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Section 7 Hammerhead Pier with Spread Footing
Step 7.1 Preliminary Dimensions

Description

This section illustrates the design of a hammerhead pier supported by a spread footing 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. This design follows 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). Certain
material and design parameters are selected to be in compliance with MDOT practice reflected in the Bridge
Design System (BDS), the MDOT legacy sofiware.

The pier is designed for the superstructure described in the Two-Span Continuous Bridge Steel Plate Girder
Design Example developed by Attanayake etal. (2021). Refer to Section 2 of the Design of Highway Bridge
Abutments and Foundations Example developed by Attanayake and Hu (2023) for the design criteria, bridge
information, material properties, and soil types and properties.

These examples are available at https:/mdotjboss.state.mi.us/SpecProv/trainingmaterials.htm#2 108 560.




The preliminary dimensions are selected based on site-specific conditions, highway agency standards, and past
experience.

The following figure shows the pier geometry and dimensional variables:
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The preliminary dimensions selected for this example are given below.

Pier cap length
Pier cap end height
Pier cap height
Pier cap thickness
Length of the overhang
Column width
Column thickness
Column height

A spread footing is selected for this pier.
Footing length
Footing thickness
Footing width

Depth of soil above the footing

| ap = WdCCk = 63.75ft

c
heapend = Stt

hcap = 111t

tcap = 4ft
loverhang = 21251t
Weolumn = 21.25f
teolumn = 41t
heolumn = 141t
ltooting = 32.25ft
tfooting = 3ft
Wfooting = 18ft
hg, = 3ft

Note: The depth from the ground level to the bottom of the footing needs to be maintained at a minimum of 4 ft for
frost depth. Typically, a one-foot deep soil profile is maintained with normal grading when the pier is at a
median. The depth of the soil may change to 2 to 3 ftbased on the pavement profile when the pier is closer to

the pavement.
Girder spacing S =9.7191t
Distance from the exterior girder I . 1Cap -5 (Nbeams - 1) 27194t
to the edge of the pier cap edge 7 -
Concrete Cover Requirements for Reinforcing Steel
Unless otherwise shown on the plans, the minimum concrete clear cover for BDM 8.02.N

reinforcement shall satisfy the following requirements:

Concrete cast against earth: 3 in.

For all other cases unless shown on plans: 2 in.

The following concrete cover is used since it is greater than the required

minimum.

Cover for the footing

BDGS5.16.01,5.18.01, 5.22.01

Coverft = 4in

Since the concrete cover requirements for pier caps and columns are not provided in the BDM and BDG, the
following dimensions are taken from the MDOT Sample Bridge Plans.

Cover for the pier cap

Cover for the pier columns

CoverCap = 3.5in

Covercol = 4in




Step 7.2 Application of Dead Load

Description

This step describes the application of the dead load on the hammerhead pier.




Dead Load Girder Reactions

The superstructure dead load reactions per bearing are taken from the Steel Plate Girder Design Example.
All the beam seats are assumed to be at the same elevation.

When calculating superstructure loads on the substructure, 75% of the barrier dead load BDM 7.01.04.J
should be applied with the fascia beam load. The remaining 25% of the barrier load should be
applied with the first interior girder load.

Note: The exterior and interior girder shear values presented in the Steel Plate Girder Design Example (Table 12
and 13) were calculated by equally distributing the barrier loads to all the girders. Therefore, the girder
reactions over the pier due to barrier loads need to be recalculated as shown below.

Exterior Girders Table 12 of the Steel Plate Girder Design Example

Reaction due to the weight of structural components and non-structural attachments (DC), including the
stay-in-place formwork but excluding barrier weight

RDCEx noBarrier = 161.4kip
Reaction due to 75% of the barrier weight (DB) on the exterior girder RDCEx barrier = 44kip

Total exterior girder reaction due to DC RpcEx = RDCEx noBarrier T RDCEx barrier = 205-4-kip

Reaction due to the weight of the future wearing surface (DW) RpwEx = 26.6kip

First Interior Girder Table 13 of the Steel Plate Girder Design Example

Reaction due to the weight of structural components and non-structural attachments (DC), including the
stay-in-place formwork but excluding barrier weight

Rpcg stln_noBarrier -~ 190.4kip

Reaction due to 25% of the barrier weight (DB) on the first interior girder RpCistin barrier = 14-5kip
Total first interior girder reaction due to DC Rpcistin = RDC1stin noBarrier T RDClstIn barrier = 204-9-kip
Weight of the future wearing surface (DW) Rpwip = 26.4kip

Other Interior Girders Table 13 of the Steel Plate Girder Design Example

Reaction due to the weight of structural components and non-structural attachments (DC), including the
stay-in-place formwork but excluding barrier weight

Dead Load Calculation
Dead load of superstructure

Weight of structural components and DCSup = 2-Rpcgx + 2 RpCistin + (Nbeams - 4)'RDCIn
non-structural attachments (DC)

3.
DCgyp, = 1392 x 10”kip

Weight of future wearing surface (DW) DWSup = 2-RpwEgx + (Nbeams - 2)'RDWIn = 185.2-kip




h +h
) ) . capend " “cap i
Pier cap weight DCCap = Wc‘tcap'{z'[fj'loverhang + hcap'wcolumn} = 344.25-kip

Pier column weight DC \Y 178.5-kip

column = We tcolumn Peolumn’ Weolumn =

Pier footing weight = 261.225-kip

DCfooting =Wer Wfooting Hfooting” 1footing




Step 7.3 Application of Live Load

Description

This step describes the application of the live load on the hammerhead pier.
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Girder Reactions Due to Live Load on a Single Lane

MDOT uses a modified version of the HL-93 loading in the AASHTO LRFD Bridge Design Specifications. The
combination of a single design truck load, a single 60-kip load (axle load), or 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 Table 3.6.2.1-1

Several software programs are available for designers to calculate the maximum live load effects by developing
3D bridge models and simulating live load positions along and across the lanes. However, this example
demonstrates a commonly used, easy-to-implement, approach for the same purpose. The process includes the
following steps:

1. Develop a single line girder model representing girder cross-sections, effective deck cross-section,
composite and noncomposite segments of the girder, and boundary conditions.

2. Applyrelevant truck and lane loads as independent loads to calculate the maximum reaction per lane at the
girder support over the pier. For example, refer to Table A-2 and A-4 in the Steel Plate Girder Design
Example for loads and the format of results.

3. Multiply selected support reactions with applicable factors. For example, the support reaction due to truck
load is multiplied by the impact factor. When the support reactions are due to the truck pair for continuous
spans, both reactions due to truck and lane loads are multiplied by a factor of 0.9 to account for the 10%
reduction specified in the AASHTO LRFD Bridge Design Specifications.

