LRFD Substructure Example 2 2-ColurRrer on Drilled Shafts

SUBSTRUCTURE
EXAMPLE

2-Column Pier
On Drilled Shafts

This example illustrates the design of a two colynan with circular columns
supported on individual drilled shafts. The bridge spans of 118 feet and
130 feet with zero skew. Standard ADOT 42-inchdyse barriers will be used
resulting in a bridge configuration of 1’-7” bamjd.2’-0" outside shoulder,
two 12'-0” lanes, a 6’-0” inside shoulder and a7I'barrier. The overall out-
to-out width of the bridge is 45’-2”. A plan vieand typical section of the
bridge are shown in Figures 1 and 2. The typiocat pection is shown in
Figure 3.

The following legend is used for the referencesasshm the left-hand column:
[2.2.2] LRFD Specification Article Number
[2.2.2-1] LRFD Specification Table or Equation Nusnb
[C2.2.2] LRFD Specification Commentary
[A2.2.2] LRFD Specification Appendix
[BDG] ADOT Bridge Design Guideline

Superstructure

Design Example 2 demonstrates basic design fedregsign of the
superstructure using LRFD. Critical dimensions kradls are repeated here
for ease of reference.

Bridge Geometry

Span lengths 118.00, 130.00 ft
Bridge width 45.17 ft
Roadway width 42.00 ft
Superstructure depth 5.50 ft
Loads
DC Superstructure 1986.4 kips
DC Barriers 167.1 kips
DW Superstructure 163.0 kips
Substructure

This example demonstrates basic design featuredefign of a pier consisting
of a concrete pier cap with rectangular columngsued on individual drilled
shafts. The substructure has been analyzed indaroce with the AASHTO
LRFD Bridge Design Specifications” £dition, 2007 and the 2008 Interim
Revisions.

Geotechnical

The soil profile used in this example is the onedu®r the Geotechnical
Policy Memo Number 3: “Development of Drilled ShAftial Resistance
Charts for Use by Bridge Engineers”. This memaudth be read for a more
in-depth discussion of the geotechnical aspectsildéd shafts and use of
geotechnical recommendations by a bridge engineer.



LRFD Substructure Example 2 2-ColurRrer on Drilled Shafts

¢ Brg Abt 1 ¢ Pier— ¢ Brg Abt 2+
i [ |
1-4" 118'-0" Span 1 | 130'-0" Span 2 ;o 1-4"
i ! L |
i ! o2 !
i i ‘g i
: i = i
| i - i
i N .| o !
i Lis ? L i
i ! ) $ 3 e !
i ! v Qe =\ !
I (S ool T L
. g <| < \v :
! ! S -1 -]@ !
| 1 o M |
i Ll © 1~ !
| ! | © !
i f !
[ T - T
~ O
b
(V2]
LOCATION PLAN
Figure 1
452"
320" 320"
(/ 5 Spa e 7-9" = 38-9" ,

=0

100

L

(X
36-4"

2T, " J Kl'—eyz : 1-9), " J L?-?Vz :

TYPICAL SECTION

Figure 2



LRFD Substructure Example 2 2-ColurRrer on Drilled Shafts

452"
1-7" 24'-0" ) 18'-0" 1-7"
l 2|_ou ) l 2:_0|| ! l 2|_O-| , 6|_On
Shidr | Lane ; Lane [shidr
@ i 42" F-Shape
_U " [ Barrier _‘\\j]
- I .
! o
| :
! ' !
! !
! !
I I
6'-2" | 24'-0" | 6-2"
T i i 1 =o
! - 6' x 4' I -
| Column I ®
I I -
i i ?
i i N
i !
I I
i l.—7'® Drilled i
. Shaft .
< <

TYPICAL SECTION

Figure 3




LRFD Substructure Example 2 2-ColurRrer on Drilled Shafts

Material Properties

[5.4.3.2]

[3.5.1-1]
[C3.5.1]

[C5.4.2.4]

[5.7.1]

[5.7.2.2]

Modulus of
Rupture
[5.4.2.6]

Reinforcing Steel
Yield Strength yE 60 ksi
Modulus of Elasticity E= 29,000 ksi

Concrete
fc=4.5Kksi Pier Cap and Superstructure
f.=3.5ksi Columns and Drilled Shafts

Unit weight for normal weight concrete is listeddye. The unit weight for
reinforced concrete increased 0.005 kcf greater fit@n concrete.

Unit weight for computing £ = 0.145 kcf
Unit weight for DL calculation = 0.150 Kkcf

The modulus of elasticity for normal weight conerethere the unit weight is
0.145 kcf may be taken as shown below:

E. =1820/f', =1820y 45 =3861ks, Pier Cap and Superstructure
E. =182Q/ f', =1820/35 =3405ksi , Columns and Drilled Shafts

The modular ratio of reinforcing to concrete shoogdrounded to the nearest
whole number.

n =%0;]O= 751 Use n = 8, Pier Cap and Superstructure
n= éioooco= 852 Use n =9, Columns and Drilled Shafts

1 = the ratio of the depth of the equivalent unifbyrstressed compression
zone assumed in the strength limit state to théhdefpthe actual compression
zone stress block. For concrete strengths noteettog 4.0 ksip; = 0.85.

The modulus of rupture for normal weight concrede beveral values. When
used to calculate service level cracking, as sgekcih Article 5.7.3.4 for side
reinforcing or in Article 5.7.3.6.2 for determinai of deflections, the
following equation should be used:

f, = 024/f', = 024/35 = 0.449ks

When the modulus of rupture is used to calculagectcking moment of a
member for determination of the minimum reinforcneguirement as
specified in Article 5.7.3.3.2, the following egioat should be used:

f, = 037,/f', = 037//35 = 0.692ksi



LRFD Substructure Example 2 2-Colurirer on Drilled Shafts

Existing Soll
The existing soil has the following properties:
Depth Soil Type Total unit weightys 0}
ft Pcf degrees
0-25 | Fine to coarse sands 120 30
25-75 | Gravely sands 125 36
75-90 | Fine to coarse sands 120 30
90-130 | Gravels 125 38

The following assumptions have been made:
No groundwater is present.
The soils will not experience any long-term (corgation or creep)
settlement.

Design Chart 1 is a plot of factored axial resis&a(Strength Limit States)
versus depth of embedment for various shaft diarsiete

Factored Axial Resistance, kips
(Strength Limit State)
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Chart 2 is a plot of factored axial resistance {erLimit States) for a given
vertical displacement at the top of the shaft vedepth of embedment for
various shaft diameters. Geotechnical Policy M@&mepresents Chart 2 for
vertical displacements of 0.1 inch, 0.25 inch, Qrih, 0.75 inch, 1.0 inch and
2.0 inches. An example design chart for 0.5 iscéhiown below. The reader
should refer to Geotechnical Policy Memo 3 for ottiearts.

Servico Axial Resistance, kips
(For Estimated Settlement = 0.50 in.}
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Limit States
[1.3.2]
[1.3.2.1-1]

[1.3.2.1-2]

[1.3.2.1-3]

[1.3.3]

[1.3.4]

[1.3.5]

[BDG]

In the LRFD Specification, the general equationdesign is shown below:
zniyiQi <¢9R, =R
For loads for which a maximum valuepfs appropriate:

17 =NpMf, 2 095

For loads for which a minimum value wfis appropriate:

L <10
NoNRM,

=

Ductility
For strength limit state for conventional desigd details complying with the
LRFD Specifications and for all other limit states:

Nno= 1.0

Redundancy
For the strength limit state for conventional levef redundancy and for all
other limit states:

nr=1.0

Operational Importance
For the strength limit state for typical bridgesldar all other limit states:

n =10

For an ordinary structure with conventional desagd details and
conventional levels of ductility, redundancy, amational importance, it can
be seen that; = 1.0 for all cases. Since multiplying by 1.0lwibt change

any answers, the load modifigrhas not been included in this example.

For actual designs, the importance factor may veue other than one. The
importance factor should be selected in accordamtethe ADOT Bridge
Design Guidelines.
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LONGITUDINAL
FRAME

Section Properties

[10.7.3.13.4-2]

The superstructure section properties have beenla&édd subtracting the Y2
inch wearing surface from the top slab thickngsswever, this wearing
surface has been included in weight calculatioftse bridge has a uniform
cross section except where the web flares froomé@Bds to 18 inches starting
16 feet from the face of the abutment diaphrag&summary of section
properties follows:

Superstructure Section Properties:

12" Web| 18" Web
Yo 36.63 35.93] in
Yi 28.87 29.57| in

Inertia | 6,596,207 7,063,707 in*
Area 10,741 12,660] in®

To properly model bridges with deep foundation edata such as drilled
shafts, an analysis that considers the interactiagtructural frame with the
foundation system including soil is required. Tisisin involved iterative
process that needs to be started with a certaiof $@ds (moments, lateral
and vertical loads) which in turn requires a stngait frame analysis. To aid in
starting the analytical process, an initial simpéfion is often made wherein
the bridge structure is analyzed separately indhgitudinal and transverse
direction using an equivalent frame that modelsditieed shaft foundation as
fixed at a certain depth below the finished groline and neglects the
presence of soil. The depth at which the shafssimed to be fixed is often
referred to as the “depth to fixity”. The equivatiéength of the shaft (or depth
to fixity) is the length of the shaft which, whardd at the base, produces the
same deflection and rotation at the level wherddhd effects are applied.
Additionally, the depth to fixity must be such thlé buckling load is
equivalent to that for the actual conditions.

In the literature, there are a number of differ@ethods to determine the
equivalent length of the drilled shaft. Since depth to fixity is meant to just
facilitate initiation of the overall structural dgsis, an initial rational estimate
will get the analytical process started. For thiample problem, an estimate
of the depth to fixity for a single shaft was mdiasm the following equation
that is applicable to cohesionless soils (sandd)paismatic members:

E I 02
L, :1.8T=1.8{ c g}
nh

where, T is the relative stiffness factor, thatsidars the stiffness (g) of the
column/shaft with respect to the stiffness of tbi iepresented by parameter
n,. Theparameter jpis the constant of horizontal subgrade reactiahitn
value should be obtained from the geotechnicalrerayi
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The assumption in the above formula is that themmm depth of the drilled
shaft is at least 3 times the value of T. For éxample problem, the depth to
fixity is computed below for a 7-ft diameter drdlshaft. A value of p=

0.200 kci has been assumed as a fictitious vahee ghe primary goal of the
example problem is to demonstrate structural aspg#ctubstructure design.
During actual design, the geotechnical engineeulshize contacted for the
value of i that is representative of actual soil conditions.

4
E.l, =(3409 [E%J = 8,321500000k-in?

1 1
EI_ )5 5
T=| 9| = (8’321500‘000)5 +12=1108 ft
n, 0.200
Using the above values, the equivalent depth ityffer this example problem
is computed as follows:

Le=1.8T = 1.8(11.08) = 19.95 ft

The above estimation otlassumes that the shaft has a proper lateral suppor
from the finished ground line, i.e. the soils aot softened due to soil structure
interaction or other factors. In practice, dueyolic effects of loading, the
upper portion of the shaft may not provide propgeral support. Therefore, a
depth of 5-ft below finished ground line is genBraleglected. Since in this
example the shaft is buried 2 feet below the fiedsground line, the lateral
support for the shaft is neglected for 3.0 feet ame@quivalent depth to fixity

of 19.95 + 3.00 = 22.95 feet is assumed as showigire 4. The column
length equals 18.00 + 36.63 / 12 = 21.05 feet.

118.00 130. 00

&

21.05

44, 00
22.95
Shaft Column

~
~
~
-~

LONGITUD INAL FRAME

Figure 4
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Using the equivalent depth to fixity, a structuraime analysis is performed to
determine the initial set of loads (shear, axia amoment) and deformations.
Then the equivalent length is verified using a catapprogram such as L-Pile
by comparing the resulting deflection from L-Pilgedto the initial set of loads
to that from the frame analysis using the equiviaiemgth of the shaft. This
process is repeated until convergence between kratideformations is
obtained between structural frame analysis andié dhalysis. To aid in rapid
convergence of the analysis, the following is @&fogiscussion for prismatic
and non-prismatic members.

Prismatic

For a prismatic member fixed at the base and fréeeaop the equivalent
length can be directly solved by using the follogvaeflection formula:

3
A= il => solving forl yields: | = 31/3E|A
3El P

In the above formula, P is the applied load atcittliemn top and\ is the
resulting deflection from the L-Pile analysis.

Non-Prismatic

For a non prismatic stepped member fixed at the bad free at the top the
equivalent length of the shaft can be determineddsgtion. The formula for
a stepped column/shaft where the column has aeliffsize or shape than the
shatft is:

3 2 2 3
Pl 1,71, 1l I
A= |1 4172 12 4 12

E(3, 1, I, 3,

Where: P = lateral load applied at top of column
A = deflection at top of column
[; = length of column
I. = moment of inertia of column
I, = equivalent length of shaft
I, = moment of inertia of shaft

Regardless of the type of member (prismatic or pesmatic), L-pile should
be run for the given lateral load, P. The abowgaéign can then be solved by
iteration for the equivalent shaft lenggh IThe resulting equivalent length can
then be used in the frame analysis to determine entsrand shears at the top
of the column. Values at the base from this amalyill overestimate the true
magnitude of the loads. However, the values ab#se may be used in the
design if the forces are low and the 1 percenfoeimg requirement controls.
Otherwise, the top moments and shears should likass®ads applied to an
L-Pile problem.

