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Section 1 Design Criteria
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Legend: The following formats and color coding are used to identify input variables, references, and
results & checks presented in this document.
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Description

This example illustrates the design of an abutment with shallow and deep (pile) foundations for an interstate
freeway bridge. The design is implemented in accordance with the Michigan Department of Transportation

(MDOT) policies published as of 09/30/2022. The requirements of the 9™ Edition of the AASHTO LRFD Bridge
Design Specification; as modified and supplemented by the Bridge Design Manual (BDM), Bridge Design Guides
(BDG), and 2020 Standard Specifications for Construction (SSFC); are followed. Certain material and design

parameters are selected to be in compliance with MDOT practice reflected in the Bridge Design System (BDS),
the MDOT legacy software.

This step provides the design criteria, the bridge information, material properties, soil types and properties, along
with loads from the superstructure analysis.
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Bridge Information

This is a zero-skew, 200-ft long, two-span continuous, interstate freeway bridge. Each span consists of seven
steel plate girders spaced at9 ft- 8 3/ in. on center. The vertical profile and typical cross-section of the bridge

are shown below. The girders are designed for composite behavior with a 9-in. thick cast-in-place reinforced
concrete deck to resist superimposed dead, live, and impact loads. The superstructure design is presented in the
Two-Span Continuous Bridge Steel Plate Girder Design Example developed by Attanayake et al. (2021), which is
cited in this example as the Steel Plate Girder Design Example.
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Bridge design span length Lspan := 100-ft
Number of beams Npeams = 7
Beam spacing BeamSpacing := 9ft + 8.625in = 9.72 ft

Out-to-out deck width

Roadway clear width

Number of design traffic lanes

per roadway

Deck slab thickness

Wdeck = 63.75ft

Rdwywidth = 60.5-ft

Rdwywidth

Nianes = ﬂoor( oh j =5 LRFD 3.6.1.1.1

tDeck = 9in BDM 7.02.08

Note: The type of barrier used in this example is for illustrative purposes only. Itis the section used in the Steel Plate
Girder Design Example to provide superstructure loads for this design. The BDG provides standard barrier

section details.




Height of bridge railing
Haunch thickness

Overall depth of the girder at
the abutment support

Material Properties
Reinforced concrete unit weight
Concrete 28-day compressive strength
Concrete density modification factor

for normal weight concrete

Concrete modulus of rupture

Yield strength of reinforcing steel

Concrete unit weight
Correction factor for the source of aggregate

Concrete modulus of elasticity

Steel modulus of elasticity

Nominal diameter and
cross-section area of reinforcing
steel bars

Dia(bar) :=

hRailing = 3ft + 4in = 3.33 ft

tHaunch = 1in

dGirder = 35in

Ib
W, = 150 —
3
ft
fC = 3ksi
A=1
fp = 0.24-X ”fc'kSii = 0.42-ksi
fy = 60ksi
Ib
Weon = 145—3
ft
KI = 1
2
Weon fc
E. = 120000-Ky-| ——— | | —
Ib ksi
1000—3
ft

E, = 3.63 x 107 ksi

Eq := 29000ksi

0.5in if bar= 4
0.625in if bar= 5
0.75in if bar= 6
0.875in if bar=7
lin if bar = 8§
1.128in if bar= 9
1.27in if bar = 10
1.41in if bar= 11

Area(bar) =

0.33
j -ksi

BDM 7.02.19-C

Steel Plate Girder
Design Example

LRFD 5.4.2.8

LRFD 5.4.2.6

LRFD Tabk 3.5.1-1

LRFD Eq.
54.2.4-1

0.2in” if bar = 4
031in” if bar= 5
0.44in> if bar= 6
0.6in> if bar=7
0.79in> if bar = 8
1in® if bar=9
1.27in% if bar = 10

1.56in> if bar = 11




Reinforcing Steel Concrete Cover Requirements BDG 5.16.01,5.18.01,5.22.01

The minimum concrete cover 4 in. for the top and bottom of footing
3 in. for walls against soil

Backwall back cover CoverbW = 3in
Abutment wall cover Coverwau = 3in
Footing top and bottom cover Coverg = 4in

Soil Types and Properties

Bridge designers must interact closely with the Geotechnical Services Section since site conditions may make
each substructure design unique.

Soil boring results showed the following soil profile. The Geotechnical Services Section uses this information to
determine applicable bearing capacity, settlement, sliding resistance, etc.

Depth (ft) Soil type Total unit weight, ys (pcf) | ¢', degree
0-25 Fine to coarse sands 120 30
25-75 Gravelly sands 125 36
75-90 Fine to coarse sands 120 30
90-130 Gravels 125 38

The groundwater table is not located within the vicinity of the foundation.
Unit weight of backfill soil Ng = 0.12kef Compacted Sand,

LRFD Tablk 3.5.1-1
The active lateral earth pressure coefficient k, =03

Loads from Superstructure

Dead Load

The superstructure dead load reactions at each girder end are taken from the Steel Plate Girder Design Example.

Dead load reactions at the exterior girder end supports Table 12 of the Steel Plate Girder Design Example
Weight of structural components and RpcEgx = 44.6kip
non-structural attachments (DC)
Weight of future wearing surface (DW) RpwEgx = 8.0kip

Dead load reactions at the interior girder end supports Table 13 of the Steel Plate Girder Design Example
Weight of structural components and Rpcip = 54.3kip

non-structural attachments (DC)
Weight of future wearing surface (DW) Rpwip = 8-1kip




Live Load

MDOT uses a modified version of the HL-93 loading specified in the LRFD Specifications. A single design truck
load, a single 60-kip load (axle load), a two design truck load for continuous spans, and a design lane load are
multiplied by a factor of 1.2 to designate the design loading as HL-93 Mod.

Factor for HL-93 Mod fHL93Mod = 1:2 BDM 7.01.04-A
Dynamic load allowance IM = 0.33 LRFD Tabk 3.6.2.1-1

According to the calculation presented in the Steel Plate Girder Design Example, the truck + lane load combination
resulted in the maximum and minimum girder end reactions over the abutment. The unfactored girder support
reactions for a single lane loaded case are listed below.

Maximum and minimum girder reactions due to truck load:

VruckMax = 63-9Kip  VipruckMin = —35-9kip Table A4 of the Steel Plate Girder Design Example

Maximum and minimum girder reactions due to lane load:

V@ aneMax = 28-1kip VL aneMin = —3-5kip Table A4 of the Steel Plate Girder Design Example




Section 2 Design of Abutment with a Spread Footing

Step 2.1 Preliminary Abutment Dimensions

Description

This step presents the selected preliminary abutment dimensions.
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The selection of an optimal abutment type depends on the site conditions, cost
considerations, superstructure geometry, and aesthetics. The common types include
cantilever, counterfort, curtain wall, integral or semi-integral, and spill-through abutments.

BDM 7.03.01

A concrete cantilever abutment is considered optimal for the selected site and the structure.

MDOT Bridge Design Manual lists the following minimum requirements:

e The minimum wall thickness for abutments is 2 ft. BDM 7.03.01C
e The minimum thickness of footings is normally 2 ft - 6 in. When the wall thickness at its BDM 7.03.02A
base becomes 3 ft or greater, the footing thickness is to be increased to 3 ft. Footing e

thickness is defined in 6 in. increments.

e  The minimum footing width for cantilever abutments is 6 ft. BDM7.03.01B

The designers select the preliminary dimensions based on state-specific standards and past experience. The
preliminary footing dimensions are selected such that the resultant of the vertical loads falls within the middle
one-third. Asneeded, the guidelines shown in the following figure can be used to establish the initial dimensions that
correlate with the minimum requirements in the BDM.

-t J../Q“P“\}:‘/f’.rq.//fi S

underdrain

pr—BB—

underdrair
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elow frost depth
and seasonal
volume change

Reference: Bowles, Foundation Analysis and Design. 5th Edition
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The following figure shows the selected abutment geometry and dimensional variables:
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The preliminary dimensions selected for this example are given below.

Abutment length Laobut = Wdeck = 63.75 ft

This abutment includes an independent cantilevered backwall, similar to the one shown in BDG 6.20.03A.

Backwall height hy o ckwall = 4-251t
Backwall thickness thackwall == 1-5ft
Abutment wall design height hyqp = 17.541t

The thickness of an abutment wall is controlled by several factors including the space required to fit bearings and
anchor bolts with an adequate edge distance. Since the bearing pad design is not included in this example, a

3fi-2in. thick abutment wall is selected by referring to a similar bridge to provide an adequate space to
accommodate bearings and edge distances.

Abutment wall thickness twall = 3ft + 2in = 3.17 ft
Distance from the toe to the front face ltoe = 4ft + 7in = 4.58 ft
of the abutment wall

12




Distance from the heel to the back face lheel = 9ft + 3in = 9.25 ft
of the abutment wall

Distance from center of the bearing pad lprtowall = 2ft + 4in = 2.33 ft

to the back face of the abutment wall

Footing width Bfooting = lige + lheel + twall = 171t
Footing length Lfooting = 65.75ft

Footing thickness tfooting = 3ft

Toe fill depth to the bottom of the footing htoeDepth = Tft

Note: Bottoms of footings are normally set 4 ft below the existing or proposed ground line to
avoid frost heave. The depth of embedment could be deeper when pavement sections are
over the top of the footing.

Passive earth pressure is excluded from the footing design.

BDM 7.03.02 D

BDM 7.03.02 F
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Step 2.2 Application of Dead Load

Description

This step describes the application of the dead load on the abutment.
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The common practice is to apply superstructure dead load as a uniformly distributed load over the length of the
abutment. This is accomplished by adding exterior and interior girder end dead load reactions and dividing this

quantity by the abutment length.

Dead load of superstructure

Weight of structural components and
non-structural attachments (DC)

Weight of future wearing surface (DW)

Backwall weight

Abutment wall weight

Footing weight

2:Rpcex * (Nbeams - 2)‘RDCIn

bC 5.66. 2P
Sup = = 5.66 —
P Labut ft
2:Rpwex + (Nbeams - 2)‘RDWIn kip
DWgyp = = 0.89.—
Labut fit
: kip
DCpackwall = Bbackwall tbackwall' We = 0'96'?
: kip
DCyall = hyalr twan We = 8'33.?
: kip
DCfooting = Bfooting'tfooting'wc =7.65 ?

15




Step 2.3 Application of Live Load

Description

This step describes the application of live load on the abutment.

Page Content
17 Live Load on the Backwall
17 Live Load on the Abutment Wall

18 Live Load on the Footing
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Live Load on the Backwall

The live load on the bridge has no impact on the backwall.
The live load on the approach slab is represented by a live load surcharge. The live load surcharge results in a
lateral load on the backwall. Please refer to Step 2.4 for further details.

Live Load on the Abutment Wall

Depending on the number of design lanes, a multiple presence factor is applied to the HL-93 truck and lane loads.

MPF (lanes) := | 1.2 if lanes = 1
1.0 if lanes = 2
0.85 if lanes =3

0.65 otherwise

LRFD Tabk 3.6.1.1.2-1

Live Load on Bridge Superstructure

The total of live load girder end reactions is divided by the abutment length to calculate the load on a per-foot basis.

Note: Even though the LRFD specifications recommend including the dynamic impact in the design of
substructures that are not completely buried, the MDOT practice is to exclude them from the design of

bridge abutments.
‘ ' lanes- (VTruckMax + VLaneMaX)' fHL93Mod MPF (lanes) kip
lanes =1 Ry Lwalll = L = 2.08-?
abut
‘ ' lanes- (VTruckMax + VLaneMaX)' fHL93Mod MPF (lanes) kip
lanes = 2 Ry Lwal2 = L = 3.46-?
abut
‘ ' lanes- (VTruckMax + VLaneMaX)' fHL93Mod MPF (lanes) kip
lanes := 3 Ry Lwall3 = s — 4_42.?
abut
‘ ' lanes- (VTruckMax + VLaneMaX)' fHL93Mod MPF (lanes) kip
lanes = 4 R L walig = L = 4.5-?
abut
‘ ' lanes- (VTruckMax + VLaneMaX)' fHL93Mod MPF (lanes) kip
lanes := 5 RLLWallS = L . 5.63-?
abut
The controlling live load on the abutment wall is
kip

RLLWallMax = M3%(RLLwail1» RLLWall2> RLLWall3> RLLWall4> RLLWalls) = 5-63- Y

Live Load on Bridge Approach

The live load on the approach is represented by a surcharge load. This surcharge results in a lateral load on the
abutment wall. Please refer to Step 2.4 for further details.

17




Live Load on the Footing
Live Load on Bridge Superstructure

The total of live load girder reactions is divided by the footing length to calculate the load on

a per-foot basis. The dynamic impact is not included in the design of foundations.

lanes

lanes :

lanes :

lanes :

lanes

=1

=5

RLLFootingl =

RLLFooting2 =

RLLFooting3 =

RLLFootings =

RLLFootings =

lanes- (VTruckMax + VLaneMaX)'fHL93M0d'MPF(laneS) —201- kip
Lfooting o f
1anes'(VTruckMax + VLaneMaX)'fHL93M0d'MPF(laneS) _3 36-@
Lfooting o f
lanes- (VTruckMaX + VLaneMax)'fHL93Mo 4 MPF (lanes) _aog. kip
Lfooting o f
lanes- (VTruckMaX + VLaneMax)'fHL93Mo 4 MPF (lanes) 437 kip
Lfooting o f
lanes- (VTruckMaX + VLaneMax)'fHL93Mo 4 MPF (lanes) s kip
Lfooting o f

The controlling live load on the footing is

RL L FootingMax = rnaX(RLLFootingl » RLLFooting2 » RLLFooting3 > RLLFooting4 » RLLFootingS)

Live Load on Bridge Approach

Live load on the approach is represented by a surcharge load. Please refer to Step 2.4 for further details.

LRFD 3.6.2.1

=5.46-—
t
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Step 2.4 Application of Other Loads

Description

This step describes the application of braking force, wind load, earth load, and temperature load.

Page
20
20
20
21

Content
Braking Force
Wind Load
Earth Load

Temperature Load
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Braking Force

Since the abutment in this example has expansion bearings, the fixed bearings located at the pier resist the
horizontal component of the braking force. Therefore, a horizontal braking force is not applied at the abutment.
The braking force calculation is presented in Appendix 2.A and the pier design example.

Note: Although there is a possibility to develop a vertical force component at the bearings due to the braking force
applied at 6 ft above the bridge deck, MDOT practice is to exclude this load from substructure design.

Wind Load

Since the abutment has expansion bearings, the fixed bearings located at the pier resist the longitudinal component
of'the wind load on the superstructure. The relevant calculations are presented in the pier design example.

Note: Although the transverse component of the wind load acts on the abutment, it is often small and does not
impact the design. The MDOT practice is to exclude this load from the abutment design.
The wind load calculation is described in the pier design example.

Earth Load

The earth load includes lateral earth pressure, live load surcharge, and vertical earth pressure on the footing. As
per the Geotechnical Services Section, the groundwater table is not located in the vicinity of the foundation.
Therefore, the effect of hydrostatic pressure is excluded. Hydrostatic pressure should be avoided if possible in
all abutment and retaining wall design cases through the design of an appropriate drainage system.

Lateral Load Due to Lateral Earth Pressure

The lateral pressure and the resultant load are calculated. This load acts at a distance of one third the
height from the base of the components being investigated.

Backwall
Lateral earth pressure at the base Pbw = Ka' Vs Dpackwall = 0-15-ksf LRFD Egq.3.11.5.1-1
1 kip
Lateral load PEHBackwall = 5 Pbw’ Mpackwall = 0'33'?
Abutment Wall
Lateral earth pressure at the base Pwall = Ky 'Ys'(hbackwall + hwall) = 0.78-ksf
1 kip
Lateral load PEHWall = 3 Pwall (hbackwall + hwall) = 8.55-=~
Footing
Lateral earth pressure at the base P = kg (hbackwall + hyan + tfooting) = 0.89-ksf
1 kip
Lateral load PEHF ooting = E'Pft'(hbackwall + hyyal) + tfooting) = 11.06- R
Vertical Earth Load on the Footing
, kip
Back side (heel) EV arthBk = Vs Theel' (Mbackwall + Bwall) = 24.19-—~
. , kip
Front side (toe) EVearthFt = Vs 1toe'(htoeDepth - tfooting) =22 TR

20




Live Load Surcharge

Live load surcharge is applied to account for a vehicular load acting on the backfill LRFD 3.11.6.4
surface within a distance equal to one-half the wall height behind the back face of
the wall.

Height of the abutment hbackwall + hwall + tfooting = 24.79 ft

Note: The equivalent height of soil for the surcharge load is defined as a function of the abutment height.

Equivalent height of soil for the W= 2ft LRFD Table 3.11.6.4-1
surcharge load eq
Lateral surcharge pressure Op = Ky g heq = 0.07-ksf LRFD Eq. 3.11.6.4-1
Backwall
: kip
Lateral load P SBackwall = p Dpackwall = 0'31'?
Abutment Wall
kip
Lateral load PLSWall = Gp'(hbackwall + hwall) = 1.57'?
Footing
: kip
Lateral load PLSFooting = 0-p'(hbackwall + hya)r + tfooting) - 1'78'?
. _ kip
Vertical load VLSFooting =g lheel‘heq = 2.22-?

Temperature Load

The forces transferred from the superstructure to the substructure due to temperature are influenced by the
shear stiffness of the bearing pads.

Thermal expansion coefficient of steel (/°F) o:=6.510 6
Note: MDOT uses a 45° F drop and 35° F rise from the temperature at the time of BDM 7.01.07 cold climate
construction. temperature range

Contraction and expansion temperatures T eemimnetion = 49 Texpansion =35

Bridge superstructure contraction ATcContr = O Lspan' Tcontraction = 0-35-in

Bridge superstructure expansion ATExp = Lspan' Texpansion = 0.27-in

Sh dulus of the el G = I b

ear modulus of the elastomer bearing ‘= 00 — BDM 7.02.05C

in

Plan view area of the bearing pad Abearing := 22in-9in = 198- in2

Total elastomer thickness hy¢ == 2.75in

21




Since the pier bearings are fixed, the total superstructure deformation is imposed on the abutment bearings.

The force acting on a bearing due to
superstructure contraction

Total force acting on the abutment due
to superstructure contraction

The force acting on a bearing due to
superstructure expansion

Total force acting on the abutment due
to superstructure expansion

Gbearing' Abearing' ATContr

HpuContr = h, = 2.53-kip
r
) Npeams HbuContr kip
TUcontr = Lo = 0.28-?
abu
Ghearing’ Abearing ATE
) g “bearing Xp )
HbuExp = b = 1.97-kip
Npeams' HbuExp kip
TUgxp = =022-—
P Labut ft

LRFD Eq.

14.6.3.1-2

LRFD Eq.

14.6.3.1-2
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Step 2.5 Combined Load Effects

Description

This step presents the procedure for combining all load effects and calculates total factored forces and
moments acting at the base of the backwall, abutment wall, and footing.

Page Contents
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27 Forces and Moments at the Base of the Abutment Wall

31 Forces and Moments at the Base of the Footing
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Strength I, Strength 111, Strength V, and Service I limit states are considered for the analysis and design of an
abutment.

LRFD 34.1
Strength [=1.25DC +1.5DW +1.75LL+1.75BR + 1.5EH + 1.35EV + 1.75LS +0.5TU
Strength II=1.25DC +1.5DW + 1.5EH + 1.35EV + 1.0WS +0.5TU
Strength V=1.25DC+1.5DW+1.35LL+1.35BR+ 1.0OWS+1.0WL+1.5EH +1.35EV + 1.35LS +0.5TU

Service [I=1.0DC +1.0DW + 1.0LL+ 1.0BR + 1.0WS+1.0WL +1.0EH + 1.0EV + 1.0LS+1.0TU

BR =vehicular braking force

DC =dead load of structural components and nonstructural attachments
DW  =dead load of future wearing surface and utilities

EH =horizontal earth pressure load

EV =vertical pressure from the earth fill

LL =vehicular live load

LS =live load surcharge

WL =wind on live load

WS =wind load on structure

TU = force effect due to uniform temperature

Limit states that are not shown either do not control or are not applicable. Generally, Strength I1I or Strength
V may control the design of abutments with fixed bearings when the wind load is considered.

Note: These load combinations should include the maximum and minimum load factors; only the maximum
factors are shown for clarity.
Since the MDOT practice is to exclude wind load from the abutments design, only Strength I and
Service I limit states are included in this section.

Four load cases are considered in the design of an abutment: BDM 7.03.01
Case I Construction state: abutment built and backfilled to grade.
Case Il Bridge open to traffic with traffic loading on the approach only.
Case III Bridge with traffic on it and no load on the approach.
Case IV Contraction: Loading forces of Case Il plus the effects of temperature contraction in the deck
transmitted to the abutment.

Since Case IV always governs over Case Il for the bridge abutment selected for this example (independent
cantilever abutment), only Cases I, I, and IV are considered.

The temperature force in Load Case IV is due to contraction; therefore

) kip
TU := TUContr = 0.28~?

The base of the backwall, the base of the abutment wall, and the base of the footing are the three critical
locations where the force effects need to be combined and analyzed for the design of an abutment. Horizontal
loads parallel to the longitudinal axis of the abutment are not considered for backwall and abutment wall design
because of the high moment of inertia about the longitudinal axis of the bridge. However, such loads, even
though relatively small, are considered at the base of the footing.

24




Forces and Moments at the Base of the Backwall

'/ DCB ackwall

Al

PEHBackwalI

- |

:

ZM at backwall centerline

LCIand III

Strength 1

DCBackwau

PLSBE!CR'.‘.‘SII

I:"'E HBackwall

-

ZM at backwall centerline

Strength [=1.25DC +1.5DW +1.75LL+1.75BR + 1.5EH + 1.35EV +1.75 LS +0.5TU

Load Case |

Factored vertical force

Factored shear force parallel to the
transverse axis of the backwall

Factored moment about the
longitudinal axis of the backwall

Load Case III
Factored vertical force

Factored shear force parallel to the
transverse axis of the backwall

Factored moment about the
longitudinal axis of the backwall

Load Case IV

Factored vertical force

Factored shear force parallel to the
transverse axis of the backwall

FyBwLCISHT

VuBwLCIStT =

MyBwLC1StT

FyBwLC3SHT

VuBwLC3StT =

MyBwLC3Str

FyBwLC4SHT

VuBwLC4StI = 15 PEHBackwall + 175 PLSBackwall = 1'02'?

Factored moment about the longitudinal axis of the backwall

hpackwall

MyuBwLC4strI = 1-3- PEHBackwall’ 3 +

LCIV
kip
= 1.25-DChyckwall = 12
kip
1.5-PEHBackwall = 0-49- ?
Mpackwall kip- ft
= L5 PEyBackwall’ 3 = 0.69- ft

kip
= 125 DCpaekwall = 12

kip
L5-PEHBackwall = 0-49- ?

= 1.5 PEHBackwall’ 3 -

kip
= 1.25-DCp,ckwall = 1.2-?

hpackwall
L75-Pp sBackwall =

hpackwall
~0.69

= 1.83-

kip- ft
ft

kip
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Service 1
Service=1.0DC+1.0DW +1.0LL+1.0BR+ 1.0WS+1.0WL+1.0EH+1.0EV+1.0LS+1.0TU

Since Load Case IV controls the Service I limit state, related calculations are shown below.

kip

Factored vertical force FyBackwaliSerl = PChackwall = 0.96-?

kip
Factored shear force parallel to the ViuBackwallSerl = PEHBackwall + PLSBackwall = 0.63-?

transverse axis of the backwall

Factored moment about the longitudinal axis of the backwall

hpackwall
+ P SBackwall B

hpackwall
MyBackwallSerl *= PEHBackwall

kip- ft
MyBackwallSert = 1-11- ft

Summary of Forces and Moments at the Base of the Backwall

Factored shear force parallel to the

Factored vertical force, Fy,, (kip/f) transverse axis of the backwall, Vg, (kip/ft)

Factored moment about the longitudinal axis of the backwall, M, ,, (kip-f/ft)

Strength I | Service I Strength I | Service I
LCI 1.20 - LCI 0.49 -
LC III 1.20 - LCII 0.49 -
LC IV 1.20 0.96 LC IV 1.02 0.63

Strength I | Service I
LCI 0.69 -
LC III 0.69 -
LC IV 1.83 1.11
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Forces and Moments at the Base of the Abutment Wall

Load Cases I, III, and IV are considered below. The superstructure dead and live loads and the uniform
temperature induced loads are considered in addition to the backwall and abutment wall dead loads, lateral earth

pressure, and lateral surcharge pressure.

DCSU p’ DWSUp, RLI_WaI IMax

DCbackwaII
DCbackwaII
DCwa\I I:)Cwall
J— T— ¢
— P—
F)EHWaII H— I:)EHWaII —
— —
| |
= =
M at wall centerline ¥M at wall centerline
LCI LCIII
DCSup, DWSup
DCbackwa\I
4—,
™ —=— TU
DCwaH
—
I:)LSWaII T—— ¢
—
Perwai —
-—4’
- — %

ZM at wall centerline

LCIV
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Strength 1

Strength [=1.25DC +1.5DW +1.75LL+1.75BR + 1.5EH + 1.35EV +1.75 LS +0.5TU

Load Case |
. , kip
Factored vertical force Fywanrcise = 125 (chackwall + Dcwall) = 11.61 -y
Factored shear force parallel to the v o 15.P _ 10.80. kip
transverse axis of the abutment wall uWallLCIStrl = *2""EHWall = 7%=
The backwall weight reduces the critical moment at the base of the abutment wall. This LRFD 34.1
requires using the minimum load factor of 0.9 for the dead load (DC) instead of the factor LFRD Tablke 3.4.1-2
1.25 in the Strength I combination.
Similar conditions are applied for the moments calculated about the longitudinal axis of the
abutment wall for all the load cases and all the limit states.
Factored moment about the longitudinal axis of the abutment wall
, (tbackwall ~ twall) (hbackwall + Byall) kip- ft
MywaliLc 1St = 0-9-DChackwall B + L.5-Ppgwalr 3 =92.4: ft
Load Case 11
Factored vertical force
FywallLc3ser = 125 (DCSup + DCpackwall + Dcwall) + 1.5 DWSup + L7SRL L WallMax
kip
FywallLc3str = 29-86-—-
Factored shear force parallel to the v o 15.P _ 0.8, kip
transverse axis of the abutment wall uWallLC3Strl = *2""EHWall = 7%=
Factored moment about the longitudinal axis of the abutment wall
) (tbackwall - twall)
MywaliLc3std = 0-9-DChackwall )
t
wall
+(1.25-DCgyp + 1.5-DWgy + 1.75-RL L wallMax)"| Ibriowall ~ — )
(hbackwall + hwall)
+ L5 PEHWalr 3
kip- ft
MywallLc3stt = 106.09:
Load Case IV
: kip
Factored vertical force Fywanrcase = 125 (DCSup + DCpackwall + Dcwan) + 1.5DWSup = 20.01 -y
Factored shear force parallel to the _ 3 kip
transverse axis of the abutment wall VuwallLC4strl = 13- PEHwall + 175 PLgwa + 05TU = 15.7: T
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Factored moment about the longitudinal axis of the abutment wall

(tbackwall - twall)
MywallLc4stt = 0-9-DChackwall’ 5

t
wall
+(1.25-DCgyp + 1.5-DWsp )| brtowall - -

(hbackwall + hwall) (hbackwall *+ hwall)

+ 0.5-TU-h

+ L5-PEgwalr 3 + L75-PLgwalr >

kip- ft
ft

MywallLc4str1 = 131.04-

Service 1

Service [=1.0DC +1.0DW + 1.0LL+ 1.0BR + 1.0WS+1.0WL+1.0EH + 1.0EV + 1.0LS+1.0TU

wall

Load Case |
. K

Factored vertical force FywallLciser = PCpackwall + PCwall = 9'29‘%

Factored shear force parallel to the v —p _gss. kip

transverse axis of the abutment wall uWallLCl1Ser] -~ "EHWall = ®2°" 7

Factored moment about the longitudinal axis of the abutment wall

] (tbackwall - twall) (hbackwall + hwall)
MywaliLC1Serl = DChackwall’ 2 + PEHWall 3
kip- ft
MywallLC1Serl = 61-28:

Load Case III

Factored vertical force

kip

FywallLC3Ser] = (DCSup + DCpackwall + Dcwall) + DWSup + R WallMax = 21.46-

Factored shear force parallel to the kip

transverse axis of the abutment wall VuwallLC3Serl = PEHWall = 85> ft

Factored moment about the longitudinal axis of the abutment wall

] (tbackwall - twall)
MywallLc3Serl = PChackwall’ 2
twall
+ (DCSup + DWSup + RLLWallMax)' Yortowall — )

(hbackwall *+ hyall)
+ PEHWall 3

kip- ft

MywallLc3sert = 7041

ft
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Load Case IV

Factored vertical force FywallLc4Ser = (DCSup + DCpackwall + Dcwall) + DWSup

kip

FyvwallLcasert = 13-83-—~

Factored shear force parallel to the . kip
transverse axis of the abutment wall VuwallLC4Serl = PEHWall * PLsWall + TU = 10.39- ?

Factored moment about the longitudinal axis of the abutment wall

(tbackwall - twall)

MywallLc4sert = PCpackwall’ 5

twall
+ (DCSup + DWSup)' Yortowall —

2
(hbackwall *+ hyall) (hbackwall *+ hyall)
+ PEHWall 3 + PLSWall 5 + TU hyqp
kip- ft
MywallLc4SerT = 8815 ft
Summary of Forces and Moments at the Base of the Abutment Wall
Factored vertical force, Fyyy,; (kip/ft) Factored shear force parallel to the transverse axis
of the abutment wall, V yy (kip/ft)
Strength I | Service I Strength I | Service I
LCI 11.61 9.29 LCI 12.82 8.55
LCII 29.86 21.46 LCII 12.82 8.55
LC1IV 20.01 15.83 LC1IV 15.70 10.39

Factored moment about the longitudinal axis of the abutment wall, M,y (kipf/ft)

Strength I | Service I
LCI 92.40 61.28
LC III 106.09 70.41
LC IV 131.04 88.15
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Forces and Moments at the Base of the Footing

Load Cases I, III, and IV are considered below. In addition to all the loads considered for the
abutment wall, weight of soil (i.e. the earth load on the footing toe and heel) and live load on the
backwall are considered.

The dynamic load allowance is excluded from the live load for foundation components that are LRFD 3.6.2.1
entirely below ground level.

DCbackwaH DCSup’ DWSup’ RLLFootingMax
iiiiii F—————1
Iﬁ | DCback all
| |
| I
| |
|
| DC all I DC all
— I |
| |
A |
| EV
| P, ) | earthFt
PEHFootmg o I EVea,mBk EVearthrt EHFooting —::_ | EVeanth
| _ L
| 1 1
— | -
- I -— |
IM at footing centerline i ZM at footing centerline *
DCfootmg Dcfooling
LCI LCIII
VLSF oting
=——v " “ "——" DCSup’ DWSUD
| DCbacK all
|
| —m— TU
-
|
| DCai
- -
PLSFooting — F— ! ‘
o -
P . | EVearthFl
EHFooting ; I EVeanth
| ma

ZM at footing centerline *

DC

footing

LCIV
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Strength 1

Strength [=1.25DC +1.5DW +1.75LL+1.75BR + 1.5EH + 1.35EV + 1.75LS +0.5TU

Load Case |
Factored vertical force
: kip
FyrLcisut = 125 (chackwall + DCya) + Dcfooting) + 1'35‘(Eveartth + EVeartth) = 56.79- r
Factored shear force parallel to the v — 15.p  _ 16.59. kip
transverse axis of the footing uFtLC1Strl -~ 2" "EHFooting = "°-27"
The backfill soil weight reduces the critical moment at the base of the footing. This requires LRFD 34.1
using the minimum load factor of 1.0 for the vertical earth load (EV) instead of the factor LFRD Tablke 3.4.1-2

1.35 in the Strength I combination. Similar conditions are applied for the moments calculated
about the longitudinal axis of the footing for all the load cases.