4. Calculate an equivalent pair of wheel loads, P,;,..;, that will result in the same support reactions developed

by the truck load on a single lane.
5. Calculate an equivalent 10-ft long line load, W, that will result in the same support reactions developed

by the lane load applied on a single lane.
6. Applythese P and Wy, loads on the bridge deck to generate girder end reactions that will ultimately

result in the maximum force effects in the pier cap, columns, and footing.

Since the load distribution factors in the LRFD Specifications are not used in this process to calculate girder end
reactions, a multiple presence factor is applied to the truck and lane loads depending on the number of design
lanes considered in the analysis.

MPF(lane) := | 1.2 if lane= 1 LRFD Tabk 3.6.1.1.2-1
1.0 if lane= 2

0.85 if lane= 3
0.65 otherwise

The Steel Plate Girder Design Example presents unfactored girder reactions for truck and lane

loads. The following three live load cases are used in the Steel Plate Girder Design Example to

determine the design forces and moments:
Case 1: design truck + design lane, LRFD 3.6.1.3.1
Case 2: a single 60-kip axle load + design lane, and
Case 3:90% of two design trucks spaced a minimum of 50-ft apart + 90% of design lane.

Case 1 is the governing case for girder reactions over the pier. Case 1 reactions given in Appendix A ofthe
Steel Plate Girder Design Example on a per-lane basis do not include the factors for HL-93 Mod and the
dynamic load allowance.

Table A-2 and A4 in the Steel Plate Girder Design Example present the exterior and interior girder reactions
per lane. As shown in Table A-2 and A4, the exterior girder reactions are slightly greater than the interior
girder reactions. For this design, exterior girder reactions are used to calculate P . and Wy, . loads.

1




Since the load Case 1 (i.e. the design truck + lane load combination) produces the maximum reactions over the
pier, the following loads are selected.

Maximum reaction at the girder supports over the pier due to the design truck load

Vruck = 67-6kip Table A-2 of the Steel Plate Girder Design Example
Maximum reaction at the girder supports over the pier due to the design lane load
VLane = 40-5kip Table A-2 of the Steel Plate Girder Design Example

The unfactored concentrated load representing the girder reaction per wheel line for pier cap and column design

. VTruck _
Pyheel = 5 fHL93Mod (1 + IM) = 53.945-kip
Because of the damping effect of soil, only the static effects of the design truck or tandem are LRFD 3.6.2.1

considered for the design of footings. Hence, the unfactored concentrated load per wheel line is
calculated by excluding the dynamic load allowance as shown below.

. VTruck i
Pwheel ft = = THL93Mod = 40-36-kip
Next, the unfactored uniformly distributed load representing girder reactions over the pier due LRFD 3.62.1

to the design lane load is calculated. This load is transversely distributed over a 10 ft wide strip.
The dynamic load allowance is not applied to this load.

VLane THLO3Mod kip
= 486 —

W = .
lane 10ft ft

Critical Live Load Positions and Girder Reactions for Pier Cap and Column Design

This superstructure can accommodate a maximum of five (5) 12-ft wide design lanes. Therefore, LRFD 3.6.1
the maximum live load effects on the pier cap, column, and footing are determined by considering a

combination of one, two, three, four, or five loaded lanes. Since the width of the lane load is 10 ft

and the axle is 6 fi, these loads are placed across the 12-ft wide lane to develop the girder end

reactions that ultimately result in the maximum force effects on the pier cap, column, and footing.

The following figure illustrates the controlling truck and lane load positions when all five lanes are loaded.
The Lane 5 load is placed closer to the barrier to develop the maximum moment in the overhang portion
of'the pier cap.
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The next step is to compute the reactions due to the above loads at each of the seven bearing locations. The
reactions are calculated by assuming that the deck is pinned at the interior girder locations while being continuous
over the exterior girders.

Only Lane 5 loaded
Pwheel (8-8125ft + 2.2125ft) + Wy, 101t 5.81251t .
Rgs = S = 90.261-kip
Rps = Pyheel 2 + Wiane 10ft — Rg5 = 66.228-kip
RA5 =0 RB5 =0 RC5 =0 RD5 =0 RE5 =0
Only Lane 4 loaded
Pwheel (6-53125ft + 0.53125ft) + Wy, 0 8.531251t-(0.5-8.531251t) .
Rpy = = 57.399-kip
F4 S
Wiane: 1:468751t-(0.5-1.468751t)
Rp4 = S = 0.539-kip

RE4 = PWhe€12 + Wlane' 10ft — RF4 - RD4 = 98551klp

RA4 =0 RB4 =0 Rc4 =0 RG4 =0

;_‘ 6-0" ﬁ4|_ \ 6-0" [ 6-0" 0"
1 | 1+ = / - Bridge barrier
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Only Lane 3 loaded

Poheel (4:25f0) + Wiy - 6.251t-(0.5-6.25ft)

Poheel (1.75f0) + Wigo+3.758t-(0.5-3.75ft)

Reg = S = 13.23-kip

RD3 = Pwheelz + Wlane' 10ft — RE3 - Rc3 = 109903klp

Rp3:=0 Rp3:=0 Rp3 =0 RG3y =0
Only Lane 2 loaded
Pheel (1.968751t) + Wi, .-3.968751t-(0.5-3.968751t) .
Rpp = = 14.866-kip
D2 S
Phoel (4.03125ft) + Wy, 6.031251t-(0.5-6.031251t) .
Rpy = = 31.471-kip
B2 S

Rcz = PWhC€12 + Wlane' 101t — RB2 - RD2 = 110153klp

RA2 =0 RE2 =0 RF2 =0 RG2 =0
Only Lane 1 loaded

Pyhecl (0-3125ft + 6.3125ft) + Wy, o 8.3125ft-(0.5-8.31251t)

Wiane: 1.6875ft-(0.5-1.687511)
S

= 0.712-kip

f

RBl = PWhC€12 + Wlane' 101t — RAl — RCl = 101728klp
RDl = 0 REl = 0 RFl = 0 RGl = 0
Unfactored Live Load Girder Reactions under Different Load Cases

The following are the calculations for live load girder reactions with Lane 5 loaded, Lanes 4 and 5 loaded, Lanes
3 to 5 loaded, Lanes 2 to 5 loaded, and all 5 lanes loaded cases:

Only Lane 5 loaded

RG 1L = Rgs"MPE(1) = 108.314-kip
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Lanes 4 and 5 loaded

Rp oL = ( A4t RAs) MPF(2) =0 Rp o = (RB4 + RBS)-MPF(Z) =0

Re op = (Rc + Rcs) MPF(2) = 0 Rp op = (RD4 + RDS)-MPF(z) = 0.539-kip
Rp op = (RE4 + RES) MPEF(2) = 98.551-kip Rp op = (RF4 + RFS)-MPF(2) = 123.627-kip
RG 2L = (RG4 + Rgs) MPF(2) = 90.261 -kip