10
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TRANSVERSE The transverse frame is shown in Figure 6. Thegap is an integral part of
FRAME the superstructure. To adequately capture itsstifeess, the cap should be
modeled as a flanged member. The top and bottamgds should be extended
Effective Flange 6 times their thickness beyond the 6 foot wide @agach side as shown in
Width Figure 5.
[4.6.2.6]
| 162
=
~
I i
of 36" 72" a5
(Typ) (Typ)
| 1
© 144"

TYPICAL SECTION
Pier Cap

Figure 5

Transverse section properties for the cap, colanthshaft are shown below:

Pier Cap| Column Shaft Units
Area 40.44 24.00| 38.48 “ft
Inertia| 126.97 72.00 | 117.86 ft*
Yo 2.83 3.00 3.50 ft
Ec 3861 3405 3405 ksi

In determining the equivalent length of the coludnitied shaft, several items
must be considered. As noted earlier the shafbeagonsidered laterally
supported at a depth of 5.0 feet below the groumihse. Since the shaft is
[C10.8.3.9.3] buried 2 feet below the ground the depth of supforthe shaft is 3.0 feet.
However, laterally supported does not mean fixekity occurs below this
location and depends on the stiffness of the supgopsoil. For sands an
estimate of the depth to fixity for a single shath be made from the following
equation:

El, 1"
[10.7.3.13.4-2] L, = 1.8[E : g}
r]h

n, = rate of increase of soil modulus with depthe Seundation Report
for site specific data. For this problep=0.200 kci

11
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[10.7.2.4.1]

[C10.7.2.4]

The effect of group action must also be considerdte p-multipliers are used
to reduce the effective stiffness of the solil flarsely spaced drilled shatfts.
The method actually requires that a different rplitr be applied for each
shaft creating a different effective length foreabaft. With the iteration
required in the process this method complicatesitfagysis effort greatly. The
LRFD Commentary states that “The multipliers onpile rows are a topic of
current research and may change in the future.’lleMmnodeling each column
for a different length may be more theoreticallyreot, the extra work is not
required for ordinary bridges considering the ire#Rass of the soil properties
being used. Using an average multiplier for treugrand applying this value
to every column is an accepted alternative. li@nas still required but the
problem is greatly simplified without a major charig results.

For the transverse frame in the direction of logdthe ratio of shaft spacing to
diameter = 24.00 / 7.00 = 3.43. For drilled sisaficing greater than 5 times
the diameter, there will be no affect on the s@mldmus. However, at a shaft
spacing of 3 times the shaft diameter the p-mudtips 0.7 for row 1 and 0.5
for row 2 and at a shaft spacing of 5 times thdtshameter the p-multiplier is
1.0 for row 1 and 0.85 for row 2. For an internaeispacing, modulus values
may be estimated by interpolation as follows:

Row 1 = 0.70 + (1.00 — 0.70)(3.43 — 3.0) / (5.00) 3 0.765
Row 2 = 0.50 + (0.85 — 0.50)(3.43 — 3.0) / (5.@}3: 0.575

The equivalent length of each column is determeetbllows:

Row 1
4 0.2
L, =18 (3409117586 (1.2) +12=2105
(0.765){0.200)
Row 2
4 0.2
L =18 (340911786){12)" | | 1229228
(0.575)C{0.200)

For two shafts the average p-multiplier is (0.763.575) / 2 = 0.671

For n, = 0.200 kci, the effective value becomes (0.67.2J{0) = 0.134 Kkci.
The effective length considering group effectsakualated as follows:

4702
=100 COFEIE s srgn

12
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The difference in lengths of the column in thisrepde are quite small and
normal practice would be to use the average otthemns for design of the
transverse frame.

The transverse frame column length then equalsuheof center of gravity of
the pier cap plus the column length or 2.83 + 18 @0.83 feet. The effective
equivalent length of the shaft equals the depthteral support plus the
equivalent shaft length or 3.00 + 21.61 = 24.61.f8@e total combination
column/shaft length equals 20.83 + 24.61 = 45.44. fe

The example problem was originally analyzed usiifigiebnt group effect
modifiers than shown above producing an effectargth of drilled shaft of
28.14 feet as shown below. The remainder of tkésrgle uses the column
shaft length of 48.97 feet as shown below.
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SUBSTRUCTURE
Loads
Section 3

[10.8.2]

[10.8.3]

Loads

There are several major changes and some minogeblaoncerning the
determination of loads. The DC loads must be keparate from the DW
loads since different load factors apply. The lv&d is new as seen in the
superstructure design. The dynamic load allowameeconstant rather than a
function of the span. The Longitudinal Force ia SBtandard Specifications
has been modified and replaced by the Braking Fofceehicle collision
force relating to protection of piers or abutmems been added. The wind
and wind on live load is similar but has a modifica factor for elevations
above 30 feet. The vertical wind pressure is #reesbut the specification
clarifies how to apply the force to the proper lagdup.

Brg Abt 2

118. 00
Span 1

¢ Brg Abt 1 ¢ Pier ¢
I I ]
i i |
! ' !
! ! !
T T
i i
i |
L 1

\\=——Confribu+ary area

59. 00 65. 00 for Transverse
Forces
124. 00
PL AN
Figure 7

Both abutments are expansion with the pier regjsdlhthe longitudinal forces.
The distribution of transverse forces is a comgeblem involving the
flexibility of the abutments, piers and the superstiure. For design of the
pier, a conservative assumption is to design ferctntributory area for
transverse forces as shown in Figure 7.

Limit States
For substructure design, foundation design at énece limit state includes
settlement and lateral displacement.

Foundation design at the strength limit state idetibearing resistance and
structural capacity. For substructure design glsteength limit states require
investigation. Strength | is the basic load cormbon without wind. Strength
Il is the load combination including wind exceegli®5 mph. Strength V is
the load combination combining normal vehicular wih a wind of 55 mph.

14
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[3.6.5] For substructure design, Extreme Event Il is tlae loombination for collision
of substructure units by vehicles. This limit stet not considered in this
example.

A partial section showing the neutral axis and ouiicenterline with
dimensions in feet is shown in Figure 8. The r@sglransverse frame with
dimensions in feet is shown in Figure 9.
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[3.5.1]

[3.12.7]

PERMANENT LOADS
DC — Dead Load Structural Components

The dead load reaction from the barriers of 161#% ks distributed equally to
all webs. The reaction per web equals 16761= 27.85 kips

The dead load reaction from the longitudinal fraamalysis for self-weight and
diaphragms equals 1986.4 kips. The pier cap weighals
(0.150)(5.50)(6.00)(38.60) = 191.1 kips. The sapacture dead load is
proportioned as follows:

Interior Web:
Area = (93.00%(8.00) + 2(0.5)(4)(4) + (12.00)(52.60(93.00)(6.00)
=1942i
Reaction per Web = [(1942) / (10741)](1986.4 — 19%£.324.59 k
Barrier = 27.8k&
DC =352.44 k
Exterior Web:

Area = (10741 — 4(1942)) / 2 = 1486.5 in
Reaction per Web = [(1486.5) / (10741)] (1986.84.1) = 248.46 k
Barrier = 27.86
DC = 276.31k
Pier Cap

w = 0.150(5.50)(6.00) = 4.950 k/ft
DW — Dead Load Wearing Surfaces and Utilities
The DW superstructure load includes the future wgasurface and utility
loads. This bridge has no utilities. The reacfimm the future wearing
surface equals 163.0 kips. The reaction per welled.63.0- 6 = 27.17 kips.
PS — Secondary Forces from Post-Tensioning

The reaction from the secondary moment caused blytposioning equals the
moment at the pier divided by the span length.

Span1l (6243)/(118.00) =52.91
Span2 (7041)/(130.00) =54.16
107.07 k

The reaction per web equals -107:08 = -17.85 kips uplift.

16
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[3.6.1.1] TRANSIENT LOADS
3.6.1.1.1] LL — Vehicular Live Load
[3.6.1.1.2] The number of design lanes equals the integeropdne traffic opening

divided by 12. For this bridge the number of dedanes equals w /12 =
42/ 12 = 3. For the reaction, apply the multiptesence factor, m.

The reactions for the vehicle LL are: design lar#:33 k, design truck =
71.47 k, design tandem = 50.02 k, and two truck&eB0apart = 124.20 k.
The resulting LL + IM reaction for one vehicle igetgreatenf is:

R = (99.33 + 1.33(71.47)) = 194.4 k
R = (99.33 + 1.33(50.02)) = 165.9 k
R = (0.90)(99.33 + 1.33(124.20)) = 238.0 k <= i

Each wheel line will be half that amount or 119isk While many
combinations of possible live load locations exastgineering judgment and
experience can reduce the number to a few criticaltions as shown in
Figure 10 and described below.

Live Load 1
This live load is located 2 feet from the left slukrrier producing
maximum moments and shears on the cantilever aatllaad, moments
and shears on the column in one direction.

Live Load 2
This live load is located 6 feet from Live loadddang to the negative
moment at the inside face of the pier cap. Thasllwill add to the axial
load on the column but will be in the opposite dii@n for moment and
shear than Live Load 1.

Live Load 3
This live load is located 6 feet from Live Load @&ang to the effects of
Live Load 2. Live loads 1, 2 and 3 can be additorenegative moment
but due to the Multiple Presence Factor, m, addtioehicles may not
produce the maximum effects.

Live Load 4
This live load is located 2 feet from the rightesigarrier producing the
maximum uplift on column 1 and adding to the columoment and shear
from Live Load 1.

Live Load 5
This live load is centered in the pier cap spaprtmluce maximum
positive moments and shears and maximum column mizno@posite to
Live Load 1.

17



LRFD Substructure Example 2 2-Colurrer on Drilled Shafts

[3.6.2]

42'-0"
Cl Rdwy
2'-0 | 6-0" L 1-0

Live 119K ’ 119K
Load 1 T |

! i

5I_OII 6"0.

Live ’ 119K | 119K ’
Load 2 I :

i i

i ;

17'-0" | 6 _0 L 1 l_On

Live ’ ‘ 119K ‘ 119K
Load 3 T |

| |

10", , 6-0" , , 2-0
| I |

Live ’ 119K 119K ’
Load 4 T |

! i

| 4-0, 6-0" 40 6-0* , 4-0:
Live ’ ‘ 119K 119K 119X [119K ’
Load 5 T :

! i

| I

Column 1 Column 2

Figure 10

IM — Dynamic Load Allowance
Dynamic load allowance equal to 33% is appliechodesign truck but not the
design lane load for the design of the pier capatdmn. The dynamic load

allowance is not included for design of the drillthfts. For the reaction the
dynamic load allowance is:

IM = (0.90)(124.20)(0.33) = 36.9 k
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[3.6.4]

[3.8]

BR — Vehicular Braking Force
The braking force shall be taken as the greaiter

25 percent of the axle weights of the design trclesign tandem
V =(0.25)(32 + 32 + 8) = 18.00 k <= Critical
V =(0.25)(25 + 25) =12.50 k

5 percent of the design truck plus lane load oeEg@nt of the design
tandem plus lane load

V =(0.05)[32 + 32 + 8 + (248.00)(0.640)] = 11.54 k

V = (0.05)[25 + 25 + (248.00)(0.640)] = 10.44 k

The braking force shall be placed in all desigretathat are considered to be
loaded which carry traffic in the same directiorhe bridge is a one
directional structure with all three design laneaded in the same direction.
The multiple presence factors shall apply.

BR = (18.00)(3)(0.85) = 45.90 k

This load is to be applied 6 feet above the declasa. However, standard
analysis of a frame does not allow for a load t@pglied other than at the
center of gravity of the frame. To consider thghieir load application
location, the force can be increased by the rdttbeactual load location to
the center of gravity of the frame. The columrgkinto the soffit in the
longitudinal direction is L = 18.00 + 3.00 + 19.9%10.95 feet.

Ratioong = (6.00 + 5.50 + 40.95) / (3.05 + 40.95) = 1.192
BRagj = (1.192)(45.90) / 2 = 27.36 k per column

Assuming the superstructure is rigid and both colsiwill deflect the same
for forces applied in the longitudinal directiomacl column will resist half the
load.

WS — Wind Load on Structure

Wind pressures are based on a base design windityed® 100 mph. For
structures with heights over 30 feet above the mglbne, a formula is
available to adjust the wind velocity. The windassumed to act uniformly on
the area exposed to the wind. The exposed atha sum of the areas of all
components as seen in elevation taken perpendiuthe assumed wind
direction.

Long Area = [5.50 + 3.50 + 0.02(45.17)][118 + 1302456 ft
Trans Area = [5.50 + 3.50 + 0.02(45.17)][59 + 65]228 ft
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[3.8.1.2-1]

The base pressure for girder bridges corresportditige 100 mph wind is
0.050 ksf. The minimum wind loading shall not bsd than 0.30 klIf. Since
the wind exposure depth is greater than 6 feefctiisria is satisfied. The
AASHTO LRFD 2008 Interim Revisions added a simplifiwind procedure
for usual girder and slab bridges having an indigicspan length of not more
than 125 feet. Since the maximum span is 130 fieistsimplification may not
be used. Therefore, various angles of attack shoelinvestigated. The
center of gravity of the loads is located [5.50.5083+ 0.02(45.17] / 2 = 4.95
feet above the soffit of the bridge. The columimgheto the soffit for the
transverse direction is L = 18.00 + 3.00 + 25.146-14 feet. Wind pressures
for various angles of attack are taken from Tab$132.2-1.

