

_ [—43 1.5 kip (Strut)
~ [—232.3 kip (Strut)

Almost the same result can be obtained from the x- and z-force components.

— —_— _—1
FEA]: EA EB [—Fx]:[ 0 2.528 ]‘1 [—Fy]
Fgp |EA| |EB|l ~F -1.156 -1.7171 [-F,

_ [—43 1.5 kip (Strut)
~ |—231.6 kip (Strut)
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Node B

Known Forces:

F, = Fyp = 80.2 kip

Element Length - Unit Yector =
i ] k
BA 81.2 0.736 -0.317 0.598
2 :
Fgy = ~ 0598~ —134.0 kip (Strut)
Equilibrium Condition Check at Node B
x-force y-force z-force
component component component
Element Force . . .
[kip] [kip] [kip]
(Unit vector) | (Unit vector) | (Unit vector)
-98.7 42.5 -80.2
BA -134.0 (0.736) (-0.317) (0.598)
-56.0 45.0 0
BC 719 (0.780) (-0.626) 0)
116.4 -201.0 0
BE -232.3 (0.501) (0.865) 0)
38.5 113.7 0
BF -120.1 (0.321) (0.947) 0)
0 0 80.2
F, 80.2
5 ©) 0) )
Sum 0.2 0.2 0
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Node A

Equilibrium Condition Check at Node A

x-force y-force z-force
component component component
Element Force 3 . :
[kip] [kip] [kip]
(Unit vector) | (Unit vector) | (Unit vector)
98.7 425 80.2
AB -134.0 (-0.736) (0.317) (-0.598)
5316 727.9 657.3
AC -1115.6 (0.477) (-0.653) (-0.589)
4208 772.9 520.2
AD -1022.2 (0.412) (0.756) (-0.509)
304.6 2253.6 170.7
AE 4315 (0.706) (0.588) (-0.396)
549.2 340.9 307.8
AF 7159 (-0.767) (-0.476) (-0.430)
0 0 11736.2
F 11736.2
4 0) 0) €9)
Sum 0.1 0.1 0
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Load Case VII: Axial Compression combined with Large Biaxial Flexure

From the sectional analysis,

Resultant Forces:

Reactions:

FA=

—14713kip; Fz = 456.3 kip

Figure B.2 3D strut-and-tie model (axonometric view): Load Case VIl

R =571.4kip; R, = 462.4kip; Rz = —63.9kip; Ry = 45.1kip

Node x-coordinate y-coordinate z-coordinate
[in.] [in.] [in.]
A 34.08 -6.24 55.25
B -35.42 9.98 541
C 63.00 -63.00 541
D 63.00 63.00 541
E -63.00 63.00 541
F -63.00 -63.00 541
H 63.00 63.00 55.25
| -63.00 63.00 55.25
J -63.00 -63.00 55.25
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Node C

Known Forces:

E,=0; E,=0; F, = Rc = 571.4Kkip
Element Length - Unit Yector =
i ] k
CA 80.9 -0.358 0.702 0.616
CD 126.0 0 1 0
CF 126.0 -1 0 0
CA TD TCTE1[Fea]l |&
—F,
] [cD| [cFll|r,, ;
Fep —F
Feq A b CcR1 || [-0358 0 -1 0
Fopl=l— — — —r,|=10702 1 0 0
Foel UCA| [eD] [CFII g los26 o ol l-5714
—927.3 kip (Strut)
=| 650.8 kip (Tie)
331.5 kip (Tie)
Node D
Known Forces:
F, =0; F, = —F;p = —650.8Kkip; F, = R, = 462.4 Kip
Element Length - Unit Yector =
{ J k
DA 90.1 -0.321 -0.769 0.553
DB 111.8 -0.880 -0.474 0
DE 126.0 -1 0 0
DA DB DE|[fa] |75
a1 sl ol T
[DA| [DB| [DE[l|F,.| |-F
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e —_— — =1 | — -1
FDA DA DB DE Fx —0.321 —0.880 —1 O
Fppl = l— — — —E[=1-0.769 —-0474 0 650.8
Fpel LUDA| [DB| [DE|l |_g| loss3 o ol l-4624
—853.7 kip (Strut)
= | —17.8 kip (Strut)
284.0 kip (Tie)
Node F

Known Forces:

F, = Fer = 331.5kip; E, = 0; F, = Ry = 45.1 kip

Element Length - Unit Yector =
{ J k
FA 123.0 0.789 0.461 0.405
FB 78.0 0.354 0.935 0
FE 126.0 0 1 0
FA FB FE Fra —F
— — —||Fre| = |5
[FA| |FB| |FE|l|F,l |-F
FFA] A 7B FR1 7% [0.789 0.3540 0]‘1 [—331.5]
Frpl = |— — — -k =10461 0935 1 0
Frl UFA|l [FBl [FE|l [_g| los0s o o l-451

—111.3 kip (Strut)
= |—689.2 kip (Strut)
696.1 kip (Tie)
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Node E

Known Forces:

E, = Fpp = 284.0 kip; F, = —Fzp = —696.1 kip; F, = Ry = 45.1 kip

Based on the given strut-and-tie model configuration,

it Vect
Element Length - Uni - S =
{ J k
EB 59.8 0.462 -0.887 0
—284.0 696.1 _
FBEfromFDE = m = —615.4 * FBEfromFFE = —0.887 = —784.7 klp

A new nodal position of Node E is determined to transfer the force discrepancy
between Ties FE (696.1 kip) and DE (284.0 kip) to estimate the error built in the

model. Therefore, the unit vector of Strut EB satisfying the equilibrium condition
at Node E can be determined.