Lanes 3 to 5 loaded
Re 31 = (Re3 + Reg + Res) MPF(3) = 11.245-kip  Rpy 31 = (Rp3 + Rpy + Rpys)- MPF(3) = 93.876-kip
Rg 31 = ( E3 + Rpg + Rps)-MPF(3) = 112.122kip  Rp 31 := (Rp3 + Rpg + Rps)-MPF(3) = 105.083-kip

3+ RGy + Rgs)-MPF(3) = 76.722-kip
Lanes 2 to 5 loaded
Rp 41 = (Ra2 + Ra3 + Rpg + Rps)- MPF(4) = 0
Rp 41 = (Rpy + Rp3 + Rpy + Rps)-MPF(4) = 20.456-kip
= (Rea + Rez + Reg + Res)- MPF(4) = 80.198-kip
Rp 41 = (Rp2 + Rp3 + Rpg + Rpys)- MPF(4) = 81.45-kip
Rg 41 = (Rg2 + Rp3 + Rpg + Rgs)- MPF(4) = 85.74-kip
Rp 41, = (Rp + Rp3 + Rpy + Rps)-MPF(4) = 80.358-kip
RG 41 = (Rg2 + Rg3 + Rga + Rgs) MPF(4) = 58.67-kip
All'5 lanes loaded
Rp s = (Ra] + Ran + Ra3 + Rpg + Rps)- MPF(5) = 35.132-kip
Rp s = (Rp) + Rpy + Rp3 + Rpy + Rps)- MPF(5) = 86.58-kip
(RC1 + Ry + Res + Reg + Res)- MPF(5) = 80.661-kip
= (Rp + Rpp + Rp3 + Rpy + Rpys)- MPF(5) = 81.45-kip
RE_SL = (RE1 +Rpy + Rz + Ry + Rgs)- MPF(5) = 85.74-kip
Rp 5L = (Rp] + Rpy + Rp3 + Rpy + Rps)-MPF(5) = 80.358-kip

Rg si = (Rgi + R + Rg3 + Rgg + Rgs)- MPE(5) = 58.67-kip
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Girder Reactions Due to Live Load for Footing Design

Because of the damping effect of soil, the dynamic impact is excluded when the live load effects are calculated
for the design of foundations. Calculations below include an equivalent pair of wheel loads, Py, g, that will

result in the same support reactions developed by a truck load on a single lane without the dynamic amplification.
As described below, this wheel load is applied on predefined lanes to calculate girder end reactions.

Only Lane 5 loaded
Piheel fi(8:8125ft +2.2125ft) + Wy, 10ft-5.8125ft .
Rgs = = S = 75.078-kip
RFS_ft = Pwheel_ft'2 + Wiane 10ft — RGS_ft = 54.642-kip
Ras =0 Rps =0 Res =0 Rps =0 Rps =0
Only Lane 4 loaded
Pyheel fi(6-53125ft + 0.53125ft) + W)o-8.53125ft-(0.5-8.53125¢t) '
Rpy f 1= S = 47.672-kip
Wigne 1.468758t-(0.5- 1.46875f)
Rpg = S = 0.539-kip
RE4_ft = Pwheel_ﬂ'z + Wiane 10ft — RF4_ft — RD4_ft = 81.508-kip
Ragq =0 Rpg =0 Req =0 RGa =0
Only Lane 3 loaded
Pyheel fi (4:25f0) + Wigpe 6.25ft-(0.5-6.2511) .
Rp3 g = S = 27.504-kip
Poheel fi (1.75f) + Wype3.756t-(0.5-3.751t) .
Res = = S = 10.819-kip

Rp3 ft = Pwheel fi2+ Wiane 10ft —Rg3 1 — Reg = 91.397-kip

Ra3 =0 Rp3 =0 Rp3 =0 Rg3 =10
Only Lane 2 loaded
Pyheel fir (1.968751) + Wi, 3.96875ft-(0.5-3.96875 1) .
RD2_ft = S = 12.155-kip
Pyheel fir (40312560 + Wiye-6.03125ft-(0.5-6.03125f1) .
Rpy ¢ 1= S = 25.919-kip

Reo ft = Pwheel ft'2 + Wiane 10t = Ry f — Rpp ¢ = 91.646-kip

Ra2 =0  Rpp =0 Rpy =0 Rgy =0

16




Only Lane 1 loaded

Pwheel_ft'(0'3125ﬂ +6.3125ft) + Wy e 8.3125ft-(0.5-8.3125ft)

RAL £t S = 44.925-kip

Wiane 1.68758t-(0.5-1.6875f)
Rep g = S = 0.712-kip

RB1 fi = Pwheel fi'2 + Wiane 10ft —Rpp ft — Ry g = 84.083-kip
Rpp =0 Rp =0 Rpp =0 RGgr =0

The design live load should be placed to generate the maximum soil bearing pressure. The greatest eccentricity and
loads to maximize the soil bearing pressure are developed when the live load is on all 5 lanes.

Girder end reactions due to live load on all five lanes
RaFt sL= (Ra1 fr + Ra2 fi + Ra3 fi + Rag fi + Ras f)-MPF(5) = 29.201-kip

Rppe 51 = (Rp1 i+ Rp2 f + RB3 i+ Rp4 fi + Rps ) MPF(5) = 71.501-kip

Repe sp= (Rer fi+ Reo fe+Res fi+ Rea fi + Res qy) MPF(S) = 67.066-kip

Rprt sL = (Rp1 f + Rpo fi + RD3 i + Rpa i + Rps f)-MPF(5) = 67.659-kip
Repe sL = (RE1 f+ RE2 i+ RE3 i+ Rpa i+ Rps ) MPF(5) = 70.858-kip
Rppt sL= (RF1 £+ Rp2 i+ Rp3 i+ Rpg g1+ Rps ) MPF(5) = 66.505-kip

RGrt sL = (RG1 f + RGo fi + RG3 i + RGa i + Rgs i) MPF(5) = 48.801-kip

The total unfactored live load at the footing when all 5 lanes are loaded

Rp LFooting = RAFt 5L+ RBFt 5L + RcFt sL + RpFt 5L+ Rept sL + Rppe sL + Rgre sp = 421.59-kip

17



Step 7.4 Application of Other Loads

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

collision load. Other loads, such as ice load and centrifugal force, are not applicable for this example. For
illustrative purposes, the calculation of ice load and centrifugal force are presented in Appendix 5.B and 5.C.

Page Content

19 Braking Force

19 Wind Load

24 Temperature Load
24 Vertical Earth Load

24 Vehicle Collision Load




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:
o 25% ofthe axle weight of the design truck / tandem
* 5% of'the design truck / tandem weight plus lane load.