RatiQong= (4.95 + 40.95) / (3.05 + 40.95) = 1.043
RatiQrans = (4.95 + 46.14) / (2.83 + 46.14) = 1.043

0 Degree Skew Angle
Viong = (2456)(0.000)(1.043) = 0.00 k
Virans= (1228)(0.050)(1.043) = 64.04k Critical

15 Degree Skew Angle
Viong = (2456)(0.006)(1.043) = 15.37 k
Virans= (1228)(0.044)(1.043) = 56.36 k

30 Degree Skew Angle
Viong = (2456)(0.012)(1.043) = 30.74 k
Vians= (1228)(0.041)(1.043) = 52.51 k

45 Degree Skew Angle
Viong = (2456)(0.016)(1.043) = 40.99 k
Vians= (1228)(0.033)(1.043) = 42.27 k

60 Degree Skew Angle
Viong = (2456)(0.019)(1.043) = 48.67(k Critical
Vians= (1228)(0.017)(1.043) = 21.77 k

A conservative answer can be achieved by usingide@amum values from the
above. If wind controls the design, the complesitbf combining 5 wind
combinations should be performed. A summary ofdWorces used in the
design follows:

V|0ng = 48.67 k
Vtrans: 6404 k
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[3.8.1.2.3]

[3.8.1.3]

The transverse and longitudinal forces to be agmliesctly to the substructure
are calculated from as assumed base wind pressQré4® ksf.

Viong = 0.040(2)(6.00) = 0.480 k/ft
Virans= 0.040(4.00) = 0.160 k/ft/column

WL — Wind Pressure on Vehicles

Wind pressure on vehicles is represented by a ngdeirce of 0.10 kif acting
normal to and 6.0 feet above the roadway. Loadshabto the span should be
applied at a height of 5.50 + 6.00 = 11.50 feetvaltbe soffit.

RatiQong= (11.50 + 40.95) / (3.05 + 40.95) = 1.192
Ratigrans= (11.50 + 46.14) / (2.83 + 46.14) = 1.177

0 Degree Skew Angle
Viong = 248.00(0.000)(1.192) = 0.00 k
Virans= 124.00(0.100)(1.177) = 14.59Kk Critical

15 Degree Skew Angle
Viong = 248.00(0.012)(1.192) = 3.55 k
Virans= 124.00(0.088)(1.177) = 12.84 k

30 Degree Skew Angle
Viong = 248.00(0.024)(1.192) = 7.09 k
Virans= 124.00(0.082)(1.177) = 11.97 k

45 Degree Skew Angle
Viong = 248.00(0.032)(1.192) = 9.46 k
Virans= 124.00(0.066)(1.177) = 9.63 k

60 Degree Skew Angle
Viong = 248.00(0.038)(1.192) = 11.23k Critical
Virans= 124.00(0.034)(1.177) = 4.96 k

As with the wind load, a conservative answer fandvon live load can be
achieved by using the maximum values from the abdfveind controls the
design, the complexities of combining 5 wind direcs should be performed.

V|0ng = 11.23 k
Virans= 14.59 k
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[3.8.2]

[3.12]

[BDG]

TU

SH

[3.12.6]

Vertical Wind Pressure

A vertical upward wind force of 0.020 ksf times th&lth of the deck shall be
applied at the windward quarter point of the de€kis load is only applied for
limit states which include wind but not wind ondiload (Strength Limit State
[II) and only when the direction of wind is takemlie perpendicular to the
longitudinal axis of the bridge. When applicalfle tvind loads are as shown:

P =(0.020)(45.17)(124) = -112.02 upward per pier
Muans= (112.02)(45.17 / 4) = 1265 ft-k
P = (112.02) / 2 + (1265)(12.00) / [(2)(12.0) -108.72 k per column

TU, SH, CR — Superimposed Deformations

Internal force effects that cause the pier capxfmed and contract shall be
considered in the design. Due to the expansiongait the abutments there
are no longitudinal deformation forces in the mielumn. However, internal
forces will result from transverse deformation loé two column bent for
temperature changes. For temperature deformatiensmiember movement is
taken to include the entire temperature range rdkiaa the rise and fall from
the mean temperature that was used in the pagt.Biiige Design Guidelines
provide the appropriate temperature range to usethits low elevation site the
design temperature range is 70 degrees

TU = 0.000006(70)(12.00)(12) = 0.06048 in

From the Bridge Design Guidelines, design for andtage factor of 0.0002
that includes a combination of the ultimate shrgi&and creep effects of the
column.

SH = 0.0002(12.00)(12) = 0.0288 in

SE — Force Effects Due to Settlement

Differential settlement between the pier and abutisievill cause moments
and shears in the superstructure that are traesféorthe column and drilled
shaft due to continuity between the superstrucacesubstructure. Based on
a differential settlement of ¥z inch, fixed end maitsein the superstructure are
determined as follows:

Span 1: FEM = 6B = L2 = 6(3861)(6,596,207)(0.5) + (178)1728
= 3175 ft-k

Span 2: FEM = 6B = L2 = 6(3861)(6,596,207)(0.5) + (130)1728
= 2616 ft-k
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[3.4.1-3]

[3.4.1-1]

The substructure for this bridge was analyzed uieggross section properties
for the column and drilled shaft. For forced defations such as secondary
moments due to prestressing, temperature, creephaimkage, a strength limit
state load factor of 0.5 is specified. A summdrynaximum and minimum
load factors for the critical strength and senliget states follows:

LOAD COMBINATIONS
STRENGTH |

Max = 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH)
+1.75(LL + IM + BR) + 0.50TU + 1.00SE

Min = 0.90DC + 0.65DW + 0.50PS + 0.50(CR + SH)
+1.75(LL + IM + BR) + 0.50TU + 1.00SE

STRENGTH Il

Max = 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH)40WS
+ 0.50TU + 1.00SE

Min = 0.90DC + 0.65DW + 0.50PS + 0.50(CR + SH) 400W/S
+ 0.50TU + 1.00SE

STRENGTH V

Max = 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH)
+1.35(LL + IM + BR) + 0.40WS + 1.00WLOt50TU + 1.00SE

Min = 0.90DC + 0.65DW + 0.50PS + 0.50(CR + SH)
+ 1.35(LL + IM + BR) + 0.40WS + 1.00WLOt50TU + 1.00SE

SERVICE |
Max = 1.00(DC + DW + PS + CR + SH) + 1.00(LL + IMBR)
+0.30WS + 1.00WL + 1.00TU + 1.00SE

The load factor for settlemengg, should be determined on a project specific
basis and is not defined in the specificationlidn of project specific
information to the contrary, the load factor fottenent may be taken as 1.0.
Use ofyse = 1.0 appears to be inconsistent with the 0.50 faator used for
CR, SH and PS. However, those forces are thetrefsthle stiffness of the
column. As the column is loaded and cracks thesfeffects will be relieved.
For settlement, the prestressed superstructure eranduld have to crack to
relieve the forces. If the superstructure werefoeced concrete and load
factor of 0.50 might be appropriate for settlenfentes.
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Pier Cap Design

[3.6.3.1]

[5.8.1.1]

Step 1 — Determine Structural Model

The sectional model of analysis is appropriataterdesign of a pier cap
where the assumptions of traditional beam theogywalid. However, the
strut-and-tie model should be considered for sibnatin which the distance
between the centers of the applied load and thpastipg reactions is less than
twice the member thickness.

Components in which the distance from the poirgeyb shear to the face of
the support is less than twice the depth or in Wwihidoad causing more than
one-half of the shear at a support is closer theéeetthe depth from the face of
the support may be considered to be deep compoaedtsequire a strut-and-
tie analysis. For this problem the webs are cldsan twice the section depth
so the strut-and-tie model is used.

A strut-and-tie model is used to determine therirdkeforce effects near
supports and the points of application of conceetréoads. A strut-and-tie
analysis is a strength limit state analysis. Ashsuo service limit state
analysis is performed with the minimum reinforcneguirement satisfying
that requirement.

The reaction due to differential settlement wasinciuded in the pier cap
design since the geotechnical aspects of the problere not resolved at the
time the example was created. The resulting 2ip.4daction at the pier due
to differential settlement between the pier andtiaents is small compared to
the total reaction. In an actual design, this leadild be included.

A section showing the relationship between thesvarse frame model and the
typical section with dimensions in feet is showrFigure 11 below.
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TRANSVERSE FRAME

Figure 11
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Step 2 — Create Strut-and-Tie Model

A half section of the strut-and-tie model showihg hodes, angles and
dimensions in inches is shown in Figure 12. Iredatning the model,
consideration must be given to the required dep#itrats, ties and the nodal
zone. Establishing geometry requires iteratiowlimch member sizes are
assumed, the truss geometry is established, mefiooes are determined, and
the assumed member sizes verified.

If a member is statically indeterminate such aa rigid frame, a realistic strut-
and-tie model will also be statically indeterminafiehe support reactions and
moments for the indeterminate truss can be foumu fan elastic analysis of
the actual frame (Figure 11) with the internal &men the truss determined
from statics.
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2-Colurer on Drilled Shafts

Step 3 — Determine Loads

In a strut-and-tie analysis the location of theligpload affects the answer.
For a post-tensioned concrete box girder bridgepibr cap is integral with
the superstructure and the applied loads from i ave uniformly distributed
throughout the depth of the superstructure. Tloeedfalf the load from the
webs will be applied to the top nodes and halh®sliottom nodes.

For this problem Strength | Limit State with twadiload cases will be
investigated to demonstrate the process. Theldiast case will be a
combination of Live Load 1 and Live Load 2 to datere maximum tension in
the top. The second load case will be Live Load 8etermine maximum
shear and maximum tension in the bottom. In anahctesign additional load
cases may require investigation.

To more accurately distribute the load, the pigrwaight is subtracted from
the superstructure reaction and distributed totiaes based on the
contributing span of the nodes based on simple sgations. Figure 13
shows the uniform load and the contributing lerfgtheach node. The
factored node concentrated loads for the pier caglzown below:

Contributing
Length

Node A/B: R = 1.25(4.950)(29.65 / 29 = 7.64 k
Node C/D: R = 1.25(4.950)(45.95 / $2)= 11.85 k
Node E/F: R = 1.25(4.950)(24.00 / $2)= 6.19 k
Node G/H: R = 1.25(4.950)(48.75 / $2)= 12.57 k
Node I/J: R = 1.25(4.950)(60.00 / $2)= 15.47 k
Node KIL: R = 1.25(4.950)(46.50 / 12 = 11.99 k

w=4.950 K/ft

24. 00
45. 95 T

29. 65 48. 75

29. 65 36. 75

Figure 13
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span. See Figure 14.

2-Colurer on Drilled Shafts

The dead load from the superstructure is concettratthe webs. For the
exterior and center webs the loads are directly nwdes and the reaction is
divided between the top and bottom nodes. Theifitsrior web reaction is
located between nodes E and G and the reactiowp®gpioned as a simple

27

Node A/B: R =[1.25(276.31) + 1.50(27.17) + 1.0G(85)]+ 2
=184.15k
Node E/F: R =[1.25(352.44) + 1.50(27.17) + 1-00(85)]
(19.50/ 24.00)2 = 188.28 k
Node G/H: R =[1.25(352.44) + 1.50(27.17) + 1.00(8b)]
(4.50 / 24.00} 2 = 43.45 k
Node 1/J: R =[1.25(352.44) + 1.50(27.17) + 1.Q0(85)]+ 2
=231.73k
Web 1 Web 3
4.50 19.50
A c
\\ ........ LN\ . 8. L _ L. /.
B D J
Figure 14
The live load for Case 1 as shown in Figure 15v&ldd between the nodes as
follows.
Node A/B: R = 1.75(119.00)(60.00 / 57.3@) = 109.41 k
Node C/D: R =1.75(119.00)(-2.90 / 57.10 + 12.0032%-2
=46.77k
Node E/F: R = 1.75(119.00)(12.00 / 24 €)= 52.06 k
Node G/H: R =1.75(119.00)(37.50 / 73.5P)=53.13 k
Node 1/J: R =1.75(119.00)(36.00 / 73.50+12.06.60)-2
=77.87k
Node K/L: R =1.75(119.00)(34.50 / 46.5Q) = 77.25 k
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24. 00

2-Colurer on Drilled Shafts
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Figure 15

The live load for Case 2 as shown in Figure 16ugldd between the nodes as

24.00 —71—7.| 49.50

follows.
Node G/H: R =1.75(119.00)(49.50/ 73.502 =70.13 k
Node 1/J: R = 1.75(119.00)(24.00 / 73.50+24.06.50)~ 2
=87.74 k
Node K/L: R =1.75(119.00)(22.50 / 46.50+22.50 506+ 2
=100.77 k
48.00 , 72.00 , 48.00 ,
| | 1
PLL PLL PLL
LL5 l
22.50

—‘ |—|—!24.00
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Step 4 — Determine Reactions

The pier cap in this problem is integral with tleduenn. This restraint must be
properly handled to preserve the equations ofcstaimd compatibility. The
column is divided into three equally spaced nodes:. the 72 inch wide
column Node D is 12 inches from the face, Node & the center and Node H
is 12 inches from the other face. For an appligfoun vertical load each
node will have the same contributory area and sasdting reaction. The
applied shear force will also be divided equallyween the three nodes. The
bending moment is handled with a couple betweeneN@dnd Node H
resulting in axial loads at the nodes by dividing moment by 4 feet.