Factored moment about the longitudinal axis of the footing

thackwall Bfooting

twall Bfooting]

MyFrtLcistr = 125 'chackwall'[lheelJr + 1.25DCqq110 (lheel + B - b

(hbackwall + hyyar) + tfoo‘[ing Bfooting ltoe
+ 1'5'PEHF00ting' 3 + 1'35Eveartth' T - T
theel Bfooting
+ I.O-EVeartth > - >
kip- ft
MyFLc1sut = 8792
Load Case 11
Factored vertical force FyFriLcssyr = 1.25 (DCSup + DChackwall + PCyall + Dcfooting) + 1.5 DWSup
+ 175 RLLFootingMax + 1'35'(Eveartth + EVeartth)
kip
FVFLesstn = 7475 ==
Factored shear force parallel to the v "~ 15.p 16.59. kip
transverse axis of the footing uFtLC3Strl = *-°"*EHFooting TR

Factored moment about the longitudinal axis of the footing

] thackwall Bfooting twall Bfooting
MyrtLe3stt = 125 DCpackwall'| heel + P - b + 1.25DCya11| Theel + ) P
Bfooting

+ (1'25'DCSup + 1'S'DWSup + 1'75'RLLFootingMax)' Iheel * lortowall ~ 2

(hbackwall + hygar) + tfooting)
+ ISPEHFOOtIHg 3

Theel Bfooting Bfooting lioe
+ I.O'EVeartth- - + 1.35'EVeartth' —_— — —

2 2 2
kip- ft
MypLCasur = 143:27-—
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Load Case IV
Factored vertical force
FVFRLCasul = 1'25'(DCSup + DCphackwall + PCyall + Dcfooting) + 1'SDWSup
+ 1'35'(Eveartth + EVeartth) + 1'75VLSFooting
kip
FVFLCastn = 6908 ==

Factored shear force parallel to the )
transverse axis of the fooﬁng VuFtLC4StrI =15 PEHFOOtll’lg + 175PLSF00tlng +0.5TU = 19.85-

Factored moment about the longitudinal axis of the footing

kip

ft

).

] thackwall Bfooting twall Bfooting
MyrtLcastt = 125 DCpackwall'| heel + P - P + 1.25DCya11| Theel + ) P
Bfooting

+(1.25-DCgyp + 1.5-DWgyp )| Iheel + Ibriowall ~ — -
(hbackwall + hygar) + tfooting) theel Bfooting

+ 1.5-PEHFooting 3 + L73VLSFooting | =5~ ~ 7
(hbackwall + hyanl + tfooting) Iheel Bfooting

+ 1'75'PLSF00ting' > + I.O'EVeartth' > - >
Bfooting ltoe

+ 135 EVearinpe | ——— — - +O.5-TU-(hwall+tf00ting)

kip- ft
fit

MyrLcaser = 140.34-
Service 1

Service [=1.0DC+1.0DW +1.0LL+1.0BR+ 1.0WS+1.0WL+1.0EH+1.0EV+1.0LS+1.0TU
Load Case |

Factored vertical force

kip
FyErtLcisert = DCpackwall T PCwall + Dcfooting + EVearthBk + EVearthFt = 43'32'?
Factored shear force parallel to the v —p _11.06. kip
transverse axis of the footing uFtLCISerl = “EHFooting = **-">" "¢

Factored moment about the longitudinal axis of the footing

] thackwall Bfooting twall Bfooting
MyrtLC1Serl = PChackwall'| lheel + B - B + DCyall'| theel * L )
(hbackwall + Dy + tfooting)
+ PEHFooting' 3
Iheel Bfooting Bfooting ltoe
+ EVeartth 2 - 2 + EVeartth 2 - T

kip- ft
MyFtLC1Sert = 3222 ft
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Load Case III

Factored vertical force

FVFLC3Serl = DCSup + DCphackwall + PCyall + Dcfooting + DWSup + RLLFootingMax

+ (Eveartth + EVeartth)

kip
FVFILC3Sert = 333377
Factored shear force parallel to the v —p T 06-@
transverse axis of the footing uFtLC3Serl = “EHFooting = * ">

Factored moment about the longitudinal axis of the footing

] thackwall Bfooting twall Bfooting
MyrtLc3Serl = PCpackwall'| Theel + B - B + DCyall'| theel * L B
Bfooting
+ (DCSup + DWSup + RLLFootingMax)’ Iheel * lbrtowall ~ 2

(hbackwall + hygar) + tfooting)
*+ PEHFooting 3

Iheel Bfooting Bfooting ltoe
+ EVearthBk 5y ) + EVearthFt: b Ty

kip- ft
MyFtLC3Serl = 09-22¢
Load Case IV
Factored vertical force FyVFiLCc4Ser] = DCSup + DCpackwall T+ DCwall + DCfooting + DWSup
+ EVearthFt t EVearthBk + VLSFooting
kip
FVFtLCaSert = 32:09- =7
Factored shear force parallel to the ] kip
transverse axis of the fooﬁng VuFtLC4SerI = PEHFOOtll’lg + PLSFOOtng +TU = 13.12- ?

Factored moment about the longitudinal axis of the footing

] thackwall Bfooting twall Bfooting
MyFtLc4Serl = PChackwall'| theel + B - B + DCyall| lheel * L )
Bfooting (hbackwall + Dyl + tfooting)

+ (DCSup + DWSup)' Iheel * lbrtowall — 2 + PEHFooting' 3

Iheel Bfooting Bfooting ltoe
T EVearthBk |~ "5 ) T EVearthFr| T ~ 5

Iheel Bfooting (hbackwall + Dyyal) + tfooting)
+ VLSFooting' y 5 + PLSFooting' 5

+ TU- (hwall + tfooting)

kip- ft

MyFtLc4sert = 71.62
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Summary of Forces and Moments at the Base of the Footing

Factored vertical force, Fy (kip/ft)

Strength I | Service I
LCI 56.79 43.32
LC III 74.75 55.33
LC IV 69.08 52.09

Factored moment about the longitudinal axis of the footing, M, p, (kip-f/ft)

Strength I | Service I
LCI 87.92 32.22
LC I 143.27 69.22
LC IV 140.34 71.62

Factored shear force parallel to the transverse
axis of the footing, V , (kip/ft)

Strength I | Service I
LCI 16.59 11.06
LC III 16.59 11.06
LC IV 19.85 13.12
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Step 2.6 Geotechnical Design of the Footing

Description

This step presents the geotechnical design of a spread footing considering the following
strength and serviceability limit states:

1. bearing resistance — strength limit state

2. settlement — service limit state

3. sliding resistance — strength limit state

4. load eccentricity (overturning) — strength limit state.

Step 2.9 presents the evaluation of structural resistance of the footing (internal stability).

Page Contents

37 Bearing Resistance Check

41 Settlement Check

41 Sliding Resistance Check

43 Eccentric Load Limitation (Overturning) Check

LRFD 10.6.1.1
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Forces and Moments at the Base of the Footing

Step 2.5 presents the load effects at the base of the footing under different load cases and limit states. A summary
is presented in the following tables:

Factored vertical force, Fy (kip/ft)

Strength I | Service I
LCI 56.79 43.32
LC I 74.75 55.33
LC 1V 69.08 52.09

Factored moment about the longitudinal axis of the footing, M, p, (kip-f/ft)

Strength I | Service I
LCI 87.92 32.22
LC I 143.27 69.22
LC 1V 140.34 71.62

Factored shear force parallel to the transverse axis
of'the footing, V 5 (kip/ft)

Strength I | Service I
LCI 16.59 11.06
LC III 16.59 11.06
LC 1V 19.85 13.12

Bearing Resistance Check

For eccentrically loaded footings, the use of a reduced effective area is allowed for bearing

resistance or settlement calculation. The point of load application shall be at the centroid of the

reduced area.

Note: As a practice, the average pressure and the values at the toe and heel under different load cases
and limit states are provided to the MDOT Geotechnical Services Section for verification.

This example presents the LRFD and MDOT methods.

Load Case I, Strength I

Factored vertical force

Factored moment about the longitudinal
axis of the footing

Eccentricity in the footing width direction

LRFD Method

A reduced effective footing width is used for bearing resistance and settlement design.

Effective footing width

Bearing pressure

LRFD 10.6.1.3
kip
FVEtLC1Sul = 56-79'7
kip- ft
MyFtLcistr = 87.92- ft
MyFtLC1StT
eg= ———— = 1.55ft
FVEtLC1Stl
LRFD 10.6.1.3

Beff = BfOOtil’lg - 2-6B = 1391t LRFD Egq. 10.6.1.3-1

FVEtLC1StI
Befr

9bearing LC1 *= = 4.08-ksf
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MDOT Method

Average bearing pressure

Bearing pressure at the toe

Bearing pressure at the heel

Load Case I11, Strength I

Factored vertical force

Factored moment about the longitudinal
axis of the footing

Eccentricity in the footing width direction

LRFD Method
Effective footing width

Bearing pressure

MDOT Method

Average bearing pressure

Bearing pressure at the toe

Bearing pressure at the heel
Load Case 1V, Strength I
Factored vertical force

Factored moment about the longitudinal
axis of the footing

Eccentricity in the footing width direction

_ FvFicisul
angLCl = B— = 3.34-ksf
footing
_ FvFiLcisul 6-cg
footing footing

_ Fvriwcisul 6-cg
footing footing

kip
FVEtLC3sul = 74-75'7
kip- ft
ft

MyFtLc3str = 14327

MyFtLC3str

B = = 1.921t
F
VFtLC3Str]

(&

Befr = Bfooting —2-eg = 13.17ft LRFD Egq. 10.6.1.3-1

FVEtLC3stl

Ybearing LC3 = B—ff = 5.68-ksf
e

FVRLCISHl

anch3 = 4-ksf

Bfooting

_ FvFiLcssul 6-cg
Qt0eLC3 = B— 1+ B— = 7.37-ksf
footing footing

_ Fvriwcssul 6-cg
qheelLC3 = B— 1 - B— = 1.42-ksf
footing footing

kip
FVFtLCastn = 6908 ==

kip- ft
fit

MyFtLc4strr = 140.34-

MyFtLC4st

- —2.03ft
FVEtLC4astl

°B
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LRFD Method
Effective footing width

Bearing pressure

MDOT Method

Average bearing pressure

Bearing pressure at the toe

Bearing pressure at the heel

Load Case I, Service I
Factored vertical force

Factored moment about the longitudinal
axis of the footing

Eccentricity in the footing width direction

LRFD Method
Effective footing width

Bearing pressure

MDOT Method

Average bearing pressure

Bearing pressure at the toe

Bearing pressure at the heel

Load Case III, Service I

Factored vertical force

Factored moment about the longitudinal
axis of the footing

Befr = Bfooting —2-eg = 12.94ft LRFD Egq. 10.6.1.3-1

 Fvricasul
Gbearing LC4 =~ 5 — = 5.34-ksf
eff
~ FyFacasul
QavglC4 = Br 4.06-ksf
footing

_ FvFiLcasul 6-cg
dtoeLC4 =5 |1 5.

) = 6.98-ksf

Bfooting Bfooting

_ FvFicasul 6-cg
qheelLC4 = B— 1- B— = 1.15-ksf
footing footing

kip
FVEtLC1Ser] = 43-32‘?

kip- ft
MuFtLCISerI = 32.22. ft

MyFtLC1Serl

B = — 0.74 ft
FVEtLC1Serl

(&

Beff = BfOOtil’lg - 2-eB = 15511t

~ FvFaciser
Ibearing LCISerl =~ 5 — = 2.79-ksf
eff
~ FvFaCiser
davgLC1Serl = "B . = 2.55-ksf
footing

~ FyFaciser 6-eg
AtoeLC1Serl = |1+ = 3.22-ksf

Bfooting Bfooting

~ FVFaCiser 6-eg
dheelLC1Serl =~ | | —=— | = 1.88-ksf

Bfooting Bfooting

kip
FVEtLC3Serl = 55-33‘?

kip- ft

MyFtLc3sert = 0922

LRFD Eq. 10.6.1.3-1
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Eccentricity in the footing width direction

LRFD Method

Effective footing width

Bearing pressure

MDOT Method

Average bearing pressure

Bearing pressure at the toe

Bearing pressure at the heel

Load Case 1V, Service 1

Factored vertical force

Factored moment about the longitudinal
axis of the footing

Eccentricity in the footing width direction

LRFD Method

Effective footing width

Bearing pressure

MDOT Method

Average bearing pressure

Bearing pressure at the toe

Bearing pressure at the heel

MuFtLC3 Serl

- — 1251t
FyVFRtLC3Serl

°B

Beff = BfOOtil’lg - 2-6B = 1451t LRFD Egq. 10.6.1.3-1

~ FyFac3ser
Ibearing LC3Serl =~ 5 = ~ 3.82-ksf
eff
_ FyFac3serl
YavgLC3Serl = B— = 3.25-ksf
footing
~ FyFac3ser 6-ep
AtoeLC3Serl -~ Be . 1+ B = 4.69-ksf
footing footing

~ FyFac3ser 6-cg
GheelLC3Serl = B— 1 - B— = 1.82-ksf
footing footing

kip
FVFtLCaSert = 32:09- =7

kip- ft

MyFtLc4sert = 71.62:

MuFtLC4SerI

B = =137t
F
VFtLC4Serl

(&

Beff = BfOOtil’lg - 2-eB = 14251t LRFD Eq. 10.6.1.3-1

~ FyFacaser
9bearing LC4Serl = B—ff = 3.66-ksf
e
_ FyFicaser
YavgLC4Serl = B— = 3.06-ksf
footing
~ FyFacaser 6-ep
AtoeLC4Serl -~ Be . 1+ B = 4.55-ksf
footing footing
FVELC4Serl 6-eg
YheelLC4Serl = " Be .. 1 - B . = 1.58 - ksf
footing footing
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Summary

LRFD Method

The controlling bearing pressure

e b = max(qbearing_LCI »Abearing LC3> qbearing_LC4) = 5.68-ksf
under strength limit states

The controlling bearing pressure needs to be checked with the factored bearing resistance of the soil provided by
the Geotechnical Services Section.

MDOT Method

A summary of bearing pressure values (in psf) is shown in the following table:

Toe Avg Heel Toe Avg Heel
(Service I) | (Serivce I) | (Service I) | (Strength I) | (Strength I) | (Strength I)

ILCI 3217 2549 1880 5166 3341 1516

LC II 4692 3254 1817 7371 4397 1422

LCIV 4551 3064 1577 6977 4064 1150
The Geotechnical Services Section uses these values for the verification of bearing resistance and BDM 7.03.02G
settlement limits. If the bearing pressure exceeds the bearing strength of the soil, the size of the R
footing needs to be increased.
Settlement Check
The Geotechnical Services Section uses the controlling bearing pressure from the service limit BDM 7.03.02G 2b

state to check if the total settlement of foundation is less than 1.5 in., the allowable limit.

For the LRFD method, the controlling bearing pressure for settlement analysis is

Ab settlement = max(qbearing_LCISerI’ Abearing LC3Serl> qbearing_LC4SerI) = 3.82-ksf

The Geotechnical Services Section uses this controlling bearing pressure to calculate the foundation total settlement.

For the MDOT method, the bearing pressures under service limit state are provided to the Geotechnical Services
Section to calculate the settlement.

Note: Besides the total settlement, considerations should be given to prevent the differential settlement between the
abutments and pier from exceeding the tolerable differential settlement limit. Differential settlement limits are
given in the Steel Plate Girder Design Example.

Sliding Resistance Check

Spread footings must be designed to resist lateral loads without sliding. The sliding
resistance of a footing on cohesionless soil is a function of the normal force and the
interface friction between the foundation and the soil.

LRFD 10.6.3.4

The Geotechnical Services Section should provide a coefficient of sliding resistance (p) for a design. MDOT
typically uses a sliding resistance coefficient of 0.5 for cast-in-place concrete footings. Consult the Geotechnical
Services Section to identify the most suitable coefficient for a specific design.

Coefficient of sliding resistance pi= 0.5
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The strength limit states are used for this check. Since the resistance is proportional to the vertical loads, the
following conditions are used:

e  Minimum load factors are used for all vertical loads.

e Maximum load factors are used for the loads that contribute to horizontal sliding forces.

e Since DW is the future wearing surface load, it is excluded from all load combinations.

Load Case |
Factored shear force parallel to the v _ 16.59- kip
transverse axis of the footing uFtLCIStT = 2527
. kip
Factored sliding force Vsliding = VyFtLC1St = 1659 Y
Minimum vertical load

kip
FyFLC1StIMin = 0'9'(chackwall + DCyall + Dcfooting) + 1'0‘(Eveartth + EVeartth) = 41'63'?

Resistance factor for sliding ¢, = 0.8 BDM7.03.02.F, LRFD Table 10.5.5.5.2-1

.1 . . kip
Sliding resistance Vresistance = ¢ W FVELC1StIMin = 16:65 e
Check if V,gance > Viiding Check := if (Vyesistance > Vsliding>"OK" > "Not OK" ) = "OK"

Load Case 11
Factored shear force parallel to the v _ 16.59- kip
transverse axis of the footing uFtLC3StrT = 7527
. kip

Factored sliding force Vsliding = VyFtLC3st = 1659 Y

When calculating the minimum vertical force for sliding and checking eccentric load limitation, the live load on
the superstructure is excluded to develop a conservative design.

Xinﬁmulm \(flertical load without FyriLes StrIMin_noLL ‘= 0.9- (DCSup + DChackwall + PCyall * Dcfooting)
e live loa
+ 1'O'(Eveartth + EVeartth)
kip
FVFILC3StrIMin_noLL = 46:72- 7~
Resistance factor for sliding ¢, = 0.8 BDM7.03.02.F, LRFD Table 10.5.5.5.2-1
.1 . . kip
Sliding resistance Vresistance = P M'FVF'[LC3StrIMin_n0LL = 18'69'?
Cheek if V,gance > Viiding Check := if (Vyesistance > Vsliding>"OK" > "Not OK" ) = "OK"
Load Case IV

Two cases need to be considered: without and with the live load surcharge.
Without the live load surcharge:

Factored shear force parallel to the v _ 19.85. kip
transverse axis of the footing uFtLC4StT = 777 g
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Factored sliding force without the live

load surcharge

Minimum vertical load without
the live load surcharge

Sliding resistance

Check if V, >V

resistance sliding

With the live load surcharge:
Factored shear force parallel to the
transverse axis of the footing

Factored sliding force

Minimum vertical load with the
live load surcharge

Sliding resistance

Check ieresiStanCe > Vs]jding

kip
Vsliding = VuFtLc4SuT ~ 1-75PLSFooting = 16'73.?

FVF‘[LC4StrIMin_n0LS = 0.9- (DCSup + DCphackwall + PCyall + Dcfooting)

* 1'0'(Eveartth + EVeartth)
kip
FVFtLC4StIMin_noLs = 4672 ==
: kip
Viesistance = @7 W FYFILC4StrIMin_noLS = 18'69.?

Check := if(V "OK" , "Not OK") = "OK"

resistance ~ Vsliding >

kip

VuFLC4st = 1985 =~
] kip
vsliding = VUFtLC4StI = 19'85'?

FVFLC4StIMin = 09 (DCSup + DCphackwall + PCyall + Dcfooting)
+ 1'0'(Eveartth + EVeartth) + 1'75VLSFooting
kip

FVEtLC4striMin = 30-61- Y

kip
Viesistance = P W FVFLC4StrIMin = 20'24.?

Check := if(V "OK" , "Not OK") = "OK"

resistance ~ Vsliding >

Eccentric Load Limitation (Overturning) Check

The eccentricity of loading at the strength limit state, evaluated based on factored loads, shall

LRFD 10.6.3.3

not exceed one-sixth of the corresponding dimension measured from the centerline of the

footing for stability.

The eccentricity in the abutment length direction is not a concemn. The following calculations present the
evaluation of the eccentricity in the abutment width direction for the Strength I limit state:

Load Case |

Minimum vertical force

Moment about the longitudinal axis of

the footing

Eccentricity in the footing width direction

measured from the centerline

1/6 of footing width

Check if the eccentric load limitation is satisfied

kip
FVEtLC1StIMin = 41 -63'?

kip- ft
ft

MyFtLcistr = 87.92-

MyFtLC1StrI

- — 2111t
FVEtLC1StrIMin

°B

Be .
foot
_O0MRE _ 5831t

Bfooting

Check = if(eB < ,"OK" ,"Not OK") = "OK"
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Load Case III
Two cases need to be considered: without and with the live load

Without the live load:

kip
Minimum vertical force without the live load FVFILC3StrIMin_noLL = 4672 ft
o . kip- ft
Moment about the longitudinal axis of the MyFiLc3str = 143.27-
footing (with the live load) ft
Moment about the longitudinal axis of the footing (without the live load)
) Bfooting kip- ft
MyFtLc3 Strl noLL -~ MyFtLc3sul — (1'75 'RLLFootingMaX)' Iheel * lbrtowall — = 113.82-
Eccentricity in the footing width direction MyrtLc3 Strl noLL
measured from the centerline ‘BT F = 2441t
VFtLC3StrIMin_noLL
. . e : Bfooting
Check if the eccentric load limitation is satisfied Check := if| eg < —— ,"OK" ,"Not OK" | = "OK"
With the live load:
Minimum vertical force with the live load FyRLC3stMin = FVELC3StriMin_noLL * I-75RLLFootingMax
kip
FVFILC3StiMin = 36277~
o . kip- ft
Moment about the longitudinal axis of the MyFiLc3str = 143.27-
footing (with the live load) ft
M
C . . L FtLC3Strl
Eccentricity in the footing width direction eg = J L 2.55ft
measured from the centerline FVFtLC3StrIMin
. . e : Bfooting
Check if the eccentric load limitation is satisfied Check := if| eg < —— ,"OK" ,"Not OK" | = "OK"
Load Case IV

Two cases need to be considered: without and with the live load surcharge.

Without the live load surcharge:

i
Minimum vertical force without the FVFRLC4StrIMin noLs = 46-72 P
live load surcharge - ft
Moment about the longitudinal axis of M _ 14034 kip- ft

the footing (with the live load surcharge) uFtLC4Strl =~ ft
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Moment about the longitudinal axis of the footing (without the live load surcharge)

Eccentricity in the footing width direction
measured from the centerline

Check if the eccentric load limitation is satisfied

With the live load surcharge:

Minimum vertical force with the live load
surcharge

Moment about the longitudinal axis
of'the footing

Eccentricity in the footing width direction
measured from the centerline

Check if the eccentric load limitation is satisfied

2

(hbackwall + Dyl + tfooting)
+ _1'75'PLSFooting' )

kip- ft

Myr tLC4Strl_noLS ~ 116.67-

B MuFtLC4S‘[rI_noLS
FVFtLC4StrIMin_noLS

eB =251t

Bfooting

Check = if(eB < ,"OK" ,"Not OK") = "OK"

kip
FVEtLC4striMin = 30-61- Y

kip- ft
fit

MyFtLc4strr = 140.34-

MyFtLC4strl

FVEtLC4StrIMin

°B

Bfooting

Check = if(eB < ,"OK" ,"Not OK") = "OK"

. Iheel Bfooting
MyFtLCastrl_noLs = MuFtLC4stt — 175 VLSFooting' | =5~ ~
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Step 2.7 Backwall Design

Description

This step presents the design of the backwall.

Page
47
47
50
52

Contents
Forces and Moments at the Base of the Backwall
Design for Flexure
Design for Shear

Shrinkage and Temperature Reinforcement Design

46




Forces and Moments at the Base of the Backwall

Step 2.5 presents the load effects at the base of the backwall under different load cases and limit states. A summary

is presented in the following tables:

Factored vertical force, Fyp,, (kip/ft)

Factored shear force parallel to the
transverse axis of the backwall, V g, (kip/ft)

Factored moment about the longitudinal axis of the backwall, M, ,, (kip-f/ft)

Strength I | Service | Strength I | Service |
LCI 1.20 - LCI 0.49 -
LC III 1.20 - LC 1T 0.49 -
LC IV 1.20 0.96 LC IV 1.02 0.63

Strength I | Service I
LCI 0.69 -
LC I 0.69 -
LC 1V 1.83 1.11

Design for Flexure

According to the loads in the summary tables, Load Case IV under the Strength I limit state is the governing load
case for the flexural design.

Moment demand at the base of the backwall kip-ft

MpemandBackwall = MuBwLC4StrT = 183

Flexural Resistance LRFD 5.6.3.2

The design procedure consists of calculating the reinforcing steel area required to satisfy the moment
demand and checking the selected steel area against the requirements and limitations for developing an
adequate moment capacity, controlling crack width, and managing shrinkage and temperature stresses.

Select a trial bar size bar := 6

Nominal diameter of a reinforcing steel bar dp,r = Dia(bar) = 0.75-in

Cross-section area of the bar Apyyp = Area(bar) = 0.44- in2

The spacing of the main reinforcing steel bars in walls and slabs shall not be greater than the LRFD 5.10.3.2

lesser of 1.5 times the thickness of the member or 18 in.

Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG 6.20.03 and 6.20.03A

Backwall thickness thackwall = 18- in

Select a spacing for reinforcing steel bars Shar -= 18-in
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Select a 1-ft wide strip for the design.

Area of reinforcing steel provided in
a 1-ft wide section

Effective depth

Resistance factor for flexure

Width of the compression face of the section

Stress block factor

Apyy 12in

.2
AgProvided = = 0.29-in

Shar
de = tbackwall - COVel‘bW = 15-in

bp =09 LRFD 55.4.2

b = 12in LRFD 5.6.2.2

f, — 4ksi
By = min| max| 0.85 — 0.05:| ———1,0.65|,085| = 0.85
S1

Solve the following equation of A, to calculate the required area of steel to satisfy the moment demand. Use an

assumed initial A value to solve the equation.

Initial assumption

Required area of steel

Check ifAsProvided >AsRequired

Moment capacity of the section
with the provided steel

Distance from the extreme compression
fiber to the neutral axis

Check the validity of assumption, fg = fy

Limits for Reinforcement

.2
AS = 0.31n

1

Ag fy
Given  MpemandBackwall ft = d)f. Ag fy. de - E m
. c

. .2
Aq req = Find(Ag) = 0.03-in
Check := if (Agprovided > As.req:"OK" > "Not OK" ) = "OK"
d 1 [ AsProvided' fy
© 20 085fb
MCapacityBackwall = Of Agprovided' fy‘ ft
kip- ft

MCapacityBackwall = 19.42.

AsProvided fy i
c:=——=0.681n
0.835-f.-B;-b

Check_fg := if(di < 0.6,"OK" ,"Not OK") = "OK"
e

LRFD 5.6.3.3

The tensile reinforcement provided must be adequate to develop a factored flexural resistance at least equal to the
lesser of the cracking moment or 1.33 times the factored moment from the applicable strength limit state load

combinations.
Flexural cracking variability factor

Ratio of specified minimum yield
strength to ultimate tensile strength of
the nonprestressed reinforcement

1 = 1.6 For concrete structures that are not precast segmental

N3 = 0.67 ForASTM A615 Grade 60 reinforcement
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) 1
Section modulus S¢ = g'b'tbackwallz = 648-in3

. Y31 fr Se kip- ft
Cracking moment or = T = 24.06- o
. kip- ft
1.33 times the factored moment demand 1.33-MpemandBackwall = 2-43-
Factored moment to satisfy the . B kip- ft
minimum reinforcement requirement Mfeq T mm( 1.33MpemandBackwall MCT) =243 ft

Check the adequacy of the section capacity Check := if (MCapacityBackwall > Mreq ,"OK" , "Not OK") = "OK"

Control of Cracking by Distribution of Reinforcement LRFD 5.6.7

Limiting the width of expected cracks under service conditions extends the service life. The width of potential cracks
can be minimized through proper placement of the reinforcement. Checking for crack control assures that the actual
stress in the reinforcement does not exceed the service limit state stress.

The spacing requirement for the mild 700-~,

steel reinforcement in the layer closest s < - 2-d. LRFD Egq. 5.6.7-1
to the tension face Bs fss

Exposure factor for the Class 1 exposure Ve = 1.00

condition

Distance from extreme tension fiber to the d. := Coveryy, = 3-in

center of the closest flexural reinforcement

Ratio of flexural strain at the extreme d c

tension face to the strain at the centroid Bg=1+ =1.29

of the reinforcement layer closest to the 0'7(tbackwall - dc)

tension face

The position of the cross-section's neutral axis is determined through an iterative process to calculate the actual
stress in the reinforcement. This process starts with an assumed position of the neutral axis as shown below.

Assumed distance from the extreme X = 3-in
compression fiber to the neutral axis E
. 1 2_ s
Given E -b-x" = E_ . AsProvided' (de - X)
c
Position of the neutral axis Xpg = Find(x) = 2.234-in
M
. . . . BackwallSerl
Tensile force in the reinforcing steel due Tg:= S e -ft = 0.9-kip
to service limit state moment Xna
de — —
3
Stress in the reinforcing steel due to Ts .
service limit state moment fss1 = = 3.19-ksi
AsProvided
f, (not to exceed 0.6f) fgs = min(fgg1, 0.6fy) = 3.19-ksi
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y
700- g f

Required reinforcement spacing SbarRequired = B—f
s''ss

~2-d, = 164.79-in

Check if the spacing provided <

the required spacing Check := if (Shar < SharRequired> "OK" > "Not OK") = "OK

Shrinkage and Temperature Reinforcement

The following calculations check the adequacy of the flexural reinforcing steel to control
shrinkage and temperature stresses in the backwall:

For bars, the area of reinforcing steel per foot, on . 1.3bh
each face and in each direction, shall satisfy S=5H (b +h) fy LRFD 5.10.6
and 0.11in” < Ag < 0.6in”
— > -
in
(0.60 —j
ft
- 5 -
in 5
Minimum area of shrinkage and Ashrink.temp = min [0'1 1 7} ft = 0.14-in
temperature reinforcement
max kip
1.3-hpackwall thackwall in-ft

2(hbackwall + tbackwall)' fy

Check if the provided area of steel >
the required area of shrinkage and Check := if (A

d > A
temperature steel

sProvide shrink.temp >

Design for Shear

According to the loads in the summary tables, Load Case IV under the Strength I limit state is the governing load
case for the shear design.

K
The maximum factored shear force VuBwLC4Str] = 102 <P
at the base of the backwall ft
Effective width of the section bV =b=12-in
A PSS
. Provided

Depth of the equivalent rectangular a:= S ovieee Y 0.58-in
stress block 0.85- fc' b

. a . LRFD
Effective shear depth dy = max(de — 5 ,0.9-dg, 0'72‘tbackwallj = 14.71-in 5728

Note: Since there is no transverse reinforcement in the backwall and the overall depth of the backwall is greater than
16 in., the simplified procedure in LRFD 5.7.3.4.1 cannot be used. Instead, the general procedure outlined in
LRFD 5.7.3.4.2 is used.

The factored N, V,and M, are calculated at the critical section for shear, which is located at a distance d,, from the
base of the backwall.

VIOK" s "Not OK") — HOKH
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Factored axial force at the critical section
(use negative if compression)

Lateral earth load at the critical section

Load at the critical section due to live load
surcharge

Factored shear force (demand) at
the critical section

Factored moment at the critical section

Check M, since it cannot be
taken less than V d,

Net longitudinal tensile strain in the
section at the centroid of the
tension reinforcement

Crack spacing parameter

Maximum aggregate size (in.)

Crack spacing parameter as influenced
by the maximum aggregate size

NuBackwallShear = _[1'25'(chackwall —dy tbackwall'wc)]

kip
NuBackwallShear = —0-85- ?

1
PEHBackwallShear = 5 kg g

kip
PEHBackwallShear = 0-16- ?

P SBackwallShear = Xa’ 'Ys'heq' (hbackwall - dV) =022-—

(hbackwall - dv)'(hbackwall - dv)

kip
ft

VuBackwallShear = 1-9-PEHBackwallShear ™ 1-75-PLSBackwallShear

kip
VuBackwallShear = 0-63- ?

(hbackwall - dv)

MyBackwallShear ‘= !-3-PEHBackwallShear’ 3
(hbackwatl — 4v)
+ 1'75'PLSBackwaHShear' D
kip- ft

MyBackwallShear = 0-82- ft

MywallShear = 1max(1\/[uBalckwallShear’ VuBackwallShear dv)

kip- ft
MywallShear = 0-82 ft
My BackwallShear
d +0.5 ‘NuBackwallShear T VuBackwallShear
v
Eg = X .
sProvided
Eg————
ft

eg=103x10 " LRFD Eq.5.7.3.4.24

g = dV = 1231t

MDOT Standard Specifications

ag =10 for Construction Table 902-1
(80in)
(12in)
Sye i= Min =12-in LRFD Eq.
max|| (138 5.73.4.2-7
X ag +0.63
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Factor indicating the ability of _ 4.8 51 3 }
diagonally cracked concrete to B:= ( ' = 4.46 LRFD Eq.5.7.3.4.2-2

ally cr 1+750-€) See
transmit tension and shear 39 + —
in

Nominal shear resistance of concrete, V., is calculated as follows:

V.| = 0.0316-8- [T ksi-b-d, = 43.9-kip LRFD Eq.5.7.33-3

Vg = 0.25f,b-d, = 135-kip LRFD Eq.5.7.3.3-2
Vp = min(Vg, Veo) = 43.9-kip
Resistance factor for shear by = 0.9 LRFD 5.5.4.2
Factored shear resistance (capacity) Vi = &y V= 39.51-kip

Check if the shear capacity is greater than

v
3 r n n n n —_n n
the demand Check = ﬁ{? > VyBackwallShear> OK" , "Not OK j ="0OK

Shrinkage and Temperature Reinforcement Design

The following calculations check the required amount of reinforcing steel in the secondary direction
to control shrinkage and temperature stresses in the backwall.

The spacing of the main reinforcing steel bars in walls and slabs shall not be greater than the LRFD 5.10.6
lesser of 1.5 times the thickness of the member or 18 in.