LRFD 3.6.4

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 lane load

.

BR, = 5%- (72kip + 0.64 %'ZLspan) = 10-kip

Note: The MDOT practice, as reflected in 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 follows MDOT practice.
Braking force selected for the design BRK := BR, = 10-kip

Next, calculate the braking force considering 1 to 5 loaded lanes.

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 BRKsy = SBRK-MPF(5) = 32.5-kip

The braking force is assumed to be equally shared by the bearings at the pier.
The braking force shall be assumed to act horizontally at a distance of 6 ft above the roadway surface. LRFD 3.6.4

Note: The MDOT practice is to apply the horizontal component of the breaking force at the bearings. The impact
of'the eccentricity of the load with respect to the bearing elevation is not considered.

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 considered. Then, the wind exposure area is calculated by multiplying the tributary
length for a specific direction and the superstructure depth. Finally, the wind load is calculated by multiplying
the wind pressure and the wind exposure area.

Since the expansion bearings at the abutment are restrained in the transverse direction, the tributary length for
the transverse direction wind load on the pier with fixed bearings is equal to one-half of each adjacent span.
Because of the expansion bearings at the abutments, the entire bridge length is selected as the tributary length
for the longitudinal direction.
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Total depth of the superstructure Diotal = hRailing + tpeck t tHaunch + 9Girder = 7-083 ft

Tq'butary length for the transverse LwindT = L span = 100ft  One half of each adjacent span

wind load on superstructure

Tq'butary length for the longitudinal LwindL = 2LSpan = 200ft Length of entire superstructure

wind load on superstructure

Effective area for the transverse wind . . _ 2

load on superstructure AWSuperT = Diotal Lwindt = 708333 1t

Effective area for the longitudinal wind . . _ 3.2

load on Supersﬁucture AWSuperL T Dtotal' LWmdL = 1417 x 10" ft

Basic wind speed (mph) for - LRFD Fi 1.12-1

Strength I load combination Vst = 113 igure 3.8.1.1.

Basic wind speed (mph) for o LRFD T 1.1.2-1

Strength V load combination Vwstrv = 80 able 3.8.1.1.

Basic wind speed (mph) for o LRFD T 1.1.2-1

Service I load combination ViwSert = 70 able 3.8.1.1.

Gust effect factor Gust := 1 LRFD Table 3.8.1.2.1-1, no sound barrier

Drag coefficient, superstructure CDSup =13 LRFD Table 3.8.1.2.1-2

Superstructure height (ff) when the height 7 =33 LRFD 3.8.12.1

is less than 33 ft

Wind exposure category for the site B

7 2

Pressure exposure and elevation (2_ 5. m( ) + 6.87)

coefficient for Strength Il and K B 32 _ 0709 LRFD Eq.

Service IV load combinations ZSup 345.6 o 3.8.1.2.1-2
The wind pressure acting on the superstructure is calculated for different load combinations. LRFD Eq. 3.8.1.2.1-1

Wind pressure on the superstructure (ksf), . -6 2 _

Strength TII PzSup.strinn = 2:56: 10 " Kzgyy Vst - Oust Cpgyp = 0.031

Wind pressure on the superstructure (ksf), . -6 2 B

Strength V PZSup.StrV =256-10 "-Vyguy -Gust CDSup = 0.021

6

Wind pressure on the superstructure (ksf), PZSup.SerI = 156.10 0.V

2
Service 1 I -Gust: CDSup = 0.016

wSer
The superstructure wind load acting on the pier depends on the wind attack angle which is LRFD 3.8.1.2.2
measured from a line perpendicular to the longitudinal axis of the bridge. R
Since the span length and height of the bridge are less than 150 ft and 33 ftrespectively, the

! : LRFD 3.8.1.2.3
following wind load components are used: 2

e Transverse: 100 percent of the wind load calculated based on the wind direction perpendicular to
the longitudinal axis of the bridge
e Longitudinal: 25 percent of the transverse load.

Only the pier has fixed bearings. Therefore, the longitudinal component of the wind load on the superstructure
is equally shared by the bearings at the pier.

20




Wind load at each bearing due to the
transverse wind loads on the
superstructure, Strength 111

Wind load at each bearing due to the
transverse wind loads on the
superstructure, Strength V

Wind load at each bearing due to the
transverse wind loads on the
superstructure, Service [

Wind load at each bearing due to the
longitudinal wind loads on the
superstructure, Strength I

Wind load at each bearing due to the
longitudinal wind loads on the
superstructure, Strength V

Wind load at each bearing due to the
longitudinal wind loads on the
superstructure, Service [

Pz Sup.steiir kSt AwSuperT

WSTStrIIl = . = 3.158-kip
beams
 Pzsup.surv kst AwsuperT .
WSTStrv = - = 2.155-kip
beams
_ Pzsup.Serl *sf AwsuperT ,
WSTSer] = N = 1.65-kip
beams
. AWSuperL .
WSLsu = WStstr 5025 = 1.579-kip
WSuperT
) AWSuperL .
WS| sty = WSty — - 0.25 = 1.078-kip
WSuperT
AWSuperL

WSLSert = WSTSerl' -0.25 = 0.825-kip

WSuperT

The transverse load acting on the superstructure also applies a moment to the pier cap. This moment acts about the
transverse centerline of the pier cap and induces vertical loads at the bearings, as illustrated in the following figure.

BE0° puit-to-0u deck fascia -

6800 @ 08 = 563}

The following calculations show the moments about the longitudinal axis of the bridge due to transverse wind

loads on the superstructure:

Strength 1T

Strength V

Service I

Moment of inertia of the girders (as a group)

. Diotal .
Mrstetn = PzSup.Stelll ksf AwSuper —5— = 78285 kip-ft

) Diotal .
MTStI‘V = PZSUpStI‘V ksf- AWSUpCI’T. T = 534331(11) ft

. Diotal .
MTSerl = PZSup.Serl kST AwSuperT —— = 40.91-kip-ft

Lyirders = 2-(39)” +2(25)° + 2.5 = 2,645 x 10 i°

The magnitude of the vertical forces acting on the bearings is calculated below.