Strength | Limit State also includes the restréontes and moments from
temperature and shrinkage of the frame. Sincether no externally applied
loads, this load is considered by determining tloenent, shear and axial load
from a traditional transverse frame analysis. €ase |, temperature rise will
be used since it causes tension in the top. Fse Catemperature fall and
shrinkage is used since it causes tension in ttterno Differential settlement
forces were not included only because this exanvpke completed prior to
settlement data being finalized. In an actual fgnobthe differential settlement
reaction would be included.

Case 1
A transverse frame analysis yielded the followiagations, shears and
moments.

R = 1.25(1076.7) + 1.50(81.5) + 1.00(-53.6) + 127%(7 + 159.4)
=2176.0 k

V = 1.25(-2.9) + 1.50(0.3) + 1.00(-0.2) + 1.75(5.8.6) + 0.5(-2.1)
=-6.7k

M = 1.25(-88) + 1.50(10) + 1.00(-6) + 1.75(188 -412% 0.5(-39)
= -161 ft-k

The restraints for the strut-and-tie model arelocated at the neutral axis
where the moment is taken. The moment must becegtlio the moment at
the bottom strut (2.50 feet from the column tophe reduced moment is:

M = -161 + 6.7(2.50) = -144 ft-k

The reactions at the restraint nodes are as follows
Node D:
R =2176.0/3—-144/4.00 = 689.33 ft-k
V=67/3=223k
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Node F:
R=2176.0/3=725.34k
V=6.7/3=224k

Node H:
R=2176.0/3 + 144/ 4.00 = 761.33 ft-k
V=6.7/3=223k

Case 2
The transverse frame analysis produced the follgwéactions, shears and
moments.

R = 1.25(1076.7) + 1.50(81.5) + 1.00(-53.6) + 128%(0) = 1831.0 k
V = 1.25(-2.9) + 1.50(0.3) + 1.00(-0.2) + 1.75(AR+ 0.5(5.2) = -22.1 k
M = 1.25(-88) + 1.50(10) + 1.00(-6) + 1.75(-3750:5(96) = -709 ft-k

Since the restraint for the strut-and-tie modelasat the neutral axis, the
moment must be reduced to the moment at the battarmlocation as follows:

M =-709 + 22.1(2.50) = -654 ft-k
The reactions at the restraint nodes are as follows

Node D:
R =1831.0/3 -654/4.00 = 446.83 ft-k
V=221/3=7.37k

Node F:
R =1831.0/3=610.34 k
V=221/3=7.36k

Node H:
R =1831.0/3 +654/4.00 = 773.83 ft-k
V=221/3=7.37k
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Step 5 — Determine Member Forces

A summation of Case 1 factored external loads egdgt the various nodes

follows:
Node| Uniform | Web | LL1 + | Reaction| Total
LL2

A 7.64| 184.15| 109.41 301.20
B 7.64| 184.15| 109.41 301.20
C 11.85 46.77 58.62
D 11.85 46.77| -689.33| -630.71
E 6.19| 188.28| 52.06 246.53
F 6.19| 188.28| 52.06| -725.34| -478.81
G 12.57| 43.45| 53.13 109.15
H 12.57| 43.45| 53.13| -761.33| -652.18
| 15.47| 231.73| 77.87 325.07
J 15.47| 213.73| 77.87 325.07
K 11.99 77.25 89.24
L 11.99 77.25 89.24

With the geometry of the model established andhfyied loads and reactions
determined, the force in each member is calculag&drting with Node B the
vertical and horizontal forces at the node are sathand set equal to zero
with the unknown forces in Members B-D and B-A cddted. The process is
repeated for Node A where Members A-C and A-D ateutated. This
process is continued until all the member forceskaown.

When the last node is evaluated all the membeefoace known. Summing
the forces in both directions provides a magnitiadehe error in the model. If
the transverse frame model is not the same ofused for the strut-and-tie
model errors will be introduced in addition to #seected rounding errors due
the number of separate calculations.

The partial strut-and-tie model is shown in Figlifewith the tension and
compression values rounded to the nearest kip.nTdemum tension of 593
kips occurs in Members C-E and E-G over the column.
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A summation of Case 2 external loads applied avén®us nodes follows:
Node | Uniform | Web LL5 | Reaction Total
A 7.64| 184.15 191.79
B 7.64|184.15 191.79
C 11.85 11.85
D 11.85 -446.83| -434.98
E 6.19| 188.28 194.47
F 6.19| 188.28 -610.34| -415.87
G 12.57| 43.45| 70.13 126.15
H 12.57| 43.45| 70.13| -773.83| -647.68
I 15.47| 231.73| 87.74 334.94
J 15.47| 213.73| 87.74 334.94
K 11.99 100.77 112.76
L 11.99 100.77 112.76
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With the geometry of the model established andhfyied loads and reactions
determined, the force in each member is calculated.

A partial strut-and-tie model is shown in Figurevi& the tension and
compression values rounded to the nearest kip.nTdemum tension of 739
kips occurs in Member J-L at the midpoint betwdendolumns. The
maximum shear of 448 kips occurs in Member I-Je Taximum
compression force of 1277 kips occurs in Member H-I

J
Case 2
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Step 6 — Capacity of Tension Ties
(a) Top Reinforcement over column
The maximum tension over the column occurs in MasikeE and E-G for

Load Case 1. The required area of tension tidamiament, A, is calculated
as follows:

A = P, _ 593
[5.6.3.4.1-1] ¢f, (090)i{60)

=1098 in®
Use 14 - #8 bars with ansA 11.06 i

(b) Bottom Reinforcement at midspan

The maximum tension at midspan occurs in Memberfa-Load Case 2. The
required area of tension tie reinforcemeny, i calculated as follows:

[5.6.3.4.1-1] _R_ 739 _ >
A # (09060 1369 in

Use 14 - #9 bars with ansA 14.00 i

(c) Vertical Stirrups

The maximum vertical tension force of 448 kips asdn Member 1-J for
Load Case 2. This tension force can be resistedtibbyps within a certain
length of the beam as indicated by the stirrup bardsing #6 stirrups with 6
legs, the number of stirrups, n, required in thedoia:

P .
= 448 ) =31 Use 4 stirrups

"= A, i, (090)r{6) {044) {60

The required spacing, s, within the 46.5 inch band

4650

S< =150 in
1

Use #6 stirrups with 6 legs spaced at 12 inches.
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[5.6.3.4.2]

[5.11.2.1.1]

[5.11.2.1.1]

[5.11.2.4.1]

(d) Sloping Web

The maximum tension force in Tie A-B is 324 kipehe required number of
two legged #5 stirrups is:

n= 324 ) = 9.7 Use 10 stirrups at 7 inch spacing

(0.9){2){031) {60

Step 7 — Check Anchorage of Tension Tie
(a) Top Longitudinal Reinforcement
The top 14 - #8 rebar must be developed at the iedge of Node A. The

available embedment length is 35.10 + 6.50 — 2 ¢t€20.60 inches. The
required development length is:

_125Af, _ (125){079)r{60) _ 979 in

fr_ Ja5

but not less than 0.4,f¢ = 0.4(1.00)(60) = 24.0 in

d

Since a horizontal construction joint is locatedrd¢hes below the deck, the
top bars are not considered top bars for developfeagth determination.
Therefore the bars are adequately developed.

(b) Vertical Stirrups

The vertical stirrups must be developed beyondrther edge of the nodes.
The required development length is:

_ 125A, fy (125) [ﬂ0.44) EQBO) =156 in

RN Va5

but not less than 0.4fg = 0.4(0.75)(60) = 18.0 in

The available embedment length is 8 inches, théhwatithe bottom strut,
minus 2 inches clear or 6 inches. Therefore tineips must be hooked. The
basic development length of a hooked #6 rebar is:

_380d, _(380)(075)

Idh_\/f_'c_ \/E

=134 inches
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Where side cover normal to the plane of the hoalotdess than 2.5 inches
and for a 90 degree hook the cover on the bar sixtertbeyond the hook is not
less than 2.0 inches a modification factor of 0&yrhe applied. The modified
development length is (0.7)(13.4) = 9.4 inches.

To properly develop the vertical stirrups, the trand ties must be 12 inches
thick. The strut-and-tie model was constructednenassumption that the top
strut would be 10 inches deep and the bottom 8tmithes deep resulting in a
vertical dimension of 57 inches between the toplasttbm members. This
model must be revised to reflect the embedmentirement resulting in a
dimension between the top and bottom members aidves. For this
problem the model will not be reevaluated baseth@new depth.

Step 8 — Capacity of Struts

Strut H-I has the highest compression force of 1@@3. Since this strut is
anchored at Joint I, that also anchors tension Giésind 1-J as shown in
Figure 18, this is the most critical strut.

The effective cross sectional area of a strut isrd@ned by considering the
available concrete area and the anchorage consligibtihhe ends of the strut.
When a strut is anchored by reinforcement, thecéffe concrete area may be
considered to extend a distance of up to six kandters from the anchored
bar where g, = diameter of the longitudinal reinforcing. Segufe 19 for
determination of the depth and width of the strut.

6dba \ 3s 6dvbe

NODE ANCHORED BY REINFORCING

6dbe =3 i i FGdba
2 Cli
v’k
SECTION A-A
Figure 19
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The effective cross sectional area is:
la sinBs = [6(1.00)(2) + 3(12.00)] sin(37.79) = 29.41 inshe
Weffective = 2[2.50 + 6(1.00)] + 4[(2)(6)(1.00)] = 65.00 iresx 72.0 inches

Acs = (29.41)(65.00) = 1912%n

€5=0.764 x 10~ ‘ £,0.304 x 107

1
245 Kips . \ ! 764 Kips
Tie gl — 2 ‘% " ‘% ~ Strut IK
1

37.79°

€5= 1.463 x 107

Strut HI 448 Kips
// Tie [J

1277 Kips

DETAILS OF STRUT NEAR NODE |

Figure 20

The limiting compressive stress in the stryt, i usually controlled by the
tensile strain in the tie that is at the smallegjl@ to the strut. However, for
this problem both tensile strains will be investegh From the geometry of
the truss, the angle between tension Tie G-1 and 8l is 37.79 degrees.
The tensile strain in Tie G-I is:

P 245

u

= = =0.764x10°
% AE, (1106){29000

The compressive strain the horizontal Strut I-K is:

P 764 5
=—u_ = = 0.304x10
% AE, (6500)C{1000){3861)
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At the center of the node the horizontal strairl &l the average strain for the
two horizontal members joining at the node. Therage strain is:

5= (0.764 x 10 — 0.304 x 10) / 2 = 0.230 x 13

The principal straings, is determined as follows:
[5.6.3.3.3-2]

€1 =&+ (€s + 0.002) cdios
1= 0.230 x 10 + (0.230 x 1 + 0.002) co¥(37.79) = 3.94 x 18

The limiting compressive stress,, fin the Strut H-1is:

[5.6.3.3.3-1] ¢
f,=——° <085f"
08+170k,

45

f = = 306 ksi
“ " 08+(170)0{394x107) >

If the vertical Tie I-J is considered, the tenssbrain is:

E = h 448 =146310°°

° AE, (6){044){4)d{29000

From this tie the principle strain is:
€1=1.463 x 10 + (1.463 x 10 + 0.002) cot(52.21) = 3.54 x 18

Since this is less than the previously calculatde for principle strain, this
tie does not govern the compressive capacity o$tiug.

The nominal resistance of the strut is based ofirttigng stress, §, and the
strut dimensions. The nominal resistance is:

Pn = felAcs = (3.06)(1912) = 5851 kips

[5.6.3.5]
Since the strut is anchored in tension on 2 siples).65 and the factored

[5.6.3.3.1-1] resistance of the strut is:

P =¢P, = (0.70)(5851) = 4096 kips >R 1277 kips
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[5.6.3.5]

Step 9 — Node Regions
The concrete compression stress in the node regithe strut shall not exceed

0.65¢ f' . for node regions anchoring tension ties in moaatbne direction.
For Node I:

f. = 0654 ' =(065){070)[{45)= 205 ksi
The nodal zone compressive stress is:

1277
° 191z

f = 067 ksi

The tension tie reinforcing shall be uniformly distited over an effective area
of concrete. Check to ensure that the tensioratiesufficiently spread out in
the effective anchorage area. The effective aradearea is equal to twice
the depth to the top tie of 12 inches.

The nodal tensile zone stress to anchor the tenisi ast

f. = °80 =0.744 ksi

°  (12.00)C{65.00)

Since the stresses are less than the limitingssthescriteria is satisfied.