The spacing of shrinkage and temperature reinforcement shall not exceed the following: LRFD 5.10.6
12 in. for walls and footings greater than 18 in.
For all other situations, 3 times the component thickness but not less than 18 in.

Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG 6.20.03 and 6.20.03A

Select a trial bar size bar := 6

Nominal diameter of a reinforcing steel bar dps := Dia(bar) = 0.75-in

Cross-section area of the bar AparsT = Area(bar) = 0.44- in2
Select a spacing for reinforcing steel bars SharST = 18-in For the 18 in. thick backwall
A -12in
. . . . barST
Horizontal reinforcing steel area provided AProvidedST = L 0.29-in2
in the section SbarST

The required minimum shrinkage and temperature reinforcement area at the backwall was previously calculated
during the design of flexural reinforcement.

Required shrinkage and ~ 5
temperature steel area Ashrink.temp = 0-14-1n

Check if the provided steel area >
the required area of shrinkage and
temperature steel

Check := if(AsPrOVidedST > Ashrink.temp ,"OK" ,"Not OK") = "OK"
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The backwall design presented in this step provides the following details:

No. 6 bars @ 18.0 in. spacing (A,=0.29 in.”/f}) as the back face flexural reinforcement
No. 6 bars @ 18.0 in. spacing (A,=0.29 in.”/fl) as the front face vertical shrinkage and temperature
reinforcement

No. 6 bars @ 18.0 in. spacing (A,=0.29 in.?/f}) as the front and back face horizontal shrinkage and
temperature reinforcement.
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Step 2.8 Abutment Wall Design

Description

This step presents the design of the abutment wall.
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Forces and Moments at the Base of the Abutment Wall

Step 2.5 presents the load effects at the base of the abutment wall under different load cases and limit states.
A summary is presented in the following tables:

Factored vertical force, Fyyy,; (kip/ft)

Factored shear force parallel to the transverse axis of
the abutment wall, Vv (kip/ft)

Strength I | Service I
LCI 11.61 9.29
LC III 29.86 21.46
LC IV 20.01 15.83

Strength I | Service I
LCI 12.82 8.55
LC I 12.82 8.55
LC IV 15.70 10.39

Factored moment about the longitudinal axis of the abutment wall, M,y (kipf/f)

Strength I | Service I
LCI 92.40 61.28
LC III 106.09 70.41
LC IV 131.04 88.15
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Design for Flexure

According to the loads in the summary tables, Load Case IV under the Strength I limit state is the governing load
case for the flexural design.

kip- ft

Moment demand at the base of the wall MpemandWall = MuwaliLc4st1 = 131.04- 11;
Flexural Resistance LRFD 5.6.3.2

The design procedure consists of calculating the reinforcing steel area required to satisfy the moment

demand and checking the selected steel area against the requirements and limitations for developing an

adequate moment capacity, controlling crack width, and managing shrinkage and temperature stresses.

Select a trial bar size bar := 9

Nominal diameter of a reinforcing steel bar dp,r = Dia(bar) = 1.13-in

Cross-section area of the bar Apyyp = Area(bar) = 1-in2
The spacing of the main reinforcing steel bars in walls and slabs shall not be greater than the LRFD 5.10.3.2
lesser of 1.5 times the thickness of the member or 18 in.
The spacing of shrinkage and temperature reinforcement shall not exceed 12 in. when the LRFD 5.10.6
wall thickness is greater than 18 in.
Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG5.22.01

Wall thickness twall = 38-in

Select a spacing for reinforcing steel bars Shar = 12-1n
Select a 1-ft wide strip for the design.

Apyp 12in

Area of reinforcing steel provided in a Agprovided = ——— = l'in

1-ft wide section Sbar

Effective depth dg = tyq) — Covery,ap) = 35-in

Resistance factor for flexure bp =09 LRFD 5.5.4.2

Width of the compression face of the section b := 12in

f. — 4ksi
LRFD
Stress block factor B} := min| max| 0.85 - 0.05-| ——— [,0.65|,0.85| = 0.85
ksi 5.6.2.2

Solve the following equation of A, to calculate the required area of steel to satisfy the moment demand. Use an
assumed initial A value to solve the equation.

Initial assumption Ag = lin2

AT
1 sy LRFD
Given M ft= dppAlf|d, - —| ——2—
DemandWall f 3 e
Y{ ) [0.85.f0.b]:| 5.6.3.2

Required area of steel AsRequired = Find(AS) = 0.85-in2

Check if A gyoyided > Asequired Check := if (Agprovided > AsRequired "OK" > "Not OK") = "OK"
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d 1 [ AsProvided fy
© 2| 085fb

Moment capacity of the section MCapacityWall = O Agprovided' fy~
with the provided steel area ft
kip- ft
MCapacityWall = 153.09-
Distance from the extreme AsProvided fy .
. . ci=—— = =231-in
compression fiber to the neutral axis 0.85-f; B1-b
Check the validity of assumption, fg = fy Check := if (di < 0.6,"OK" ,"Not OK") = "OK"
e
Limits for Reinforcement LRFD 5.6.3.3

The tensile reinforcement provided must be adequate to develop a factored flexural resistance at least equal to the
lesser of the cracking moment or 1.33 times the factored moment from the applicable strength limit state load
combinations.

Flexural cracking variability factor Np = 1.6  For concrete structures that are not precast segmental
Ratio of specified minimum yield

strength to ultimate tensile strength of 3
the nonprestressed reinforcement

= 0.67 ForASTM A615 Grade 60 reinforcement

. 1
Section modulus S¢ = Zb- twallz = 2.89 x 103 . in3
V3 S kip- fi
Cracking moment or = % = 107.25- b
t

) kip- ft
1.33 times the factored moment demand 1.33-Mpemandwall = 174.29-
The factored moment to satisfy the . _ kip- ft
minimum reinforcement requirement Mfeq o mln(l'33MDemandW3“ ’ MCf) = 107.25-
Check the adequacy of the section capacity Check := if (MCapacityWall > Mreq’ "OK" , "Not OK") = "OK"

Control of Cracking by Distribution of Reinforcement LRFD 5.6.7

Limiting the width of expected cracks under service conditions extends the service life. The width of potential
cracks can be minimized through proper placement of the reinforcement. Checking for crack control assures that
the actual stress in the reinforcement does not exceed the service limit state stress.

Spacing requirement for the mild steel 700-~,

reinforcement in the layer closest to the s < - 2-d. LRFD Egq. 5.6.7-1
tension face By fs

Exposure factor for the Class 1 exposure Ve = 1.00

condition
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Distance from extreme tension fiber to d

= Coverwall = 3-in
center of the closest flexural reinforcement

C

Ratio of flexural strain at the extreme d c
tension face to the strain at the centroid Bg=1+ =1.12
of'the reinforcement layer closest to the 0'7(twall - dc)

tension face

The position of the cross-section's neutral axis is determined through an iterative process to calculate the actual
stress in the reinforcement. This process starts with an assumed position of the neutral axis as shown below.

Assumed distance from the extreme

compression fiber to the neutral axis 2 5= (ot

E

. 1 2_ s
Given E -b-x" = E_ . AsProvided' (de - X)
c
Position of the neutral axis Xpg = Find(x) = 6.197-in
. . o MywallLC4Serl

Tensile force in the reinforcing steel due Tg:= -ft = 32.1-kip
to service limit state moment Xna

de — —

3
T
Stress in the reinforcing steel due to fgq1 == — =32.12-ksi
service limit state moment AsProvided
f, (not to exceed 0.6f) fgs = min(fgg1 , 0.6fy) = 32.12-ksi
i
Required reinforcement spacing SbarRequred = B—fm —2-d, = 13.42-in
s''ss
Check if the spacing provided < Check := if (Sbar < SparRequred * "OK" , "Not OK") = "OK"
the required spacing
Shrinkage and Temperature Reinforcement Requirement LRFD 5.10.6

The following calculations check the adequacy of the flexural reinforcing steel to control shrinkage and temperature

stresses in the wall:
_ , _
in
[0.60 —j
ft

T ) I
Minimum area of shrinkage and . (().1 1 i] _ .2
temperature reinforcement Ashrmk.temp = min ft ft = 0.35-in
max kip
L3 hyalr twalr inft
| 2(hwall + twall)'fy ]

Check if the provided area of steel >
the required area of shrinkage and Check := if (A
temperature steel

d > A VIOK" s "Not OK") — HOKH

sProvide shrink.temp °




Design for Shear

According to the loads in the summary tables, Load Case IV under the Strength I limit state is the governing load
case for the shear design.

The maximum factored shear force kip

at the base of the abutment wall VuwallLC4strl = 157 T
Effective width of the section b, :=b=12-in
Depth of the equivalent rectangular AsProvided fy .
a:=———==196-in
stress block 0.85-f; b
. . LRFD
Effective shear depth dy = max(de — %, 0.9-d, 0.72-twau) = 34.02-in 5728

Note: Since there is no transverse reinforcement in the wall and the overall depth of the wall is greater than 16 in.,
the simplified procedure in LRFD 5.7.3.4.1 cannot be used. Instead, the general procedure outlined in LRFD
5.7.3.4.2 isused.

The factored N, V,and M, are calculated at the critical section for shear, which is located at a distance d,, from

the base of the abutment wall.

Factored axial force at the critical section (use negative if compression)

kip
NuwallShear = _[1'25'(DCSup + DChackwall * PCyall ~ dV'twall'wc> + 1'SDWSup] = _18'33'?

.. 1
Latgral carth load at the critical PEHWallShear = E'[ka"\fs‘ (hbackwall + hyyall — dv)]' (hbackwall + hyyall — dV)
section

kip
PEHWallShear = 647 ?

Load at the critical section kip
due to live load surcharge PL SwallShear = Ka' Vs’ heq' (hbackwall + hyar — dv) = 1.36: R
qutored shear force (demand) at the VuwallShear == -5 PEAWalIShear T 175 PL.SWallShear T 0-5TU
critical section
kip
VuwallShear = 12'23'?
Factored moment at the critical section
] (tbackwall - tWall) twall
MywaliShear = 0-9-DCpackwall’ B + (1'25'DCSup + l'S'DWSup)' lortowall ~ b
(hbackwall * Bwall — dy)
+ 1.5-PEgwaliShear’ 3
(hbackwall + hwall — dy)
+ 1.75-PL SwallShear’ 5 + 0'S'TU'(hwall - dv)
kip- ft
MywaliShear = 91-55- ft
Check M, since it cannot be taken kip- ft
less than {l]udv MywallShear = maX(MuWallShear’VuWallShear' dv) = 9155 i
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MywaliShear 05N oV
Net longitudinal tensile strain in the v =" “uWallShear ™ YuWallShear 3
section at the centroid of the €g = =122x10
tension reinforcement AsProvided
s ft LRFD Eq.5.7.3.4.24
Crack spacing parameter sy = d,, = 2.83ft
Maxi fe size (in.) 15 MDOT Standard Specifications
aximum aggregate size (. g = for Construction Table 902-1
(80in)
Crack spacing parameter as influenced by (12in)
the maximum aggregate size Sye i= Min =22.04-in LRFD Eq.
max|| 1.38 5.7.3.4.2-7
* ag +0.63
Factor indicating the ability of 5 4.8 _ 51 209
diagonally cracked concrete to T (1 +750-¢ ) s o LRFD Eq.5.7.34.2-2
) . S Xe
transmit tension and shear 39 + —
in

Nominal shear resistance of concrete, V., is calculated as follows:

V. = 0.0316-B- [T ksi-b-d, = 48.2-kip LRFD Eq.5.7.3.3-3

Vg = 0.25f,b-d, = 315-kip LRFD Eq.5.7.3.3-2
Vp = min(Vg, Vep) = 48.16-kip
Resistance factor for shear by = 0.9 LRFD 5.5.4.2
Factored shear resistance (capacity) Vi = &y V, = 43.34-kip

. . \Y
Check if the capacity > the demand e r W " o
Check = if (F > VyWallShear> OK" , "Not OK j = "OK

Development Length of Reinforcement

The flexural reinforcing steel must be developed on each side of the critical LRFD 5.10.8.1.2,
section for its full development length. 5.10.8.2.1
. fy
Basic development length lgp = 2.4-dpyyr m = 7.82ft LRFD Eq. 5.10.8.2.12-2
Ve
Reinforcement location factor Ny =1 No more than 12 in. concrete below
Coating factor Af =15 Epoxy coated bars with less than 3d;, cover

Distance from center of the bar

¢, .= Cover.
to the nearest concrete surface b w

all = 3-in




3 dbar

Reinforcement confinement factor )\rc : =0.38
b
A .
. R d

Excess reinforcement factor >‘er = _Snequired 0.85

AsProvided
Factor for normal weight concrete Ai=1

N1 Aef Are' N

Required development length lg = lgp ( c er) =3.76ft LRFD Eq.5.10.8.2.1a-1

A

Since the footing thickness is 3 ft, an adequate space is not available for straight bars. The common practice is
to use hooked bars which are set on the bottom reinforcing steel layer.

Shrinkage and Temperature Reinforcement

The following calculations check the required amount of reinforcing steel in the secondary direction
to control shrinkage and temperature stresses in the abutment wall.

The reinforcement at the front face of the abutment wall and the horizontal reinforcement at the LRFD 5.10.6
interior should satisfy the shrinkage and temperature reinforcement requirements.
The spacing of shrinkage and temperature reinforcement shall not exceed the following: LRFD 5.10.6
12 in. for walls and footings greater than 18 in.

Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG5.16.01

Select a trial bar size bar := 6

Nominal diameter of a reinforcing steel bar dpgT = Dia(bar) = 0.75-in

Cross-section area of the bar AparsT = Area(bar) = 0.44- in2

Select a spacing for reinforcing steel bars SparST = 12-in

A -12in
. . . barST
Reinforcing steel area provided AProvidedST = e 0.44. in2

in the section SbarST

The required minimum shrinkage and temperature reinforcement area at the abutment wall was previously
calculated during the design of flexural reinforcement.

Required shrinkage and _ .2
temperature steel area Ashrink temp = 0-33-1n
Check if the provided steel area > Check := if (AsProvidedST > Ashrink.temp ,"OK" ,"Not OK") = "OK"

the required area of shrinkage and
temperature steel

The abutment wall design presented in this step provides the following details:

e No.9bars @ 12.0 in. spacing (A= 1.0 in.”/f}) as the back face flexural reinforcement

e No. 6 bars @ 12.0 in. spacing (A=0.44 in.?/f}) as the front face vertical shrinkage and temperature
reinforcement

e No. 6 bars @ 12.0 in. spacing (A,=0.44 in.?/f}) as the front and back face horizontal shrinkage and
temperature reinforcement.
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Step 2.9 Structural Design of the Footing

Description

This step presents the structural design of the abutment footing.

Page
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Shrinkage and Temperature Reinforcement Design
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Forces and Moments at the Base of the Abutment Footing

Step 2.5 presents the load effects at the base of the footing under different load cases and limit states. A summary is
presented in the following tables:

Factored shear force parallel to the transverse axis

Factored vertical force, Fy (kip/ft) of the footing, V., (Kip/f)
> Yu

Factored moment about the longitudinal axis of the footing, M, p, (kip-f/ft)

Strength I | Service I
LCI 87.92 32.22
LC I 143.27 69.22
LC IV 140.34 71.62

Strength I | Service I Strength I | Service I
LCI 56.79 43.32 LCI 16.59 11.06
LCII 74.75 55.33 LCII 16.59 11.06
LC IV 69.08 52.09 LC IV 19.85 13.12

Note: In this example, the length of the footing and the abutment wall is 65.75 ftand 63.75 fi, respectively. Since
the cantilevered length of the footing in the longitudinal direction is limited to 1 ft on each side, the shear and

moment acting on the footing in the longitudinal direction are small and do not require flexural and shear
designs.
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Toe Design
The necessary dimensions, loads, and the bearing pressure distribution are shown in the following figure:

47
dy =31.23" 23.77"

— ———

1.00 EV 4
- ! AN
0.90 DC
oo
1
i
qto—:- QC Qmax
For structural design of an eccentrically loaded foundation, a triangular or trapezoidal LRFD 10.6.5

bearing pressure distribution is used.

According to the loads in the summary tables, Load Case IIl under the Strength I limit state is identified as the
governing load case for the design of flexure and shear at the toe.

kip kip- ft
FVFLesstn = 7475 == MypLCasur = 143:27-—
Eccentricity in the footing width direction - MyFiLc3stl 1.99-f1
B - — = . *
FyFtLc3sul
F 6-¢
. .. . VFtLC3Strl B
Maximum and minimum bearing pressure dmax = iy 1+ = 7.37-ksf
Bfooting Bfooting
FVFtLC3sul 6-eg
Amin = 41— = 1.42-ksf
Bfooting Bfooting
The critical section for flexural design is at the front face of the wall. LRFD 5.12.8.4
Bearing pressure at the critical section (qmax - qmin)

dtoe = 9min * '(Bfooting - ltoe) = 5.77-ksf

Bfooting

A simplified analysis method is used in this example to determine the maximum moments at the front face of the
wall by selecting load factors to produce the maximum bearing pressure and minimum resisting loads. This method
is conservative and eliminates the need for using multiple combinations.

As shown below, minimum load factors are used for the resisting forces (such as the overburden and footing
self-weight) to calculate the maximum moment at the front face of the wall.
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The moment demand at the critical section

2 2 2 2
1toe 1toe 1toe 1‘toe

M;Demand = dtoe’ 5 + (qmax - qtoe)' 3 0.9-We tfooting’ 5 1.0y (htoeDepth - tfooting)' 5

kip- ft

Mipemand = 62-51-
Flexural Resistance LRFD 5.6.3.2

The design procedure consists of calculating the reinforcing steel area required to satisfy the moment demand
and checking the selected steel area against the requirements and limitations for developing an adequate moment
capacity, controlling crack width, and managing shrinkage and temperature stresses.

Select a trial bar size bar := 8
Nominal diameter of a reinforcing steel bar dp,r = Dia(bar) = 1-in

Cross-section area of a bar on the

.2
flexural tension side Apygr = Area(bar) = 0.79-in

The spacing of the main reinforcing steel bars in walls and slabs shall not be greater than the LRFD 5.10.3.2
lesser of 1.5 times the thickness of the member or 18 in.
The spacing of shrinkage and temperature reinforcement shall not exceed the following: LRFD 5.10.6
12 in. for walls and footings greater than 18 in.
Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG5.16.01 and 5.22.01
Footing thickness tfooting = 3ft
Select a spacing for reinforcing steel bars Shar = 12-1n

Select a 1-ft wide strip for the design.
Apyp 12in 5
AgProvided = =0.79-in

Area of tension steel provided in a 1-ft wide strip Sbar

Effective depth do = tfooting ~ Coverg = 32-in

Resistance factor for flexure bg:=0.9 LRFD 5.5.4.2
Width of the compression face of the section b := 12in

Stress block factor B1 =035

Solve the following equation of A, to calculate the required area of steel to satisfy the moment demand. Use an
assumed initial A value to solve the equation.

Initial assumption Ag = lin2

. _ 1 Ag fy
Given  Mipemangd ft = ¢ Ag fy| de — 51085-fb
821

Required area of steel AsRequired = Find(AS) = 0.44-in2

Check if Aproviged > Aoquired Check := if (Agprovided > AsRequired "OK" > "Not OK") = "OK"
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d 1 ( AsProvided' fy
Moment capacity of the section ¢ 2 0.85-f.'b

with the provided steel MPI‘OVided = (bf ASPI‘OVided' fy- f
kip-ft
Mpyovided = 111.01- ft
Distance from the extreme compression AsProvided fy .
. ci=——— = 1.82-in

fiber to the neutral axis 0.85-f; B1-b
Check the validity of the assumption, fg = fy Check f := if (di < 0.6,"OK" ,"Not OK") = "OK"

e

Limits for Reinforcement LRFD 5.6.3.3

The tensile reinforcement provided must be adequate to develop a factored flexural resistance at least equal to the
lesser of the cracking moment or 1.33 times the factored moment from the applicable strength limit state load
combinations.

Flexural cracking variability factor Np = 1.6  For concrete structures that are not precast segmental

Ratio of specified minimum yield
strength to ultimate tensile strength of
the nonprestressed reinforcement

N3 = 0.67 ForASTM A615 Grade 60 reinforcement

Section modulus S¢ = g'b'tfootingz =259 x 103-in3

. Y31 fr Se kip- ft
Cracking moment M, = ——— = 96.25:

ft ft

. kip-ft
1.33 times the factored moment demand 1.33-M;pemand = 83-14-
The factored moment to satisfy the . _ kip- ft
minimum reinforcement requirement Mfeq T mm( 1:33Mipemand: MCT) = 8314 ft
Check the adequacy of section capacity Check := if (MProvided > Mreq, "OK" , "Not OK") = "OK"

Control of Cracking by Distribution of Reinforcement LRFD 5.6.7

Limiting the width of expected cracks under service conditions extends the service life. The width of potential
cracks can be minimized through proper placement of the reinforcement. Checking for crack control assures
that the actual stress in the reinforcement does not exceed the service limit state stress.

The spacing requirement for the mild 700-~,

steel reinforcement in the layer closest to s < - 2-d. LRFD Eg. 5.6.7-1
the tension face Bs fss

Exposure factor for the Class 1 exposure Ve = 1.00

condition

Distance from extreme tension fiber to the

center of the closest bar = Covergy = 4-in
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Ratio of flexural strain at the extreme tension d
face to the strain at the centroid of the
reinforcement layer closest to the tension face

c
=1
Ps ' 0'7(tfooting - dc)

The calculation of tensile stress in nonprestressed reinforcement at the service limit state, £, requires

=1.18

establishing the neutral axis location and the moment demand at the critical section.

The position of the cross-section's neutral axis is determined through an iterative process to calculate the actual
stress in the reinforcement. This process starts with an assumed position of the neutral axis as shown below.

Assumed distance from the extreme X ;= 5-in

compression fiber to the neutral axis

Position of the neutral axis

1 2 _ Es
Sbx = _‘AsProvided'(de - X)
2 E,

Xpg = Find(x) = 5.303-in

Vertical force and moment atthebase of the footing from Load Case Illunderthe Service I1imit state are:

kip kip- ft
FVFILC3Sert = 333377 MyFiLC3sert = 69-22
Eccentricity in the footing width _ MyFtLC3Serl 195§
direction under Service I limit state “BSerl = FVFLC3Serl T
Maximum and minimum bearing FyVRLC3Serl 6-eBSerl
pressure under Service I limit state dmaxSer] = 1+ = 4.69-ksf
Bfooting Bfooting
_ FVFiLC3Ser 6-eBSerl
dminSerl = B . 1= B = 1.82-ksf
footing footing

Bearing pressure at the critical

(qmaxSerI - qminSerI)

dtoeSerl = 9minSerl © ‘(Bfooting - 1toe)

section under Service I limit state Be. .
footing
dtoeSer] = 3-92-ksf
The moment at the critical section under the Service I limit state:
2 2 2 2
1toe 1toe 1toe 1toe

M;SerT = GtoeSerl 5

+ (qmaXSerI - qtoeSerI)‘ 3

kip- ft
Mgerg = 36-8- ft
Tensile force in the reinforcing steel due T o Migert = 14.6.Ki
to the service limit state moment s Xpa = EorKIp
d.— —
¢ 3
Stress in the reinforcing steel due to Tq .
BT fiq1 = 18.49-ksi
the service limit state moment ss A .
sProvided

- Wc‘tfooting' ) s (htoeDepth - tfooting)' B
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f, (not to exceed 0.6f) fgs = min(fgg1 , 0.6fy) = 18.49-ksi

i

- . 700y~

equired rem orcement Spacmg . m _ X
SbarRequired = —B T - 2~dc =24.13-in
S °SS

Check if the spacing provided <the Check := if (Sbar < SparRequired> "OK" , "Not OK") = "OK"

required spacing
Shrinkage and Temperature Reinforcement Requirement LRFD 5.10.6

The following calculations check the adequacy of the flexural reinforcing steel to control shrinkage and temperature
stresses in the toe:

Minimum area of shrinkage and

(0 ) mzj 2
temperature reinforcement Ashrink.temp = Min Tt -ft = 0.33-in

max kip
13- Bfooting' tfooting' in-ft

2(Bfooting + tfooting)'fy

Check if the provided area of steel >

the required area of shrinkage and Check := if (AsProvided > Ashrink.temp ,"OK" ,"Not OK") = "OK"
temperature steel
Design for Shear
Effective width of the section b=12-in
A c3aq- T
. Provided
Depth of the equivalent rectangular stress block a:= S ovieee Y 1.55-in
0.85-fb
Effective shear depth a . LRFD
dy = max(de —5 0.9-d,, 0'72'tfootingj =31.23-in 5728

The critical section for shear at the toe is located at a distance d,, from the front face of the wall.

Distance from the toe to the critical section dV =198 ft

Ishear = ltoe ~

. . . (qmax - qmin)
Bearing pressure at the critical section 4 =9mint ——=— (Bfooting - lshear) = 6.68-ksf
Bfooting
As shown below, minimum load factors are used for the resisting forces (such as the overburden and footing

self-weight) to calculate the maximum shear at the front face of the wall.
Factored shear force (demand) at the critical section

(qmax + qd) kip

VuFtToe = B “Ishear — 0'9'Wc'tf00ting'1shear - L0~y (htoeDepth - tfooting)‘lshear = 12'16'?
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The simplified procedure for nonprestressed sections can be used for the design of shear in LRFD5.7.34.1
concrete footings when the distance from the point of zero shear to the face of the wall is
less than 3d,..

Check if the distance 1, is less than 3d,, Check = if (ltoe

< 3.dv’ VlYeSH , HNOII) — VlYeSH
Therefore, the simplified procedure is used.

Factor indicating the ability of diagonally B:=2
cracked concrete to transmit tension and shear

Nominal shear resistance of concrete, V., is calculated as follows:

V| = 0.0316-B- [fksi-b-d, = 42-kip LRFD Eq.5.7.33-3

Voo = 0.25f-b-d, = 288-kip LRFD Eq.5.7.3.3-2
Vp = min(Vg, Vep) = 42.03-kip
Resistance factor for shear by =09 LRFD 5.5.4.2
Factored shear resistance (capacity) Vi = &y V,, = 37.83-kip
Vi
Check if the capacity > the shear demand Check := if (F > Vi FtToe» OK","Not OK") = "OK"

Development Length of Reinforcement

The flexural reinforcing steel must be developed on each side of the critical section for its LRFD 5.10.8.1.2
full development length.
Available length for rebar development 14 available = ltoe — Coverg = 4.25 ft
. f,
Basic development length lgp = 2.4-dp _y 6.93 ft LRFD Eq.5.10.8.2.1a-2
[fo-ksi
Reinforcement location factor Ny =1 No more than 12 in. concrete below
Coating factor Af =15 Epoxy coating bars with less than 3d,, cover
Reinforcement confinement factor Nc =04 For ¢;,>2.5 in and No. 8 bars or smaller
. A .
Excess reinforcement factor Moy 1= sRequired 056 LRFD Eq.5.10.8.2.1c4
AgProvided
Factor for normal weight concrete Ai=1
Required development length (>‘rl Aef Arc >‘er) LRFD Eq.
ld.required = ldb N = 2321t 5.10.8.2.1a-1

Check ifld.available>1d.required Check := if(ld.available > 1d.required, "OK" , "Not OK") = "OK"
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Heel Design

The necessary dimensions, loads, and the bearing pressure distribution are shown in the following figure:

175Ls 1-6"

R

| ¢ Bearing ;)
‘ b
e |
| 1.35EV
%DN
| 32" S
}- 9-3" - T
1
i
1.25 DC o
[ f |
o '
min | __I___J___ ‘ { "
Gheel o
L 17-0" -

The self-weight of the footing, the weight of soil, live load surcharge and the bearing pressure act on the heel. The
critical load combination for the design selects the load factors to produce the minimum vertical loads and
maximum eccentricities resulting in the minimum bearing pressure.

The critical location for the design of flexure is located at the back face of the wall. LRFD 5.12.8.4

In the general case of a cantilever abutment wall, where the downward load on the heel is
larger than the upward reaction of the soil under the heel, the top of the heel is in tension.
Therefore, the critical section for shear is taken at the back face of the abutment wall.

LRFD
C5.12.8.6.1

Load cases I, III, and IV under the Strength I limit state are used to calculate the maximum moment and shear at
the critical sections.

Load Case |
. . kip  Step 2.6, sliding
Minimum vertical force FyFRiLC1StIMin = 41-63- T resistance check
o . kip- ft
Factored moment about the longitudinal axis of MyriLcist = 87.92- Step 2.6, summary table
the footing
L o MyFLC1Stl
Eccentricity in the footing width direction eg = =2.11-ft
FVFtLC1StrIMin
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FVEtLC1StIMin 6-eg
11+ = 427-ksf

Maximum and minimum bearing pressure Admax =
Bfooting Bfooting
FVFtLC1StrIMin 6-ep
Admin = 4 1= = 0.62-ksf
Beonti Benti
footing footing
. iy . Iheel
Bearing pressure at the critical section AheelLC1StT = 9min (qmax - qmin)B— = 2.61-ksf
footing
Factored moment at the critical section
2
Iheel Iheel heel 1

2
MiLcisut = 125 Wetgooting: 5 + L.35EV earthBk 5 Imin’ lheel 5 g(qheelLCIStrI - qmin) Theel

kip- ft

My 1t = 120.08-

Factored shear force at the critical section

1
VuHeelLC18trT = 125 Wettooting Theel + 1-35EVearthBk — dmin’ lheel ~ 5 (qheelLCIStrI - qmin)' Iheel

kip
ViuHeelLC1StrI = 22-9'?

Load Case III

Two cases need to be considered: without and with the live load.

Without the live load

Minimum vertical force F 467 kip  Step 2.6, sliding
VFILC3StrIMin_noLL = 467227 pogistance check
.. . kip- ft .
Factored moment about the longitudinal axis of MyF.C3St] noLL = 113-82- Step 2.6, eccentric load
the footing - ft limitation check

M
C . . L FtLC3Strl noLL
Eccentricity in the footing width direction eg = J T = 2.44-ft

FYFtLC3StrIMin_noLL

FVELC3StrIMin noLL 6-eg
- = 11+ = 5.11-ksf

Maximum and minimum bearing pressure Admax =
Bfooting Bfooting
FVFLC3StrIMin_noLL 6-c
Admin = = 1= = 0.39-ksf
B, o B o
footing footing
. iy . Iheel
Bearing pressure at the critical section AheelLC3StT = 9min (qmax - qmin)B— = 2.96-ksf
footing
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Factored moment at the critical section

1heel

lheel lheel 1

2
MiLc3stl noLL = 125 Wetgooting: 5 + L.35EV earthBk 5 dmin’ lheel 5 g(qheelLCZ%StrI - qmin) Iheel

Factored shear force at the critical section

kip- ft
ft

MiLc3Stl noLL = 12193

1
VuHeelLC3Strl noLL = 1:25-We tfooting theel + 1-35EVearthBk ~ dmin’ lheel = 5 (qheelLC3StrI - qmin)' Iheel

kip
VuHeelLC3 Strl_noLL = 22.4: R

With the live load
Minimum vertical force F . _ 56 27.@ Step 2.6, sliding
VFLC3StrIMin = =51 resistance check
o . kip- ft
Factored moment about the longitudinal axis of MyFtLc3st = 14327 Step 2.6,
the footing ft summary table
M
C . . L FtLC3Str]
Eccentricity in the footing width direction eg = J L 2.55-ft
FVFLC3StrIMin
. . . FVFtLC3StrIMin 6-eg
Maximum and minimum bearing pressure dmax = A1+ = 6.28-ksf
Bfooting Bfooting
FVFtLC3StrIMin 6-eg
Admin = 4 1= = 0.34-ksf
Benti Benti
footing footing
. iy . Iheel
Bearing pressure at the critical section AheelLC3StT = 9min (qmax - qmin)— = 3.57-ksf
Bfooting
Factored moment at the critical section
Iy ool I I
) heel heel heel 1 2
MiLcasut = 125 Wetgooting: 5 + L.35EV earthBk 5 Imin’ lheel 5 g(qheelLC3StrI - qmin) Theel
kip- ft
M castn = 11456 —

Factored shear force at the critical section

1
VuHeelLC3StrT = 125 Wettooting Theel * 1-35EVearthBk — dmin’ lheel ~ E'(qheelLC3StrI - qmin)'lheel

kip

ViuHeelLC3StrI = 19-78'?
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Load Case IV

Two cases need to be considered: without and with the live load surcharge.
Without the live load surcharge

.. . kip . 1.
Minimum vertical force FVF{LC4StrIMin nolLS = 46.72-? Step 2.6, sliding
- resistance check

kip-ft  Step 2.6, eccentric load
limitation check

Factored moment about the longitudinal axis of MyFtLC4StrI noLs = 116.67-
the footing -

MuFtLC4StrI nolLS
eg = — =251t

FVFtLC4StrIMin_noLS

Eccentricity in the footing width direction

FVFLC4StrIMin_noLs 6-eg
Maximum and minimum bearing pressure Imax = B B |1 B = 3 17-ksf
footing footing
FVFtLC4StrIMin_noLS 6-ep
Admin = 1= = 0.33-ksf
Bfooting Bfooting
. iy . Iheel
Bearing pressure at the critical section AheelLC4StT = 9min T (qmax - qmin)w = 2.96-ksf
ooting
Factored moment at the critical section
2
Iheel lheel lheel 1

2
MiLc4strl noLs = 125 We tfooting’ 5 + L.35EV earthBk 5 dmin’ lheel 5 g(qheelLC4StrI - qmin) Iheel

kip- ft
ft

M C4st1 noLs = 123:54:

Factored shear force at the critical section

1
VuHeelLC4Strl noLS = 125 Wetfooting Theel T 1-35EV earthBk ~ 9mintheel — E‘(qheelLC4StrI - qmin)‘lheel

kip
VuHeelLC4StrI_n0LS = 22.65- ?