Vertical forces at bearings A and G, Strength 111

Mg (3S)

Rws_aGstin = = = 0.863-kip

girders
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Mgy (3S)

Vertical forces at bearings A and G, Strength V Rws AGsey = ——— = 0.589-kip
- Igirders
. : . Mrger(35)
Vertical forces at bearings A and G, Service [ Rws AGSer] = ——— = 0.451-kip
- Igirders
. . Mrgyir (25) ,
Vertical forces at bearings B and F, Strength 111 Rws BFStIII == ————————— = 0.575-kip
- I girders
) . M -(2S)
Vertical forces at bearings B and F, Strength V _ TStrV .
RWS_BFSU‘V = I— = 0393 . klp
girders
. . . Mrgerr (28)
Vertical forces at bearings B and F, Service I RWwS BFSer] = ————————— = 0.301-kip
- Igirders
, , Mrsair (S) ,
Vertical forces at bearings C and E, Strength 11 Rws CEStIII == —————— = 0.288-kip
- Igirders
, , Mrsiry(S) ,
Vertical forces at bearings C and E, Stength V Rws CESytv =——— = 0.196-kip
- I girders
. . . Mrgerr (S) ,
Vertical forces at bearings C and E, Servicel Rws CESerf = ——————— = 0.15-kip
- Igirders

Note: The MDOT practice is to equally distribute the horizontal component of the transverse wind load to the
bearings and neglect the effect of eccentricity. The above calculation is for illustrative purposes only. The
vertical forces induced at the bearings by the eccentric transverse wind load are not considered in the design.

Vertical Wind Load

The vertical upward wind load is calculated as 0.02 ksf times the width of the deck for the LRFD 3.8.2
Strength I load combination. This line load is applied at the windward quarter of the deck width.

Note: Since the MDOT practice is not to consider the vertical wind load, it is excluded from the analysis and design
presented in this example .

Wind Load on the Substructure

Drag coefficient for the substructure Cpsub = 1.6 LRFD Tablk 3.8.1.2.1-2
The wind pressure acting on the substructure is calculated for different load combinations. LRFD Eq.3.8.1.2.1-1
Wind pressure on the substructure (ksf), P7gub.strIlr = 2-56- 10 6, KZSup' VwStrIIIZ' Gust- Cpgyp = 0.038
Strength 111
Wind pressure on the substructure (ksf), P7gub.Stry = 2.56 10 6. VwSter' Gust-Cpgyp = 0.026
Strength V
Wind pressure on the substructure (ksf), P7qub.Ser] = 2-56- 10 6-VWS erIZ' Gust Cpgyp = 0.02
Service |
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For simplicity, apply the same pressure along the transverse and longitudinal directions.

The transverse and longitudinal wind forces calculated from the wind pressure acting on LRFD 3.8.1.2.3b
the corresponding exposed areas are to be applied simultaneously. These loads shall also
act simultaneously with the superstructure wind loads.
Height difference between the middle hq = hcap - hcapend = 6ft
and end of the pier cap
. . 1 2
Expgseq area.ofth.e pier cap in the AcapL = 1cap'hcap -2 Eloverhang' hy = 573751t
longitudinal direction
Exposed area of the pier cap in the AcapT = tcap'hcap =44 ft2

transverse direction

The column height exposed to wind is the distance from the ground to the bottom of the cap.

Exposed area of the pier column in ) 2
the longitudinal direction AcolL = Weolumn’ (hcolumn B hSOﬂ) = 233751t
Exposed area of the pier column in AoIT = teolumn' (hcolumn - hsoil) =44 ft2
the transverse direction
Longitudinal Component of the Substructure Wind Load Acting on the Pier, WS¢ ;.
Strength 111 WSSubL.Strill = PZSub Strlil kst (AcaplL + AcolL) = 31.014-kip
Strength V WSSubL.Strv = PzSub strv kst (Acapl + AcolL) = 21.168-kip
Service | WSSubL.Serl = PZSub.Serl ksf (AcapL + AcolL) = 16:207-kip
Transverse Component of the Substructure Wind Load Acting on the Pier, WS 1
Strength 111 WSSubT.Strill = PZzSub Strlil kf(AcapT + AcolT) = 3-38-kip
Strength V WSSubT.Strv = PzSub strv kst (AcapT + AcolT) = 2-307-kip
Service | WSSubT.Serl = Pzsub.Serl” kst (AcapT + AcolT) = 1.766-kip

These loads are applied at the centroid of the loaded area for each direction. The distances from the bottom of the
column to the points of application of the resultant force are required to calculate the moment due to wind loads.

Distance from the base of the column to the point of application of the longitudinal wind load on the substructure

h h —h..;

cap 1 column ~ "soil
1cap'hcap'(hcolumn + ) j - (1overhang'hd)'(hcolumn + ghdj + AcolL'[ ) + hsoil]

AcapL + AcolL

HyssubL =

Hyyssybl, = 16-868 ft

Distance from the bottom of the column to the point of application of the transverse wind load on the substructure

hcap heolumn ~ Dsoil
AcapT' heolumn + ) + AcolT” ) + hgoil

AcapT + AcolT

= 141t

HyssubT =
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Wind Load on Live Load

Since the individual 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 acting on the live load are used:

e (.10 KIf, transverse

0.04 kIf, longitudinal.
The transverse and longitudinal components of the load acting on each bearing are:
kip kip
0-1 == LwindT 0.04 == LwindL
WLTBearing = N = 1.429-kip WLLBearing = N = 1.143-kip
beams beams
The wind load on live load acts at 6 ft above the roadway. LRFD 3.8.1.3

Note: The MDOT practice does not consider the eccentricity of the wind load acting on the live load. Only the
horizontal force is distributed to the bearings.

The following figure shows the braking force and the wind load applied on the pier in the transverse and longitudinal
direction of the bridge.

WS, WL BRK WS, WL

Temperature Load

Since this bridge has two equal spans and expansion bearings over the abutments, the center of movement in the
longitudinal direction is located at the pier. Therefore, the bearing pads at the pier do not deform when the
superstructure deforms due to change in temperature. As a result, the pier is not subjected to transverse forces.

Vertical Earth Load

Vertical earth load on the footing EVE; = Y5 hgoir (Wfooting'lfooting ~ feolumn’ Weolumn

Vehicle Collision Load

The draft language for incorporating AASHTO LRFD vehicle collision force is being reviewed by the bridge
committee. Once approved, the AASHTO LRFD vehicle collision force shall be accounted for in the design of all
new bridges, bridge replacements, and pier replacements.

MDOT's preference is to locate the pier outside of the clear zone as defined in Section 7.01.11 of the MDOT
Road Design Manual. After the draft language is approved, the updated BDM will describe the the preference for
accounting for the vehicle collision force when the pier cannot be located outside of the clear zone.

The pier design described in this example does not consider the vehicle collision force assuming that the pier is
located outside of'the clear zone defined in Section 7.01.11 ofthe MDOT Road Design Manual.

) = 178.38-kip
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Step 7.5 Combined Load Effects

Description

This step presents the procedure of combining all load effects and calculating the total factored forces and
moments acting at the pier cap, column, and footing.

Page Content

26 Pier Cap Load Effects
31 Pier Column Load Effects
3 Pier Footing Load Effects
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Strength I, Strength 111, Strength V and Service I limit states are considered for the analysis and design of the pier.