Step 10 — Provide Crack Control Reinforcing
Due to the presence of concentrated loads at Nédesl | within a distance
less than the member depth from the face of thenwolsupport, these zones
will be considered D-regions.
In D-regions crack control reinforcing in the foohorthogonal grid on both
faces is required. The minimum ratio of reinfogcio gross concrete area is
0.003. The required area of reinforcing per fdadepth is:

As = (0.003)(12.00)(72.00) = 2.5%in

Use 6 - #6 with an A= (6)(0.44) = 2.64 in

39



LRFD Substructure Example 2 2-Colurirer on Drilled Shafts

Step 11 — Sketch Required Reinforcing

18 Spa e 12"=18"-0" , 6"
i
A i
7'“8‘\ gaalgow I_> :
AWRY X :
\ N\ g
I
10-%5 e 7")\? >
A\ i
i

18-%6
Ea Spa
As Shown — |

g...

|
|
|
|
|
|
|
|
|te —- -e—-—o-—-—T-
—.

i —-—e-—--o|—--0o|-
/— e —-to — - —o- - I-—»*-—-—o —--e}—
iy |
7-*9 6 Spa e 10"
SECTION A-A
Figure 21
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Column Design

The column is designed as a member under axialdnddnoment. A
summary of moments and axial loads at the top atidtn of the column in
both the longitudinal and transverse directiongaiired. A summary of
values is shown below:

Top of Column — Unfactored Axial Forces and Moments

Load I:r)nax I:)min Mtrans Mlong

DC 1076.7| 1076.7 -88 -283
DW 81.5 0 10 -23
PS -53.6| -53.6 -6 399
LL1 275.7 188

LL 2 159.4 -211

LL 3 38.9 -112

LL 4 -37.7 140

LL5 238.0 -375

LL+IM Pos 435.1| -45.2 328 1472
LL+IM Neg | 435.1| -45.2 -375 -1695
BR 0.3 -0.3 0 +378
WS super 54.5 -54.5 +654 +336
WS sub 2.5 -2.5 +30 +25
WS 57.0 -57.0 +684 +361
WS vert 0 -108.7 0 0
WL 12.4 -12.4 +149 +78
TU 0 0 +333 0
CR + SH 0 0 158 0
SE 11.7 -11.7 0 +17

The transverse live loads (LL1 — LL5) can be corediwith the multiple
presence factor included with the following LL+IMd&and Neg results:

1 vehicle Rax= (275.7)(1.2) =330.8 k

2 vehicles Rax= (275.7 + 159.4)(1.0) = 435.kk Critical
3 vehicles Rax= (275.7 + 159.4 + 38.9)(0.85) = 402.9 k
Prin = (-37.7)(1.2) = -45.2 k

Mpos= (188 + 140)(1.00) = 328 ft-k

Mneg= (-211 — 112)(1.00) = -323 ft-k
Mneg= (-375)(1.00) = -375 ft-k <= Critical

The reaction at the base of the column = 0.15%.0)(18.0) = 64.8 k
increasing the reaction at the base to 1076.7 8 £4.141.5 k.
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Bottom of Column — Unfactored Axial Forces and Momats

Load Prax Prin Mirans | Miong
DC 1141.5| 11415 -29 -283
DW 81.5 0 3 -23
PS -53.6 -53.6 -2 399
LL1 275.7 77

LL 2 159.4 -74

LL 3 38.9 -30

LL 4 -37.7 29

LL5 238.0 -121

LL+IM Pos 435.1| -45.2 106 150
LL+IM Neg | 435.1| -45.2 -121 -174

BR 0.3 -0.3 0 +134
WS super 54.5 -54.5 +13 +119
WS sub 2.5 -2.5 15 11
WS 57.0 -57.0 +18 +130
WS vert 0 -108.7, 0 0
WL 12.4 -12.4 +3 127
TU 0 0 +42 0
CR + SH 0 0 -20 0
SE 11.7 -11.7 0 +17

The column must be designed for the strength ktaite. Strength I, 11l and V
Limit States will be investigated to determine thitical one.
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STRENGTH |

Max = 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH)
+1.75(LL + IM + BR) + 0.50TU + 1.00SE

Min = 0.90DC + 0.65DW + 0.50PS + 0.50(CR + SH)
+1.75(LL + IM + BR) + 0.50TU + 1.00SE

Top of Column

Pmax= 1.25(1076.7) + 1.50(81.5) + 0.50(-53.6) + 1.2a(4 + 0.3)
+1.00(11.7) = 2215K)= Critical

Pmin = 0.90(1076.7) + 0.65(0) + 0.50(-53.6) + 1.75(245.0.3)
+1.00(-11.7) = 85018

Myans= 0.9(-88) + 1.50(10) + 0.50(-6) + 0.50(158) +5(328 + 0)
+0.50(333) = 737 ft-k

Myans= 1.25(-88) + 0.65(0) + 0.50(-6) + 0.50(0) + 1356 + 0)
+ 0.50(-333) = -936-k <= Critical

Miong = 0.90(-283) + 0.65(0) + 0.50(399) + 1.75(147278)3+ 1.00(17)
= 3199 ft-k
Miong = 1.25(-283) + 1.50(-23) + 0.50(399) + 1.75(-169578)
+1.00(-17) = -3834k <= Critical

Bottom of Column

Pmax= 1.25(1141.5) + 1.50(81.5) + 0.50(-53.6) + 1.3%(4 + 0.3)
+1.00(11.7) = 2296.0 k

Pmin = 0.90(1141.5) + 0.65(0) + 0.50(-53.6) + 1.75(245.0.3)
+1.0(-11.7) = 909.2 k

Myans= 0.90(-29) + 1.50(3) + 0.50(-2) + 0.50(0) + 1.1 + 0)
+0.50(42) = 184 ft-k

Myans= 1.25(-29) + 0.65(0) + 0.50(-2) + 0.50(-20) +5(-121 + 0)
+ 0.50(-42) = -280 ft-k

Miong = 0.90(-283) + 0.65(0) + 0.50(399) + 1.75(150 4)18 1.00(17)
= 459 ft-k

Miong = 1.25(-283) + 1.50(-23) + 0.50(399) + 1.75(-17434) + 1.00(-17)
= -745 ft-k
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STRENGTH Il

Max = 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH)40WS
+0.50TU + 1.00SE

Min = 0.90DC + 0.65DW + 0.50PS + 0.50(CR + SH) 400l/W/S
+ 0.50TU + 1.00SE

Top of Column

Prax= 1.25(1076.7) + 1.50(81.5) + 0.50(-53.6) + 1.4005 + 1.00(11.7)
= 1532.%

Pmin = 0.90(1076.7) + 0.65(0) + 0.50(-53.6) + 1.40(€57.08.7)
+1.00(-11.7) = 69816

Mans = 0.90(-88) + 1.50(10) + 0.50(-6) + 0.50(158) 40(684)
+0.50(333) = 1136k

Myans= 1.25(-88) + 0.65(0) + 0.50(-6) + 0.50(0) + 1-484)
+0.50(-333) = -1237 ft-k

Miong = 0.90(-283) + 0.65(0) + 0.50(399) + 1.40(361).601(17)
= 467 ft-k

Miong = 1.25(-283) + 1.50(-23) + 0.50(399) + 1.40(-361).00(-17)
= -71%t-k

Bottom of Column

nax= 1.25(1141.5) + 1.50(81.5) + 0.50(-53.6) + 1.4005# 1.00(11.7)
=1613.8 k

Pmin = 0.90(1141.5) + 0.65(0) + 0.50(-53.6) + 1.40(667.08.7)
+1.00(-11.7) = 756.9 k

Myans= 0.90(-29) + 1.50(3) + 0.50(-2) + 1.40(18) + A&Y = 24 ft-k
Myans= 1.25(-29) + 0.65(0) + 0.50(-2) + 0.50(-20) +Q(-48) + 0.50(-42)
= -93 ft-k

Miong = 0.90(-283) + 0.65(0) + 0.50(399) + 1.40(130)06117) = 144 ft-k
Miong = 1.25(-283) + 1.50(-23) + 0.50(399) + 1.40(-13Q).00(-17)
= -388 ft-k
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STRENGTH V

Max = 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH)
+1.35(LL + IM + BR) + 0.40WS + 1.00WLGt50TU + 1.00SE

Min = 0.90DC + 0.65DW + 0.50PS + 0.50(CR + SH)
+1.35(LL + IM + BR) + 0.40WS + 1.00WLOt50TU + 1.00SE

Top of Column

Pmax= 1.25(1076.7) + 1.50(81.5) + 0.50(-53.6) + 1.35(43+ 0.3)
+0.40(57.0) + 1.00(12.4) + 1.00(11.70676.0k

Pmin = 0.90(1076.7) + 0.65(0) + 0.50(-53.6) + 1.35(245.0.3)
+0.40(-57.0) + 1.00(-12.4) + 1.00(-)1=7833.9k

Myans= 0.90(-88) + 1.50(10) + 0.50(-6) + 0.50(158) 35(328 + 0)
+0.40(684) + 1.00(149) + 0.50(333)044 ft-k

Myans= 1.25(-88) + 0.65(0) + 0.50(-6) + 0.50(0) + 1356 — 0)
+ 0.40(-684) + 1.00(-149) + 0.50(-333)1208ft-k

Miong = 0.90(-283) + 0.65(0) + 0.50(399) + 1.35(147278)3
+0.40(361) + 1.00(78) + 1.00(17) = 268k

Miong = 1.25(-283) + 1.50(-23) + 0.50(399) + 1.35(-169378)
+0.40(-361) + 1.00(-78) + 1.00(-17)3227ft-k

Bottom of Column

Pmax = 1.25(1141.5) + 1.50(81.5) + 0.50(-53.6) + 1.3%(4 + 0.3)
+0.40(57.0) + 1.00(12.4) + 1.00(11.DE57.0 k

Pmin = 0.90(1141.5) + 0.65(0) + 0.50(-53.6) + 1.35(45.0.3)
+ 0.40(-57.0) + 1.00(-12.4) + 1.00(-117892.2 k

Myans= 0.90(-29) + 1.50(3) + 0.50(-2) + 0.50(0) + 133 + 0)
+0.40(18) + 1.00(3) + 0.50(42) = 16R

Myans= 1.25(-29) + 0.65(0) + 0.50(-2) + 0.50(-20) +5(-321 — 0)
+0.40(-18) + 1.00(-3) + 0.50(-42)242 ft-k

Miong = 0.90(-283) + 0.65(0) + 0.50(399) + 1.35(150 4)18 0.40(130)
+1.00(27) + 1.00(17) = 424 ft-k

Miong = 1.25(-283) + 1.50(-23) + 0.50(399) + 1.35(-17434)
+ 0.40(-130) + 1.00(-27) + 1.00(-17y701 ft-k
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Slenderness
Effects

Longitudinal
Slenderness

[4.5.5]

A review of the group load combinations indicatest tStrength | Limit State
for the top of the column is critical. The slenuess effects will be considered
for this load. The design requirements are coethin Section 4.5.3.2.2
(Moment Magnification - Beam Columns), Section 8.@&quivalent
Members), Section 4.6.2.5 (Effective length fackdrand Section 5.7.4.3
(Approximate Evaluation of Slenderness Effects).

For members not braced against sidesway, the eftéclenderness shall be
considered where the slenderness ratigr k8 greater than 22. The effects of
slenderness must be considered separately in @actiah as the moment of
inertia of the column and the degree of restrditih@top varies with each
direction. The longitudinal direction will be cadsred for the following
Strength | Limit State loads,P 2215.0 kips and W= 3834 ft-k.

For a prismatic compression member, the calculataoa straight forward.
However, for a non-prismatic member the problemmase complex. One way
to simplify the problem is to find the equivaleanhgth of a prismatic
compression member that has the same buckling itapathe following
equation applies to a stepped member that is frieedop and fixed at the
base:

ﬁtankllltankzlz =1whereg = |-P andk. = [-P-
K, Y EL 2 \El,
I, = 32.00 ft L;=18.00 ft E =490,320 ksf
I, =117.86 ft L,=22.95ft E =490,320 ksf

An iterative process is used to solve the equatiiter several iterations the
value for the critical buckling load P is determdrte equal 61,019 kips. This
answer is verified below:

_ 61019  _
‘= \/ (490320){32.00) p062362
61019
k = =0.032494
2 \/ (490320)({11736) 0.03249
0032494 2r(0.062363 {18.00)]tar{(0.032494 [{22.95)] = 1.001 ok

0.06236:
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Knowing the critical load for the stepped columaftallows solving for the
equivalent column length of a prismatic column.ingghe section properties
for the top of the column, the general equatiortlierbuckling load follows:

P:ﬂ

ToKL)

Solve the above equation fQrusing the previously calculated critical load for
the stepped member fog P

=2519 ft

Y KY\P 2 61019

| 7B 7 \/(49@320) [{32.00)
The radius of gyration for a rectangular sectiory i@ taken as 0.30 times the
overall dimension in the direction in which statyilis being considered. For
the longitudinal direction: r = 0.30(4.00) = 1.20 f

The effective length factor, K, is used to modHg tength according to the
restraint at the ends of the column against ratadiod translation. For
members not braced against sidesway, K is detethwiith due consideration
for the effects of cracking and reinforcement om riblative stiffness and may
not be taken less than 1.0. Because the compnasgmber is integral with
the superstructure, the relative stiffness of tifgesstructure and compression
member must be determined. For slenderness taisshan 60 sufficiently
accurate values of K are obtained using the grassent of inertia for
columns and one-half the gross moment of inertiadstraining beams.

For restraining members or beam
0.5l = (0.5)(6,596,207(12)" = 159.05 ft
E, = (3861)(144) = 555,984 ksf

For each column
l. = 32.00 ff
E. = (3405)(144) = 490,320 ksf

Z(EL'j , [ﬁ (490320) [632.00))

c ) _ 2519
El,) ((555984) 15905) , (555984) EQ159.05)j
z L, 11800 13000

The specification does not discuss the stiffneslrittéd shafts. Therefore,
judgment is required.
Goottom = 1.00 for the equivalent length to fixity.