With the live load surcharge

. . ki e
Minimum vertical force FyFRiLcaStIMin = 50-61- Ttp Step 2.6, sliding
resistance check
kip- ft .
Factored moment about the longitudinal axis of MyFiLc4str = 140.34- b Step 2.6, summary
. ft table
the footing
MyFtLc4stl
=2.77-ft

Eccentricity in the footing width direction B~ FVF(LCASHIMin
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FVEtLC4StrIMin 6-eg
11+ = 5.89-ksf

Maximum and minimum bearing pressure B footing Boo fing
FVELC4StIMin 6-eg
Admin = 1= = 0.06-ksf
Beonti Benti
footing footing
. iy . Iheel
Bearing pressure at the critical section AheelLC4StT = 9min T (qmax - qmin)w = 3.23-ksf
ooting
Factored moment at the critical section
Iy ool I I
) heel heel heel 1 2
MiLcasut = 125 Wetgooting: 5 + L.35EV earthBk 5 Imin’ lheel 5 g(qheelLC4StrI - qmin) Theel
kip- ft
Mrpcastr = 12715 —¢

Factored shear force at the critical section

1
VuHeelLC4StrT = 125 We ttooting Theel * 1-35EVearthBk ~ dmin lheel ~ E'(qheelLC4StrI - qmin)'lheel

kip
VuHeelLC4Strl = 2260~
Moment demand at the critical section

Kip- ft
MHeelDemand = 1maX(MrLC 1Strl> MrLC3Strl_noLL > MrLC3Strl > MrLC4Strl noLS> MrLC4StrI) = 127.15- i

Shear demand at the critical section

VHeelDemand = max(VuHeelLC 1Strl> VuHeelLC3Strl_noLL > YuHeelLC3Strl» YuHeelLC4StrI noLS vuHeelLC4StrI)
kip
VHeelDemand = 229" r
Flexural Resistance LRFD 5.6.3.2

The design procedure consists of calculating the reinforcing steel area required to satisfy the moment demand
and checking the selected steel area against the requirements and limitations for developing an adequate
moment capacity, controlling crack width, and managing shrinkage and temperature stresses.

Select a trial bar size bar := 9

Nominal diameter of a reinforcing steel bar dp,r = Dia(bar) = 1.13-in

Cross-section area of a bar on the flexural

.2
tension side Apgr = Area(bar) = 1-in

The spacing of the main reinforcing steel bars in walls and slabs shall not be greater than the LRFD 5.10.3.2

lesser of 1.5 times the thickness of the member or 18 in.

The spacing of shrinkage and temperature reinforcement shall not exceed the following: LRFD 5.10.6
12 in. for walls and footings greater than 18 in.

Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG 5.16.01 and 5.22.01
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Footing thickness tfooting = 3ft
Select a spacing for reinforcing steel bars Shar -= 10-in
Select a 1-ft wide strip for the design.
Apyp 12in )
Area of tension steel provided in a 1-ft Agprovided = ——— = 1.2-in
wide strip Sbar
Effective depth dg = tfooting ~ Coverg = 32-in
Resistance factor for flexure bp =09 LRFD 5.5.4.2
Width of the compression face of the section b := 12in
Stress block factor B1 =035

Solve the following equation of A, to calculate the required area of steel to satisfy the moment demand. Use an
assumed initial A value to solve the equation.

Initial assumption Ag = lin2

Given M fi= drAf|d - Ay
tven  MpeelDemand It = @f Agly|de = 5
y 2 { 0.85-f,b

Required area of steel AsRequired = Find(AS) = 0.91-in2

Check if Aproviged > Aeoquired Check := if (Agprovided > AsRequired "OK" »"Not OK") = "OK"

d 1 ( AsProvided' fy
© 2| 085fb

Moment capacity of the section

with the provided steel Mprovided = ®fAsProvided Ty ft
kip- ft
Mprovided = 166-45- ft
A c3aq- T
. . Provided
Distance from the extreme compression c:= S OvVIeee Y 2.77-in
fiber to the neutral axis 0.85-f,-By-b
Check the validity of the assumption, fg = fy Check_f := if (di < 0.6,"OK" ,"Not OK") = "OK"
e
Limits for Reinforcement LRFD 5.6.3.3

The tensile reinforcement provided must be adequate to develop a factored flexural resistance at least equal to the
lesser of the cracking moment or 1.33 times the factored moment from the applicable strength limit state load
combinations.

Flexural cracking variability factor Np = 1.6 For concrete structures that are not

Ratio of specified minimum yield precast scgmental

strength to ultimate tensile strength of N3 = 0.67

. For ASTM A615 Grade 60 reinforcement
the nonprestressed reinforcement
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1

2 3.3
o= g'b'tfooting =2.59x%x 10" in

Section modulus S

w3 feS kip- ft
Cracking moment M., = % = 96.25- 11;
t t
. kip- ft
1.33 times the factored moment demand 1.33-MyeelDemand = 169-12 p
t
The factored moment to satisfy the . _ kip- ft
minimum reinforcement requirement Mfeq T mm( 1:33MyeeIDemand MCT) = 9625 ft
Check the adequacy of section capacity Check := if (MProvided > Mreq, "OK" , "Not OK") = "OK"
Control of Cracking by Distribution of Reinforcement LRFD 5.6.7

Limiting the width of expected cracks under service conditions extends the service life. The width of potential
cracks can be minimized through proper placement of the reinforcement. Checking for crack control assures
that the actual stress in the reinforcement should not exceed the service limit state stress.

The spacing requirement for the mild 700-~,

steel reinforcement in the layer closest s < - 2-d. LRFD Eg. 5.6.7-1
to the tension face Bs fs

Exposure factor for the Class 1 exposure Ve = 1.00

condition

Distance from extreme tension fiber to the

center of the closest flexural reinforcement d¢ := Coverg = 4-in
Ratio of flexural strain at the extreme tension d
: . c
face to the strain at the centroid of the Bg=1+ =1.18
reinforcement layer closest to the tension face 0'7(tfooting - dc)

The calculation of tensile stress in nonprestressed reinforcement at the service limit state, f, requires establishing
the neutral axis location and the moment demand at the critical section.

The position of the cross-section's neutral axis is determined through an iterative process to calculate the actual
stress in the reinforcement. This process starts with an assumed position of the neutral axis as shown below.

Assumed distance from the extreme X = 5-in
compression fiber to the neutral axis E

. 1 2_ s

Given —bx = — AsProvided' (de - X)
2 E.
Position of the neutral axis Xpg = Find(x) = 6.4-in
Maximum and minimum bearing pressure B _
under Service I limit state dmaxSer] = 4:69-ksf dminSer] = 1.82-ksf
(from the toe design)
. . . (qmaXSerI - qminSerI)

Bearing pressure at the critical section dHeelSerl = 9minSer] * ‘lheel = 3-38-ksf

Bfooting
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The moment at the critical section under the Service I limit state

2

) Iheel Iheel
MheelSerl = Wc'tfooting' B + EVearthBk ,
I ool ool
heel heel heel
+ VLSFooting’ 5 dminSerl’ ™5 (quelSerI - qminSerI)' 6
kip- ft
MheelSert = 4133 ft
M

. . . . heelSerl
Tensile force in the reinforcing steel due Tg:= e ft = 16.6-kip
to the service limit state moment Xna

de — —
3
T
Stress in the reinforcing steel due to the fgq1 == — = 13.84-ksi
service limit state moment AsProvided
f, (not to exceed 0.6f) fgs = min(fgg1 , 0.6fy) = 13.84-ksi
i
Required reinforcement spacing SbarRequired = B—fm —2-d; = 34.92-in
s’ 'ss
Check if the spacing provided < Check := if (Sbar < SparRequired* "OK" , "Not OK") = "OK"
the required spacing
Shrinkage and Temperature Reinforcement Requirement LRFD 5.10.6

The required minimum shrinkage and temperature reinforcement area was calculated previously for the toe.

Required shrinkage and temperature steel area Ashrink.temp = 0.33. in2
Check if the provided area of steel > . R W\
the required area of shrinkage and Oegi = lf(ASPTOVlded > AShflnk-temP’ Qi 5 NaH IS ) ="OK
temperature steel
Design for Shear
The critical section for shear in the heel is located at the back face of the abutment wall. LRFD C5.12.8.6.1
K
Shear demand at the critical section VHeelDemand = 22-9- %
(max. from the load cases)
Effective width of the section b=12-in
. A o
Depth of the equivalent rectangular sProvided 'y )
a:=——==235in
stress block 0.85-f; b
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Effective shear depth d, = max(de - %, 0.9-de, 0.72- try0tin ) = 30.82-in LRFD 5.7.2.8

g

The simplified procedure for nonprestressed sections can be used for the design of shear LRFD 5.7.3.4.1
in concrete footings when the distance from the point of zero shear to the face of the wall e
is less than 3d,,.

Check if the distance < 3d, Check := if (Ihee] < 3-dy, "Yes","No") = "No"

Therefore, the simplified procedure is used.

Factor indicating the ability of diagonally
cracked concrete to transmit tension and shear

B:=2
Nominal shear resistance of concrete, V., is calculated as follows:

V| = 0.0316- B [fksi-b-d, = 42-kip LRFD Eq.5.7.33-3

Voo = 0.25f-b-d, = 288-kip LRFD Eq.5.7.3.3-2
Vp = min(Vg, Vep) = 42.03-kip
Resistance factor for shear by = 0.9 LRFD 5.5.4.2
Factored shear resistance (capacity) Vi = &y V,, = 37.83-kip
Vi
Check if the shear capacity > the demand Check := if ry > VHeelDemand:  OK" , "Not OK" | = "OK"
Development Length of Reinforcement
The flexural reinforcing steel must be developed on each side of the critical section for its LRFD 5.10.8.1.2
full development length.
Available length for rebar development 14 available = lhee] — Coverg = 8.92 ft
f,
. y
Basic development length ly, = 2.4-dy,,-——— = 7.82ft LRFD Eq.5.10.8.2.1a-2
db bar \/fc—km
Reinforcement location factor Np=13 More than 12 in. concrete below
Coating factor Af =15
Reinforcement confinement factor Nc =04
A .
. sRequired
Excess reinforcement factor Ay = —— =0.76
er LRFD Eq.5.10.8.2.1c4
AgProvided q-5.10.8.2.1c
Factor for normal weight concrete Ai=1
(N1 Nt Are Ner) LRFD E
: o _ q-
Required development length ld.required =gy x = 4.0l ft 5.10.8.2.1a-1
Check if Iy avaiable > L required Check := if(ld.available > 1d.required> "OK", "Not OK") = "OK"
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Shrinkage and Temperature Reinforcement Design

The following calculations check the required amount of reinforcing steel in the secondary direction to control
shrinkage and temperature stresses in the footing.

The reinforcement along the longitudinal direction of the footing at the top and bottom should LRFD 5.10.6
satisfy the shrinkage and temperature reinforcement requirements.
The spacing of shrinkage and temperature reinforcement shall not exceed the following: LRFD 5.10.6
12 in. for walls and footings greater than 18 in.

Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG 5.16.01 and 5.22.01

Select a trial bar size bar := 6

Nominal diameter of a reinforcing steel bar dpgT = Dia(bar) = 0.75-in

Cross-section area of the bar AparsT = Area(bar) = 0.44- in2

Select a spacing for reinforcing steel bars SparST = 12-in

A -12in
. . S . barST
Reinforcing steel area provided in the section AProvidedST = L 0.44. in2
SbarST

Required minimum area of shrinkage and A = 033] 2

temperature reinforcement in the footing shrink.temp = Y2211

Check if the provided stgel area > Check := if (AsProvidedST > Ashrink.temp ,"OK" ,"Not OK") = "OK"

the required area for shrinkage and

temperature steel

The footing design presented in this step provides the following details:
e No. 9 bars @ 10.0 in. spacing (A= 1.0 in.”/f}) as the transverse flexural reinforcement at the top of the footing

e No. 8 bars @ 12.0 in. spacing (A, =0.79 in.?/f}) as the transverse flexural reinforcement at the bottom of the
footing

e No. 6 bars @ 12.0 in. spacing (A= 0.44 in.>/f}) as the longitudinal shrinkage and temperature reinforcement at
the top and bottom of the footing.
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Note: Refer to MDOT Bridge Design Guides for additional bars, laps, embedment, and keyway
dimensions. They are not shown in this drawing for clarity of the main reinforcement.
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Appendix 2.A Braking Force and Wind Load Calculation

Description

This appendix presents the braking force and wind load calculation procedures for illustrative purposes.
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Braking Force

Since the abutments have expansion bearings, the fixed bearings at the pier resist the braking force along the
longitudinal direction of the bridge.

The braking force (BR) shall be taken as the greater of: LRFD 3.6 4
e 25% ofthe axle weight of the design truck / tandem
® 5% of'the design truck / tandem weight plus lane load

The braking force is applied on all design lanes assuming that the bridge carries traffic in one direction.
Braking force per lane due to 25% of the axle weight of the design truck / tandem
BR := 25%-(32kip + 32kip + 8kip) = 18-kip
Braking force per lane due to 5% of the design truck / tandem weight plus plus lane load
BR, := 5%- (72kip + 0.64 @-2LS ) = 10-kip
ft pan
Note: The MDOT practice, as reflected in the BDS, is to take only 5% of the design truck plus lane load as the

breaking force. In addition, the HL-93 modification factor is not included in the braking force calculation.
This example describes the MDOT practice.

Braking force selected for the design BRK := BR, = 10-kip

The braking force transmitted to the bearings based on the number of lanes with the live load.

Braking force due to 1 loaded lane BRK 1 = BRK-MPF(1) = 12-kip
Braking force due to 2 loaded lanes BRK» = 2BRK-MPF(2) = 20-kip
Braking force due to 3 loaded lanes BRK31 = 3BRK-MPF(3) = 25.5-kip
Braking force due to 4 loaded lanes BRKy; = 4BRK-MPF(4) = 26-kip
Braking force due to 5 loaded lanes BRK 5y = SBRK-MPF(5) = 32.5-kip

The braking force is assumed to be equally shared by the bearings at the pier.

Wind Load

Since the expansion bearings are located over the abutments, the fixed bearings at the pier resist the longitudinal
component of the wind load acting on the superstructure.

Wind Load on Superstructure LRFD 3.8.1.1,3.8.1.2

To calculate the wind load acting on the superstructure, the total depth from the top of the barrier to the
bottom of the girder is required. Once the total depth is known, the wind exposure area is calculated. The
wind pressure and the exposure area are used to calculate the wind load.

Total depth of the superstructure Diota] = hRailing + tpeck + tHaunch T 9Girder = 7-08 ft
Span length for the superstructure Ly pan

wind load on the abutment Lwind == —=—— = 50ft

Effective wind area for the superstructure . _ 2

wind load on the abutment AWindSuper = Dyotal Lwing = 33417t

Basic wind speed (mph) Vg = 115 LRFD 3.8.1.1

Gust effect factor Gust .= 1 LRFD Table 3.8.1.2.1-1, no sound barrier
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Drag coefficient, superstructure CDSup = 1.1 LRFD Tabk 3.8.1.2.1-2

Superstructure height (ft), 7 = 33

assuming that the structure =

height is less than 33 ft B

Wind exposure category

Pressure exposure and elevation 551 Z 6.87 2

: S5-In + 6.
;oefﬁmeIr\l; forgtrengg} IIIiand ; B 0.9832 o LRFD Eq.
ervice IV load combinations ZSup = 3456 = 0. 38.1.2.12

Wind pressure on superstructure, . -6 2 _

Strength 111, Service IV (ksf) PZSup.StrHI.SerVIV = 2.56-10 'KZSup' Vy -Gust: CDSup =0.03

Wind pressure on superstructure, = -6, 2 _ LRFD Egq.

Strength V, Service I (ksf) PZSup.Strv.Servl = 2:36-10 7V - Gust Cpgyp = 004 384514
The wind load from the superstructure transmitted to the abutment depends on the attack LRFD 3.8.1.2.2
angle of the wind. The attack angle is measured from a line perpendicular to the longitudinal e
axis of the bridge.
Since the span length and height of this girder bridge are less than 150 ftand 33 ft
respectively, the following wind load components are used: LRFD 3.8.1.2.3a
e Transverse: 100 percent of the wind load calculated based on wind direction

perpendicular to the longitudinal axis of the bridge
e Longitudinal: 25 percent of the transverse load.
The transverse component of the wind load acting on the abutment
WSS Tran.StrilL.ServIV = PZSup.StrilL.Serviv kst AwindSuper = 9-35-kip
WSS Tran.Strv.Serv = PZSup.Strv.Servi KT AwindSuper = 13-19-kip

Wind Load on Substructure
The wind pressure on the abutment wall is ignored since the wall is usually shielded from wind by wingwalls or
an embankment fill.
Wind Load on Live Load
Since the span length and height of this girder bridge are less than 150 ftand 33 ft LRFD 3.8.1.3

respectively, the following wind load components are used:
e (.10 KIf, transverse
e (.04 kIf, longitudinal.

The transverse and longitudinal components of the wind load acting on the live load and transmitted to the abutment
kip .
WLTI‘aIl = 0.1 ?-Lwind = 5~k1p

kip .
WLLOIlg = 0.04?-Lwind = 2-klp
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Appendix 2.B Sliding Resistance Check for Spread Footings on Clay

Description

This appendix presents the calculation procedure for checking the sliding resistance of spread footings
located on a clay layer.
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Undrained shear strength (provided by the Sy = 1.5ksf
Geotechnical Service Section)

For footings that rest on clay, where footings are supported on at least 6.0 in. of
. L ) LRFD 10.6.3.4
compacted granular material, the sliding resistance may be taken as the lesser of
e the cohesion of the clay, or
e one-half the normal stress on the interface between the footing and soil.

//f/%/’ﬂ,

/ Base of Wall /// 7
/:/’;//,/f L f/// / )

R:

U
|

0.50,

Figure 10.6.3.4-1—Procedure for Estimating Nominal
Sliding Resistance for Walls on Clay

The strength limit states are used for this check. Since the resistance is proportional to the vertical loads, the
following conditions are used.

e Live load on the bridge is excluded.

e  Minimum load factors are used for all vertical loads.

e  Maximum load factors are used for the loads that contribute to the horizontal sliding forces.

e Since DW is the future wearing surface load, it is excluded from all load combinations.

Resistance factor for sliding b= 0.85 LRFD Table10.5.5.5.2-1

According to the loads in the summary tables provided at the end of Step 2.5, LC I or IV could control the
design. Therefore, both load cases are checked.

Load Case |
Factored shear force parallel to the v 16.59- kip
transverse axis of the footing uFtLC1Strl = ft
s ki
Factored sliding force (demand) Vsliding = VyFtLc1St = 1659 ?p
. . kip From Step 2.6, sliding
Minimum vertical load FyFRiLC1StIMin = 41-63- ry resistance check
M
. . . o FtLC1Strl
Eccentricity in the footing width direction eg = J L 2.11-ft
FVFtLC1StrIMin
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Maximum and minimum bearing pressure

Width of the footing with a normal stress
greater than 2S

Sliding resistance (capacity)

Check ieresiStanCe > Vs]jding

FVFLC1StrIMin 6-epg
dmax = |1+ = 4.27-ksf
Bfooting Bfooting
FVFLC1StrIMin 6-eg
Ain = = = 0.62-ksf
Bfooting Bfooting
. dmax ~ 2 Sy
BSu = Bfooting’ . T = 5931t
max ~ 9min

1 1
Viesistance = ¢T'|:BSu' Sy + E'(Bfooting B BSH)[Eqmin + Suﬂ

kip
Vresistance = 16'09'?
Check := if (Vyesistance > Vsliding> "OK" > "Not OK") = "Not OK"

Therefore, the sliding resistance is inadequate. Since MDOT typically does not use keyways, consider widening the
footing to enhance the sliding resistance. When the footing width is too excessive and uneconomical, consider using

EPS as a backfill material.

Load Case IV

Factored shear force parallel to the
transverse axis of the footing
Factored sliding force (demand)

Minimum vertical load

Eccentricity in the footing width direction

Maximum and minimum bearing pressure

Width of the footing with a normal stress
greater than 2S

Sliding resistance (capacity)

Check ieresiStanCe > Vs]jding

Check := if (V

kip

VurtLcastl = 1985 ==
: kip
vsliding = VuFtLC4StrT ~ 1'75PLSF00ting = 16.73-?

kip -
FVE{LC4StrIMin_noLg = 46.72-—=  From Step 2.6, sliding
- resistance check
MuFtLC4StrI nolLS
eg = — =251t
FVFtLC4StrIMin_noLS

FVEtLC4StrIMin noLS 6-eg
= = 41+ = 5.17-ksf

9max =
Bfooting Bfooting
FVFtLC4StrIMin_noLS | 6-ep 033 ks
o= 1= = 0.33-ks
Amin Be . B .
footing footing
. dmax ~ 2" Su
BSu = Bfooting’ . T =7.621t
max ~ 9min

1 1
Viesistance = ¢T'|:BSu' Sy + E'(Bfooting B BSH)[Eqmin + Suﬂ

y
16.34. P

Voo =
resistance ft

resistance > Vsliding> OK" , "Not OK") = "Not OK"




Therefore, the sliding resistance is inadequate. Since MDOT typically does not use keyways, consider widening the
footing to enhance the sliding resistance. When the footing width is too excessive and uneconomical, consider using
EPS as a backfill material.
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Section 3 Abutment with Spread Footing and EPS Backfill

Step 3.1 Preliminary Abutment Dimensions

Description
This step presents the selected preliminary abutment dimensions.

The design criteria, bridge information, material properties, reinforcing steel cover requirements, soil types
and properties, along with superstructure loads in this section are taken from Section 2.

88




This section presents the design of a full-depth reinforced concrete cantilever abutment with expanded
polystyrene (EPS) blocks as the lightweight backfill material.

Geofoam made with EPS is effective at reducing lateral forces or settlement potential for bridge abutments
(MDOT Geotechnical Manual 2019). The selection of a specific Geofoam grade depends on the project needs. A
typical Geofoam embankment consists of the foundation soils, the Geofoam fill, and a load dissipater slab
designed to transfer loads to the Geofoam.

Design guidelines for Geofoam embankments are provided in the National Cooperative Highway Research
Program (NCHRP) web document 63, titled Geofoam Applications in the Design and Construction of Highway
Embankments (Stark et al., 2004). It is cited as NCHRP w65 in this design example.

The designer should select the preliminary dimensions based on state-specific standards and past experience. The
following figure shows the abutment geometry and dimensional variables:

backwall
]
¢ Bearing s
| S
o
! O
. ) i 4'7 1 C
Fill, Lightweight, !
Co
£PS Block briocwal ‘
N / /
~
N -
f{] h Cwall [ (_.%:
o \lt N
N / N
T ¥ VLLSIN T, {\\\
NN \ <
O
_________ 4577 =
S)
I 1 heel [T toe -
T o
99! c
o =
L o
z L
o T __—0—"
: —
= footing
%

L-

89




The selected preliminary dimensions are listed below.

Abutment length Laobut = Wdeck = 63.75 ft
This abutment has an independent backwall with a sliding deck slab. BDG 6.20.03A
Backwall height hy o ckwall = 4-251t
Backwall thickness thackwall == 1ft + 6in = 1.5t
Abutment wall height hyap = 17.541t
Abutment wall thickness twall = 3ft + 2in = 3.167 ft
Distance from the toe to the front face .
ofthe abutment wall lige := 6ft + 4in = 6.333 ft
Distance from the heel to the back face 1 — 4ft
of the abutment wall heel =
Distance from center of the bearing pad to lprtowall = 2ft + 4in = 2.333 ft
the back face of the abutment wall
Footing width BfOOtil’lg = ltoe + 11’1661 + twall = 13.5ft

Footing length
Note: The footing is extended 1 ft beyond the end of the wall on either side.

Footing thickness = 3ft

tfooting

Toe fill depth to the bottom of the footing htoeDepth = Tft

Note: Bottoms of footings are normally set 4 ft below the existing or proposed ground line to
avoid frost heave.

Passive earth pressure is excluded from the footing design.

For the backfill EPS blocks, assume the following properties:

1b
Unit weight of EPS blocks "EPS = 25
Slope angle of the EPS block end profile 0 = 45deg
Internal friction angle of the backfill soil ® = 32deg
The friction angle of EPS/soil interface is typically assumed to be equal to ¢.
Friction angle of EPS/soil interface Q.= ¢ =32-deg

Lfooting = Labut + 1ft + 1ft = 65.75ft

BDM 7.03.02 D

BDM 7.03.02 F

Michigan Geotechnical
Manual page 109

NCHRP w65
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Active lateral earth pressure coefficient for
the EPS blocks (based on the Coulomb's
classical earth-pressure theory)

Height of the EPS blocks

Depth of the soil between bottom of the
EPS blocks and top of the footing

Height of backfill soil above the
EPS blocks

1

00— b))
) sin( 2 sin(0)
KEPS = sin(¢ + 8)-sin(b)
\/sin(0 + d) +
sin( ) / sin(0)
kppg = 0.031 NCHRP w65
hEPS = 121t

hgoilBelowEPS = 2ft

hSoilAboveEPS = Bwall * Bbackwall ~ PEPS ~ BSoilBelowEPS = 779 ft

Ifthe fill above the EPS blocks is greater than 8 fi, the compressive strength of the blocks needs to be checked.

According to the MDOT Geotechnical Manual (2019), EPS blocks should not be used where the water table could
rise and make geoform unstable due to buoyant forces. The structural engineer and the geotechnical engineer need
to work together and check EPS stability for a 100-year flood.
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Step 3.2 Application of Dead Load

Description

This step describes the application of the dead load on the abutment.
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The common practice is to apply superstructure dead load as a uniformly distributed load over the length of the
abutment. This is accomplished by adding exterior and interior girder end dead load reactions and dividing this

quantity by the abutment length.

Dead load of superstructure

Weight of structural components and
non-structural attachments (DC)

Weight of the future wearing surface (DW)

Backwall weight

Abutment wall weight

Footing weight

2:Rpcex * (Nbeams - 2)‘RDCIn kip
DCqyp = = 5.658-—
P Labut ft
2RpwEex + (Nbeams - 2)‘RDWIn kip
DWgq,p = = 0.886-—
P Labut ft

ip
DChackwall = Mbackwall thackwall’ We = 0'956'?

kip
hall twarr We = 8.332-—=

DC =
wall ft

kip
DCfooting = Bfooting'tfooting'wc =6.075 ?
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Step 3.3 Application of Live Load

Description

Please refer to Step 2.3. The same loads are applied following the procedures described in Step 2.3.
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Step 3.4 Application of Other Loads

Description

This step typically includes the calculation of braking force, wind load, earth load, and temperature load.

The calculation of "Other Loads", except the earth load, is identical to Step 2.4. Since EPS blocks are used
as the backfill and a different spread footing width is selected, the calculation of the earth load is different.
Therefore, this step only presents the earth load calculation. Please refer to Step 2.4 for the rest of the

calculations.
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Earth Load

The earth load includes lateral earth pressure, live load surcharge, and vertical earth pressure on the footing.

As per the information received from the Geotechnical Services Section, the groundwater table is not located in
the vicinity of the foundation. Therefore, the effect of hydrostatic pressure is excluded. When possible, the
hydrostatic pressure should be avoided at abutments and retaining walls using an appropriate drainage system.

Lateral Load Due to Lateral Earth Pressure

The lateral pressure and the resultant force due to earth pressure are calculated.

The lateral component of the earth load on the abutment consists of seven parts as listed below and shown in the
following figure:

EH 1: the lateral pressure from the soil located above the EPS blocks

EH 2: the lateral pressure due to the vertical load at the top of the EPS blocks

EH 3: the lateral pressure from the soil located behind the EPS blocks

EH 4: the lateral pressure from the soil located below the EPS blocks and above the top of the footing
EH 5: the lateral pressure due to the vertical load at the bottom of the EPS blocks

EH 6: the lateral pressure due to the vertical load at the top of the footing

EH 7: the lateral pressure from the soil located along the depth (thickness) of the footing.
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Backwall

Lateral earth pressure at the base

Lateral load

Abutment Wall

Phw = Ka Vs hpackwall = 0-153-ksf LRFD Eq.3.11.5.1-1

1 kip
PEHBackwall = E‘wa' hpackwall = 0.325~T

The calculation of lateral loads on the abutment wall with EPS blocks as the backfill follows the procedure
outlined in the NCHRP web document 65, titled Geoform Applications in the Design and Construction of Highway

Embankments by Stark et al. (2004).

Height of backfill soil above
the EPS blocks

EH 1:

Lateral earth pressure at the
top of EPS blocks

Lateral load from the soil located
above the EPS blocks

EH 2:

Lateral earth pressure due to the vertical

load at the top of the EPS blocks

Lateral load due to the vertical load
at the top of the EPS blocks

EH 3:

Lateral earth pressure from the soil
located behind the EPS blocks

Lateral load from the soil located
behind the EPS blocks

EH 4:

Lateral earth pressure from the soil
located below the EPS blocks and
above the top of the footing

Lateral load from the soil located
below the EPS blocks and above
the top of the footing

EH 5:

Lateral earth pressure due to the
vertical load at the bottom of the
EPS blocks

Lateral load due to the vertical load
at the bottom of the EPS blocks

Total resultant lateral load at
the base of the wall

hgilAboverps = 779 ft

LRFD Egq. 3.11.5.1-1

PAboveEPS = Ka Vs hsoilAboveEPS = 0-28-ksf

1 kip
Pppy = 5'pAboveEPS'hSoilAboveEPS = 1092'?

1
PVEPS = EF\{S. hgoilAboveEPS = 0-093-ksf NCHRP w65

. kip
PEH? = PyEPS hEPS = 1.122- ==

PSoilBehind ‘= KEPS Vg hEps = 0.045-ksf

! kip
PEH3 = 7"PSoilBehind "EPS = 0268 ==

PSoilBelowEPS = Ka' Vs hsoilBelowEPS = 0-072-ksf

1 kip
PEH4 = 5'pSoilBelowEPS'hSoilBelowEPS = 0'072'?

PV SoilBelowEPS = Kg' ('Ys' hgoilAboveEPS * 'YEPS'hEPS) = 0.288-ksf

kip

PEHS5 = PVSoilBelowEPS NSoilBelowEPS = 0-375- ==
kip
PEnwall = PEH1 * PEH2 * PEH3 * PEH4 * PEHS = 3129~
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Total moment of the lateral earth load at the base of the wall
1 1
Mgpwall = PEHT (ghSOﬂAboveEPs +hgpg + hSoilBelowEPSj + PEH2'(5'hEPS + hSoilBelowEPS)
1 1
+ PEH3'(g'hEPS + hSoilBelowEPSj + PEH4'§'hSoilBelowEPS

1

+ PEHS';hsOﬂBelowEPs

kip- ft
fit

MEwar = 29-331-
Footing

The lateral earth load on the backwall, abutment wall, and footing are defined using 7 profiles. The forces
acting on the abutment wall from profiles 1 to 5 remain unchanged. Hence, the calculation of forces from the
earth load profiles 6 and 7 is described below.

EH 6:
Lateral §arﬂ1 pressure due to PSoilAboveFt = Ka'( Vs DSoilAboveEPS - = 0.36-ksf
the vertical load at the footing + VEps hEPS + s hSoilBelowEPS
top surface elevation
Lateral earth load due to the kip
vertical load at thg footing PEH6 = PSoil AboveFt'(tfooting) = 1.079-?
top surface elevation
EH 7:
Lateral earth pressure from the soil . R
located along the depth of the footing PSoilSideFt = Ka (’YS' tfootmg) = 0.108-ksf
Lateral earth load from the soil located p o o o1 62~@
along the depth of'the fooﬁng EH7 — 2 PSoilSideFt fOOtll’lg - ft
) kip
Total lateral earth load PEHFOOtll’lg = PEHWall + pEH6 + PEH7 = 437?