Strength [=1.25DC + 1.5DW + 1.75LL+1.75BR + 1.5EH + 1.35EV + 1.75LS +0.5TU LRFD 3.4.1
Strength IIT=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 [=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 the 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 here either do not control or are not applicable.

Note: These load combinations should include the maximum and minimum load factors; only the maximum factors
are shown for clarity.

Pier Cap Load Effects

In this example, the pier cap is designed using both the strut-and-tie method (STM) and the traditional method for
illustrative purposes. Therefore, the load effects required for the STM and traditional method are calculated.

Load Effects for the Strut-and-Tie Method

For the STM, the pier cap self-weight is applied at each bearing location as a concentrated load LRFD 5.8.2
based on the tributary width of the segment. For example, Girder A reaction includes the weight

of'the pier cap section located between the end of the cap and the midpoint between girders A and

B. Similarly, Girder B reaction includes the weight of the pier cap section located between the

midpoints of girders A -B and B - C.

- B3.6" out-lo-out deck fascia .
o 6 Spa @ 98 = 5831

h2

hy S
Height of the pier cap at the midpoint between hl := hcapend + '(ledge + —) = 7.14 ft
girders A and B 1overhang 2
. : o hy 38
Height of the pier cap at the midpoint between h2 := hcapend + . ledge +— | = 9.884 ft
girders B and C 1overhang 2
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. . . . hcapend +hl
Tributary weight of the pier cap on Girder A Cappc A = Wc'tcap' B E— ledge + 5 = 27.599-kip

hl + h2
Tributary weight of the pier cap on Girder B Cappc g = W teap’ (%j -S = 49.634-kip

Tributary weight of the pier cap on Girder C

h2 + hCap
Cappc_¢ = We leap: (loverhang ~ ledge = 1-38) + (2:55 + ledge — loverhang) Neap| = 62-82-kip

Tributary weight of the pier cap on Girder D Cappc p = W teap’ S. hcap = 64.144 kip

Due to symmetry, the tributary weights of the pier cap on Girder E, F, and G are equal to Girder C, B, and A,
respectively.

Cappc g = Cappc ¢ = 62.82-kip Cappc g = Cappc g =49.634-kip Cappc G = Cappc A = 27.599-kip
Strength 1 is the controlling limit state for the application of the STM.

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

Lane 5 loaded
Rya 1L = 1.25-(RDCEX + CapDC_A) + 15 Rpwpy + 1.75Ra 11, = 331.149-kip
Ryg 1L = 125 (RpCistin + Cappe B) + 1-5-Rpwin + 1.75Rp 11 = 357.768-kip
Ryc L= 1.25-(Rpcp + CapDC_C) + L5-Rpywy + 1.75Rc 1, = 356.125-kip
Ryp 11 = 1.25-(RDCIH + CapDC_D) + 15-Rpwp + 1.75Rp jp = 357.78-kip
Ryp 1L = 1.25-(RDCIn + CapDC_E) + 15-Rpwip + 1.75Rg 11, = 356.125-kip
Ryp 11 = 1.25-(Rpcistin + Cappe ) + 1.5 Rpwin + L75RE 1 = 496.847-kip
RyG 1L = 1.25-(RDCEX + CapDC_G) + 15 Rpwpx + 1.75RG 11, = 520.698-kip
Lanes 4 and 5 loaded
Rya 21 = 1.25-(RDCEX + CapDC_A) + L5 Rpwx + 1.75Rp op = 331.149-kip

Ryp 2L = 1.25-(RDClstIn + CapDC_B) + 15-Rpwy + 1.75Rp op, = 357.768-kip
Ryc oL = 1.25-(RDCIn + CapDC_C) + L5-Rpywy + 1.75Rc op, = 356.125-kip
Ryp 21 = 1.25-(RDCIH + CapDC_D) + 15-Rpyp + 1.75Rp o, = 358.724-kip

Ry o1, = 125-(Rpcpn + Cappe g) + 15-Rpwipn + 1.75Rg o, = 528.59-kip
Ry o1 = 1.25:(Rpcistin + Cappe ) + 1.5 Rpwin + 175Rg o, = 574.115-kip

RyG 21 = 1.25-(RDCEX + CapDC_G) + 15 Rpwpx + 1.75RG oy, = 489.106-kip
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Lanes 3 to 5 loaded
Rya 3p = 125 (RDCEX + CapDC_A) + L5 Rpwex + 1.75Ry 31 = 331.149-kip

RuB_3L = 1.25. (RDCIStIIl + CapDC_B) + lSRDWIl’l + 175RB_3L = 3577681(113

Ryp 31 = 1.25-(RDCIH + CapDC_D) + L5Rpwip + 1.75Rp 31 = 522.063-kip

RuG_3L = 1.25-(RDCEX + CapDC_G) + L5 Rpwx + 1.75RG 31 = 465.413-kip

Lanes 2 to 5 loaded

RuB_4L = 125(RDCIStIIl + CapDC_B) + lSRDWIl’l + 175RB_4L = 3935661(113

RyG 41 = 1.25-(RDCEX + CapDC_G) + L5 Rpwx + 175RG 41 = 433.821-kip

Ryp 41 = 1.25-(Rpcistin + Cappe ) + 1.5 Rpwin + 175RE 41 = 498.394-kip

All 5 lanes loaded
Rya sp = 125 (RDCEX + CapDC_A) + L5 Rpwex + 1.75Rp 51 = 392.63-kip
RuD_SL = 1.25-(RDCIH + CapDC_D) + L5Rpwin + 1.75Rp 51 = 500318-kip

RuG_SL = 1.25.(RDCEX + CapDC_G) + L5 Rpwex + 175RG 51 = 433.821-kip
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Factored Girder Reactions for the Application of the Strut-and-Tie Method (kip)

Lane 5 loaded Lanes4and 5 | Lanes3to5 Lanes2to 5 All 5 lanes

loaded loaded loaded loaded
Girder A 331.15 331.15 331.15 331.15 392.63
Girder B 357.77 357.77 357.77 393.57 509.28
Girder C 356.13 356.13 375.80 496.47 497.28
Girder D 357.78 358.72 522.06 500.32 500.32
Girder E 356.13 528.59 552.34 506.17 506.17
Girder F 496.85 574.12 541.66 498.39 498.39
Girder G 520.70 489.11 465.41 433.82 433.82

Load Effects for the Traditional Method

Strength I is the controlling limit state for the design of the pier cap. Service I is the controlling serviceability limit
state. The critical design location is at 21.25 ft from the end of the cap. The reactions at the two outermost
bearings (F and G) and the pier cap overhang self-weight develop the critical moments and shear at this critical
section. By examining the girder reactions under different live load cases, it is determined that the controlling live
load effects may be developed under the Lane 5 loaded case or the Lanes 4 and 5 loaded case.