G =

top

=0.871
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[C4.6.2.5-2]

[C4.6.2.5-2]

The equivalent length factor may be determineddiyt®n of the following
equation or by use of the alignment chart in Fifize

For unbraced frames:

2
GAGB(ZJ ~36 :

6(G, +G,) ) tar'(ﬂj

K

Ga and G are determined above for the two ends of the colufirhe problem
is solved by an iterative method yielding K = 1.29%he results are verified
below:

(0.877)c{100) [ﬁ” ”

2
1 298) -3
' =-2752and—1298 - _575)
6{0.871+ 100) a7
1298

Since

The value of K =1.298 is verified.

From the alignment chart K=1.30. Due to the vagiagsumptions made in
this analysis a value of K=1.30 will be used.

Top Bottom
G, K_ G,

@ 200 !
100.0 00 -100.0
50.0 : ~ 50.0
30.0 50 ~30.0
20.0 40 ~20.0
10.0_] 10.0
9.0 3.0 - 38
8.0 - 8.
7.0 - 7.0
6.0 - 6.0
5.0 - 5.0
4.0 20 - 4.0
3.0 - 3.0
| i
2.0 - 2.0
| 1.5 |
1.0 1.0
a- 1.0 -0

Figure 22
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[5.7.4.3]

[5.7.4.3-1]

[5.7.4.3-2]

The slenderness ratio is calculated as follows:

Kl, _(130){2519)

r 1.20

=273

Since the slenderness ratio is greater than 22dstaess effects must be
considered. Since the slenderness ratio is less100 the approximate
moment magnifier method may be used.

In lieu of a more precise method, El shall be takethe greateof:

|
s +ES|S
Bl =—>2
1+ By
E.l,
El =22
1+ By

The first equation will control for large percengagof reinforcement. The
second equation will control when the reinforcirgggentage is small. At this
stage the reinforcing pattern is usually not kneeaquiring that J be ignored.
See Figure 24 for the reinforcing pattern for thrisblem.

ls = YA = 1.56[(7(20.6 )+ 2(13.78F + 2(6.89%](2) = 10,812 ifi

The permanent moment on the column includes tla detad load and
secondary moment from prestress.

Strength | Limit State
My = 1.25(-283) + 1.50(-23) + 0.50(399) = -189 ft-k

Ba= (189) / (3834) = 0.049

(490320 (38200) , 1,131 3 {20000 + 144
El = 5 = 5,067,000 k-ft’
1+0.04¢
(490320){32.00)
El = 25 = 5983000 k-ft? <= Critical
1+0.04¢
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[4.5.2.2b]

[4.5.3.2.2b-5]

[4.5.3.2.2D]

[4.5.3.2.2b-1]

For moment magnification, assume half the columaftskieight is applied at
the top. For this example use the weight of therool of 64.8 kips.

For the braced condition, the rigid frame has atromal restraint between
conditions (a) and (b) shown in Table C4.6.2.5-b.b& conservative use the
higher value of K = 0.80.

o = TEl _ m? ({5,983000) - 145406 K

° (k1,)* [(080)f2519))

Pu=2215.0 + 1.25(64.8) = 2296 k

_ C, _ 10 _
J, _1_ P 2596 =1.022>10
6P, (075)f145406)

The moment on the compression membe, M equal to the factored gravity
loads that result in no appreciable sidesway. Ikergroblem the dead load
and prestress secondary moment result in sideswatodhe unequal spans so
M2b =0.

For the unbraced condition, use the previouslyutated value of K = 1.30.

p - /CEl _ 15983000 _ oo e

° (k1,)* [(130)df2519)

To determine the sum of factored loads, one mustbeful not to add just
double the maximum load on a single column. The llbad plus dynamic
impact must be determined for the total numbenvef lload vehicles that can
be placed on the roadway including the multiplespree factor. Lateral loads
that add a reaction to one column but subtract foother are not included.

YP, = 1.25(2)(1076.7 + 64.8) + 1.50(2)(81.5) + 0.50€23(6)
+1.75(238)(3)(0.85) + 1.00(11.7)(2) 138 k

o = 1 = 1
2R 1- (4130

6 S P, (075){55,065)[(2)

=1.053

The moment on the compression membey; iMequal to the factored lateral
or gravity load that results in sidesway. For finsblem in the longitudinal
direction, all moments are included.
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The magnified moments are increased to reflecttsffef deformation as
follows:

Mc = 8pMap + OsM s

M. = 1.022(0) + 1.053(3834) = 4037 ft-k
This magnified moment is used with the maximum amadmum factored
axial loads to design the compression member.
Strength Ill Limit State

M, = 1.25(-283) + 1.50(-23) + 0.50(399) = 189 ft-k

Ba = (189) / (711) = 0.266

(490320) {32.00)

El = 25 = 4,957 000k-ft?
1+0.266€

oo TE _7 [{4,957,000 - 45622 k

° (ki) [(130){2519)

YP, = 1.25(2)(1076.7 + 64.8) + 1.50(2)(81.5) + 0.50¢23(6)
+1.00(11.7)(2) = 3068 k

1 1
55 = = =1.047
1 >R (3069

8 S P, (075){45,622) {2)

M = 1.047(711) = 744 ft-k
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Strength V Limit State
My = 1.25(-283) + 1.50(-23) + 0.50(399) = -189 ft-k
Ba = (189) / (3227) = 0.059

(490320) {32.00)

El = 25 = 5,926,000Kk-ft2
1+0.05¢

_ Bl _ 7 {5926000) _
=KL [asosagy

YP, = 1.25(2)(1076.7 + 64.8) + 1.50(2)(81.5) + 0.50¢23(6)
+1.35(238)(3)(0.85) + 1.00(11.7)(2) 883 k

1 1
55 = = =1.050
2R (3887)

6 S P, (075){54540) [{2)

M. = 1.050(3227) = 3388 ft-k

A precise analysis using a refined second orddlysisas complex and not
recommended nor required for conventional bridgdswever, the
approximate moment magnifier method provides magphimhoments at the
ends of a member but not between the ends. Mornaéthe top of the column
and bottom of the shaft can be estimated usingtiethod. The moment at
the base of the column can not be determined ukanghoment magnifier
method. In this example the top of the column @atthe design but if the
column/shaft member were fixed at the base anddrélee top the designer
would have to use more refined methods of anatgsitetermine the moment
at the interface.
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Transverse
Slenderness

The effects of deformation on the moments in thagverse direction will now
be considered. For the non-prismatic member thewong equation applies
for a member that is free at the top and fixedhatldase:

k
—2Ztank,|, tank,l, =1 wherex = | -2 angk, = |-
k El, E

1 I 2

I, = 72.00 ft L;=18.00 ft E = 490,320 ksf
I, =117.86 ft L, =28.14 ft E = 490,320 ksf

An iterative process is used to solve the abovatou After several
iterations the value for the critical buckling loRds determined to equal
63,180 kips. This answer will be verified below:

63180
k = =0.042304
' \/ (490320){72.00) 004230
) 63180  _
2 \/ (490320)f117.86) 0033065
0033065 - {(0.042309 H18.00) tar{(0.033069 {28 14)] = 1.000 ok

0.04230¢

Knowing the critical load for a stepped column/s$tadiows solution for the
equivalent column length of a prismatic column.indghe section properties
for the top of the column, the general equatiortiierbuckling load can be
rearranged to solve for the equivalent length devis:

-7 |B 7 \/(490,320)[@72.00) _3713 ft

Y K\P 2 63180

cr

The radius of gyration for a rectangular sectiory tn@ taken as 0.30 times the
overall dimension in the direction in which statyilis being considered. For
the transverse direction: r = 0.30(6.00) = 1.80 ft.

For members not braced against sidesway, K isméated based on the
relative stiffness of the pier cap and the compoessiember as follows:

I = (0.50)(126.97) = 63.49%t
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zi (490320)C{72.00)

N P 3743 _
Cuap = E,l, (555984){6349) 0646
2 | 2400

9
Ghottom = 1.00 for a fixed end of the equivalent lengthddrilled shaft.
From the alignment chart the value of K = 1.26htamed.

The slenderness ratio is calculated as follows:

K, _(126)(3713)

r 1.8C

=26.0

Since the slenderness ratio is greater than 22¢dstaess effects must be
considered in the transverse direction.

The reduced EI must be determined. See Figurer2dhé reinforcing pattern
for this problem.

ls = YA = 1.56[(7(32.6 7+ 2(21.78§ + 2(10.89%](2) = 27,011 if

The permanent moment on the column includes tla dead load and
secondary moment from prestress.

Strength | Limit State
M, = 1.25(-88) + 0.65(0) + 0.50(-6) + 0.50(-333) 80Ft-k

Ba= (280) / (936) = 0.299

(490320 [{7200) (27,011 {29000 + 144
El = 5 = 9,623000 k-ft?
1+0.29¢
(490320)({72.00)
El = 25 =10,871000 k-ft> <= Critical

1+0.29¢
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For the braced condition, the rigid frame has atrohal restraint between
conditions (a) and (b) shown in Table C4.6.2.5Fb.be conservative use the
higher value of K = 0.80. The axial load is thengaas for the longitudinal
direction.

mEl _ (10871000
P, = = =121602 k
OV (Ol CE

. 10
0 =——p5— = 596 =1.026
- 1-
6P, (075)f121602)

The moment on the compression member;, M equal to the factored gravity
loads that result in no appreciable sidesway. tiisrproblem the dead load,
prestress secondary moment, temperature and seradal differential
settlement loads result in no sidesway.

Mop = 1.25(-88) + 0.65(0) + 0.50(-6) + 0.50(-333) 86Xt-k
For the unbraced condition:

p = mEl _ 7 [{10871000) _ 49021k
(k) [(126)(3713]

1 1
3. = = =1.060
) L >R, 4130

6 S P, (075){49,021) {2)

The moment on the compression membes; iBlequal to the factored lateral
or gravity load that results in sidesway. For tigblem in the transverse
direction, only the live load and dynamic load alémce are included.

Mas = 1.75(-375) = -656 ft-k

The magnified moments are increased to reflecttffef deformation as
follows:

M. = 1.026(280) + 1.060(656) = 983 ft-k

This magnified moment is used with the factoredbixad to design the
compression member.
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Strength 11l Limit State
My = 1.25(-88) + 0.65(0) + 0.50(-6) + 0.50(0) + 0-833) = -280 ft-k
Ba = (280) / (1237) = 0.236

(490320) {72.00)

El = 25 = 11518000k-ft2
1+0.23€

Braced condition:

oo TEl _ 1 [{11,518000) 128839 k

© (k) [(0s0)fa7a3

P, =1532.8 + 1.25(64.8) = 1614 k

C, 10
gy =—%—= 1614 =1.017
1-—4 1-
6P, (075){128839)

Unbraced condition:

oo TE _ 1 [{11518000) _ 51936k

T (k)P [(126)d3713)

J. = L

1
A T (3069
1_¢KZZPFL ! (075)(51938){2)

=1.041

M = 1.017(280) + 1.041(1237 - 280) = 1281 ft-k
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Strength V Limit State
M, = 1.25(-88) + 0.65(0) + 0.50(-6) + 0.50(-333) 80Ft-k
Ba = (280) / (1208) = 0.232

(490320) {72.00)

El = 25 =11462000k-ft?
1+0.232

Braced condition:

oo TE _7 [{11,462000) — 108212k

° (k1) [(080){3713)

P, =2076.0 + 1.25(64.8) = 2157 k

C, 10
gy =—%—= o157 =1.023
1-—4 1-
6P, (075)f128212)

Unbraced condition:

oo TE _ 1 11462000 51686k

° (ki) [(126)f3713)

J. = L

1
A T (3887)
1_¢KZZPPE ! (075)(51686){2)

=1.053

M. = 1.023(280) + 1.053(1208 - 280) = 1264 ft-k
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The results from the column analysis program aocsvshbelow.

Load Pu Mtrans M |ong RatIO
Combination| k ft-k | ft-k
Strength | 2215 983| 4037 1.370

Strength | 851 983| 4037|1.137
Strength 11l | 1533 1281| 744|4.310
Strength 111 699 1281| 744 3.986

StrengthV | 2076 1264 | 3388| 1.563
Strength V 834 1264| 3388| 1.325

Strength | with minimum axial load is the controdiiload combination with a
ratio of factored resistance to factored stren@ith. ©37. The column is
reinforced with 24 #11 longitudinal bars as showifrigure 23. The area of
reinforcing is A = 1.56(24) = 37.44 fn The gross area of the column is
(48.0)(72.0) = 3456 fn  The percentage of reinforcement equals

(37.44 1 3456)(100) = 1.08% which is within tHiewaable limits.

6'-0"

r{ (o ° ° ° /9 |24 - ®]]

. 6‘ Eq Spa

:z ° .:>_“5 e 12"
(s /
[ ] [ ]
2" Cir
l® ° O ° oj\ ° o (Typ)
N
\*5 e 12" r!l

COLUMN SECTION

Figure 23
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Column/Shaft
Splice

[5.11.5.2.1]

[5.11.2.1.1]

[5.11.5.3.1-1]

[5.11.5.2.1]

The column reinforcing bars must be adequatelyxsglio the drilled shaft
reinforcing. The LRFD Specifications discusses-nontact lap splices as
splices where the reinforcing is within 6 inchesath other. However, in this
case the 6 inch requirement is not satisfied. Wlhiee distance between
spliced rebar exceeds 6 inches, the developmegthenust be increased to
reflect the lack of a contact splice. This is dbgeassuming a 1:1 distribution
between bars resulting in increasing the lap lebgtthe distance of
separation.