Total moment of the lateral earth load at the base of the footing
1
MEHFooting =PI (EhSOilAboveEPS +hppg + hgoilBelowEPS + tfooting
1 1
* PEH2'| 5 PEPS * PSoilBelowEPS * tfootingj + Ppy3- (g'hEPs +hgoilBelowEPS + tfootingj
1 1
* PEH4'| 3 PSoilBelowEPS * tfooting | * PEH5"| 5 NSoilBelowEPS * tfooting | -~

1 1
* PEH6'E'(tf00ting) + PEH7'§'(tf00ting)

kip- ft
MEHFooting = 40.499- ft
Vertical Earth Load on the Footing
Back side (heel) EVearthBk = Vs Theel (hSOilAboveEPS + hSoilBelowEPS) +YEPS Theel PEPS
kip

EVearthBk = 4795 ry
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Frontside (toe) EVearthFt = Vs ltoe (htoeDepth - tfooting) = 3.04- T
Live Load Surcharge
A surcharge is applied to account for a vehicular live load acting on the backfill LRFD 3.11.6.4
surface within a distance equal to one-half the wall height behind the back face of
the wall.

The lateral component of the live load surcharge on the abutment wall consists of three parts, as shown in the
previous figure:

LS 1: the lateral pressure across the soil located above the EPS blocks
LS 2: the lateral pressure across the EPS blocks due to the soil located above the blocks
LS 3: the lateral pressure across the soil located below the EPS blocks.

Height of the abutment hbackwall + hwall + tfooting = 24.79 ft
Equivalent height of soil for heq = 2ft LRFD Tabk 3.11.6.4-1
vehicular load
Lateral surcharge pressure op = Ky Vg heq = 0.072-ksf LRFD Eq. 3.11.6.4-1
Backwall
: kip
Lateral load PLSBackwall = Up'hbackwall = 0.306-?
Abutment wall
kip
Lateral load from the profile LS1 Prswall = Up‘hSOil AboveEPS = 0.561-?
1 ki
Lateral load from the profile LS2 Pl swall2 = E'\{S- heq hEps = 0.288~% NCHRP w65
t
kip
Lateral load from the profile LS3 P gwalz = Up‘hSOilBelowEPS = 0.144-?
Total lateral load due to kip
live load surcharge PLsWall = PLswalll * PLswall2 * PLswali3 = 0993~

Total moment at the base of the wall due to the lateral component of the live load surcharge
1
MLswall = PLSWall1*| 5PSoilAboveEPS + PEPS + hSoilBelowEPSj
1 1
* PLswall2'| 5 PEPS * PSoilBelowEPS | * PLSWal13'| 5PSoilBelowEPS

kip- ft
ft

M[ gwall = 12485
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Footing

The lateral component of the live load surcharge on the footing consists of three parts. The contribution of LS 1
and LS 2 is the same as the abutment wall. The contribution of LS 3 needs to be considered up to the bottom of

the footing.
K
Lateral surcharge load from the PLSFootingl = Up‘hSOil AboveEPS = 0.561-£
profile LS 1 ft
1 kip
Lateral surcharge load PLSFooting2 e heq‘ hgpg = 0.288-—
from the profile LS 2 10 ft
kip
Lateral surcharge load from PLSFooting3 =0y (hSOilBelowEPS + tfooting) = 0.36-?
the profile LS 3
. kip
Total lateral load due to live P1 SFooting *= PLSFootingl * PLSFooting2 * PLSFooting3 = 1'209'?

load surcharge
Total moment at the base of the footing due to the lateral component of the live load surcharge
1
MLSFooting = PLSFootingl‘ EhSOilAboveEPS +hppg + hoilBelowEPS + tfooting)
1
* PLSFooting2'| 5 PEPS * NSoilBelowEPS * tfooting | -~

1
+ PLSFootingS'E'(hSOilBelowEPS + tfooting)

kip- ft
MLSFooting = 15.788: f
. kip
Vertical load VLSFooting = s Theel e = 0-96-—=

D
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Step 3.5 Combined Load Effects

Description

This step presents the procedure for combining all load effects and calculating total factored forces and
moments acting at the base of the abutment wall and footing. The total factored forces and moments at the
base of the backwall are similar to those ones in Step 2.5.

[
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Forces and Moments at the Base of the Abutment Wall

Load Cases I, III, and IV are considered. More specifically, superstructure dead load, superstructure live load, and
uniform temperature induced loads are considered in addition to the dead load of the backwall, dead load of the
abutment wall, lateral earth pressure, and lateral surcharge pressure.

DCbackwa\I

f

PEHWa\I—-—

l
T

M at wall centerline

LCI
Strength 1

DCSup’ DWSup, RLLWaIIMa)(
DCbackwaII

PEHWaH R

l
T
ZM at wall centerline

LCIII

PEHWEI”—-'

= TU

4
4

ZM at wall centerline

Strength [=1.25DC +1.5DW +1.75LL+1.75BR + 1.5EH + 1.35EV +1.75 LS +0.5TU

Load Case |

Factored vertical force at the base of

the wall

Factored shear force parallel to the
transverse axis of the abutment wall

FywallLC1Stl = 1'25'(chackwall + Dcwall) = 11.61 ry

VuwallLC1stl = 13- PEHWall = 4.693- =

kip

The backwall weight reduces the critical moment at the base of the abutment wall. This
requires the use of a minimum load factor 0of 0.9 for DC instead of'the factor 1.25 in the

Strength I combination.

This is the same for the moment calculated about the longitudinal axis of the abutment wall

for all the load cases and limit states.

Factored moment about the longitudinal axis of the abutment wall

MywaliLcistrl = 0-9-DCyackwall” 5 + 1.5-Mppwg)) = 43.28-

(tbackwall - twall)

LCIV

kip

LRFD 34.1

kip- ft
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Load Case III

Factored vertical force at the base of the wall

FywallLC3stl = 1'25'(DCSup + DCpackwall + Dcwall) + 1.5 DWSup + L7SRL L WallMax

kip
FywallLcasur = 29-861- ==
Factored shear force parallel to the v . e @
transverse axis of the abutment wall uWallLC3StrI = 15 PEgwan = 4 .

Factored moment about the longitudinal axis of the abutment wall

(tbackwall - twall)
MywanLc3astt = 0-9-DChackwall’ 5

t
wall
+(1.25-DCgyp, + 1.5-DWgyp + 1'75'RLLWallMax)'(1brtowall - T)

+ L.5-Mpygwall
kip- ft
fit

MywallLc3str1 = 56-969-

Load Case IV

Factored vertical force at the base of the wall

kip
FywallLc4st = 1'25'(DCSup + DChackwall * Dcwall) + 1.5 DWSup = 20'012'?

K
Factored shear force parallel to the VuwallLcaset = L5 Pgawan + 1.75-PLgwan + 0.5TU = 6.57~£
transverse axis of the abutment wall ft

Factored moment about the longitudinal axis of the abutment wall

) (tbackwall - twall) twall
MywallLc4stt = 0-9-DChackwall P * (1'25'DCSup + 1'S'DWSup)' Iortowall ~ B

wall

kip- ft
ft

MywallLc4st1 = 73-864:

Service 1

Service [=1.0DC +1.0DW + 1.0LL+ 1.0BR + 1.0WS+1.0WL+1.0EH + 1.0EV + 1.0LS+1.0TU

Load Case |
. kip
Factored vertical force at the FywanrciSerI = PCrackwall T PCwall = 9.288~?
base of the wall
Factored shear force parallel to the v _p _3.129. kip
transverse axis of the abutment wall uWallLC1SerI -= "EHWall ~ ~- o
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Factored moment about the longitudinal axis of the abutment wall

) (tbackwall - twall)
MywallLciSert = PCpackwall’ 2 + MEgwall

kip- ft

MywallLC1Serl = 28-535-

Load Case III

Factored vertical force at the base of the wall

FywallLC3Ser] = (DCSup + DCpackwall + Dcwall) + DWSup + R WallMax

kip
FywallLc3sert = 21:46-—~
Factored shear force parallel to the v _p _3.129. kip
transverse axis of the abutment wall uWallLC3Serl = "EHWall ~ > o

Factored moment about the longitudinal axis of the abutment wall

(tbackwall - twall)
MywallLc3sert = PCpackwall’ 5

twall
+ (DCSup + DWSup + RLLWallMaX)' 1brtowall - 2

+ MEHWall
kip- ft
MywallLC3Serl = 37-664- f
Load Case IV
Factored vertical force at the FywallLc4serl = (DCSup + DCpackwall + DCWall) + 1.ODWgy,
base of the wall -
FywallLC4Serl = 15-832‘?
Factored shear force parallel to the ‘ i
transverse axis of the abutment wall VuwallLC4SerI = PEHWall + PLSWall + TU = 4.399- -

Factored moment about the longitudinal axis of the abutment wall

] (tbackwall - twall) twall
MywallLc4Serl = DChackwall’ B + (1'0‘DCSup + 1'O'DWSup)' lortowall ~ )

+ l'O'MEHWaH + l‘O'MLSWaH + 1.0-TU-h

wall
kip- ft
ft

MywallLc4sert = 50.795-
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Summary of the Forces and Moments at the Base of the Abutment Wall

Factored vertical force, Fyyy,; (kip/ft)

Strength I | Service I
LCI 11.61 9.29
LC III 29.86 21.46
LC IV 20.01 15.83

Factored shear force parallel to the transverse axis of the
abutment wall, V yy (kip/ft)

Strength I | Service I
LCI 4.69 3.13
LC III 4.69 3.13
LC IV 6.57 4.40

Factored moment about the longitudinal axis of the abutment wall, M,y (kipf/ft)

Strength I | Service I
LCI 43.28 28.53
LC III 56.97 37.66
LC IV 73.86 50.80

The forces and moments presented in the above tables are used for the structural design presented in Step 3.8.
As per the MDOT practice reflected in BDS, the lateral earth load within the EPS backfill zone is excluded. The
following tables present the forces and moments at the base of the abutment wall after excluding the lateral earth
load within the EPS backfill zone. This summary is presented for informational purposes only.

Factored vertical force, Fyq,,, (kip/ft)

Factored shear force parallel to the transverse axis of the
abutment wall, V., (kip/ft)

StrengthI | Servicel
LCI 11.61 929
LCIO 29.86 21.46
LCIV 20.01 15.83

Strength I | Servicel
LCI 429 2.86
LCIO 420 2.86
LCIV 6.31 441

Factored moment about the longitudinal axis of the abutment wall, M, (kip-ft/ft)

StrengthI | Servicel
LCI 40.87 26.93
LCIO 54.56 36.06
LCIV 73.89 54.06
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Forces and Moments at the Base of the Footing

Load Cases I, III, and IV are considered. In addition to all the loads considered for the abutment
wall, weight of soil (earth load) on the footing toe and heel along with live load surcharge on the

heel are considered.

The dynamic load allowance is excluded from the live load for foundation components located

entirely below ground level.

DCbaCkwaII
F—————
|
|
I
I DCya
| J
|
|
-
EV
PEHFommg_-..-I EVearthek earthft
| _
| !

M at footing centerline i
DC

footing

LCI

PLSFootmg —-—-‘

I:)EHFooting—-...-‘

PEHFOoting_-...

|

EVeartth

LRFD 3.6.2.1

LLFootingMax

EVeartth

I
2M at footing centerline ;

V,

LSFooting

¢ %HI ! oc

— Sup’ Sup
| DCback all

|

| - T

|

\

\

|

|

DW,

U

DC

fall

|

EVeartth

Eveartth

ZM at footing centerline 6

DC

footing

LCIV

DC

footing

LCII
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Strength 1

Strength [=1.25DC +1.5DW +1.75LL+1.75BR + 1.5EH + 1.35EV + 1.75LS +0.5TU

Load Case |
Factored vertical force at the base of the footing
: kip
FyrLcisut = 125 (chackwall + DCya) + Dcfooting) + 1'35‘(Eveartth + EVeartth) = 29.781- ry
Factored shear force parallel to the v — 15.p 6.555. kip
transverse axis of the footing uFtLC1Strl = 2" "EHFooting =~ ® i
The vertical earth load of the backfill soil reduces the critical moment about the footing LRFD 34.1

longitudinal axis. This requires the use of a minimum load factor of 1.0 for EV instead of the
factor 1.35 in the Strength I combination.

The same is applied for the moment calculated about the footing's longitudinal axis for all the
load cases and limit states.

Factored moment about the longitudinal axis of the footing
) thackwall Bfooting twall Bfooting
MyrtLcisut = 125:DCpackwall’| Theel P - b + L.25DCya11 | Theel + ) b

theel Bfooting Bfooting ltoe
+ 1'S'MEHFooting + 1.0-EVearthBk ) ) + 1.35-EVearthrt ) - T

kip- ft
fit

MyFtLC1st1 = 38136
Load Case III
Factored vertical force at the base of the footing

FVFRLC3sul = 1'25'(DCSup + DCphackwall + PCyall + Dcfooting) + 1'SDWSup + 175 RLLFootingMaX
+ 1'35'(Eveartth + EVeartth)

kip
FVEtLC3sul = 47-733'?

Factored shear force parallel to the v — 15.p  6.555. kip
transverse axis of the footing uFtLC3Strl = 2" "EHFooting =~ ® i

Factored moment about the longitudinal axis of the footing

) thackwall Bfooting twall Bfooting
Myric3set = 125 DChackwall’| heel * P - b + 1.25DCq1 | Theel + ) P

Bfooting
+ (1'25'DCSup + 1'S'DWSup + 1'75'RLLFootingMax)' Iheel * lortowall ~ 2

Iheel Bfooting Bfooting ltoe
+ 1'S'MEHFooting + 1.0-EVeqrthBk , + 1.35-EVearthFt 5 Ty

kip- ft
fit

MyFtLc3strr = 30.656-
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Load Case IV
Factored vertical force at the base of the footing

FVFRLCasul = 1'25'(DCSup + DCphackwall + PCyall + Dcfooting) + 1'SDWSup
+ 1'35'(Eveartth + EVeartth) + 1'75VLSFooting
kip
FVFtLCastn = 39-863-—~

Factored shear force parallel to the

kip
transverse axis of the fooﬁng VuFtLC4StrI = L5 PEHFOOtll’lg +1.75 PLSFOOtll’lg +0.5TU = 8.809-—=

ft
Factored moment about the longitudinal axis of the footing

) thackwall Bfooting twall Bfooting
MyrtLcastt = 1.25-DCyqckwall’ 1heelJr P - P + 1.25DC - 1heelJr 2 - B
Bfooting
+(1.25-DCgyp + 1.5-DWgyp )| Iheel + Ibriowall ~ — -

Iheel Bfooting
+ 1'S'MEHFooting + 1'75MLSFooting + 1'75VLSF00ting' y

Theel Bfooting Bfooting loe
+ I.O'EVeartth- > - + 1.35'EVeartth' —2 - 7

+0.5-TU- (h

wall + tfooting)
kip- ft
ft

MyrLcaser = 57133
Service 1

Service [=1.0DC +1.0DW + 1.0LL+ 1.0BR + 1.0WS+1.0WL+1.0EH + 1.0EV + 1.0LS+1.0TU

Load Case |
Factored vertical force at the base of the footing

kip
FyrLciSer! = PCoackwall * PCwall + Dcfooting + EVearthBk T EVearthFt = 23'198'?

Factored shear force parallel to the v —p a3 kip
transverse axis of the footing uFtLCISerl = “EHFooting = ™2 """

Factored moment about the longitudinal axis of the footing

] thackwall Bfooting twall Bfooting
MyrtLC1Serl = PChackwall'| theel + B - B + DCyall| lheel * L )
Iheel Bfooting Bfooting ltoe
+ MEHFooting + EVearthBk )’ 2 + EVearthFt: ) - T

kip- ft

MyFtLC1Sert = 16.982-
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Load Case III

Factored vertical force at the base of the footing

FVFLC3Serl = DCSup + DCpackwall + DCyall + Dcfooting + DWSup + RLLFootingMax
+ (Eveartth + EVeartth)

kip

FVFLC3Sert = 33199 =~
kip
Factored shear force parallel to the VUFtLC3Ser] = PEHFooting =437 —
transverse axis of the footing ft

Factored moment about the longitudinal axis of the footing

] thackwall Bfooting twall Bfooting
MyrtLc3Serl = PChackwall'| Theel + B - B + DCyall'| theel * L B

Bfooting
+ (DCSup + DWSup + RLLFootingMax)’ Iheel + lbrtowall — 2

lheel  Bfooting Bfooting  ltoe
+ MEHFooting + EVeartth' 5 - > + EVeartth' T _ T

kip- ft
ft

MyFtLc3sert = 11.982-

Load Case IV

l1;“actori‘ct1h Vet{ﬁczil force atthe FVFiLCc4Ser] = DCSup + DCpackwall T+ DCwall + DCfooting + DWSup
ase of the foo
& + (Eveartth + EVeartth) + VLSFooting

kip
FVEtLC4Serl = 30-702‘7

Factored shear force parallel to the . ip
transverse axis of the footing VUFtLC4Serl = PEHFooting + PLSFooting +TU = 5.856- f

Factored moment about the longitudinal axis of the footing

] thackwall Bfooting twall Bfooting
MyrtLc4Serl = DChackwall'| Theel + B - B + DCyall'| theel * L )

Bfootin
g
+ (DCSup + DWSup)' Iheel * lbrtowall — 2 + MEHFooting

Iheel Bfooting Bfooting ltoe
T EVearthBk |~ ~ T EVearthrt| =5 ~ 5 )

v . Iheel Bfooting M . TU-(b o
* VLSFooting’ , 5 + MILSFooting * ( wall * footmg)

kip- ft
ft

MyFtLc4sert = 31.183-
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Summary of Forces and Moments at the Base of the Footing

Factored vertical force, Fy (kip/ft)

Factored shear force parallel to the transverse axis
of'the footing, V 5 (kip/ft)

Factored moment about the longitudinal axis of the footing, M, p, (kip-f/ft)

Strength I | Service I Strength I | Service I
LCI 29.78 23.20 LCI 6.55 4.37
LCII 47.73 35.20 LCII 6.55 4.37
LC IV 39.86 30.70 LC IV 8.81 5.86

Strength I | Service I
LCI 38.14 16.98
LC III 30.66 11.98
LC IV 57.13 31.18

The forces and moments presented in the tables above are used for the designs presented in Step 3.6. and 3.9.
As per the MDOT practice reflected in BDS, the lateral earth load within the EPS backfill zone is excluded. The
following tables present the forces and moments at the base of the abutment wall after excluding the lateral earth
load within the EPS backfill zone. This summary is presented for informational purposes only.

Factored shear force parallel to the transverse axis

Factored vertical force, Fyp, (kip/ft) of the footing, V., (kip/f)
s BT

Strength I | Servicel Strength I | Servicel
1CI 29.78 23.20 ICI 6.15 410
LCII 47.73 35.20 LCII 6.15 410
ICIV 39.86 30.70 LCIV 8.55 5.87

Factored moment about the longitudinal axis of the footing, M, (kip-ft/ft)

StrengthI | Servicel
1CI 3452 14 .57
LC IO 27.04 9.57
ICIV 56.37 34 47
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Step 3.6 Geotechnical Design of the Footing

Description

This step presents the geotechnical design of a spread footing considering the following
strength and serviceability limit states:

1. bearing resistance — strength limit state

2. settlement — service limit state

3. sliding resistance — strength limit state

4. load eccentricity (overturning) — strength limit state.

The evaluation of structural resistance of the footing (internal stability) is presented later in Step 3.9.

Page Contents

112 Summary of Forces and Moments at the Base of the Footing
112 Bearing Resistance Check

116 Settlement Check

116 Sliding Resistance Check

118 Eccentric Load Limitation (Overturning) Check

LRFD 10.6.1.1

111




Summary of Forces and Moments at the Base of the Footing

As per the MDOT practice reflected in BDS, the lateral earth load within the EPS backfill zone is excluded. The
following tables present the forces and moments at the base of the footing after including the lateral earth load
within the EPS backfill zone. The forces and moments presented in these tables are used for the designs
presented in Step 3.6. and 3.9.

Factored shear force parallel to the transverse axis

Factored vertical force, Fy (kip/ft) of the footing, V., (Kip/f)
Strength I | Service I Strength I | Service I
LCI 29.78 23.20 LCI 6.55 4.37
LC III 47.73 35.20 LC III 6.55 4.37
LC1IV 39.86 30.70 LC1IV 8.81 5.86

Factored moment about the longitudinal axis of the footing, M, p, (kip-f/ft)

Strength I | Service I
LCI 38.14 16.98
LC III 30.66 11.98
LC IV 57.13 31.18

Bearing Resistance Check

For eccentrically loaded footings, the use of a reduced effective area is allowed for bearing LRFD 10.6.1.3
resistance or settlement calculation. The point of load application shall be at the centroid of the
reduced area.

Note: As a practice, the average pressure and the values at the toe and heel under different load cases
and limit states are provided to the MDOT Geotechnical Services Section for verification.

This example presents the LRFD and MDOT methods.

Load Case I, Strength I
K
Factored vertical force FyriLcisar = 29.781 %
t
Factored moment about footing B kip- ft
longitudinal axis MyptLCisty = 38136 —¢
M
C . . L FtLC1Strl
Eccentricity in the footing width direction eg = o 1.281 ft
FyFiLcisul
LRFD method
A reduced effective footing width is used for bearing resistance and settlement design. LRFD 10.6.1.3

Effective footing width Befr = Bfooting —2-eg = 10.939 ft LRFD Eq. 10.6.1.3-1




Footing bearing pressure

MDOT method

Average bearing pressure

Toe bearing pressure

Heel bearing pressure

Load Case I11, Strength I

Factored vertical force

Factored moment about footing
longitudinal axis

Eccentricity in the footing width direction

LRFD method
Effective footing width

Bearing pressure

MDOT method

Average bearing pressure

Toe bearing pressure

Heel bearing pressure

Load Case 1V, Strength I

Factored vertical force

Factored moment about footing
longitudinal axis

Eccentricity in the footing width direction

FVEtLC1StI

qbearin LC1 = ——— = 2.722-ksf
& Befr
~ FyFacisul
QavgLCl = Br 2.206-ksf
footing
~ Fvracisul 6-eg
dtoelL.C1 = B— I+ B— = 3.461-ksf
footing footing
~ FyFacisul 6-eg
GheelLC1 =~ - B |° 0.95-ksf
footing footing
kip
FVFiLcasur = 47.733- 7~
kip- ft
MyptLesstn = 30636 —
MyFLC3sul
egi= —————— = 0.642ft
FyFRtLC3stl

Beff = Bfooting — 2-¢p = 12216t LRFD Eq.10.6.1.3-1

~ FvriLcssul
qbearing_LC3 = B— = 3.908-ksf
eff
~ FyFacssul
QavgLC3 = B 3.536-ksf
footing
~ Fvricssul 6-eg
AtoeLC3 = “B. .. 1+ B |~ 4.545-ksf
footing footing

~ FyFacssul 6-eg
GheelLC3 =~ - B |° 2.527-ksf
footing footing

kip
FVEtLCasul = 39-863'?

kip- ft

MyFtLc4strr = 57-133

MyFtLC4StrT

- — 1.433 ft
FVEtLC4astl
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LRFD method
Effective footing width

Bearing pressure
MDOT method

Average bearing pressure

Toe bearing pressure

Heel bearing pressure

Load Case I, Service I

Factored vertical force

Factored moment about footing
longitudinal axis

Eccentricity in the footing width direction

LRFD method
Effective footing width

Footing bearing pressure

MDOT method

Average bearing pressure

Toe bearing pressure

Heel bearing pressure

Load Case III, Service I

Factored vertical force

Factored moment about footing
longitudinal axis

Eccentricity in the footing width direction

Beff = BfOOtil’lg - 2-6B = 10.634 ft LRFD Eq. 10.6.1.3-1

 Fvricasul
qbearing_LC4 = B— = 3.749-ksf
eff
~ FyFacasul
QavgLC4 =~ = 2.953-ksf
footing
~ Fvricasul 6-ep
QtoeLC4 = B— 1+ B— = 4.834-ksf
footing footing

_ FvFicasul 6-cg
footing footing

kip
FVEtLC1Serl = 23-198‘7
kip- ft

MyFtLC1Sert = 16.982-

MyFtLC1Serl

B = — 0.732 ft
FVEtLC1Serl

(&

Beff = BfOOtil’lg - 2-6B = 12.036 ft

~ FvFaciser
9bearing LC1Serl = B—ff = 1.927-ksf
e
~ FvFaCiser
davgLClSerl = B— = 1.718-ksf
footing
~ FvFaciser 6-eg
AtoeLC1Serl = Be . 1+ B = 2.277-ksf
footing footing
~ FVFaCiser 6-eg
YheelL.C1Serl = “Be .. 1- B |~ 1.159-ksf
footing footing

kip
FVEtLC3Serl = 35-199‘7

kip- ft
MyFtLc3sert = 11.982- ft
MuFtLCSSerI
e ————— = 0341t

B~ %
VFtLC3Serl

LRFD Eq. 10.6.1.3-1
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LRFD method

Effective footing width

Bearing pressure

MDOT method

Average bearing pressure

Toe bearing pressure

Heel bearing pressure

Load Case 1V, Service 1

Factored vertical force

Factored moment about footing
longitudinal axis

Eccentricity in the footing width direction

LRFD method

Effective footing width

Bearing pressure

MDOT method

Average bearing pressure

Toe bearing pressure

Heel bearing pressure

Beff = Bfooting ~ 2-¢ = 12819ft  LRFD Eq.10.6.1.3-1

~ FyFac3ser
Ibearing LC3Serl =~ 5 = ~ 2.746-ksf
eff
~ FyFac3ser
YavgLC3Serl = “B. . = 2.607-ksf
footing
~ FyFac3ser 6-cp
AtoeLC3Serl = B . |1+ B ) = 3.002-ksf
footing footing
~ FyFac3ser 6-cp
GheelLC3Serl = B— 1 - B— = 2.213-ksf
footing footing
kip
FVFtLC4sert = 30-702- =~
kip- ft
MyFtLc4sert = 31.183- i
MuFtLC4SerI
eg:= —————— = 1.016ft
FVERLC4Serl

Beff = BfOOtil’lg - 2-eB = 11.469 ft LRFD Egq. 10.6.1.3-1

~ FyFacaser
Ibearing LC4Serl =~ 5~ = ~ 2.677 kst
eff
_ FyFicaser
QavglC4Serl =~ — = 2.274-kst
footing
~ FyFacaser 6-ep
AtoeLC4Serl -~ Be . |11+ B = 3.301-ksf
footing footing

~ FVFcaser 6-cg
YheelLC4Serl = “Be .. 1- B . = 1.248-ksf
footing footing
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Summary

LRFD method

The controlling bearing pressure

e b = max(qbearing_LCI »Abearing LC3> qbearing_LC4) = 3.908-ksf
under strength limit states

The controlling bearing pressure needs to be checked with the factored bearing resistance of the soil provided by
the Geotechnical Services Section.

MDOT method

A summary of bearing pressure values (in psf) is shown in the following table:

Toe Avg Heel Toe Avg Heel
(Service I) | (Serivce I) | (Service I) | (Strength I) | (Strength I) | (Strength I)
LCI 2277 1718 1159 3461 2206 950
LC III 3002 2607 2213 4545 3536 2527
LC IV 3301 2274 1248 4834 2953 1072

The Geotechnical Services Section uses these values for the verification of bearing resistance and settlement limits. If
the bearing pressure exceeds the bearing strength of the soil, the size of the footing needs to be increased. See BDM
7.03.02.G for more information.

Settlement Check

The Geotechnical Services Section uses the controlling bearing pressure from the service limit
state to check if the total settlement of foundation is less than 1.5 in., the allowable limit.

BDM 7.03.02G 2b

For LRFD method, the controlling bearing pressure for settlement analysis is

Ab settlement = max(qbearing_LCISerI’ Abearing LC3Serl> qbearing_LC4SerI) = 2.746-ksf

The Geotechnical Services Section uses this controlling bearing pressure to calculate the foundation's total settlement.

For the MDOT method, the bearing pressures under service limit state are provided to the Geotechnical Services
Section to calculate the settlement.

Note: Besides the total settlement, considerations should be given to prevent the differential settlement between the
abutments and pier from exceeding the tolerable differential settlement limit. Differential settlement limits are
given in the Steel Plate Girder Design Example.

Sliding Resistance Check

Spread footings must be designed to resist lateral loads without sliding. The sliding
resistance of a footing on cohesionless soil is a function of the normal force and the
interface friction between the foundation and the soil.

LRFD 10.6.3.4

The Geotechnical Services Section should provide a coefficient of sliding resistance (p) for a design. MDOT
typically uses a sliding resistance coefficient of 0.5 for cast-in-place concrete footings. Consult the
Geotechnical Services Section to identify the most suitable coefficient for a specific design.

Coefficient of sliding resistance pi= 0.5
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The strength limit states are used for this check. Since the resistance is proportional to the vertical loads, the
following conditions are used:

e  Minimum load factors are used for all vertical loads.

e Maximum load factors are used for the loads that contribute to horizontal sliding forces.

e Since DW is the future wearing surface load, it is excluded from all load combinations.

Load Case |
Factored shear force parallel to the v _ 6.555. kip
transverse axis of the footing uFtLC1StrI — * &
.. ki
Factored sliding force Vi ding = VuFtLC1Std = 6.555- %

Minimum vertical load

. 1p
FVFLC1StIMin = 0'9'(chackwall + DCya) + Dcfooting) + 1'0‘(Eveartth + EVeartth) = 21'662'?

Resistance factor for sliding oo =08 BDM 7.03.02.F, LRFD Table 10.5.5.5.2-1

‘1 . kip
Sliding resistance Vresistance = ¢ W FVELC1StrIMin = 8665 Y
Cheek if V,gance > Viiding Check := if (Vyesistance > Vsliding>"OK" > "Not OK" ) = "OK"

Load Case 11
.
Factored shear force parallel to the VUFtLC3StT = 6-555- P
transverse axis of the footing ft
s ki

Factored sliding force Vi ding = VUFtLC3St] = 6-555¢ %

When calculating the minimum vertical force for sliding and eccentric load limitation checks, the live load on the
superstructure is excluded to develop a conservative design.

Minimum vertical load without  Fy/pg c38trIMin_ noLL = 0-9- (DcSup + DChyckwall + PCwall + Dcfooﬁng)

the five load + 1.0- (EVeartth + EVeartth)
kip
FVFILC3StrIMin_noLL = 26754 =~
. . , kip
Sliding resistance Vresistance = P M'FVF'[LC3StrIMin_n0LL = 10'702'?
Check if V,gance > Viiding Check := if (Vyesistance > Vsliding>"OK" > "Not OK" ) = "OK"
Load Case IV

Two cases need to be considered: without and with the live load surcharge.

Without live load surcharge:

Factored shear force parallel to the v _ 3.809- kip
transverse axis of the footing uFtLC4Strl — © ft

. . kip
Factored sliding force without the Vsliding = VUFtLC4StrI — 1'75PLSFooting = 6.693-?

live load surcharge




Minimum vertical load without
the live load surcharge

Sliding resistance
Check ieresiStanCe > Vs]jding

With live load surcharge:
Factored shear force parallel to the
transverse axis of the footing

Factored sliding force

Minimum vertical load with the
live load surcharge

Sliding resistance

Check if V, >V

resistance sliding

FVF‘[LC4StrIMin_n0LS = 0.9- (DCSup + DCphackwall + PCyall + Dcfooting)

* 1'0'(Eveartth + EVeartth)

kip

FVFtLC4StMin_noLs = 26754 ==
: kip
Viesistance = ¢T'u'FVFtLC4StrIMin_n0LS - 10'702.?

Check := if(V "OK" , "Not OK") = "OK"

resistance ~ Vsliding >

kip

VuFtLC4st1 = 8:809-—~
] kip
vsliding = VuFtLC4Strl = 8'809'?

FVFLC4StIMin = 09 (DCSup + DCphackwall + PCyall + Dcfooting)

+ 1.0-(EV earhBk + EVearthFt) + 175V SFooting

kip
FVEtLC4striMin = 28:434- ==

kip
Viesistance = @7 W FYFILC4StrIMin = 11'374.?

Check := if(V "OK" , "Not OK") = "OK"

resistance ~ Vsliding >

Eccentric Load Limitation (Overturning) Check

The eccentricity of loading at the strength limit state, evaluated based on factored loads, shall LRFD 10.6.3.3
not exceed one-sixth of the corresponding dimension measured from the centerline of the

footing for stability.

The eccentricity in the abutment length direction is not a concemn. The following calculations present the
evaluation of the eccentricity in the abutment width direction for the Strength I limit state:

Load Case |
Minimum vertical load

Maximum moment about the
longitudinal axis of the footing

Eccentricity in the footing width direction e

measured from the centerline

1/6 of footing width

Check if the eccentric load limitation
is satisfied

kip
FVFLC1StrIMin = 21.662- ==

kip- ft

MyFtLci1st1 = 38-136-

MyFtLC1StrI

B = = 1.761ft
F .
VFtLC1StrIMin

Be. ..
foot
_O0MME _ 5054

Bfooting

Check = if(eB < ,"OK" ,"Not OK") = "OK"
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Load Case III
Two cases need to be considered: without and with live load.