hcapend + hcap

Self-weight of the pier cap overhang DCCavaerhang = -1

Moment arm of self-weight of the pier cap overhang to the critical section

1 1 1

1 h 1 1

overhang” “capend, “overhang * E'hd' 1overhang'g' overhang
ArmDCOVerhang = | = 9.297 ft
1overhang' hcapend + Ehd‘ 1ovelrhang
Distance from Girder G to the critical section ArmG_cap = loverhang - ledge = 18.531 ft
Distance from Girder F to the critical section ArmF_cap = loverhang - ledge - S = 8.813ft

Strength [

Factored shear force at the critical section under the Lane 5 loaded case

5 overhang’ tcap' W

= 102-kip

Vi 118l = 125-(DCapoverhang * RDCEx + RDCIstin) + 1-5-(RpwEx + Rowi) + 175(Rp 1L+ Rg 1)

3.
Vu_lLStrI =1.049 x 10 klp
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Factored shear force at the critical section under the Lanes 4 and 5 loaded case

Vi 21t = 1:25-(DCeapOverhang * RDCEx * RDCIstin) + 1-5-(RowEx + Rowin) + 175(Rp o+ Rg 21)
Vi aLsuT = 1094 x 107 kip

Controlling shear force at the critical section Vu_StrI = maX(Vu_lLStrI , Vu_ZLStrI) = 1.094 x 103-kip

Factored moment at the critical section under the Lane 5 loaded case

My 1Lstrl = 1-25-DCCapOverhang ATMDCOverhang * (125 RpcEx + 153 Rpwx + 175°RG jL)-Amg gap -
+ (1'25'RDC15tIn + L5-Rpwin + 1.75-RF_1L)-ArmF_cap

4 .
Mu_lLStrI =1.403 x 10 'klp'ft

Factored moment at the critical location under the Lanes 4 and 5 loaded case

My 21811 = 1-25-DCCapOverhang ATMDCOverhang * (125 RpcEx + 153 Rpwx + 1.75°RG o1 ) Amg gap -
+ (1'25'RDC15tIn + L5-Rpwin + 1.75-RF_2L)-ArmF_cap

4.
Mu_2LStrI =1412x 10 'klp'ft
Controlling moment at the critical section My st = max(Mu 1LStrI » My 2LStrI) = 1.412 x 104~kip~ft

Service |

Factored shear force at the critical section under the Lane 5 loaded case

Vu_1LSerl = (DCcapOverhang * RDCEx * RDC1stin) + (RDWEx + Rowin) * (RF 11+ R L)
Vu_lLSerI = 753.088-kip

Factored shear force at the critical section under the Lanes 4 and 5 loaded case

Vi 2LSerl = (DCcapOverhang * RDCEx * RDC1stin) + (RDWEx + Rowin) * (RF 21+ R 21
Vu_2LSerI = 779.189-kip

Controlling shear force at the critical section Vi Serl = max(Vu 1LSerl» Yu 2LSerI) = 779.189-kip

Factored moment at the critical section under the Lane 5 loaded case

My 1LSerl = DCCapOverhang AMMDCOverhang * (RDCEx + RDWEx + RG 1L)-AmmG cap -
+ (RpCistin + RDOWIn * RF_IL)'ArmF_cap

3.
Mu_lLSerI =9993 x 10 'klp'ft

Factored moment at the critical section under the Lanes 4 and 5 loaded case

My 21Serl = DCCapOverhang ATMDCOverhang * (RDCEx + RDWEx + RG 2L)-Ammg cap -
+ (RpCistin + RDOWIn * RF_zL)' AME cap

4 .
Mu_2LSerI =1.005 x 10 'klp'ft

Controlling moment at the critical section My Ser] = max(Mu 1LSerl > My 2LSerI) = 1.005 x 104~kip-ft
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Pier Column Load Effects

Strength V is the controlling limit state for the design of the pier column under biaxial bending with an axial load.
The critical section for the design is located at the column - footing connection. The critical load effects for the
Strength V limit state are achieved by minimizing the axial effects while maximizing the transverse and longitudinal
moments. This is accomplished by excluding the future wearing surface load and using minimum load factors for
the dead loads. Since the live load placements indicate that the Lane 5 loaded case or Lanes 4 and 5 loaded case
could develop the critical design forces and moments, Strength V combinations with respect to those two lane
positions are evaluated.

Strength V=0.9DC +1.35LL+ 1.35BR + 1.0WS+1.0WL

To calculate the moments acting at the critical section of the column, the moment arms of various loads are
calculated as shown below:

Moment arm of the vertical load at the Girder E bearing Armg = S = 9.719 1t
Moment arm of the vertical load at the Girder F bearing Armp = 2S = 19.438 ft
Moment arm of the vertical load at the Girder G bearing Armg = 38 = 29.156 ft

The braking force, the wind load on the superstructure, and the wind load acting on the live load are all applied at
the bearings as horizontal loads.

Distance from the column base to the Arm ) = hca + =251t

. p heolumn
top of the pier cap

Axial Force and Moment at the Base of the Pier Column

Next, the factored axial forces and moments at the base of the pier column are calculated for the Lane 5 loaded
case and the Lanes 4 and 5 loaded case.

The Lane 5 Loaded Case

Factored axial load
NyColstrv 1L = 0-9:(DCsyp + DCeap + DCoolymn) + 135-(Rp 1L+ Rg 1)

3.
Nucolsurv_1r = 1.977 < 107-kip

Factored moment about the transverse axis of the pier column

MyTColstrv 1L = 1:35-(Rp - Amp + R jp-Amg) ..
+ 1.0-(Npeams WSTs v Amgo) + WSSubT srv- HwssubT)
+ 1.0- Nbeams'WLTBearing'Armcol)

3.
MyTColstrv_1L = 7-008 x 107-kip- ft

Factored moment about the longitudinal axis of the pier column

MyLColstrv 1L = 1.35-(BRK - Armgg)) .
+ 1.0 (Npeams WSLstry- Amgo) + WSsub serv- HwssubL)
+ 1.0:(Npeams' WL Bearing’ Armcol)

3.
MyLcolstrv_1r = 1.151 % 107-kip-ft
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The Lanes 4 and 5 Loaded Case

Factored axial load NuColStrV_2L = O.9-(DCSup + DCCap + DCcolumn)
+1.35-(Rp o +Rg o +Rp o1 +RG o1

3.
NuColStrV_2L = 2.146 x 10" -kip

Factored moment about the transverse axis of the pier column

MyTColstrv 2L = 1.35-(Rp o1 -Ammg + Rp o1 -Ammp + Rg oy -Armg) .
+ 1.0-(Npeams WSTstry- Amgo) + WSSubT srv- HwssubT) -
+ 1.0

Npeams WETBearing’ Armcol)

3.
MyTColStrv 2L = 8.749 x 107-kip- ft

Factored moment about the longitudinal axis of the pier column

MuLColStrV_2L =135 '(BRK2L'Armcol)
+ 1.0-(Npeams WSLSry Atigol + WSgupr strv- HwssubL)
+ 1.0 {Npeams' WLLBearing' Armcol)

3.
MyLcColstrv_ar = 1.421 x 107-kip-ft

Shear Forces at the Base of the Pier Column

Since the Strength III or Strength V limit state could develop the controlling shear forces at the base
of'the pier column, shear forces due to both limit states are calculated.