The development length of the reinforcement isrietged as follows:

125A,f, _ 125[{156)[{60)

For #11 and smallek
Jr. J35

But not less than 0.4,8, = 0.4(1.41)(60) = 33.8 in

=62.5in

For the column/shaft splice, all the reinforcingiced in the same location.
Since there is less than twice the required reamfigra Class C splice is
required. The lap length should be L#1.7(62.5) = 106.3 inches.

To account for the lack of contact in some locatitre splice length should be
increased by the minimum separation of 13.9 inclids lap length should be
106.3 plus 13.9 = 120.2 inches or 10.02 feet. &J%6 foot length splice.

24-21]
Varies c
13.88" =,
Max = |
(@) -
o
...... '\:;
N—Optional Cst Jt
36-%*11
N <~
ELEVATION
Figuz4
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Column Shear

Step 1 — Determine Shear

The transverse and longitudinal shears per colummaken from computer
output as shown in the following table.

Load Vtrans VIong
DC -2.9 0
DW 0.3 0
PS -0.2 0
LL1 5.3

LL 2 -6.6

LL 3 -3.9

LL 4 5.3

LL5 -12.2

LL+ IM Pos 10.6 60.3
LL+ IM Neg -12.2 -52.6

BR 0 27.4
WS super 32.0 24.3
WS sub 2.6 7.7
WS 34.6 32.0
WL 7.3 5.6
TU +17.9 0
CR + SH 8.5 0
SE 0 0

Shear design is based on strength limit statesliasvk:

STRENGTH |

Max = 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH)
+1.75(LL + IM + BR) + 0.50TU + 1.00SE

Min = 0.90DC + 0.65DW + 0.50PS + 0.50(CR + SH)
+1.75(LL + IM + BR) + 0.50TU + 1.00SE

Prin = 0.90(1076.7) + 0.65(0) + 0.50(-53.6) +1.75(-452.3)
+1.00(-11.7) = 850.9 k

Virans= 0.9(-2.9) + 1.50(0.3) + 0.50(-0.2) + 0.50(8.5).¥5(10.6 + 0)
+0.5(17.9) = 29.5 k

Virans= 1.25(-2.9) + 0.65(0) + 0.50(-0.2) + 1.75(-12.2)+ 0.50(-17.9)
=-34.0k

Viong = 1.75(60.3 + 27.4) = 153.5< Critical
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STRENGTH Il

Max = 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH)40WS
+0.50TU + 1.00SE

Min = 0.90DC + 0.65DW + 0.50PS + 0.50(CR + SH) 400W/S
+ 0.50TU + 1.00SE

Pmin = 0.90(1076.7) + 0.65(0) + 0.50(-53.6) + 1.40(657.108.7)
+1.00(-11.7) = 698.6 k

Vians= 0.90(-2.9) + 1.50(0.3) + 0.50(-0.2) + 0.50(8t5).40(34.6)
+0.50(17.9) = 59.4 k

Viyans= 1.25(-2.9) + 0.65(0) + 0.50(-0.2) + 0.50(0) 40(-34.6)
+0.50(-17.9) = -61.2 k

Viong = 1.40(32.0) = 44.8 k

STRENGTH V

Max = 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH)
+1.35(LL + IM + BR) + 0.40WS + 1.00WH.0.50TU + 1.00SE

Min = 0.90DC + 0.65DW + 0.50PS + 0.50(CR + SH)
+1.35(LL + IM + BR) + 0.40WS + 1.00WLOt50TU + 1.00SE

Pmin = 0.90(1076.7) + 0.65(0) + 0.50(-53.6) + 1.35(245.0.3)
+0.40(-57.0) + 1.00(-12.4) + 1.00()1= 833.9 k

Virans= 0.90(-2.9) + 1.50(0.3) + 0.50(-0.2) + 0.50(8+5).35(10.6 + 0)
+ 0.40(34.6) + 1.00(7.3) + 0.50(17.9)5:9 k

Virans= 1.25(-2.9) + 0.65(0) + 0.50(-0.2) + 0.50(0) 853(-12.2 + 0)
+ 0.40(-34.6) + 1.00(-7.3) + 0.50(Y)7= -50.3 k

Viong = 1.35(60.3 + 27.4) + 0.40(32.0) + 1.00(5.6) =.836

Strength | Limit State has the maximum shear indhgitudinal direction.

The determination of the shear resistance forlitmis state will be shown
below. Strength V Limit State has a smaller shedralso a smaller axial load
and could be critical. One way to simplify the Ipleon would be to analyze
the column for the maximum shear (Strength 1) \iliga minimum axial force
(Strength III).
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[5.8.3.4.2-1]

[5.8.3.4.2-3]

Step 2 — Determine Analysis Method

The sectional model of analysis is appropriatdlierdesign of bridge columns
since the assumptions of traditional beam thecgyalid. Since concentrated
loads are not applied directly to the column thetisaal model may be used.

Three methods are available to determine sheataese. Since none of the
criteria required to use the simplified procedwaatisfied, this easy method
may not be used. The first method described irGieeral Procedure requires
minimum transverse reinforcement and will be uséde 2008 Interim
Revisions now provide for a direct method of cadtioin of § andd using the
following equations:

48
p= (1+750¢,)
6 = 29+ 350(,

Step 3 — Shear Depth, d
The shear depth is the maximwithe following three criteria:

A f d +Afd
1) d,=0.9 gwhered, = =P Af,dg
At + AT,

=d, when As=0

d = 48.00 — 2.00 clear — 0.625 — 1.41 / 2 = 44.6hés
d, = 09d, = 0.9(4467) = 4020 in <= Critical
2) 0.72h =0.72(48.00) = 34.56 in

3) dv :L
Asfy +Apsfpu

For a column, ¥, is a function of the axial load making the detiexation of
this value difficult. Therefore, ignore the thimgtion and choose the greater of
the first two values.

Based on the above, the shear deptheguals 40.20 inches.
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[5.8.3.4.2-4]

Step 4 — Calculate Straings

The formula for the calculation of positive valudsstrain for sections
containing at least the minimum amount of transveesnforcing follows.

Ml o5, +
d u

V, —vp\ — AL

° EA +E A,

Aps= ar?;;;l of prestressing steel on the flexural tenside of the member.
Aps=0i

A = area of nonprestressed steel on the flexuraldarside of the
member.
As=12(1.56) = 18.72 in

foo = O ksi for a nonprestressed member.

N, = factored axial force taken as positive if temsihd negative if
compressive.
N, = -850.9 kips

V, = factored shear force.
V, = 153.5 kips

M, = factored moment, not to be taken less thap-(V,)d,.
M, = 4037 ft-k but not less than¥.= (153.5)(40.20) / 12 = 514 ft-k.

|(4037){12)

1020 105 [{-8509)+[1535-0 - (0){0)
° (29000 {18.72) + (28500 L{0)

€s=0.00172

Since the strain is positive, the equation is &attery. If the strain is negative
the denominator of the equation must be modified.
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Step 5 — Determing} and 0

P (750)?@%.00172)) =210

6 = 29+ (3500 [{0.00172 = 35.0degrees

Step 6 - Calculate Concrete Shear Strength,V

The nominal shear resistance from concretejsvcalculated as follows:
[5.8.3.3-3] V, = 003168, f'.b,d,

V, = 0.0316[{210) /35 [{7200) [{4020) = 3593 kips

Step 7 - Determine Required Vertical Reinforcementy/s

[5.8.2.4-1] Since \{, = 153.5 < 0.5V, = (0.5)(0.90)(359.3) = 161.7 k, minimum
reinforcing is not required. However, the colurequires ties. Therefore
calculate the strength of the ties.

v = A\,fydv(cot6+cota)sina _ A f,d, cotd
[5.8.3.3-4] s S S

<

wherea =90°

Use #5 stirrups with 4 legs at 12 inch spacing

(124)1(60)1(4020)cot(35.0)

V, = T = 3560 kips
The shear strength is the leseér
[5.8.3.3-1] Vi = Ve + Vs + V, = [359.3 + 356.0 + 0] = 715.3 kips
[5.8.3.3-2] Vi = 0.25f0,dy + V, = [0.25(3.5)(72.00)(40.20) + 0] = 2532.6 kips

OV, = (0.90)(715.3) = 643.8 % 153.5 k

[0 The column is adequately reinforced for sheahelbdngitudinal direction.
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[5.8.2.5] Step 8 — Minimum Reinforcement

Since transverse reinforcement is not requiredriayais the minimum
reinforcement criteria need not be satisfied. Hesvethe formula for strain
that was used required that the minimum reinforeggmequirement be
satisfied.

—b,s
[5.8.2.5-1] A 200316/’ —
y

(72.0)1(120)

A, > 0.0316/35 = 085in?

A, provided = 4(0.31) = 1.247n

Therefore, the minimum transverse reinforcementireqent is satisfied.

Step 9 — Maximum Spacing Transverse Reinforcement

The maximum spacing for transverse reinforcemeall slot exceed the
following.

- v, — oV, _ 1535-0

[58.2.9-1] " b, (0.90)[672.00)[64020)=0'059kSi

vy = 0.059 < 0.125 £= (0.125)(3.5) = 0.438 ksi

Smax = 0.8dv = (0.8)(40.20) = 32.2 inches but not toed 24 in

Step 10 - Longitudinal Reinforcement

The area of longitudinal reinforcement need nogteater than the area
required to resist the maximum moment alone. Sineeolumn reinforcing is
continuous this criteria is met.
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Drilled Shafts

Drilled Shafts

The design of a drilled shaft foundation requiressideration of geotechnical
and structural resistance and deformation limitse design process requires
establishment of criteria for acceptable stressdmidrmation levels and
comparison of these criteria with stress and dedtion levels calculated.
The design of foundations supporting bridge piéisutd consider all limit
states loading conditions applicable to the stmecheing designed. The
following Strength Limit States may control the idgsand should be
investigated:

Strength | Limit State will control for high livetdead load ratios.
Strength 11l or V will control for structures suloged to high wind loads

A drilled shaft foundation will be evaluated foetfollowing failure
conditions:

1. Bearing Resistance — Strength Limit States
2. Lateral Stability — Strength Limit States
3. Shaft Deformations — Service | Limit State

4. Structural Resistance — Strength Limit States
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[10.8.3.6.3]

1. Bearing Resistance

Bearing resistance is one of the criteria usecketerchine the depth of the
shaft. Bearing resistance mobilizes a combinatiogide friction and end
bearing. Because the side friction mobilizes wsitialler settlements than end
bearing, the full end bearing is not normally usé@the weight of the drilled
shaft below ground is usually not included in teaation. The Geotechnical
Foundation Report will provide a chart of factoeedal resistance versus
depth for various diameter drilled shafts and sfidite whether to add the
weight of the shaft. This check is a strengthtlistate. For foundations
dynamic load allowance is not included. The fastioaxial loads for the
critical reaction follow.

Strength | (max) Limit State

Pmax= 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH) + 1LT5¢ BR)
+ 0.50TU + 1.00SE

Pmax = 1.25(1141.5) + 1.50(81.5) + 0.50(-53.6) + 1.B5(3 + 0.3)
+ 0.50(0) +1.00(11.7) = 21R&= Critical Limit State

Strength 11l (max) Limit State

Pmax= 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH) + 1.8&W
+ 0.50TU + 1.00SE

Pmax= 1.25(1141.5) + 1.50(81.5) + 0.50(-53.6) + 0.56(0.40(57.0)
+0.50(0) +1.00(11.7) = 1614 k

Strength V (max) Limit State

Pmax= 1.25DC + 1.50DW + 0.50PS + 0.50(CR + SH) + 1.35(1BR)
+ 0.40WS + 1.0WL + 0.50TU + 1.00SE

Pmax = 1.25(1141.5) + 1.50(81.5) + 0.50(-53.6) + 1.85(3 + 0.3)
+0.40(57.0) + 1.00(12.4) + 0.50(0).8Q(11.7) = 2066 k

The maximum factored load is a Strength | Limitt&taith a value of 2178
kips. Figure 25 shows the factored axial resisgtari@art from Geotechnical
Policy Memo 3.

The axial resistance chart in Figure 25 providesrésistance for a redundant

shaft with spacing greater than 4.0 diameters. aFddoser spacing an axial
group reduction factar is applied. The value of is 0.65 for a spacing of 2.5
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diameters and 1.00 for a spacing of 4.0 diametétsthe value of
determined by linear interpolation for an internagdispacing. For a 7.0 foot
diameter shaft with a spacing of 24.0 feet the isygaequals 24.0 / 7.0 = 3.43
diameters. The resulting valuerpis 0.65 + 0.35(3.43 -2.5)/ (4.0-2.5) =
0.867. Since the pier consists of two drilled shahe pier is classified as
redundant and no additional adjustment in the gtrelvad is required. The
easiest way to apply the group reduction factto isicrease the factored axial
load by dividing by the group reduction factor arging this value to read the
required depth from the chart. The modified fagtbaxial load equals 2178 /
0.867 = 2512 kips. From Figure 25 the required esintent depth for a 7 foot
diameter shaft equals 48 feet.

Factored Axial Resistance, kips
(Strength Limit State)

0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000 5500 6,000 6,500 7,000 7,500 8,000
L ; ; ; ; ; : ; . . : . : : 1000.0

1. Chart is for redundant shafts and | 999
does not include group efficiency
factors. 1 980.0

2. Tip of shaft shall be above line

AB or below line CD to minimize

potential for punching failure.