Without live load:

K
Minimum vertical force without the live load FVFRLC3StrIMin noLL = 26-754 %
— t
Moment about the longitudinal axis M — 30.656- kip-ft
of the footing (with live load) uFtLC3Stl — - ft
Moment about the longitudinal axis of the footing (without the live load)
. Bfooting
MyFtLc3 Strl noLL -~ MyFtLc3sul — (1'75 'RLLFootingMaX)' Iheel * lbrtowall — = 34.635
. . . L MyFtLC3StI noLL
Eccentricity in the footing width direction eg = = = 1.295ft
measured from the centerline FyFriLes StrIMin_noLL
Check if the eccentric load limitation Biooti
. . . ooting
is satisfied Check := if| eg < —— ,"OK" ,"Not OK" | = "OK"
With live load:
Minimum vertical force with the live load FyRLC3stMin = FVERLC3StriMin_noLL * I-75RLLFootingMax
kip
FVFLC3StriMin = 36-304- =~
o . kip- ft
Moment about the longitudinal axis MyFiLc3strl = 30.656-
of the footing (with the live load) ft
M
C . . L FtLC3Strl
Eccentricity in the footing width direction eg = J L 0.844 ft
measured from the centerline FVFtLC3StrIMin
. . e B .
foot
Cheqk if the eccentric load limitation Check := if| eg < ooting _"OK" . "Not OK" | = "OK"
is satisfied
Load Case IV

Two cases need to be considered: without and with live load surcharge.

Without live load surcharge:

i
Minimum vertical force without the live FVER{LC4StIMin noLs = 26-754- =P
load surcharge - ft
Moment about the longitudinal axis of M _ 57133 kip- ft

the footing (with the live load surcharge) uFtLC4Strl — -7 ft

Moment about the longitudinal axis of the footing (without the live load surcharge)

. Iheel Bfooting
MyFtLCastrl_noLS = MuFtLC4stt — 173 VLSFooting | =5~ ~

2
(hbackwall + hyar) + tfooting)
+(=1.75)- PLSFooting' )
kip- ft

MuFtLC4StrI_n0LS = 38.891- f
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Eccentricity in the footing width direction
measured from the centerline

Check if the eccentric load limitation
is satisfied

With live load surcharge:

Minimum vertical force with the live load
surcharge

Moment about the longitudinal
axis of the footing

Eccentricity in the footing width direction
measured from the centerline

Check if the eccentric load limitation
is satisfied

. MuFtLC4S‘[rI_noLS
B =
FVFtLC4StrIMin_noLS

(&

B o
foot
Check = if(eB < 0K

kip
FVEtLC4strIMin = 28:434- ==

kip- ft
fit

MyFtLc4strr = 57-133

MyFtLC4strl

- — 2.009 ft
FVEtLC4StrIMin

°B

B o
foot
Check = if(eB < 0K

= 1454 ft

s "Not OK") = IIOK”

s "Not OK") = IIOK”
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Step 3.7 Backwall Design

Description

Please refer to the design calculations and details presented in Step 2.7. The backwall forces and moments
used in Step 2.7. are not impacted by the use of EPS blocks as the backfill material since EPS blocks are
located below the backwall.
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Step 3.8 Abutment Wall Design

Description

This step presents the design of the abutment wall.

Page Contents

123 Forces and Moments at the Base of the Abutment Wall
123 Design for Flexure

126 Design for Shear

128 Development Length of Reinforcement

129 Shrinkage and Temperature Reinforcement
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Forces and Moments at the Base of the Abutment Wall

Step 3.5 presents the load effects at the base of the abutment wall under different load cases and limit states. A
summary is presented in the following tables:

Factored shear force parallel to the transverse axis of
the abutment wall, Vv (kip/ft)

Factored vertical force, Fyyy,; (kip/ft)

Strength I | Service I Strength I | Service I
LCI 11.61 9.29 LCI 4.69 3.13
LCII 29.86 21.46 LCII 4.69 3.13
LC IV 20.01 15.83 LC IV 6.57 4.40

Factored moment about the longitudinal axis of the abutment wall, M,y (kipf/f)

Strength I | Service I
LCI 43.28 28.53
LC III 56.97 37.66
LC IV 73.86 50.80

Design for Flexure

According to the loads in the summary tables, Load Case IV under the Strength I limit state is the governing load
case for the flexural design.

kip- ft
Moment demand at the base of the wall MpemandWall = MuwallLc4str1 = 73-864- 11;
Flexure Resistance LRFD 5.6.3.2
The design procedure consists of calculating the reinforcing steel area required to satisfy the moment
demand and checking the selected steel area against the requirements and limitations for developing an
adequate moment capacity, controlling crack width, and managing shrinkage and temperature stresses.
Select a trial bar size bar = 8§
Nominal diameter of a reinforcing steel bar dp,r = Dia(bar) = 1-in
Cross-section area of the bar Apygp = Area(bar) = 0.79- in2
The spacing of the main reinforcing steel bars in walls and slabs shall not be greater than the LRFD 5.10.3.2
lesser of 1.5 times the thickness of the member or 18 in.
The spacing of shrinkage and temperature reinforcement shall not exceed 12 in. when the LRFD 5.10.6
wall thickness is greater than 18 in.
Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG 5.22.01
Wall thickness twall = 38-in

Select a spacing for reinforcing steel bars Shar -= 12-in

Select a 1-ft wide strip for the design.
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Apyy 12in

Area of reinforcing steel provided in a . _ .2
1-ft wide section AsProvided = s = 0.79-in
bar
Effective depth dg = tygq) — Covery,ap) = 35-in
Resistance factor for flexure bp =09 LRFD 5.5.4.2
Width of the compression face of b= 12in
the member
f. — 4ksi
LRFD
Stress block factor B} := min| max| 0.85 - 0.05-| ——— [,0.65|,0.85| = 0.85
ksi 5.6.2.2

Solve the following equation of A, to calculate the required area of steel to satisfy the moment demand. Use an

assumed initial A value to solve the equation.

Initial assumption

Required area of steel

Check ifAsProvided >AsRequired

Moment capacity of the section
with the provided steel area

Distance from the extreme
compression fiber to the neutral axis

Check the validity of assumption fg = fy

Limits for Reinforcement

.2
AS = lin

AT
1 sy LRFD
Given M ft= dppAlf|d, - —| ——2—
DemandWall f 3 e
Y{ ) [0.85.f0.b]:| 5.6.3.2

. . 2
ARequired = Find(Ag) = 0.475-in

Check := if (Agprovided > AsRequired "OK" »"Not OK") = "OK"

d 1 [ AsProvided fy
© 2| 085fb

MCapacityWan = O AgProvided fy' ft
kip- ft
MCapacityWan = 121.672- o
AgProvided’ fy .
ci=——— =1.82:in

0.85-f,-B;-b

Check = if(di < 0.6,"OK" ,"Not OK") = "OK"
€

LRFD 5.6.3.3

The tensile reinforcement provided must develop a factored flexural resistance equal to the lesser of the cracking
moment or 1.33 times the factored moment from the applicable strength limit state load combinations.

Flexural cracking variability factor

Ratio of specified minimum yield
strength to ultimate tensile strength of
the nonprestressed reinforcement

Ny = 1.6 Forconcrete structures that are not precast segmental

N3 = 0.67 ForASTMA615 Grade 60 reinforcement
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Section modulus

Cracking moment

1.33 times the factored moment demand

Required moment to satisfy the
minimum reinforcement requirement

Check the adequacy of the section capacity

1 2 3.3
Sc = g'b'twall =2.888 x 107 in
Y31 fr Se kip- ft
e 107.246-
kip- ft

133 Mpemandwall = 98239 —

kip- ft
fit

Myeq = min(1.33Mpemandwall » Mer) = 98.239-

Check := if (MCapacitywall > Mreq-"OK" , "Not OK" ) = "OK"

Control of Cracking by Distribution of Reinforcement LRFD 5.6.7

Limiting the width of expected cracks under service conditions extends the service life. The width of potential
cracks can be minimized through proper placement of the reinforcement. Checking for crack control assures
that the actual stress in the reinforcement should not exceed the service limit state stress.

The spacing requirements for the mild
steel reinforcement in the layer closest
to the tension face

Exposure factor for Class 1 exposure condition

Distance from extreme tension fiber to the
center of the closest flexural reinforcement

Ratio of flexural strain at the extreme tension

face to the strain at the centroid of the

reinforcement layer closest to the tension face

700-~,
s < - 2-d. LRFD Eg. 5.6.7-1
Bs’ fss
Ve = 1.00
dc = Covery,q) = 3-in
dc

Bg:= 1 = 1.122

" 0.7(twa11 - dC)

The position of the cross-section's neutral axis is determined through an iterative process to calculate the actual
stress in the reinforcement. This process starts with an assumed position of the neutral axis as shown below.

Assumed distance from the extreme
compression fiber to the neutral axis

Position of the neutral axis

Tensile force in the reinforcing steel due
to service limit state moment

Stress in the reinforcing steel due to
service limit state moment

f (not to exceed 0.61))

Given

X = 6-in

1 2 _ Es
Sbx = _‘AsProvided'(de - X)
2 E,

Xpg = Find(x) = 5.568-in

MywallLC4Serl _
Tg = -ft = 18.4-kip
q Xna
€ 3
TS
fssl = ——————— = 23279-ksi
A .
sProvided

fgs = min(fgg1, 0.66y) = 23.279-ksi
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kip

Required reinforcement spacing SbarRequred = B—fm —2-d, =20.789-in
s’ 'ss
Check if the spacing provided < Check := if (Sbar < SparRequred * "OK" , "Not OK") = "OK"

the required spacing

Shrinkage and Temperature Reinforcement Requirement

The following calculations check the adequacy of the flexural reinforcing steel to control shrinkage and temperature
stresses in the abutment wall.

For bars, the area of reinforcement per foot (A), 1.3bh
_ o _ g ————— LRFD 5.10.6
on each face and in each direction, shall satisfy 2(b+h) fy
and 0.11in” < Ag < 0.6in”
_ L -
in
[0.60 —j
ft
Minimum area of shrinkage and in2 )
temperature reinforcement Ashrink.temp = min 0.11 ft -ft = 0.349-in
max kip
L3-hya1 twall in-ft
| 2(hwall + twall)'fy i

Check if the provided area of steel >
the required area of shrinkage and
temperature steel

Check := if(A 4> A "OK" , "Not OK") = "OK"

sProvide shrink.temp >

Design for Shear

According to the loads in the summary tables, Load Case IV under the Strength I limit state is the governing load case
for the shear design.

K
The maximum factored shear force VuwallLc4StI = 6-57- %
at the base of the abutment wall
Effective width of the section b, :=b=12-in
Depth of equivalent rectangular AsProvided fy .
a:=———=1.549-in
stress block 0.85-f.-b
Effective shear depth d, = max(de - %, 0.9-d,, 0.72-twau) = 34.225-in LRFDS5.7.2.8

Note: Since there is no transverse reinforcement in the wall and the overall depth of the wall is greater than 16
in., the simplified procedure in LRFD 5.7.3.4.1 cannot be used. Instead, the general procedure outlined in
LRFD 5.7.3.4.2 isused..

The factored N, V,and M, are calculated at the critical section for shear, which is located at a distance d,, from

the base of the abutment wall. The critical section is located in the wall segment with EPS backfill.
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qutored a>.<ia1 force at the? . NyWallShear == 1.25-(DCSup + DCpackwall + PCywall — dv'twall'Wc)
critical section (use negative if +1.5DW
: Sup

compression)

ip
NywaliShear = —18.318- ey

The lateral earth load component at the critical section for shear consists of three parts. Part 1 is the lateral load
from the soil located above the EPS blocks, which is the same as that calculated in Step 3.4. Part 2 is the lateral
load from the EPS due to the vertical load at the top of the EPS blocks. Part 3 is the lateral load from the soil
located behind the EPS blocks above the critical section for shear.

EH 1: the lateral load from the soil located above the EPS blocks
EH 2: the lateral load from the EPS due to the vertical load at the top of the EPS blocks
EH 3: the lateral load from the soil located behind the EPS blocks and above the critical section for shear.

kip
PEHWall2Shear = PVEPS (hEPS + hSoilBelowEPS ~ dy) = 1.042: ==
! 2 kip
PEHWall3Shear = EkEPS'F\{S. (hEPS + hSoilBelowEPS ~ dv) = 0-231'?
. kip
PEHWaliShear = PEH1 + PEH2 + PEHWall3Shear = 2445 7~

The lateral live load surcharge at the critical section consists of two parts.

LS 1: the lateral load from the soil located above the EPS blocks due to the live load surcharge
LS 2: the lateral load from the EPS blocks located above the critical section due the the live load surcharge

1 kip
PLSwall2Shear = To0 'S heq (hEPS + hgoilBelowEPS ~ dv) = 0'268‘?

kip

P1 SWallShear = PLSWalll + PLSWall2Shear = 0'828'?

Factored shear force at the critical section for shear (demand)
kip
VuwaliShear = 1-3-PEHWallShear T 175 PLSWaliShear + 0-5TU = 5'256‘?
Factored moment at the critical section for shear

(tbackwall - tWall)

t
wall
MywaliShear = 0-9-DCpackwall’ B + (1'25'DCSup + 1'S'DWSup)'(lbr‘fowall T j

1
+ 1~5PEH1'(§hsOi1AboveEPs +hgpg + hgyilBelowEPS — dvj
]
+ 1-5PEH2'§(hEPs + hgilBelowEPS ~ dy) -

1
+ 1‘75PLSWa111.(EhSOilAboveEPS +hgpg + hgoilBelowEPS ~ dV)

(hgps + hsoilBelowEPS — dv)
2

+ 1.75-Py gwall2Shear’ +0.5-TU- (hyyy) — dy )

kip- ft
ft

MywallShear = 56896
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Check M, since it cannot be taken

MywallShear = maX(MuWallShear’VuWallShear' dv) = 56.896-

kip- ft

less than V d,
Net longitudinal tensile strain in the MuwallShear + 05N Y
section at the centroid of the d, = “uWallShear ™ *uWallShear 4
tension reinforcement €g = =7.004x 10
AsProvided
s ft LRFD Eq.5.7.3.4.24
Crack spacing parameter sy == dy, = 2.852ft
. L MDOT Standard Specifications
Maximum aggregate size (in.) 4g = 1.5 for Construction Table 902-1
80in
Crack spacing parameter as 12in
influenced by the aggregate size Sye = min =22.174-in
max 1.38
S - —
X ag +0.63 LRFD Eq.5.7.3.4.2-7

Factor indicating the ability of

4.8

51
. =2.624

diagonally cracked concrete to
transmit tension and shear

Nominal shear resistance of concrete, V., is calculated as follows:

V= 0.0316-B- [fksi-b-d, = 60.3-kip

Vg = 0.25f,b-dg = 315-kip

Vi
Resistance factor for shear by =09
Factored shear resistance (capacity) V.=

r:

Check if the capacity > the demand

Development Length of Reinforcement

The flexural reinforcing steel must be developed on each side of the critical

0 (1+750-¢) ( sxe]

LRFD Eq.5.7.3.4.2-2

30 + —
m

LRFD Eq.5.7.3.3-3

LRFD Eq.5.7.3.3-2

= min(Vgy, Vo) = 60.31-kip

LRFD 5.54.2

by V,, = 54.279-kip

v

: r n n " " - n "
Check = if (F > VywallShear> OK" , "Not OK j = "OK

LRFD 5.10.8.1.2,

section for its full development length. 5.10.8.2.1
f,
Basic development length lgp = 2.4-dbar-—y = 6.928 ft LRFD Eq.5.10.8.2.1a-2
[fo-ksi
Reinforcement location factor Ny =1 No more than 12 in. concrete below
Coating factor Af =15 Epoxy coated bars with less than 3d;, cover
Distance from center of the bar . dbar C _ 35
to the nearest concrete surface ‘% = T LOVeLyg| = 2->-1n
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3 dbar

Reinforcement confinement factor )\rc : = 0.286
b
A .
. R d

Excess reinforcement factor >‘er = _Snequired 0.602

AsProvided
For normal weight concrete Ai=1

N1 Aef Are' N

Required development length lg = lgp ( ° N c er) = 1.786 ft LRFD Eq.5.10.8.2.1a-1

Since the footing thickness is 3 ft, adequate space is available for straight bars. However, the common practice
is to use hooked bars which are set on the bottom reinforcing steel layer.

Shrinkage and Temperature Reinforcement

The following calculations check the required amount of reinforcing steel in the secondary direction
to control shrinkage and temperature stresses in the abutment wall.

The reinforcement at the front face of the abutment wall and the horizontal reinforcement at the LRFD 5.10.6
interior should satisfy the shrinkage and temperature reinforcement requirements.

The spacing of shrinkage and temperature reinforcement shall not exceed the following: LRFD 5.10.6
12 in. for walls and footings greater than 18 in.

Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG5.16.01
Select a trial bar size bar == 6

Nominal diameter of a reinforcing steel bar dpgT = Dia(bar) = 0.75-in
Cross-section area of the bar AparsT = Area(bar) = 0.44- in2

Select a spacing for reinforcing steel bars SparST = 12-in

A -12in
. . . barST
Reinforcing steel area provided AProvidedST = L 0.44-in2

in the section SbarST

The required minimum shrinkage and temperature reinforcement area at the abutment wall was previously
calculated during the design of flexural reinforcement.

Required shrinkage and _ .2

temperature steel area Ashrink temp = 0-349-1n

Check if the provided steel area > Check := if (AsProvidedST > Ashrink.temp ,"OK" ,"Not OK") = "OK"
the required area of shrinkage and

temperature steel

The abutment wall design presented in this step provides the following details:
e No. 8 bars @ 12.0 in. spacing (A;=0.79 in.”/f}) as the back face flexural reinforcement

e No. 6 bars @ 12.0 in. spacing (A =0.44 in.”/f}) as the front face vertical shrinkage and temperature reinforcement

e No. 6 bars @ 12.0 in. spacing (A,=0.44 in.?/ft) as the front and back face horizontal shrinkage and temperature
reinforcement.
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Step 3.9 Structural Design of the Footing

Description

This step presents the structural design process for the abutment footing.

Page
131
131
137
146

Contents
Forces and Moments at the Base of the Footing
Toe Design
Heel Design

Shrinkage and Temperature Reinforcement
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Forces and Moments at the Base of the Footing

Step 3.5 presents the load effects at the base of the footing under different load cases and limit states. A summary is
presented in the following tables:
Factored shear force parallel to the transverse axis

Factored vertical force, Fy (kip/ft) of the footing, V., (Kip/f)
> Yu

Strength I | Service I Strength I | Service I
LCI 29.78 23.20 LCI 6.55 4.37
LCII 47.73 35.20 LCII 6.55 4.37
LC IV 39.86 30.70 LC IV 8.81 5.86

Factored moment about the longitudinal axis of the footing, M, p, (kip-f/ft)

Strength I | Service I
LCI 38.14 16.98
LC III 30.66 11.98
LC 1V 57.13 31.18

Note: The length of the footing and the abutment wall is 65.75 ftand 63.75 fi, respectively. Since the cantilevered
length of'the footing in the longitudinal direction is limited to 1 ft on each side, the shear and moment acting on
the footing in the longitudinal direction are small and do not require flexural and shear designs.

Toe Design
The necessary dimensions, loads, and the bearing pressure distribution are shown in the following figure:

64" ‘

|
dv
S~
. 090DC
3
“ i
Ctoe qd qmax
ToE

For structural design of an eccentrically loaded foundation, a triangular or trapezoidal bearing LRFD 10.6.5

pressure distribution is used.
According to the loads in the summary tables, Load Case IV under the Strength I limit state is identified as the
governing load case for the design of flexure and shear at the toe.

kip kip- ft
FVFLCastn = 39-863-—~ MyFtLC4str = 57133 —

131




Eccentricity in the footing width direction MyFtLC4stl

egi= ———— = 14331t
FVELcasul
F 6-¢
. .. . VFtLCA4Str] B
Maximum and minimum bearing pressure dmax = ALl 1 + ——— | = 4.834-ksf
Bfooting Bfooting
FyFtLCasul 6-eg
Amin = 1= = 1.072-ksf
Beo ot Bt
footing footing
The critical section for flexural design is at the front face of the wall. LRFD 5.12.8.4
. . . (qmax - qmin)
Bearing pressure at the critical section dtoe = 9min * —'(Bfooting - ltoe) = 3.069-ksf

Bfooting

A simplified analysis method is used in this example to determine the maximum moments at the front face of the
wall by selecting load factors to produce the maximum bearing pressure and minimum resisting loads. This method
is conservative and eliminates the need for using multiple combinations.

As shown below, minimum load factors are used for the resisting forces (such as the overburden and footing
self-weight) to calculate the maximum moment at the front face of the wall.

The moment demand at the critical section

2 2 2 2
1toe 1toe 1toe 1‘toe

M;Demand = dtoe’ 5 + (qmax - qtoe)' 3 0.9-We tfooting’ 5 1.0y (htoeDepth - tfooting)' 5

kip- ft

Mipemand = 67.396

Flexure Resistance LRFD 5.6.3.2

The design procedure consists of calculating the reinforcing steel area required to satisfy the moment demand
and checking the selected steel area against the requirements and limitations for developing an adequate moment
capacity, controlling crack width, and managing shrinkage and temperature stresses.

Select a trial bar size bar = 8§
Nominal diameter of a reinforcing steel bar dp,r = Dia(bar) = 1-in

Cross-section area of a bar on the

.2
flexural tension side Apygr = Area(bar) = 0.79-in

The spacing of the main reinforcing steel bars in walls and slabs shall not be greater than the LRFD 5.10.3.2
lesser of 1.5 times the thickness of the member or 18 in.
The spacing of shrinkage and temperature reinforcement shall not exceed the following: LRFD 5.10.6
12 in. for walls and footings greater than 18 in.
Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG5.16.01 and 5.22.01
Footing thickness tfooting = 3ft
Select a spacing for reinforcing steel bars Shar = 12-1in
Select a 1-ft wide strip for the design. Ay 12in ,
Area of tension steel provided in a 1-ft wide strip Agprovided = ——— = 0.79-in
Sbar

132




Effective depth dg = tfooting ~ Coverg = 32-in
Resistance factor for flexure bp =09 LRFD 5.5.4.2
Width of the compression face of the section b := 12in

f. — 4ksi
LRFD
Stress block factor B} := min| max| 0.85 - 0.05-| ——— [,0.65|,0.85| = 0.85
ksi 5.6.2.2
Solve the following equation of A, to calculate the required area of steel to satisfy the moment demand. Use an
assumed initial A value to solve the equation.
The initial assumption Ag = lin2
Gi NS PR
iven  Mipemand ft = & Ag fy| de — 5 0.85-f,b
Required area of steel AsRequired = Find(AS) = 0.475~in2

Check if Aproviged > Aoquired Check := if (Agprovided > AsRequired "OK" »"Not OK") = "OK"

d 1 ( AsProvided' fy
© 2| 085fb

ft

Moment capacity of the section
with the provided steel

Mprovided = Pf AsProvided fy’

kip- ft

Mp,oyided = 111.007-

AsProvided fy i
c:=———= =1.82:in
0.85-f,-31-b

Distance from the extreme compression
fiber to the neutral axis

Check the validity of the assumption, fg = fy Check f := if [di < 0.6,"OK" ,"Not OK") = "OK"

€

Limits for Reinforcement LRFD 5.6.3.3

The tensile reinforcement provided must develop a factored flexural resistance equal to the lesser of the cracking
moment or 1.33 times the factored moment from the applicable strength limit state load combinations.

Flexural cracking variability factor Np = 1.6  For concrete structures that are not precast segmental

Ratio of specified minimum yield
strength to ultimate tensile strength of
the nonprestressed reinforcement

N3 = 0.67 ForASTM A615 Grade 60 reinforcement

1

Section modulus S¢ = g'b'tfootingz = 2.592 x 103-in3

W3t Se kip- ft

Cracking moment or &

= 96.254-

1.33 times the factored moment demand kip- ft

133-MDemand = 89-637
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kip- ft

Required moment to satisfy the L _

minimum reinforcement requirement Mfeq T mm( 1:33Mipemand: MCf) = 89.637- ft

Check the adequacy of section capacity Check := if (MProvided > Mreq, "OK" , "Not OK") = "OK"
Control of Cracking by Distribution of Reinforcement LRFD 5.6.7

Limiting the width of expected cracks under service conditions extends the service life. The width of potential
cracks can be minimized through proper placement of the reinforcement. Checking for crack control assures
that the actual stress in the reinforcement should not exceed the service limit state stress.

The spacing requirement for the 700-~ e

mild steel reinforcement in the layer s < - 2-d. LRFD Eg. 5.6.7-1
closest to the tension face By fs

Exposure factor for Class 1 exposure Ve = 1.00

condition

Distance from extreme tension fiber to the d = C N dpar 45

center of the closest bar c T LOVeIf 2 m

Ratio of flexural strain at the extreme tension d c

face to the strain at the centroid of the Bg=1+ = 1.204

reinforcement layer nearest the tension face 0'7(tfooting - dc)

The calculation of tensile stress in nonprestressed reinforcement at the service limit state, f, requires establishing
the neutral axis location and the moment demand at the critical section.

The position of the cross-section's neutral axis is determined through an iterative process to calculate the actual
stress in the reinforcement. This process starts with an assumed position of the neutral axis as shown below.

Assumed distance from the extreme X :=5-in
compression fiber to the neutral axis

. E
Given 1 2_ 78
E'b‘x = E_‘AsProvided'(de - X)
c
Position of the neutral axis Xpg = Find(x) = 5.303-in

The vertical force and moment at the base of the footing from Load Case IV under the Service I limit state are:

kip kip- ft
FVFLCaser = 30-702: 7= MyprLcasert = 31.183-

ft
Eccentricity in the footing width R . MuFtLC_4SerI 1.016-ft
o ) N BSerl -~ -
direction under Service I limit state FVFtLC4Serl
Maximum and minimum bearing q — FVFLC4ser] 1+ O eBSerl = 3.301 -ksf
T maxSer] = ' o
pressure under Service I limit state Bfooting Bfooting
FVFtLC4Serl 6-eBSerl
dminSer] = 1= = 1.248-ksf
Bfooting Bfooting
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Bearing pressure at the critical
section under Service I limit state

(qmaxSerI - qminSerI)

dtoeSerl = 9minSerl © ‘(Bfooting - 1toe)

Bfooting
dtoeSer] = 2-338-ksf

The moment at the critical section under the Service I limit state:

2

lioe

2 2 2
1toe 1toe 1toe

M;Serl *= 9toeSerl * {9maxSerI ~ YtoeSerl) — We'tfooting’ ~ Vs’ \NtoeDepth ~ tooting )’
2 3 2 2

Tensile force in the reinforcing steel due
to the service limit state moment

Stress in the reinforcing steel due to the
service limit state moment

f (not to exceed 0.61))

Required reinforcement spacing

Check if the spacing provided <the
required spacing

Shrinkage and Temperature Reinforcement Requirement

kip- ft
M;ger = 41.109-
M
Serl
Ty = ————ft = 16.3-kip
d Xna
3
Ty
fog1 = ———— = 20.655-ksi
A .
sProvided

fgs = min(fgg1 , 0.66y) = 20.655-ksi

kip
700-~ .- —
e in .
— 2~dC = 19.146-in

S ed =T
barRequired By fig

Check := if (Spar < SharRequired: "OK" > "Not OK" ) = "OK"

The following calculations check the adequacy of the flexural reinforcing steel to control shrinkage and

temperature stresses in the toe:

Minimum area of shrinkage and
temperature reinforcement

Check if the provided area of steel >
the required area of shrinkage and
temperature steel

LRFD 5.10.6
_ ‘2 _
m
(0.60 —]
ft
_ 7 _

- 0.11 — 2
Ashrink.temp ‘= min TR ft = 0.319-in

max kip
13- Bfooting' tfooting' in-ft

2(Bfooting + tfooting)'fy

Check := if (Agprovided > Ashrink temp "OK" > "Not OK") = "OK"
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Design for Shear

Effective width of the section b=12-in
A caq- T
. Provided
Depth of equivalent rectangular stress block a:= S ovieee Y 1.549-in
0.85-fb
LRFD
Effective shear depth a .
dy = max(de —5 0.9-d, 0'72‘tfooting) =31.225-in 5.7.2.8

The critical section for shear at the toe is located at a distance d,, from the front face of the wall.

Distance from the toe to the critical section

Ighear = lioe — dy = 3.731 ft

(qmax - qmin)

Bearing pressure at the shear critical section dd *= 9min + '(Bfooting - lshear) = 3.794-ksf

Bfooting

As shown below, minimum load factors are used for the resisting forces (such as the overburden and footing
self-weight) to calculate the maximum shear at the shear critical section.

Factored shear force (demand) at the shear critical section

' (qmax + qd)
VuFtToe = B “Ishear — 0'9'Wc'tf00ting'1shear - L0~y (htoeDepth - tfooting)' Ishear
kip

ViFtToe = 12.794: e

The simplified procedure for nonprestressed sections can be used for the design of shear in LRFD5.7.34.1

concrete footings when the distance from the point of zero shear to the face of the wall is

less than 3d,..

Check if the distance 1, is less than 3d, Check = if(l,[Oe < 3-dy,"Yes" ,"No") ="Yes"

Therefore, the simplified procedure is used.

Factor indicating the ability of diagonally B:=2
cracked concrete to transmit tension and shear

Nominal shear resistance of concrete, V., is calculated as follows:

V| = 0.0316-B- [fksi-b-d, = 42-kip LRFD Eq.5.7.33-3

Voo = 0.25f-b-d, = 288-kip LRFD Eq.5.7.3.3-2
Vp = min(Vg, Veo) = 42.035-kip
Resistance factor for shear by =09 LRFD 5.5.4.2
Factored shear resistance (capacity) Vi = &y V,, = 37.831-kip
Vi
Check if the capacity > the shear demand Check := if (F > Vi FtToe» OK","Not OK") = "OK"
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Development Length of Reinforcement

The flexural reinforcing steel must be developed on each side of the critical section for its LRFD 5.10.8.1.2

full development length.

Available length for rebar development

Basic development length

Reinforcement location factor

Coating factor
Reinforcement confinement factor

Excess reinforcement factor

Factor for normal weight concrete

Required development length
Check ifld.available > 1d.required

Heel Design

ld.available = ltoe — Coverg = 6ft

f
LRFD Eq.5.10.8.2.1a-2
Igp = 2.4+ dpy ——— = 6.928 ft ®-510.8.21a
/fc~ksi
>\1.1 =1 No more than 12 in. concrete below

Af =15 Epoxy coated bars with less than 3d;, cover

Nc =04 For ¢, >2.5 in. and No. 8 bars or smaller

A .
Ny = —neauired 601 LRFD Eq,5.10.8.2.1c4
AsProvided
A=1
] (>‘rl Aef Nre >‘cr) LRFD Eq.
ld required = ldb N =2499ft  5.10.8.2.1a-1

Check := if(ld.available > 1d.required> "OK" , "Not OK") = "OK"

The necessary dimensions, loads, and the bearing pressure distribution are shown in the following figure:

175Ls 1-6"
1 1 I
. T
| ¢ Bearing ;,)
‘ ¥
e +
1.35 EV
1
| i
_-3 I_2 LU | F:__
~4-0" L
1.25DC ::
1 1
qmln | } } J I
— 1 | Qmax
Gheel I

T
—
@
&
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The self-weight of the footing, the weight of soil, live load surcharge and the bearing pressure act on the heel. The
critical load combination for the design selects the load factors to produce the minimum vertical loads and
maximum eccentricities resulting in the minimum bearing pressure.

The critical location for the design of flexure is located at the back face of the wall. LRFD 5.12.8.4

In the general case of a cantilever abutment wall, where the downward load on the heel is
larger than the upward reaction of the soil under the heel, the top of the heel is in tension.
Therefore, the critical section for shear is taken at the back face of the abutment wall.

LRFD C5.12.8.6.1

Load cases I, III, and IV under the Strength I limit state are used to calculate the maximum moment and shear at
the critical sections.