) Fpg 284.0
P= = =0.378
JF2: + FE  \/284.02 + (—696.1)2
F —696.1
j e = —-0.926

 JFE +FZ  \[284.02 + (—696.1)2

Figure B.3 Plan view of 3D strut-and-tie model: Load Case VIl

117



Based on the determined unit vector, the new Node E can be positioned at 6-in.
shifted over the x-axis from its original position, and its new x-coordinate can be
computed as below.

53.0
Xg = —63 + (27.6 - m(0.378)> = —63 4+ (27.6 — 6.0) = =57.0 in.

Hence, the error is estimated by comparing the y-axis applied moment computed
from the shifted Node E (My, new ) and that of the original value (M,,,,).

(63.0)(571.4 + 462.4 — 45.1) + 57.0(63.9) _
Muy,newE = 12 = 549472 klp — ft

100 — ’5526.0 —54942 oo y
B 5526.0 TR

Muy - Muy,newE

M,

% Error =

Therefore, the error is negligible, and Strut BE derived from the new unit vector is:

—284.0 696.1 _
FgE from Fpg = 0378 — Fgg from Fry = Z0926 - —751.8 kip

It should be noted that the newly derived Strut BE and its unit vector are not
exploited in nodal strength checks but for checking equilibrium conditions at Node
B only.
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Node I

Known Forces:

E, =0; 0; F, =R —63.9 kip
Element Length - Unit Yector =
i ] k
1B 77.8 0.354 -0.681 -0.641
IH 126.0 1 0 0
1J 126.0 0 -1 0
E’ m 1] Fip —F
P — Fip| = _Fy
75| |mH| [lE,] |-k
Fip

B 10 E, 0354 1 0]'[O
| === l —F, =[—0.681 0 —1] [ 0 ]
Fy; |1B] |1H| 7| ~F,| l-0641 0 0 63.9

—99.8 kip (Strut)
=| 35.4kip (Tie)
68.0 kip (Tie)

Node H
Known Forces:

F, = —Fy = —35.4kip; , = 0; F, = 0

Element Length - Unit Yector =
{ J k

HA 75.0 -0.385 -0.923 0
HGn N/A 0 -1 0

For the calculation, the x- and y-force components are only considered.

HA
|HA| |HG |
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Fya
Fue,

Node J

Known Forces:

|- [|HA|

V]

0

[ ] —0.385
|HG | —0.923
1.9 kip (Strut)

9
84.8 kip (Tie)

Element Length - Unit Yector =
i ] k

JA 112.5 0.863 0.505 0
\[€]1 N/A 1 0 0

For the calculation, the x- and y-force components are only considered.

F]A
chl

JA

VAl

w oW [
8| ] [7])|F,

] Il]Al IJGll [:iﬁ

JG; l
VG|

F]A
F]G1

]z

%]

0.863 17171

0.505 0

]

—134.7 kip (Strut)

116.3 kip (Tie)
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FIB

Node B

Known Forces:

IH| =
FI]

TH
[H] 17|

0.354
—0.681 0
—-0.641 0

—99.8 kip (Strut)
35.4 kip (Tie)
68.0 kip (Tie)

0
-1
0

1)

Element Length - Unit Yector =
i J k
BA 87.1 0.798 -0.186 0.573
4 :
FBA = m = —685.4 klp (Strut)
Equilibrium Condition Check at Node B
x-force y-force z-force
component component component
Element Force . . :
[kip] [kip] [kip]
(Unit vector) | (Unit vector) | (Unit vector)
-547.2 127.7 -392.4
BA 6854 (0.798) (-0.186) (0.573)
-15.7 -8.5 0
BD -17.8 (0.880) (0.474) 0)
284.0 -696.1 0
* -
BE 7518 (-0.378) (0.926) 0)
243.6 644.7 0
BF “689.2 (-0.354) (-0.935) 0)
354 -68.0 -63.9
Bl 9.8 (-0.354) (0.681) (0.640)
0 0 456.3
F 456.3
5 (0) (0) (@)
Sum 0.1 -0.1 0

*Newly derived Strut BE satisfying the equilibrium condition at Node E
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Node A

Equilibrium Condition Check at Node A

x-force y-force z-force
Element Force Corltlll(:)i(;)r]lent Cor?ll()i(];r]lent Corltlll(:)i(l))r]lent
(Unit vector) | (Unit vector) | (Unit vector)
AB 6854 (-50‘.1;;8) (_(}.21ng) (-309.?74;)
AC 9273 (3?51575) (-605.3(')82) (-507.61 '12)
AD -835.7 (52213 ) (_(?.4;265) (j)% '54;)
AF 1113 (-5.77'39) (-3.142 1 (-3.54015)
AH 919 (0335 éi) ((_)?;2'2) (8)
K -1347 (-1)1.3633) (-8.85'85) (8)
F, 14713 o o i
Sum 1162 84.6 0

Therefore, the force components of the resolved strut (Strut AG) of the widespread
struts (Struts AG,, AG,, ..., AG,) are determined to satisfy the equilibrium condition

at Node A.
x-force y-force z-force
component component component
Element Force . . :
[kip] [kip] [kip]
(Unit vector) | (Unit vector) | (Unit vector)
-116.2 84.6 0
AG 1437 (-0.808) (0.589) 0)
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