1 970.0

40 + 1 960.0

50 T 1 950.0

60 { 9400

70 + 1 930.0

Elevation, ft

80 f 4 9200

Depth below top of shaft, ft

% + 1 9100

100 + 4 900.0

110 + 1 890.0

120 1 880.0

130 * 870.0
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000 5,500 6,000 6,500 7,000 7,500 8,000

D=40ft - D=50ft —+—D=6.0ft D=7.0ft —<—-D=80ft D=9.0ft +D=100f(|

Figure 25

From the above chart a zone from 54 feet deep fe&Zexists that the drilled
shatft tip elevations must avoid. For the factaagil resistance the required
depth is outside this zone and is thus satisfactory
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2. Lateral Stability

The lateral stability of the shaft must also beestigated as a criteria used to
determine the depth of the shaft. Shafts thaeareedded too short will have
excessive horizontal deflections. While thereaproximate methods to
estimate this depth, most soil conditions will leenplex enough to warrant a
lateral analysis by a soil-structure interactiooggam such as L-Pile. The
column shaft combination should be modeled andddaudth a load of the
same magnitude that the structure will experienidee deflection should be
plotted for various depths of embedment. The dgfth should be varied
until further increases in depth no longer resulteéduced deflection. The
lateral stability requirement will be satisfied fmshaft embedded this deep.
However, careful examination of the deflection wsrdepth chart may reveal
that a reduced embedment may have an increasedteptable deflection. If
the resulting lateral deflection satisfies the aegr’s criteria for acceptable
deflection of the structure, the reduced embedmdepth may be used.

From Figure 26 the shatft is stabilized for an enniexck depth of around 700
inches or 58 feet. However, this depth locatessttadt tip within the

unacceptable soft region. For an embedment oé&tthe deflection increases
only 5 % which is acceptable. If the deflectionr&véoo much the embedment

would have to be increased to 95 feet or a larganeter shaft used.
Pile-Head Deflection (in)

0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22
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L esep 4l |
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Figure 26
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The greater of the embedment depth requiremertidaring resistance (48
feet) and lateral stability (54 feet) should bedusedetermine the drilled shaft
tip elevation. This depth must also be checkedlfi@aft deformations at
service limit state.

3. Shaft Deformations

Deformation consists of both settlement and latgisplacement and is a
service limit state. For a multi-span bridge umfcsettlement will not cause
structural distress to the bridge but differensietitlement can. There are also
limits to settlement to ensure a smooth ride. Geetechnical Policy Memo 3
presents 6 charts for various settlements. Figidreresents a vertical load-
vertical displacement curve based on a 7 foot diamé8 foot long shaft that
was determined to satisfy the Strength Limit S(pgsaring resistance). Figure
27 was developed using the charts and procedusesiloed in Geotechnical
Policy Memo 3. Using this chart the bridge enginedl have to determine
the amount of vertical settlement the structureegrerience under service
axial load and whether the bridge will be able &ndlle the estimated vertical
displacement. The service limit state axial lc&ad i

Service | Limit State

Pmax=1.00(DC + DW + PS + CR + SH) + 1.00(LL + BR)
+ 0.30WS + 1.00WL + 1.00TU + 1.00SE

Prmax = 1.00(1141.5 + 81.5 — 53.6 + 0) + 1.00(367.73) O.
+0.30(57.0) + 1.00(12.4) + 1.00(0)0K11.7)
= 1579 k

The axial resistance chart is for a single sha& group of shafts spaced
greater than 4.0 diameters. For a closer spaciraxial group reduction factor
n is applied. As previously determingcequals 0.867. The modified factored
axial load equals 1579/ 0.867 = 1821 kips.

Using an axial load of 1821 kips, the total vettidiaplacement at the shaft top
is approximately 0.32 inches as shown in Figure Pfis is considered to be
acceptable for the example problem.
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Horizontal
Movement

Transverse

[10.7.2.4-1]
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Developed Axial Resistance, kips

Figure 27

The bridge engineer must also determine the amafumtrizontal movement
the structure can accommodate and compare thieteervice limit state
movement to determine whether changes to the fdiomdsystem are required
to reduce the movement to an acceptable level.

The externally applied transverse force for Servicinit State is:

Vs=1.00(LL + BR) + 0.30WS + 1.00WL
Vs = 1.00(0) + 0.30(34.6) + 1.00(7.3) = 17.7 kips

The frame will deflect 0.025 inches for this forghile the tolerable horizontal
deflection is ¥ inch.

The lateral spacing of the shafts in the transvensetion is 3.43 diameters.
For shafts spaced less than 5.0 diameters the #ptiarishould be applied to
determine the reduced strength of the frame. &orl, the reduction factor is
0.70 + 0.30(3.43 — 3.00) / (5.00 — 3.00) = 0.7656r row 2, the reduction

factor is 0.50 + 0.35(3.43 — 3.00) / (5.00 — 3.6@.575. The transverse frame
will deflect ¥z inch for a lateral load of 349.1(pki The frame can only resist
(349.10/ 2)(0.765 + 0.575) = 233.9 kips. Sinaeftrtored applied load is
only 17.7 kips, the pier frame is adequate forzmntal movement in the
transverse direction.
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Longitudinal

For the longitudinal direction the externally aggliforce on the bridge for
Service | Limit State is:

+=1.00(LL + BR) + 0.30WS + 1.00WL
Vs =1.00(60.3 + 27.4) + 0.30(32.0) + 1.00(5.6) =.80@ps

The frame will deflect 0.166 inches for this forghile the tolerable horizontal
deflection is ¥2 inch.

The lateral spacing of the shafts is less thamggithe diameter requiring
consideration of group effects in the longitudidaection. Since the load is
applied normal to the single row of shafts, all $hafts are considered as row
1 shafts. The reduction factor for row 1 is 0.&85calculated above. The
longitudinal frame will deflect ¥z inch for a latétead of 312.7 kips. The
frame can only resist (312.7)(0.765) = 239.2 kgp8nit the deflection to %2
inch. Since the factored applied load is only 2ps, the longitudinal frame
is adequate for horizontal movement in the longrtabdirection.

The horizontal and vertical displacements are aebdp for an embedment of
48 feet. The analysis could be performed agaimfoembedment depth of 54
feet if the displacements were excessive. Howelieradditional analysis is
not required for this example problem.

Summary

The minimum embedment required by bearing resist@éd8 feet. The
minimum embedment required by lateral stabilit4dsfeet. The vertical and
horizontal shaft deformations are within acceptdibhs for a shaft embedded
48 feet. The required embedment is the maximuthefbove three
requirements or 54 feet.
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4. Structural Resistance

The drilled shaft must satisfy the appropriatersith requirements. The shaft
should be analyzed as a member subjected to aridsland moments similar
to a column. Ideally, L-Pile type analysis shobéperformed to determine
the moments and shears along the length of thé. sAafan approximation,
the frame analysis based on an equivalent lengtft stay be used to estimate
the moments at the top of the column/shaft but suchpproach will
overestimate the moments at the base of the shhfise values may still be
used for design if the design results in no moaa thne percent longitudinal
reinforcing. If the required reinforcement exce#dds amount a more refined
analysis using a soil-structure interaction progsdrould be used to determine
a reduced maximum moment to be used in design.

The moments and axial loads at the top of the strafthe same as the
moments and axial loads at the bottom of the colanthdo not have to be
recalculated. For this problem the moments ab#se of the shaft from the
frame analysis are used and are summarized below:

Bottom of Shaft — Unfactored Axial Forces and Momets

Load I:)max IDmin M trans M long

DC 1304.0 | 1141.% 53 -283
DW 81.5 0 -6 -23
PS -53.6 -53.6 4 399
LL1 275.7 -74

LL 2 159.4 113

LL 3 38.9 81

LL 4 -37.7 -121

LL5 238.0 224

LL Pos* 367.7 -38.2 189 1257
LL Neg * 367.7 -38.2 -165 -1092
BR 0.3 -0.3 0 +826
WS super 54.5 -54.5 +915 +734
WS sub 2.5 -2.5 +67 +103
WS 57.0 -57.0 +982 +837
W vert 0 -108.7 0 0
WL 12.4 -12.4 +208 +170
TU 0 0 +546 0
CR + SH 0 0 -260 0
SE 11.7 -11.7 0 +17

The positive and negative live loads designatet! ait * do not include the
dynamic load allowance, IM, since the shatft is édifbelow the ground.
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While the weight of the shaft is not used in detemthe bearing resistance,
the weight should be included for structural desifthe shaft. Side friction

of the shaft will reduce the magnitude of the Ibad a detailed analysis of the
axial load versus depth is not warranted. The mari reaction at the point of
fixity for the shaft = 0.15(38.49)(28.14) + 114E3.304.0 kips.

The drilled shaft must be designed for strengtlit Istates.

STRENGTH | (max)
Bottom of Shaft

Pmax= 1.25(1304.0) + 1.50(81.5) + 0.50(-53.6) + 1. B(3 + 0.3)
+1.0(11.7) = 2381KR<= Critical

Pmin = 0.90(1141.5) + 0.65(0) + 0.50(-53.6) + 1.75(238.0.3)
+1.0(-11.7) = 92116

Myans= 1.25(53) + 0.65(0) + 0.50(4) + 0.50(0) + 1.7%(180)
+ 0.50(546) = 67K

Myans= 0.90(53) + 1.50(-6) + 0.50(4) + 0.50(-260) +5(-165 + 0)
+ 0.50(-546) = -651 ft-k

Miong = 0.90(-283) + 0.65(0) + 0.50(399) + 1.75(125726)8+ 1.00(17)
= 3608t-k <= Critical
Miong = 1.25(-283) + 1.50(-23) + 0.50(399) + 1.75(-169226)
+1.00(-17) = -3562 ft-k
STRENGTH Il (max)

Bottom of Shaft

Prax= 1.25(1304.0) + 1.50(81.5) + 0.50(-53.6) + 1.4005 + 1.00(11.7)
= 1817.K

Pmin = 0.90(1141.5) + 0.65(0) + 0.50(-53.6) + 1.40(657.108.7)
+1.00(-11.7) = 756k9<= Critical

Myans= 1.25(53) + 0.65(0) + 0.50(4) + 0.50(0) + 1.4(P8 0.50(546)
= 1716 ft-k
Myans= 0.90(53) + 1.50(-6) + 0.50(4) + 0.50(-260) +Q(-882)
+0.50(-546) = -1736k

Miong = 0.90(-283) + 0.65(0) + 0.50(399) + 1.40(837).80[17)
= 1134 ft-k

Miong = 1.25(-283) + 1.50(-23) + 0.50(399) + 1.40(-837).00(-17)
= -1378t-k
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STRENGTH V (max)

Bottom of Shaft

Pmax= 1.25(1304.0) + 1.50(81.5) + 0.50(-53.6) + 1.35(36+ 0.3)
+0.40(57.0) + 1.00(12.4) + 1.00(11.72269.2k

Pmin = 0.90(1141.5) + 0.65(0) + 0.50(-53.6) + 1.35(238.0.3)
+0.40(-57.0) + 1.00(-12.4) + 1.00(-11=7001.7k

Myans= 1.25(53) + 0.65(0) + 0.50(4) + 0.50(0) + 1.3%(180)
+0.40(982) + 1.00(208) + 0.50(54&)E97t-k

Myrans= 0.90(53) + 1.50(-6) + 0.50(4) + 0.50(-260) +5(:365 — 0)
+ 0.40(-982) + 1.00(-208) + 0.50(-546)1186 ft-k

Miong = 0.90(-283) + 0.65(0) + 0.50(399) + 1.35(125726)8
+0.40(837) + 1.00(170) + 1.00(17) F¥82t-k

Miong = 1.25(-283) + 1.50(-23) + 0.50(399) + 1.35(-169826)
+0.40(-837) + 1.00(-170) + 1.00(-E78300ft-k

The effects of slenderness must also be considertb@ shaft design. Using
the maximum moment magnifiers previously calculdtedhe column for
each direction yields the following conservativesida moments.

Strength | Limit State

Trans M, = (1.060)(672) = 712 ft-k
Long M, = (1.053)(3608) = 3799 ft-k

Resultant: M, = /(712 + (37997 = 3865ft-k <= Critical

Strength Il Limit State

Trans M, = (1.041)(1736) = 1807 ft-k
Long M, = (1.047)(1378) = 1443 ft-k

Resultant: M, = /(1807)? + (1443* = 2312ft-k

Strength V Limit State

Trans M, = (1.053)(1197) = 1260 ft-k
Long M, = (1.050)(3300) = 3465 ft-k

Resultant: M, = /(12607 + (34657 = 3687ft-k
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The drilled shaft has a minimum ratio of factoredistance to factored load of
2.58 meaning the drilled shaft is adequately recdgd with 1 percent
reinforcing using 36 # 11 bars as shown in Fig@®&low.

The drilled shatft is larger than required by sesand strength requirements.

However, the large shatft is required due to thaitgctural rectangular shape
of the column and the need to develop the colunmiaing into the shaft.

7'-0" Dia.

6 e 12"
36-*11

TYPICAL SHAFT SECTION

Figure 28

In an actual design the shear strength of the siaitd be evaluated. For this
problem due to the small factored shear values eoeato the large shear
resistance of the column section, the shear ishiadét will not be investigated.
The horizontal reinforcing will consist of #6 tias12 inches mainly to provide
stiffness to the cage for constructability.
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