Load Case |
. . kip Step 3.6, sliding
Minimum vertical force FVELC1StrIMin = 21.662- ry resistance check
o . kip-ft Step 3.6, eccentric
Factored moment about the longitudinal axis MyFriLcist = 38136 Py load limitation check
of'the footing
M
. . . o FtLC1Strl
Eccentricity in the footing width direction eg = J L 1.761-ft
FVFtLC1StrIMin
. . . FVFtLC1StIMin 6-eg
Maximum and minimum bearing pressure dmax = A1+ = 2.86-ksf
Bfooting Bfooting
FVFLC1StIMin 6-eg
Admin = 1= = 0.349-ksf
Bfooting Bfooting
. iy . Iheel
Bearing pressure at the critical section AheelLC1StT = 9min * (qmax - qmin)— = 1.093-ksf
Bfooting
Factored moment at the critical section
Iy ool I I
) heel heel heel 1 2
MiLcisut = 125 Wetgooting: 5 + L.35EV earthBk 5 Imin’ lheel > g(qheelLCIStrI - qmin) Theel
kip- ft
M st = 12.671-—¢

Factored shear force at the critical section

VuHeelLC18trT = 125 Wettooting Theel + 1-35EVearthBk — dmin’ lheel ~ % (qheelLCIStrI - qmin)' Iheel
kip
VuHeelLC 1St = 5-839- o
Load Case 111
Two cases need to be considered: without and with the live load.
Without the live load:

Minimum vertical force F _ 26754 kip Step 3.6, sliding
VFtLC?) Stl‘lMin_nOLL - 675 ’ ? resistance check
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Factored moment about the longitudinal axis of
the footing

Eccentricity in the footing width direction

Maximum and minimum bearing pressure

Bearing stress at the critical section

Factored moment at the critical section

2
1heel

kip .
MuF{LC3SuT _noLL = 34635 ft-—-= Step 3.6, eccentric
- load limitation check

MyFtLC3StrI noLL
eg = = = 1.295-ft

FYFtLC3StrIMin_noLL

FVFLC3StrIMin_noLL 6-ep
dmax = = 1+ = 3.122-ksf
B : B :
footing footing
FVFLC3StrIMin_noLL 6-eg
Amin = = 4= = 0.842-ksf
B : B :
footing footing
) Iheel
dheelLC3StrI = 9min ™ (qmax - qmin) Be .. 1.517-ksf
footing

lheel lheel 1

2
MiLc3stl noLL = 125 Wetgooting: 5 + L.3SEV earthBk 5 dmin’ lheel 5 g(qheelLCZ%StrI - qmin) Iheel

Factored shear force at the critical section

kip- ft

MiLc3Strl noLL = 8-913

1
VuHeelLC3Strl noLL = 1:25-We tfooting theel + 1-35EVearthBk ~ dmin’ lheel = 5 (qheelLC3StrI - qmin)' Iheel

With the live load:

Minimum vertical force

Factored moment about the longitudinal
axis of the footing

Eccentricity in the footing width direction

Maximum and minimum bearing pressure

Bearing pressure at the critical section

kip
VuHeelLC3 Strl_noLL ~ 4.006- ?

kip Step 3.6, sliding
FVFLC3StrIMin = 363 04'? resistance check
Kip- fi
MyFtLC3str1 = 30-656: Step 3.6,
summary table
MyFtLC3str 0.844. 1
eB = = U .
FVFLC3StrIMin
FVFLC3StrIMin 6-ep
G = 14+ ———| =3.698 kst
Bfooting Bfooting
FVFLC3StrIMin 6-e
Qg = 1o —— | = 1.68-ksf
Bfooting Bfooting

1
heel
)L — 2.278-ksf

dheelLC3StrI = 9min (qmax ~ dmin) footi
ooting
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Factored moment at the critical section

2
) 1heel 1heel 1heel 1 2
MiLcasut = 125 Wetgooting: 5 + L.35EV earthBk 5 Imin’ lheel 5 g(qheelLC3StrI - qmin) Theel
Kip- ft
M casun = 2413 —

Factored shear force at the critical section

1
VuHeelLC3StrT = 125 Wettooting Theel * 1-35EVearthBk — dmin’ lheel ~ E'(qheelLC3StrI - qmin)'lheel
kip
VuHeelLC3str1 = 0-808-—~
Load Case IV

Two cases need to be considered: without and with the live load surcharge.

Without the live load surcharge:
kip Step 3.6, sliding

Minimum vertical force Fyric 4StrIMin_noLS = 26.754- o resistance check
Factored moment about the longitudinal M _ 18.891. kip- ft Step 3.6, eccentric load
axis of the footing uFtLC4Strl_noLS ~ =% ft limitation check
MyFtLC4StrI noLS
Eccentricity in the footing width direction ‘B~ F - = 13681t
VFtLC4StrIMin

FVEtLC4StrIMin noLS 6-eg
= 11+ — 3.186-ksf

Maximum and minimum bearing pressures Admax =
Bfooting Bfooting
FVFtLC4StrIMin_noLS 6-eg
Admin = = 1= = 0.777-ksf
Bt Benti
footing footing
. iy . Iheel
Bearing pressure at the critical section AheelLC4StT = 9min (qmax - qmin)B— = 1.491-ksf
footing
Factored moment at the critical section
2
Mheel Iheel lheel 1

2
MiLc4stl noLs = 125 We tfooting’ 5 + L.35EV earthBk 5 dmin’ lheel > g(qheelLC4StrI - qmin) Iheel

kip- ft

MiLc4Strl noLs = 9-327-
Factored shear force at the critical section

1
VuHeelLC4Strl noLS = 125 Wetfooting Theel T 1-35EV earthBk ~ 9mintheel — E‘(qheelLC4StrI - qmin)‘lheel

kip
VuHeelLC4StrI_n0LS = 4.187- ?
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With the live load surcharge:

.. . ki -
Minimum vertical force FVERiLC4StIMin = 28434 Ttp Step 3.6, sliding
resistance check
o kip- ft Step 3.6 b
Fagtored moment about the longitudinal MyFiLc4astrr = 57-133 tep 3.6, summary table
axis of the footing
MyFtLc4stl
Eccentricity in the footing width direction B~ F = 2.009-ft
VFtLC4StrIMin
. . . FVFtLC4StrIMin 6-eg
Maximum and minimum bearing pressure dmax = A1+ = 3.987-ksf
Benti Bt
footing footing

_ FVFLc4suiMin 6-cg
Ammin = 1= = 0.225-ksf

Bfooting Bfooting
. iy . Iheel
Bearing stress at the critical section AheelLC4StT = 9min (qmax - qmin)B—. = 1.34-ksf
footing
Factored moment at the critical section
Iy ool I I
) heel heel heel 1 2
MiLcasut = 125 Wetgooting: 5 + L.35EV earthBk 5 Imin’ lheel 5 g(qheelLC4StrI - qmin) Theel
kip- ft
Mrpcasyn = 12.672-—¢

Factored shear force at the critical section

VuHeelLC4StrT = 125 We ttooting Theel + 1-35EVearthBk — dmin’ lheel ~ % (qheelLC4StrI - qmin)' Iheel
kip
VuHeelLC4St = 3 '593'?
Moment demand at the critical section
Kip- ft
ft

MHeelDemand = 1maX(MrLC 1Strl> MrLC3Strl noLL > MrLC3Strl > MrLC4StrI noLS> MrLC4StrI) = 12.672-

Shear demand at the critical section
VHeelDemand = max(VuHeelLC 1Strl> VuHeelLC3StrI noLL > YuHeelLC3Strl» YuHeelLC4Str] noLS: vuHeelLC4StrI)
VHeelDemand = 3-83%- %
Flexure Resistance LRFD 5.6.3.2

The design procedure consists of calculating the reinforcing steel area required to satisfy the moment demand
and checking the selected steel area against the requirements and limitations for developing an adequate moment
capacity, controlling crack width, and managing shrinkage and temperature stresses.

Select a trial bar size bar == 6
Nominal diameter of a reinforcing steel bar dp,r = Dia(bar) = 0.75-in

Cross-section area of a bar on the flexural

.2
tension side Apgyp = Area(bar) = 0.44-in
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The spacing of the main reinforcing steel bars in walls and slabs shall not be greater than the LRFD 5.10.3.2
lesser of 1.5 times the thickness of the member or 18 in.

The spacing of shrinkage and temperature reinforcement shall not exceed the following: LRFD 5.10.6
12 in. for walls and footings greater than 18 in.
Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG5.16.01 and 5.22.01
Footing thickness tfooting = 3ft
Selected spacing of reinforcing bars Shar = 12-1n

Select a 1-ft wide strip for the design.
Apyp 12in

Area of tension steel provided in a 1-ft wide strip Agprovided = ——— = 0.44- in2
Sbar
Effective depth dg = tfooting ~ Coverg = 32-in
Resistance factor for flexure bp =09 LRFD 5.5.4.2
Width of the compression face of the section b := 12in
Stress block factor B1 =035

Solve the following equation of A, to calculate the required area of steel to satisfy the moment demand. Use an
assumed initial A value to solve the equation.

Initial assumption Ag = lin2

Given M fi= brAf|d - Ay
tven  MpeelDemand It = @f Agly|de = 5
y 2 { 0.85-f,b

Required area of steel AsRequired = Find(AS) = 0.088~in2

Check if Aproviged > Aoquired Check := if (Agprovided > AsRequired "OK" »"Not OK") = "OK"

d 1 ( AsProvided' fy
© 2| 085fb

Moment capacity of the section

with the provided steel Mprovided = ®fAsProvided Ty ft
kip- ft
Mprovided = 62-506- ft
A caq- T
. . Provided
Distance from the extreme compression c:= S OvVIeee Y 1.01-in
fiber to the neutral axis 0.85-f,-By-b
Check the validity of the assumption, fg = fy Check_f := if [di < 0.6,"OK" ,"Not OK") = "OK"
e
Limits for Reinforcement LRFD 5.6.3.3

The tensile reinforcement provided must be adequate to develop a factored flexural resistance at least equal to the
lesser of the cracking moment or 1.33 times the factored moment from the applicable strength limit state load
combinations.
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Flexural cracking variability factor Np = 1.6 Forconcrete structures that are not precast segmental

Ratio of specified minimum yield
strength to ultimate tensile strength of N3 = 0.67 ForASTMA615 Grade 60 reinforcement
the nonprestressed reinforcement

1

N 2 3.3
Section modulus S¢ = 6 b-tfooting = 2392 > 107-in
Y3 S kip- fi
Cracking moment or = BEEE T 96.254- b
ft ft
) kip- ft
1.33 times the factored moment demand 1.33-MyeelDemand = 16-854- p
t
Required factored moment to satisfy the . _ kip-ft
minimum reinforcement requirement Mfeq T mln(l'33MHeelDemand’Mcr) = 16.854- ft
Check the adequacy of the section capacity Check := if (MProvided > Mreq, "OK" , "Not OK") = "OK"
Control of Cracking by Distribution of Reinforcement LRFD 5.6.7

Limiting the width of expected cracks under service conditions extends the service life. The width of potential
cracks can be minimized through proper placement of the reinforcement. Checking for crack control assures
that the actual stress in the reinforcement should not exceed the service limit state stress.

The spacing requirement for the mild steel 700-~,

reinforcement in the layer closest to the s < - 2-d. LRFD Eg. 5.6.7-1
tension face Bs fs

Exposure factor for Class 1 exposure condition Ve = 1.00

Distance from extreme tension fiber to the .
d.:= Coverg = 4-in

center of the closest flexural reinforcement ¢
Ratio of flexural strain at the extreme tension d
: . c
face to the strain at the centroid of the Bg=1+ =1.179
reinforcement layer closest to the tension face 0'7(tfooting - dc)

The calculation of tensile stress in nonprestressed reinforcement at the service limit state, f, requires establishing
the neutral axis location and the moment demand at the critical section.

The position of the cross-section's neutral axis is determined through an iterative process to calculate the actual
stress in the reinforcement. This process starts with an assumed position of the neutral axis as shown below.

Assumed distance from the extreme X :=5-in
compression fiber to the neutral axis

. 1 2 _ Eq
Given —bx = — AsProvided' (de - X)
2 E.
Position of the neutral axis Xpg = Find(x) = 4.049-in
Maximum and minimum bearing pressure under
Service I limit state dmaxSer] = 3-301-ksf dminSer] = 1-248-ksf
(from the toe design)
) . . (qmaXSerI - qminSerI)

Bearing pressure at the critical section dHeelSerl = 9minSer] * ‘lheel = 1.856-ksf

Bfooting
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The moment at the critical section under the Service I limit state

2
) Iheel Iheel
MheelSert = We' footing” B + EVearthBk 5
I ool ool
heel heel heel
+ VLSFooting’ 5 dminSerl’ ™5 (quelSerI - qminSerI)' 6
kip- ft
MheelSert = 3-507:
M
. . heelSerl
Tensile force in the reinforcing steel due Tg:= e ft = 1.4-kip
to the service limit state moment Xna
Ry
T
Stress in the reinforcing steel due to the fgq1 = — = 3.12-ksi
service limit state moment AsProvided
f, (not to exceed 0.6f) fgs = min(fgg1, 0.6fy) = 3.12-ksi
i
Required reinforcement spacing SbarRequired = B—fm —2-d, = 182.337-in
s’ 'ss
Check if the spacing provided <the Check := if (Sbar < SparRequired* "OK" , "Not OK") = "OK"
required spacing
Shrinkage and Temperature Reinforcement LRFD 5.10.6
The required minimum shrinkage and temperature reinforcement area was calculated previously for the toe.
.2
Required shrinkage and temperature steel area Ashrink.temp = 0.319-In
Check if the provided area of steel > the Check := if (AsProvided > Ashrink.temp ,"OK" , "Not OK" ) = "OK"
required area of shrinkage and temperature steel
Design for Shear
The critical section for shear in the heel is located at the back face of the abutment wall. LRFD C5.12.8.6.1
K
Shear demand at the critical section VHeelDemand = 3-839 =P
(max. from the load cases) ft
Effective width of the section b=12-in
Depth of the equivalent rectangular AsProvided fy .
a=—————=0.863in
stress block 0.85-f; b
a LRFD
Effective shear depth dy = max(de — 5 ,0.9-dg, 0'72‘tfooting) = 31.569-in 5.7.2.8
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The simplified procedure for nonprestressed sections can be used for the design of shear LRFD5.7.34.1
in concrete footings when the distance from the point of zero shear to the face of the wall
is less than 3d,,.

Check if the distance | <3d, Check := if (Ipee] < 3-dy, "Yes","No") = "Yes"

Therefore, the simplified procedure is used.

Factor indicating the ability of diagonally
cracked concrete to transmit tension and shear

B:=2
Nominal shear resistance of concrete, V., is calculated as follows:

V| = 0.0316-B- [fksi-b-d, = 42-kip LRFD Eq.5.7.33-3

Voo = 0.25f-b-d, = 288-kip LRFD Eq.5.7.3.3-2
Vp = min(Vg, Veo) = 42.035-kip
Resistance factor for shear by =09 LRFD 5.5.4.2
Factored shear resistance (capacity) Vi = &y V,, = 37.831-kip

. . \Y
Check if the shear capacity > the demand e r WA " o
Check = 1f(€ > VHeelDemand:  OK" », "Not OK j = "OK

Development Length of Reinforcement

The flexural reinforcing steel must be developed on each side of the critical section for its LRFD 5.10.8.1.2
full development length.
Available length for rebar development 14 available == Ihee] — Coverg = 44-in
f,
Basic development length lgp = 2-4-dpgy Y _ 519t LRFD Eq.5.10.8.2.1a-2
[fo-ksi
Reinforcement location factor N = 1.3 More than 12 in. concrete below
Coating factor Aof = 1.5 Epoxy coated bars with less than 3d,, cover
Reinforcement confinement factor Ac = 04  Forcy>2.5 in. and No. 8 bars or smaller
_ AsRequired 0.201
i er - LRFD Eq.5.10.8.2.1c4
Excess reinforcement factor Agprovided q.5.10.8.2.1¢
Factor for normal weight concrete Ai=1
| . (N1 et Mo Ner) _ 754, LRFDEq
Required development length d.required -~ “db’ N =% 510.82.1a-1

Check if ld,avaﬂab1e>1d,require d Check := lf(ld.available = 1d.required> OK","Not OK ) ="0OK

145




Shrinkage and Temperature Reinforcement Design

The following calculations check the required amount of reinforcing steel in the secondary direction
to control shrinkage and temperature stresses in the footing.

The reinforcement along the longitudinal direction of the footing at the top and bottom should LRFD 5.10.6
satisfy the shrinkage and temperature reinforcement requirements.

The spacing of shrinkage and temperature reinforcement shall not exceed the following: LRFD 5.10.6
12 in. for walls and footings greater than 18 in.

Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG 5.16.01 and 5.22.01
Select a trial bar size bar == 6
Nominal diameter of a reinforcing steel bar dpgT = Dia(bar) = 0.75-in

.2
Cross-section area of the bar AparST = Area(bar) = 0.44-in

Select a spacing for reinforcing steel bars SparsT = 121
A -12in

. . S . barST

Reinforcing steel area provided in the section AProvidedST = L 0.44. in2
SbarST

Required minimum area of shrinkage. and Ashrink.temp = 0.319- in2
temperature reinforcement in the footing
Check if the provided steel area > Check := if (AsProvidedST > Ashrink.temp ,"OK" ,"Not OK") = "OK"

the required area for shrinkage and
temperature steel

The footing design presented in this step provides the following details:
e No. 6 bars @ 12.0 in. spacing (A= 0.44 in.?/f}) as the transverse flexural reinforcement at the top of the footing

e No. 8 bars @ 12.0 in. spacing (A, =0.79 in.?/f}) as the transverse flexural reinforcement at the bottom of the
footing

e No. 6 bars @ 12.0 in. spacing (A= 0.44 in.>/f}) as the longitudinal shrinkage and temperature reinforcement at the
top and bottom of the footing.
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Note: Refer to MDOT Bridge Design Guides for additional bars, laps, embedment, and keyway
dimensions. They are not shown in this drawing for clarity of the main reinforcement.
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Section 4 Abutment with Piles

Step 4.1 Preliminary Abutment Dimensions

Description

This step presents the selected preliminary abutment dimensions.

The design criteria, bridge information, material properties, reinforcing steel cover requirements, soil types
and properties, along with superstructure loads are taken from Section 2.
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This section presents the design of a full-depth reinforced concrete cantilever abutment with pile supports.

The structural design of the backwall and abutment wall is presented in Section 2. The pile design presented in
this example covers structural design aspects assuming that the geotechnical design is performed by the
Geotechnical Services Section.

The designers select the preliminary dimensions based on state-specific standards and past experience. The
following figure shows the abutment geometry and dimensional variables:
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The selected preliminary dimensions are listed below:
Abutment length

The abutment has an independent backwall with a sliding deck.
Backwall height
Backwall thickness
Abutment wall height
Abutment wall thickness

Distance from the toe to the front face
of the abutment wall

Distance from the heel to the back face
of the abutment wall

Distance from center of the bearing pad
to the back face of the abutment wall

Footing width

Footing length

Labut = Wdeck = 63.75ft

BDG 6.20.03A

hbackwall = 4.251ft

tbackwall = Ift + 6in = 1.5 ft

hwall = 17.544t
twall = 3ft + 2in = 3.167 ft
lige == 11t + 3in = 1.25ft

lheel = 6ft + 7in = 6.583 ft

lbrtowall = 2ft + 4in = 2.333 ft

Bfooting = ltoe * heel * twall = 111t

Looting = Labut + 1ft + 1ft = 65.75 ft

Note: The footing extends 1-ft beyond the end of the wall on either side.

Footing thickness

Toe fill depth to the bottom of the footing

Note: Bottoms of footings are normally set 4 ft below the existing or proposed ground line to

tfooting = 3t

htoeDepth = 71t

avoid frost heave. The depth of embedment could be deeper when pavement sections are

over the top of the footing.

Passive earth pressure is excluded from the footing design.

BDM 7.03.02 F

BDM 7.03.02 D
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Step 4.2 Application of Dead Load

Description

This step describes the application of the dead load on the abutment.
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The common practice is to apply superstructure dead load as a uniformly distributed load over the length of the
abutment. This is accomplished by adding exterior and interior girder end dead load reactions and dividing this

quantity by the abutment length.

Dead load of superstructure

Weight of structural components and
non-structural attachments (DC)

Weight of the future wearing surface (DW)

Backwall weight

Abutment wall weight

Footing weight

2RpCEx + (Nbeams = 2) RpCin kip
DCgyp = = 5.658 —
Labut ft
2 RpwEx * (Noeams ~ 2) RDWin Kip
DWgyp = ~ 0.886 —=
Labut ft
. kip
DChackwall = Mbackwall tackwall We = 0-936- 7=
. kip
DCyall = hyall twai We = 8:332- 7=
. kip
Dcfooting = Bfooting'tfooting'wc =4.95 i
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Step 4.3 Application of Live Load

Description

Please refer to Step 2.3 for the application of live load on the structure.
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Step 4.4 Application of Other Loads

Description

This step typically includes the calculation of braking force, wind load, earth load, and temperature load.

Since piles and a pile cap are selected to replace the spread footing in Section 2, all other dimensions of the
abutment remain consistent. Only the calculation of the earth load is different from Step 2.4. Therefore,
please refer to Step 2.4 for the rest of the calculations.
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Earth Load

The earth load includes lateral earth pressure, live load surcharge, and vertical earth pressure on the footing.

As per the Geotechnical Services Section, the groundwater table is not located in the vicinity of the foundation.
Therefore, the effect of hydrostatic pressure is excluded. The hydrostatic pressure should be avoided, if possible,
at abutments and retaining walls through the design of an appropriate drainage system.

Lateral Load Due to Lateral Earth Pressure

The lateral loads due to earth pressure are calculated.

Backwall
Lateral earth pressure at the base Pow = Ko Vs Dpackwal] = 0-153-ksf LRFD Eq. 3.11.5.1-1
1 kip
Lateral load PEHBackwall = 5 Pbw’ Mpackwall = 0325'?
Abutment Wall
Lateral earth pressure at the base Pwall = Ky "fs'(hbackwall + hwall) = 0.784-ksf
1 kip
Lateral load PEHWall = 5 Pwall (hbackwall *+ hwall) = 8.546- ==
Footing
Lateral earth pressure at the base P = Ky 'Ys'(hbackwall + hyap + tfooting) = 0.892-ksf
1 ip
Lateral load PEHF ooting = E'pft'(hbackwall + hyyan) + tfooting) = 11.062- R
Vertical Earth Load on the Footing
: kip
Back side (heel) EVeartth = ’\{S- lheel' (hbackwall + hwall) =17.214- ?
: kip
Front side (toe) EVearthFt = Vs 1toe'(htoeDepth - tfooting) - 0‘6'?
Live Load Surcharge
Live load surcharge is applied to account for a vehicular live load acting on the LRFD 3.11.6.4
backfill surface within a distance equal to one-half the wall height behind the back
face of the wall.
Height of the abutment hbackwall + hwall + tfooting = 24.79 ft
Equivalent height of soil for vehicular load heq = 2ft LRFD Tablk 3.11.6.4-1
Lateral surcharge pressure op = kg Vg heg = 0.072-ksf LRFD Eq. 3.11.6.4-1
Backwall
: kip
Lateral load PLSBackwall = Up'hbackwall = 0.306-?
Abutment Wall Kip
Lateral load PLSwall = 0-p'(hbackwall + hwall) = 1'569'?
Footing
kip
Lateral load P SFooting = 0-p'(hbackwall + hya)r + tfooting) = L.785 Y
: kip
Vertical load VLSFooting =g lheel'heq = 1.58-?
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Step 4.5 Combined Load Effects

Description

This step describes the procedure for combining all load effects and calculating the total factored forces and
moments acting at the base of the backwall, abutment wall, and footing.

The total factored forces and moments at the base of the backwall and abutment wall are similar to the ones
in Step 2.5. Therefore, this step only shows the calculation of the total factored forces and moments at the

base of the footing.
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Forces and Moments at the Base of the Footing

Load Cases I, III, and IV are considered. In addition to all the loads considered for the abutment

. . o LRFD 3.6.2.1
wall, weight of soil (earth load) on the toe and heel, along with live load surcharge on the heel,
are considered.
The dynamic load allowance is excluded from the live load for foundation components that are
located entirely below the ground level.
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Strength I

Strength [=1.25DC +1.5DW +1.75LL+1.75BR + 1.5EH + 1.35EV + 1.75LS+0.5TU
Load Case |

Factored vertical force at the base of the footing
) kip
FyFrLcisul = 1'25'(chackwall + DCyall + Dcfooting) + 1'35'(Eveartth + EVeartth) = 41'846'?
kip

Factored shear force parallel to the .
VuFLC1SuT = 15" PEHFooting = 16593

transverse axis of the footing

The vertical earth load of the backfill soil reduces the critical moment about the footing LRFD 3.4.1
longitudinal axis. This requires using the minimum load factor of 1.0 for EV instead of the
factor 1.35 in the Strength I combination.

This is the same for the moment calculated about the longitudinal axis of the footing for all the
load cases and limit states.

Factored moment about the longitudinal axis of the footing

) thackwall Bfooting twall Bfooting
MypLcisul = 125 DCpackwall' | heel * ——— == | T 120G theet * 5 5 |
(hbackwall + hyyan) + footing Bfooting lioe
+ ISPEHFOOtlng 3 + IBSEVCaTtth —2 — T
Iheel Bfooting
+ 1'0‘EVeartth' > - 5

kip- ft

MyrtLciser = 133.008-

Load Case 11

Factored vertical force at the base of the footing
FyFRLC3sul = 1'25'(DCSup + DChackwall t PCyall * Dcfooting) + 1'SDWSup + 1'75RLLFootingMax

+1.35 '(Eveartth + EVeartth)

kip
FVFLcasur = 397987~
Factored shear force parallel to the . _ kip
transverse axis of the footing VurtLC3strl = 13- PEHFooting = 16'593'?[
Factored moment about the longitudinal axis of the footing
) thackwall Bfooting twall Bfooting
Murceastl = 125 DCpackwall' | heel * ——— == | T 120Gl theet * 55— |
Bfooting
+ (1'25'DCSup + 1'S'DWSup + 1'75'RLLF00'[ingMax)' theel + lbrtowall — B
(hbackwall + hyyar) + tfooting)
+ 15PEHFOOtIIlg 3
Iheel Bfooting Bfooting ltoe
+ 1.0-EVeartth' > - 5 + 1.35'EVeartth' —2 - T

kip- ft

MyFtLc3stl = 194.344-
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Load Case IV
Factored vertical force at the base of the footing

FyFRLCasul = 1'25'(DCSup + DChackwall T PCyall * Dcfooting) + 1.5DWgyp -
+ 1'35'(Eveartth + EVeartth) +1.75 vLSFooting

kip

FVFiLcasu = 33.013- 2=
Factored shear force parallel to the ) kip
ransverse axis of the footing VuFtLC4Sul = 13" PEHFooting * 1-7PLSFooting * 0-3TU = 19.855- ==

Factored moment about the longitudinal axis of the footing

ackwa ootin wa ootin
. tbackwall ~ Bfooting twall  Bfooting
MyrtLcastl = 125 DCpackwall' | heel * ——— == | T 120Gl theet * 55— |
Bfooting
+(1.25-DCgyp, + 1.5-DWgyp )| heel * Ibriowall ~ — |-
+15.p (hbackwall + hyyar) + tfooting) 15V Iheel Bfooting
2" VEHFooting’ 3 : LSFooting’ ), )
(hbackwall R tfooting) Iheel Bfooting
+ 175PLSF00tll’lg > + 1OEVeartth 5 - 5
1.35-EV Broting _ we | | 0 5 100 1+t
+ 1.9 EVearthFt' 2 Ty + 0.5 ( wall + footmg)

kip- ft
ft

MyFrtLcastr = 197.175-
Service I

Service [=1.0DC +1.0DW +1.0LL+1.0BR+ 1.0WS+1.0WL+1.0EH + 1.0EV +1.0LS+1.0TU

Load Case |
Factored vertical force at the base of the footing
kip
FyrtLci1Ser! = PCvackwall + PCwall + Dcfooting + EVearthBk + EVearthFt = 32'052'?
Factored shear force parallel to the v _p _11.06 2.@
transverse axis of the footing uFtLCl1Serl -~ "EHFooting = * f

Factored moment about the longitudinal axis of the footing

_ thackwall Bfooting twall Bfooting
MyrtLC1SerI = DChackwall'| theel * 2 - 2 + DCyalr'| Theel * 5 >
(hbackwall + hyyanr + tfooting)

+ PEyF ooting’ 3

Iheel Bfooting
+ EVearthBk -

Bfooting ltoe
*EVearthpe | =5 ~ 5
kip- ft
ft

MyrtLC1Sert = 80-288:
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Load Case 111

Factored vertical force at the base of the footing

FyFLC3SerT = DCSup + DChackwall + PCyall * Dcfooting + DWSup + RLLFootingMax
+ (Eveartth + EVeartth)

kip
FVFLC3Sert = 44.053- =~
Factored shear force parallel to the v _p 1106 2.@
transverse axis of the footing uFtLC3Serl -~ “EHFooting = * f

Factored moment about the longitudinal axis of the footing

_ thackwall Bfooting twall Bfooting
MurtLc3Serl = PCbackwall| lheet ¥ = ~ 5 | * PCyalr| theel ¥ 5~ ~ 7
Bfooting
+ (DCSup + DWSup + RLLFootingMax)' Iheel * lbrtowall ~ 2

(hbackwall + hyyan + tfooting)
+ PEHFooting' 3

Iheel Bfooting
+ EVearthBk -

Bfooting ltoe
+ EVearthFt ) T

kip- ft
ft

MyFtLc3sert = 121.293:
Load Case IV

Factored vertical force at the base of the footing

FyrtLc4sert = PCsup + PChackwall  PCwall + PCfooting + PWsup -
+ EVearthFt * EVearthBk * VLSFooting

kip
FVFtLCasert = 40-176- =~

Factored shear force parallel to the . kip
transverse axis of the footing VuFtLC4Serl = PEHFooting * PLSFooting * TU = 13 '124'?

Factored moment about the longitudinal axis of the footing

_ thackwall Bfooting twall Bfooting
MyFtLC4Serl = DChackwall'| theel 2 - 2 + DCyalr'| Theel * 5 >
Bfooting (hbackwall + hya)r + tfooting)

+ (DCgyp + DWsyp) | theel * lbrtowall = ) ¥ PEHFooting 3

Iheel Bfooting Bfooting ltoe
+ EVearthBk - ) + EVearthFt ) T

Iheel Bfooting (hbackwall + hyyar) + tfoo‘[ing)
+ VLSFooting' , ) + PLSFooting' 3

+ TU- (hwall * tfooting)

kip- ft
ft

MyFtLc4Sert = 126.982-
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Summary of Forces and Moments at the Base of the Footing

Factored vertical force, Fy (kip/ft)

Strength I | Service I
LCI 41.85 32.05
LCIII 59.80 44.05
LC IV 53.01 40.18

Factored moment about the longitudinal axis of the footing, M, p, (kip-ft/ft)

Strength I | Service I
LCI 133.01 80.29
LC III 194.34 121.29
LC IV 197.18 126.98

Factored shear force parallel to the transverse axis

ofthe footing, V p, (kip/ft)

Strength I | Service I
LCI 16.59 11.06
LCIII 16.59 11.06
LC IV 19.85 13.12

161




Step 4.6 Pile Size and Layout Design

Description

This step presents the pile type, size, and preliminary layout.

162




This example uses steel H piles since it is the most commonly used pile type in Michigan.
Typically, the pile type is selected after evaluating other possibilities, such as ground
improvement techniques, other foundation types, and constructability.
Pile embedment into the footing Pile_embd := 6in BDM 7.03.09.A5

Note: A tremie seal is not used for this footing. If'a tremie seal is used, the pile embedment into the footing is
1 ft. A tremie seal design is given in Appendix 4.A.

The following parameters are considered to determine the pile layout:

1. Pile spacing: The depth of commonly used H-piles ranges from 10 to 14 inches.

. o ) . LRFD 10.7.1.2
The minimum pile spacing is controlled by the greater of 30 inches or 2.5 times the
pile diameter. As a practice, MDOT uses 3 times the pile diameter as the spacing.
Selected pile section HP 12X53 bg = 12.0in dpile = 11.8in
Minimum spacing (3d,;.) Spacing;;, == 3- dpile =2951t
2. Edge distance: The usual minimum edge distance for piles is 18 inches. BDM 7.03.09.A7
Pile edge distance PileEdgeDist := 18in
fpiles.
Use two rows of piles Lfooting — 2 PileEdgeDist
Maximum number of piles in each row NMaxPiles = - = 21.271
the footing can accommodate Spacingin
Spacing between two rows S = Bfooting — 2-PileEdgeDist = 8 ft

The loads acting on the two rows of piles are determined as follows:

Load Case Il under the Strength I limit state is identified as the governing load case by examining the
summary tables presented at the end of Step 4.5. Therefore:

. 3.
Total vertical force Pyert = FVFtLC3StrI'Lfooting =3.932 x 10”-kip
Total moment about the . o 4.
longitudinal axis of the footing Miong = MyptLC3Str1 Mooting = 1-278 x 10 kip-ft
P\E'!
o E .F
' Ss \
| Re| \R
ip—
Rs R

Total vertical loads on each row of piles are calculated based on static equilibrium.

SB
Mlong + Pvert'T

3.
Ry = S = 3.563 x 10”-kip Rp:=P
B

vert — Rpy = 368.598 kip
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Selected batter for the front row piles

Total axial load on the front row piles

Consult the Geotechnical Services Section to select a nominal pile resistance for the

selected section.

Nominal pile resistance

3V:IH BDM 7.03.09.A9

. 3
Pileytter = 1

Pilep ey + 1°

R.:=R = 3.756 x 103-kip

T e

Piley,tter
BDM 7.03.09.B

R,, := 350kip

Assume that the Nominal Pile Driving Resistance (R, 4,) is verified using the FHWA-modified Gates Dynamic
Formula, and no PDA test or static load tests are performed.

The resistance factor for driven piles

Factored nominal pile resistance

Required number of piles in the front row

Check if the required number of
piles in the front row exceeds the
maximum number of piles the
footing can accommodate

Check := if(

Paym = 0> BDM 7.03.09.B2

RR = "pdyn'Rn = 175-kip

R

- L~ 21462
Rp

Ofront_required - NMaxPiles = 21-271

Nfront_required < NMaxPiles: OK" » "Not OK") = "Not OK"

If the required number of piles in the front row is greater than the maximum number of piles that can be
accommodated within the selected footing dimensions, consider a larger pile section.

Selected pile section

Consult the Geotechnical Services Section to select a nominal pile resistance for the selected

section.

Nominal pile resistance

Factored nominal pile resistance

Required number of piles in the
frontrow

Pile spacing

Number of pile selected for the front row

Selected pile spacing

HP 14X73 bf = 14.585in dpile = 13.61in
BDM 7.03.09.B

R, = 500kip BDM 7.03.09.B
RR = "pdyn'Rn = 250-kip

R,
Nfont == = = 15.023

RR
Nfont == trunc(nfront) +1=16

' (Lfooting — 2-PileEdgeDist) '
spacing = = 50.2-in
Nfront — 1

Nfyont = 16

FrontPileSpacing := 50in

Select 16 front row piles spaced at4 ft-2 in., max =62 ft 9 in.
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Check if the spacing of the piles Check := if(FrontPileSpacing > 3dpjje "OK" , "Not OK" ) = "OK"
is greater than 3d;,
Piles in the Back Row
Number of pile selected for the back row Npack =7
Selected pile spacing BackPileSpacing := 10ft + 5.5in = 125.5-in

Select 7 back row piles spaced at 10 ft 5.5 in.

Note: As per the AASHTO LRFD Article 10.7.5, the effects of corrosion and deterioration from environmental
conditions shall be considered in the selection of the pile type and cross-section. The soil conditions should be
examined to ensure that there is no indication of contamination that would cause piles to corrode. Consult the
Geotechnical Services Section to determine a suitable pile type and cross-section for the selected site.

The preliminary pile layout is shown in the following figure.

1 " —————

g 18" 1'-6° g
R I P S R

G50
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Step 4.7 Pile Capacity Check

Description

This step presents the pile axial and lateral load calculations along with pile capacity checks.
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Strength I Limit State

Load Case |

. 3.
Total vertical load Pvert = FVFtLClStrI'Lfooting =2.751 x 10 klp
Total shear force parallel to the . o 3.
transverse axis of the footing Plat == VurtLc1sul Hooting = 1:091x 10 ‘kip

o g 3.

To@l moment gboutthe longitudinal Mlong = uFtLClStrILfooting = 8.745 x 10™-kip- ft
axis of the footing

The total vertical loads on the front and back row of piles are calculated based on the static equilibrium of the footing.

SB
Mlong + Pvert'T

3. .
Ry = S = 2.469 x 10”-kip Rp = Pygp — Ry = 282.533-kip
Rpy
Vertical component of the axla! Rrv_SingleLClStrI = = 154.304-kip
force on a front row battered pile front
Axial forc.e on a front row Rr_SingleLClStrI = RI'V_SII’IglCLCl Strl” Pil = 162.65- klp
battered pile Uehatter
Pile section selected in Step 4.6 HP 14X73
Factored nominal pile resistance RR = 250-kip
Check if R > Axial force Check := if (R > Ry gjngleL.C1str» "OK" » "Not OK") = "OK"

R. .
SingleLC1Strl
Horizontal component of the axial Ry SingleLC1StrT = omee C . 51.435-kip

force on a front row battered pile 2

Pilebatter2 +1

Total lateral force resisted by the . _ 222957k
battered piles (i.e. the horizontal PHBatteredPiles = Rrh_SingleLC1StrI Mront = 822.952-kip

component of the axial force)

Check if the lateral load capacity of the battered piles is greater than the lateral load demand BDM 7.03.09.A.11
Check = if (PHBatteredPiles > Pla¢, "Yes" , "No, check if the vertical piles can resist the remaining later load" )
Check = "No, check if the vertical piles can resist the remaining later load"
Note: Per MDOT practice, the typical lateral resistance of a vertical pile is 12 kips. A pile bending (p-y) analysis

may be performed by incorporating soil-pile interaction to determine the more accurate lateral load
resistance of the piles. Consult the Geotechnical Services Section for more information.

Plat ~ PHBatteredPil
The required lateral load resistance PlatReqd LCIStI = ( 2 aere 1es)
ofapile - (Nfront + Nback)

= 11.653-kip
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Lateral load resistance of a pile (from
the Geotechnical Services Section)

Check if the lateral load resistance >
the required lateral load resistance

Vertical force on aback row pike
Check if Ry > Axial force

Load Case 111
Total vertical load

Total shear force parallel to the
transverse axis of the footing

Total moment about the longitudinal
axis of the footing

PlatProvided = 12kip

Check := if(PlatProvided > PlatReqd LC1StI> OK", "Not OK") = "OK"

Rp

R . -
B SingleLC1StrI
—>mne Nback

Check = lf(RR > RB_Sil’lglCLClStI‘I’ "OK" 9 "Not OK") = "OK"

= 40.362-kip

3.
Pyert = FVRLC3StT Looting = 3-932 > 107-kip

3.
Plat = VurtLC3stl Lfooting = 1:091 x 107 -kip

4.
Mijong = MyrtLC3Stril footing = 1:278 x 10-kip- ft

The total vertical loads on the front and back row of piles are calculated based on static equilibrium of the footing.

R, =

5B
Mlong + Pvert'T

TV
S

Vertical component of the axial
force on a front row battered pile

Axial force on a front row
battered pile

Check if Ry > Axial force

Horizontal component of the axial
force on a front row battered pile

Total lateral force resisted
by the battered piles

Check if the lateral load capacity of the battered piles is greater than the lateral load demand

=3563x 10°kip Ry = Pyey — Ryy = 368.598kip
RrV
Riv_SingleLC3Strl 7= ——— = 222.695-kip
front

Pilep ey + 1°

R} SingleLC3StI = Rev_SingleLC3Strl” = 234.741-kip

Pilepatter
Check = lf(RR > Rr_SingleLC3StrI 9 "OK" 9 "Not OK") = "OK"

R} SingleLC3Strl
2

Rih SingleLC3Strl = = 74.232-kip

Pilebatter2 +1

3.
PHBatteredPiles ‘= Rrh_SingleLC3Strl Mront = 1188 x 107-kip

BDM 7.03.09.A.11

Check = if (PHBatteredPiles > Pla¢, "Yes" , "No, check if the vertical piles can resist the remaining later load" ) ="Yes"

The required lateral load resistance
ofapile

Vertical force on aback row pike

Check if Ry > Axial force

PlatReqd LC3strT = 0

R
RB_SingleLC3str1 =

= 52.657-kip
ack

Check = lf(RR > RB_SingleLC3StrI’ "OK" 9 "Not OK") = "OK"
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Load Case IV

. 3.
Total vertical load Pvert = FVFtLC4StrI'Lfooting =3.486 x 10 klp

Total shear force parallel to the . o 3.
transverse axis of the footing Plat == VurtLcasul Hooting = 1:305 % 10 ‘kip

Total moment about the longitudinal ) 4 .
axis of the footing Miong = MyFtLC4StrI footing = 1-296 x 10°kip-ft

The total vertical loads on the front and back row of piles are calculated based the static equilibrium of the footing.

SB
Mlong + Pvert'T

3. .
Ry = S = 3.363 x 10”-kip Rp = Pyep — Ry = 122.275-kip
. . R
Vertical component of the axial v .
force on a front row battered pile Rev_SingleLC4strl = Nfront = 210.209-kip
) Pﬂebatter2 17
Axial forc.e on a front row Rr_SingleLC4StrI = RI'V_SII’IglCLC"-StI‘I Pil = 221.58- klp
battered pile Uehatter
Check if R > Axial force Check := if (R > Ry gingler.Castri» "OK" » "Not OK") = "OK"
Horizontal component of the axial R _ R SingleLC4Str] 70,07k
force on a front row battered pile rh_SingleLCA4StrT =~ > o P
Total lateral force resisted by ) 3.
the battered piles PHBatteredPiles ‘= Rrh_SingleLC4Strl Mront = 1-121 x 107-kip
Check if the lateral load capacity of the battered piles is greater than the lateral load demand BDM 7.03.09.A.11

Check = if (PHBatteredPiles > Pla¢, "Yes" , "No, check if the vertical piles can resist the remaining later load" )

Check = "No, check if the vertical piles can resist the remaining later load"

(Plat - 1)HBatteredPiles)

The re?quired lateral load resistance PlatReqd_LC 4Str] = N ~ = 8.015-kip
ofapile ( front back)

Lateral load resistance of a pile (from P . ki

the Geotechnical Services Section) latProvided ~ P

Check if the lateral load resistance >

the required lateral load resistance Cliesiz &= lf(PlatProvided > PlatReqd_LC1Su1> OK","Not OK ) 5 S

R
. . B .
Vertical force on aback row pile Rp SingleLC4AStT = 5 = 17.468-kip
- ack
Check if R > Axial force Check := if (R > Rp_ gingleLC4strl "OK" » "Not OK" ) = "OK"
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Summary of Forces Acting on a Single Pile

A summary of forces acting on a single pile under different Strength I limit state load cases is listed in the
following tables. The pile penetration depth design, driveability analysis, and settlement analysis are performed
by the Geotechnical Services Section to evaluate the adequacy of the selected design.

Axial force on a battered pile in the Axial force on a pile in the back row (kip)

front row (kip)
Strength I Strength I
LCI 162.65 LCI 40.36
LC III 234.74 LC I 52.66
LC IV 221.58 LC IV 17.47

Required lateral force resistance of a pile (kip)

Strength |
LCI 11.65
LC I 0.00
LC IV 8.02
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Step 4.8 Backwall Design

Description

Since the backwall forces and moments used in Step 2.7 are not impacted by the use of piles, please
refer to the design calculations and details presented in Step 2.7.
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Step 4.9 Abutment Wall Design

Description

Since the abutment wall forces and moments used in Step 2.8 are not impacted by the use of piles,

please refer to the design calculations and details presented in Step 2.8.
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Step 4.10 Structural Design of the Footing

Description

This step presents the structural design of the abutment footing.

Page
174
178
181
181

Contents
Design for Flexure
Design for Shear
Development Length of Reinforcement

Shrinkage and Temperature Reinforcement
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Note: In this example, the length of the footing and the abutment wall are 65.75 ft and 63.75 fi, respectively.
Since the cantilevered length of the footing in the longitudinal direction is limited to 1 ft on each side, the
shear and moment acting on the footing in the longitudinal direction are small and do not require flexural and
shear designs.

Design for Flexure

In a typical spread footing, the critical section for flexure, due to the loads acting on the toe, is at the front face of
the wall. As shown below, since the front row piles are located behind the critical section, the flexural capacity of
the pile cap is not evaluated.

For the heel of the footing, the critical section is located at the back face of the wall. The footing is designed
considering the flexural demand at this section since the back row of piles is located closer to the edge of the heel.

| SI“TH 3|_2u : | | 1r_3||

. 1 R
T = A 9"

| 1!

| W3
“Jr‘“
1 |_6u 1'_6"
110" |

As per the summary tables presented at the end of Step 4.7, the maximum and minimum Strength I limit state
axial forces at the back row piles are from LC Il and LC IV, respectively.

The maximum total axial load on the back row piles RpackMax = RB SingleLC3 StrT Npack = 368.598-kip
The minimum total axial load on the back row piles RpackMin == RB SingleLC 4StrT Nback = 122.275-kip
Distance from center of the pile to the critical section darm = lhee] — PileEdgeDist = 5.083 ft

Bottom of the footing stresses at the critical section

The tension at the bottom of the footing is developed due to the axial forces at the back row piles. The self-weight
of'the footing and the vertical earth load on the heel develop the resisting moment. For a safe design, the maximum
axial load at the back row piles is used with the minimum load factors for the resisting forces.

The minimum load factors for dead load and earth load are 0.9 and 1.0, respectively. LRFD Tabk 3.4.1-2

The maximum moment at the critical section to develop tension at the bottom of the footing

2
RpackMax darm Iheel Iheel kip- ft
MI’b = - O'9Wc'tfooting'—2 - EVeartth' > = -36.942. f

Lfooting

The negative moment does not require a design for the flexural reinforcement at the bottom of the footing.
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Top of the footing stresses at the critical section

Load case IV under the Strength I limit state develops the minimum axial force at the back row piles. The same
load case develops the maximum vertical downward loads on the heel due to self weight of the footing, vertical
earth load, and live load surcharge.

The maximum moment at the critical section to develop tension at the top of the footing

2

) Iheel Iheel heel  RbackMin' darm kip- ft
Mrt = I'ZSWC'thOtil’lg'T + 1'35Eveartth' > + 1'75VLSFOOti1’lg' > — Lf ; = 88.333- f
ooting
Flexure Resistance LRFD 5.6.3.2

The design procedure consists of calculating the reinforcing steel area required to satisfy the moment demand and
checking the selected steel area against the requirements and limitations for developing an adequate moment capacity,
controlling crack width, and managing shrinkage and temperature stresses.

Select a trial bar size bar := 8
Nominal diameter of a reinforcing steel bar dp,r := Dia(bar) = 1-in

Cross-section area of a reinforcing steel

. _ ¥ 2
bar on the flexural tension side Apar = Area(bar) = 0.79-in

The spacing of the main reinforcing steel bars in walls and slabs shall not be greater than the LRFD 5.10.3.2
lesser of 1.5 times the thickness of the member or 18 in.
The spacing of shrinkage and temperature reinforcement shall not exceed the following: LRFD 5.10.6
12 in. for walls and footings greater than 18 in.
Note: MDOT limits reinforcement spacing to a maximum of 18 in. BDG5.16.01 and 5.22.01
Footing thickness tfooting =3ft
Select a spacing for reinforcing steel bars Shar = 12-in

Selecta 1-ft wide strip for the design.
Abar' 12in 2
Area of tension steel provided in a 1-ft wide strip Agprovided = ——— = 0.79-in
Sbar

Effective depth de = tfooting — Covergy = 32-in
Resistance factor for flexure ¢f =09 LRFD 5.5.4.2
Width of the compression face of the section b := 12in
f, — 4ksi
Stress block factor 81 = min| max| 0.85 — 0.05- BT ,0.65/,0.85| = 0.85 LRFD5.6.2.2
si

Solve the following equation of A to calculate the required area of steel to satisfy the moment demand. Use an

assumed initial A, value to solve the equation.

The initial assumption for A A = lin
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Required steel area

Check ifASPrOVidCd >AsRequier

Moment capacity of the section
with the provided steel

Distance from the extreme compression
fiber to the neutral axis

Check the validity of the assumption, fg = fy

Limits for Reinforcement

Given M fi= dpA f|d - Asly
1ven . - . . . —_—_— —-
it sy 27 0.85-1,b

. . 2
AsRequired = Fmd(AS) = 0.625-in

Check := if (Agprovided > AsRequired "OK" > "Not OK") = "OK"

d 1 AgProvided fy
© 2 085fyb

Mprovided = Pt AsProvided fy’

ft
kip- ft
Mprovided = 111.007: ft
AgProvided' fy )
ci=—— =1.82:in

0.85-f-B;-b

Check_fg := if(i < 0.6,"OK" ,"Not OK") = "OK"
e

LRFD 5.6.3.3

The tensile reinforcement provided must be adequate to develop a factored flexural resistance at least equal to the
lesser of the cracking moment or 1.33 times the factored moment from the applicable strength limit state load

combinations.
Flexural cracking variability factor
Ratio of specified minimum yield

strength to ultimate tensile strength of
the nonprestressed reinforcement

Section modulus

Cracking moment

1.33 times the factored moment demand

Required moment to satisfy the
minimum reinforcement requirement

Check the adequacy of section capacity

Np = 1.6  For concrete structures that are not precast segmental

N3 = 0.67 ForASTMA615 Grade 60 reinforcement

1 2 3.3

S¢ = g'b'tfooting =2.592 x 107-in
Y31 fr Se kip- ft
o= ————— = 96.254-
ft ft
kip- ft
1.33-M,; = 117.482-
ft

o kip- ft

Myeq = min(1.33My, My,) = 96.254- "

Check := if (Mproyiged > M

req , IIOKH , HNOt OK”) - "OK"

Control of Cracking by Distribution of Reinforcement LRFD 5.6.7

Limiting the width of expected cracks under service conditions extends the service life. The width of potential
cracks can be minimized through proper placement of the reinforcement. Checking for crack control assures
that the actual stress in the reinforcement should not exceed the service limit state stress.
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The spacing requirement for the mild
steel reinforcement in the layer closest to
the tension face

Exposure factor for the Class 1 exposure
condition

Distance from extreme tension fiber to the
center of the closest bar

Ratio of flexural strain at the extreme tension
face to the strain at the centroid of the
reinforcement layer closest to the tension face

700-~v,
s < -2 dC LRFD Egq. 5.
Bs’ fss
Ve := 1.00
dc = Coverft =4-in
de
BS =1+ =1.179

0'7(tf00ting - dc)

6.7-1

The calculation of tensile stress in nonprestressed reinforcement at the service limit state, £, requires establishing the

neutral axis location and the moment demand at the critical section.

The position of the cross-section's neutral axis is determined through an iterative process to calculate the actual
stress in the reinforcement. This process starts with an assumed position of the neutral axis as shown below.

Assumed distance from the extreme <= 5ein
compression fiber to the neutral axis -
E
2_ s
bxT = E_'AsProvided'(de - X)

| =

Given

o

Position of the neutral axis Xpg = Find(x) = 5.303-in

The axial force in the back row piles (Rp) from Load Case IV under the Service I limit state is calculated as shown

below.

. 3.
Total vertical load Pvert = FVFtLC4SCI’I.LfOOti1’lg =2.642 x 10 klp

Total shear force parallel to the

transverse axis of the footing Plat = VuFtLC4Serl Looting = 862.914- kip

Total moment about the longitudinal

3.
axis of the footing Miong = MyFtLC4SerI footing = 8-349 x 10 -kip-ft

The total vertical loads on the front and back row of piles are calculated based on static equilibrium of the footing.

5B
Mlong + Pvert'T

SB
The moment at the critical section under Service I limit state that generates tension at the top of the footing is:

3.
Ry = = 2.364 x 10”-kip

Rp =P R, = 277.156-kip

vert —

o | 1 Rp-d
M Wt heel LBV heel LV heel B “arm 50.188 kip- ft
heelTopSer]l = Yc Yooting” earthBk’ LSFooting’ - = JU.106"
p & 2 2 g 2 Lfooting ft
MheelTopSerl
Tensile force in the reinforcing steel due Ty := _eeT Opaer, ft = 19.9-kip
to the Service I limit state moment d Xna
o —
3
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Stress in the reinforcing steel due to T

. - fooq = = 25.216-ksi
ssl
the Service I limit state moment Agprovided
fs (not o exceed 0.61,) fg = min(fg 0.6f)) = 25.216-ksi
ki
700- - ﬂ
Required reinforcement spacing barspaReq = B—fm —2-d, = 15.554-in
S °SS
Check if the spacing provided < Check := if (spay < bargpareqs "OK" , "Not OK") = "OK"
the required spacing
Shrinkage and Temperature Reinforcement LRFD 5.10.6

The following calculations check the adequacy of the flexural reinforcing steel to control shrinkage and
temperature stresses in the heel:

_ ., _
in
(0.60 —]
ft
Minimum area of shrinkage and . . 0.11 — _ .2
temperature reinforcement Ashrink.temp = min ft ft = 0.306-in
max kip
1.3 Bfooting' tfooting’ inft
N 2(Bfoo‘[ing + tfooting)'fy 1
Check if the provided area of steel >
the required area of shrinkage and Check := if (AsProvided > Ashrink.temp ,"OK" ,"Not OK") = "OK"

temperature steel

Design for Shear

Shear design in abutment footings supported by piles provides adequate resistance against one-way action (beam
action shear) and two-way action (punching shear). For both one-way and two-way actions, the design shear is
taken at the critical section. For abutment footings, one-way action is checked at the toe and heel. The factored
shear force at the critical section is computed by cutting the footing at the critical section and taking the
summation of the pile loads or portions of pile loads that are outside the critical section. Two-way action in
abutment footings supported by piles is generally checked by taking a critical perimeter around individual piles or
around a group of piles when the critical perimeter of individual piles overlap.

One-way Shear

For one-way shear on the toe side, a shear check at the critical section or towards the toe is not

required since the front row of piles is inside the critical section.

On the heel side, the downward load is larger than the upward axial force at the back row pile. LRFD
Therefore, the top of the heel is in tension. As a result, the critical section for shear is taken at C5.12.8.6.1
the back face of the abutment wall. e

Effective width of the section b=12-in

.2
Provided flexural reinforcement area AsProvided = 0-79-1n
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A dad-
. Provided
Depth of equivalent rectangular stress block a:= S ovieee Y 1.549-in
0.85-f,-b
. a . LRFD
Effective shear depth dy = max(de — 5 ,0.9-dg, 0'72‘tfooting) = 31.225-in 5728
The factored shear demand at the critical section for shear:
_ RpackMin kip
VuFtHeel = 1'25'\7&]c'tfooting'lheel + 1.35EVearthBk + 1'75VLSFooting T = 27'847'?[
footing
For a concrete footing in which the distance from point of zero shear to the face of the LRFD5.7.34.1
wall is less than 3d,, the simplified procedure for nonprestressed sections can be used.
Check if .4 <3d, Check = if(lheel < 3-dy,"Yes", "No") = "Yes"

Therefore, the simplified procedure is used.

Factor indicating the ability of diagonally B:=2
cracked concrete to transmit tension and shear -

Nominal shear resistance of concrete, V,,, is calculated as follows:

V= 0.0316-8- [f ksi-b-d, = 42-kip LRFDEq.5.7.33-3

Voo = 0.25f-b-d, = 288-kip LRFD Eq.5.7.3.3-2
Vi, = min(VCl ,ch) = 42.035-kip
Resistance factor for shear ¢y =09 LRFD 5.54.2
Factored shear resistance V, = ¢V, = 37.831-kip
. . AV
Check if the factored shear resistance > . r AT A N
the shear demand Check = if (?t > ViFtHeel» 'OK" , "Not OK ) = "OK
Two-way Shear
For two-way shear, the critical perimeter of a pile, b, is located at a minimum of 0.5d,, LRFD 5.12.8.6.3

from the perimeter of the pile. If portions of the critical perimeter are located off the
footing, that portion of the critical perimeter is limited by the footing edge.

Pile section selected in Step 4.6 HP 14X73
Flange width and depth of the pile by := 14.585in dpile = 13.61in

The loads on the front piles are assumed to be identical. The critical case fora two-way shear is the piles at the end of
the front row since the critical perimeter of these piles may be off the footing in both directions.
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dv/2

“ 3 HP14X73
| /_

l
I

dv /2
AN

l

dpig/2

1.5ft

b3

Check if the critical perimeter is off the
footing in the footing width direction

dpile dy
OffFootingl := if 5 + ol > PileEdgeDist, "Yes" , "No"
OffFootingl = "Yes"
be dy
Check if the critical perimeter is off the OffFooting?2 := if 5l + > > PileEdgeDist, "Yes" , "No"

footing in the footing length direction
OffFooting2 = "Yes"

doil d
Length of the critical perimeter side by := if| OffFootingl = "Yes", LA PileEdgeDist, dyjje + dv)
parallel to the footing width direction 2 2
bg; = 3.368 ft
Length of'the critical perimeter side bs = ifl OffFooting? = "Yes" E N & + PileEdeeDist. be + d
parallel to the footing length direction 02 =1 ootng e 2 2 HERAEELISE, by + dy
bgp = 3.409 ft
Critical perimeter by = (bgy + bog) = 6.777 ft
Ratio of long side to short side of the 8. = bt — 1072
rectangle through which the c . T
concentrated load is transmitted He
. . 0.126 - )
Nominal shear resistance Vi1 dway = 0.063 + 5 . /fc-ksrbo-dv = 794.229-kip
- c
— : _ . LRFD Eq.
Vi 2way = 0.126-([Toksi-bg-dy ) = 554.184-kip 5128631
Vn_zway = min(an_zway,Vnz_zway) = 554184klp
Factored shear resistance \A dway = oy Vy 2way = 498.765-kip

According to the summary tables of the pile axial forces, LC IIl under the Strength I limit state developed the
maximum pile axial force at the front row piles.
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Maximum two-way shear demand R, SingleLC3Str] = 234.741-kip

Check if the factored shear resistance >

the maximum pile axial force Cliesiz &= 1f(V

r 2way = Rr_SingleLCfSStrI ,"OK" , "Not OK") = "OK"

Development Length of Reinforcement

The flexural reinforcing steel must be developed on each side of the critical section for its LRFD 5.10.8.1.2
full development length.
Available development length 14 available = lhee] — Coverg = 6.25 ft
fy
Basic development length lgp = 2.4-dp,—=—= = 6.928ft  LRFD Egq.5.10.8.2.1a-2

/fc~ks1

Reinforcement location factor Ny =13 More than 12 in. concrete below

Coating factor Af =15 Epoxy coated bars with less than 3d,, cover

Reinforcement confinement factor AR R0 For C, >2.5 in. and No. 8 bars or smaller

A .
R d
Excess reinforcement factor Ner 1= __Stequired 0.792 LRFD Eq.5.10.8.2.1c4
AgProvided
Factor for normal weight concrete A=1
. (>‘rl Aef Are >‘er) LRFD Eq.

Required development length ld.required = gy’ N = 4.278 ft 5.10.8.2.1a-1

Check if Iy avaiable > la.requirea Check := if(ld.available > 14 required> "OK" , "Not OK" ) = "OK"
Shrinkage and Temperature Reinforcement
The following calculations check the required amount of reinforcing steel in the secondary direction to control
shrinkage and temperature stresses in the footing.
The reinforcement along the longitudinal direction of the footing at the top and bottom should

. . . . LRFD 5.10.6

satisfy the shrinkage and temperature reinforcement requirement.
The spacing of reinforcement shall not exceed 12 in. since the footing thickness is greater LRFD 5.10.6
than 18 in.
Note: MDOT practice is to use 18 in. as the maximum spacing. BDG5.16.01

Select a trial bar size bar := 6

Nominal diameter of a reinforcing steel bar dpgT = Dia(bar) = 0.75-in

Cross-section area of a bar on the flexural

.2
tension side AparST = Area(bar) = 0.44-in
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Select a spacing for reinforcing steel bars
Provided horizontal reinforcement area

Required minimum area of
shrinkage and temperature
reinforcement in the the footing

Check if the area of steel provided >
the required area of shrinkage and
temperature steel

SbarST = 12-in
AbarST' 12in

.2
AgProvidedST = ———— = 0.44-in
SbarST

.2
Ashrink.temp = 0.306-in

Check := if(AsProvidedST > Ashrink.temp» OK" » "Not OK") = "OK"
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The footing design presented in this step provides the following details:

No. 8 bars @ 12.0 in. spacing (A= 0.79 in.>/ft) as the transverse flexural reinforcement at the top of the footing

No. 6 bars @ 12.0 in. spacing (A,=0.44 in.>/f) as the transverse shrinkage and temperature reinforcement at
the bottom of the footing

No. 6 bars @ 12.0 in. spacing (A,=0.44 in.>/f) as the longitudinal shrinkage and temperature reinforcement at
the top and bottom of the footing.

1 |_6"
| o
~—— EBO06 BAR
|1 Bearing 4'-3"
- | 1
orgr | 17-63"
F™~— EA06 BAR
f EAO6 @ 1-0" SPA
EAC9 BAR — | (FRONT & BACK)
— Eil_?" - 3|_2|' - 'I 1 |_3|' B
EA08 BAR o D —— fsog BAR 3
EAOSBAR —IT AN '1*9" _ 4
&ﬂ 3
1I_6" - —_ 1|_6"
1 1 |_0"
" EA06 @ 1'-0" SPA "
4" (TOQ& BOTT) —i4

Note: Refer to MDOT Bridge Design Guides for additional bars, laps, embedment, and keyway
dimensions. They are not shown in this drawing for clarity of the main reinforcement.
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Appendix 4.A Tremie Seal Design

Description

This appendix presents the design of a tremie seal.
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Generally, tremie seals should be used on all structures when the pumping of water
o . BDM 7.03.06
down below the bottom of footing is expected to be challenging.

A tremie seal shall be designed to resist the hydrostatic pressure at the bottom of the tremie BDM 7.03.06A
by a combination of its weight and the bond between the cofferdam and piles. The o
allowable bond strength between the tremie and piles is 10 psi. The allowable bond strength

between the tremie and the cofferdam is 5 psi. The allowable tension from the bending of

the tremie seal is 30 psi.

The design of a tremie seal consists of determining a concrete thickness that will be sufficient, in conjunction
with other sources of resistance, to resist the buoyant force at the bottom of the seal.

Hydrostatic pressure head is defined from the bottom of a tremie seal up to the ordinary BDM 7.03.06B
water surface elevation. o

Consult the Geotechnical Services Section for the hydrostatic pressure head and the related information.

Hydrostatic pressure head to the bottom of the H,ater = 10ft
footing (from the Geotechnical Services Section)
b
Unit weight of water Ywater = 624 ft_3
Unit weight of tremie concrete = 140 b
g Ttremie = 3
ft
Consider a 1-ft wide strip of the tremie seal.
As per the BDM, the cofferdam sheet piling is typically located at 18 in. outside the BDM 7.03.04

footing outline.

Note: It is recommended to evaluate the possibility of battered piles hitting the cofferdam sheet piles during
the pile driving operation. Based on the pile layout design, evaluate the space requirements and
increase the distance between the footing outline and the cofferdam sheet piles. Use the revised
dimensions to calculate the length of the tremie seal. This example uses the following dimensions:

Expected sheet pile embedment depth from the top of SPembd = 151t
the tremie seal (an estimate from the Geotechnical
Services Section)
Minimum clearance between the edge of the heel and S8 e el = Ly
sheet pile -
(SPembg + Pile_embd)
Minimum clearance between the edge of the toe SPims toe = - = 5.167 ft
and sheet pile - Pilepatter
Selected clearapce between the edge of the SPimns select toe = Ceil(SPclmS toe » lft) =6ft
toe and sheet pile - - -
Length of tremie seal liremie = Bfooting + SP clrns_heel T SPclms_select_toe = 1851t
Tremie seal thickness (assumed) R e
Weight of the tremie seal Wiremie = Vtremie ltremie’ 1" Btremie = 11-008-kip
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Bending Stress Check

While checking the flexural stress in the tremie seal, assume that the 1-ft wide tremie seal strip is simply
supported at both ends by the cofferdam.

1

2 2
Stremie = g'htremie = 3.01-ft

Section modulus of the 1-ft wide strip

Max. bending moment in the tremie seal

1 2 kip- ft
Miremie = _Iﬁwater' Hyater * Diremie) — Veremie’ htremie]' liremie = 12-586-
8
M .
t
Max. tensile stress in the tremie seal F.:= _temie 29.034-psi
Stremie
Check if the max. tensile stress is less than 30 psi Check = if (Fc < 30psi, "OK" , "Not OK") = "OK"
Friction Check
Bond strength between tremie and cofferdam PCoffBond = psi BDM 7.03.06A
Bond force between tremie and cofferdam PcoffBond = PCoffBond2’ ' Diremie = 6-12-kip
From Step 4.6, the selected pile section HP14X73

Note: For H piles, surface area of a pile is defined using a rectangular shape for a conservative design
(i.e. 2 times the sum of the flange width and the section depth).

Flange width be = 14.585-in
Section depth dpile = 13.61-in
Bond strength between tremie and piles PpileBond = 10psi BDM 7.03.06A

Bond force between tremie and piles when a 1-ft wide strip is considered

) Nfont Nback
PpileBond = PPileBond’ L

— |2 1ft: (bg + dpite) Biremie = 10-06-kip
footing footing

Total uplift resistance (capacity) Presist = Wiremie * PCoffBond * PPileBond
Plesist = 27-188-kip BDM 7.03.06A
Buoyant force (demand) Pbuoy = Ywater' 1t ltremie'(Hwater + htremie) = 16.45-kip

Check if the total resistance force > "OK" ,"Not OK") — "OK"
the buoyant force

Check := if (Pregist > Phyoy»
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The following figureshows a sketch of the pile foundation with the designed tremie seal:

1!_3"

Note: Refer to MDOT Bridge Design Guides for additional bars, laps, embedment, and keyway
dimensions. They are not shown in this drawing for clarity of the main reinforcement.
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