Strength [II=1.25DC +1.5DW +1.0WS

Strength V=1.25DC+1.5DW+1.35BR + 1.0WS+1.0WL

The shear parallel to the longitudinal axis of the pier (transverse shear) and the shear parallel to the transverse
direction of the pier (longitudinal shear) are calculated as shown below.

Strength IT1
O b S VurColsetit = 1:0-(Npeams WSTStrirt + WSSubT Stri)
VuTColstrn = 25-484-kip
Factored longitudinal shear force VuLColst = Noeams WSLSuI11 + WSSubL. Stelin
VuLColStrn = 42-066-kip
Strength V
It:“;lrcctgred transverse shear Vutcolstry = 1.0- (Nbeams'WSTStrV + WSqubT.Strv + Nbeams'WLTBearing)

VuTColStrv = 27-394-kip

Factored longitudinal shear force

VuLColstrv = 1.35-BRKgp + 1.0- (Nbeams'WSLStrV + WSgubL.Strv * Nbeams'WLLBearing)

VuLColstrv = 80-587-kip
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The controlling transverse shear force VuTCol = maX(VuTCOIStrIH , VuTColStrV) = 27.394-kip

The controlling longitudinal shear force VuLCol = maX(VuLCOIStrIH»VuLColStrV) = 80.587-kip

Pier Footing Load Effects

The bearing pressure distribution depends on the rigidity of the footing and the soil type and condition. The pier
footings are usually rigid, and the assumption q =(P/A)+/- (Mc/l) is valid. For an accurate calculation of
bearing pressure distribution, the footing may be analyzed as a beam on an elastic foundation.

The live load on all five lanes develop the critical load effects for the footing design.

Moment arm of Girder A and G Armp G = 38 = 29.156 ft
reactions to the center of footing
Moment arm of Girder B and F Armgp = 28 = 19.438 ft

reactions to the center of footing

Moment arm of Girder C and E Armep =S = 9.7191t
reactions to the center of footing

For convenience, define the longitudinal axis of the footing as x-axis and the transverse axis as y-axis.

Strength 1

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

Factored vertical force FyEtsy = 1.25 (DCSup + DCcap + DCeolumn + DCfooting)

+ 175RLLFOOt11’lg + IBSEVFt

+ 1‘5DWSup

3.

Factored shear force parallel to the v —0
transverse axis of the bridge TFtStrl -~

Factored shear force parallel to the

longitudinal axis of the bridge VLFtsul = 1.75-BRKsy = 36.875-kip

Factored moment about the longitudinal

3.
axis of the fOOtiIlg MXFtStI'I = 175BRK5L(ArmCOI + thOting) =1.593x 10 klpft

Factored moment about the transverse axis of the footing
Mypisit = 175 (RGrt sL ~ RaFt s1)-ArmaG + (Rppt s~ Rppe sL)- Armpp ... | = 894.546-kip-ft
+ (Rgpt sp, — Repe sL)-Ameg

Note: DC, DW, and EV are symmetrically placed loads over the footing. Onlythe eccentrically placed traffic
loading contributes to the moment about the transverse axis of the footing.

Strength I11

Strength [I1=1.25DC +1.5DW + 1.5EH +1.35EV +1.0WS+0.5TU

Factored vertical force FyEistn = 1.25 (DCSup + DCeqp + DC
+1.35-EVE

column * Dcfooting) + 1.5 DWSup

3.
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Factored shear force parallel to the VTFistrIll = Noeams' WSTStHIIT + WSSubT. Stril1 = 25-484-kip
transverse axis of the bridge

Factored shear force parallel to the VLFtStIn = Noeams' WSLStIIT + WSSubL.Stri1 = 42-066-kip
longitudinal axis of the bridge

Factored moment about the longitudinal axis of the footing

MxFStrIIr = Nbeams'WSLStrIH'(Armcol + tfooting) + WSgubL.StrIIT (HWSSubL + tfooting)

Factored moment about the transverse axis of the footing

MyFstrIIr = Nbeams'WSTStrIH'(Armcol + tfooting) + WSSubT.StrIIT (HWSSubT + tfooting)

StrengthV

Strength V=1.25DC+1.5DW+1.35LL+1.35BR+ 1.0WS+1.0WL+1.5EH +1.35EV +1.35 LS +0.5TU

Factored vertical force FyEtStry = 1.25~(DCSup + DCeqp + DC + 1.5DWgyy, -

column * Dcfooting)
+ 1’35'RLLF00tiIlg + 1.35'EVFt

3.

Factored shear force parallel to the transverse axis of the bridge

VTFtStrv = Nbeams'(WSTStrV + WLTBearing) + WSgubT Strv = 27-394-kip

Factored shear force parallel to the longitudinal axis of the bridge
VLSt = 1.35-BRKgy + Nbeams‘(WSLStrV + WLLBearing) + WSgubL.Stry = 80.587-kip
Factored moment about the longitudinal axis of the footing

MxFsery = 1.35 'BRKSL'(Armcol + tfooting) + Nbeams'WSLStrV'(Armcol + tfooting)
+ Nbeams'WLLBearing'(Amcol + tfooting) + WSgubL.Strv° (HWSSubL + tfooting)

3.

Factored moment about the transverse axis of the footing
MyFisurv = 1'35{(RGFt_5L ~ Ry 51)-AmaG + (Rppe s~ Ry sp) Ammp }
+ (Rgpt 51— Repe sL)-Ameg
+ Npeams WSTSHV (Armcol + tfooting) + WSSubT.StrV'(HWSSubT + tfooting)
+ Nbeams'WLTBearing'(Armcol *+ Hooting

3.
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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

Factored vertical force FVFtSerI = (DCSup + Dccap + DCcolumn + DCfooting) + DWSup

+ RLLFooting + EVgy
3.
FVFtSerI =2.961 x 10 klp

Factored shear force parallel to the transverse axis of the bridge

VTFtSerl = Nbeams'(WSTSerI + WLTBearing) + WSgubT.Serl = 23-317-kip

Factored shear force parallel to the longitudinal axis of the bridge

VLFtSerl = BRKsp + Nbeams'(WSLSerI + WLLBearing) + WSgubL.Serl = 02-482-kip

Factored moment about the longitudinal axis of the footing

MxFiSerl = BRKSL'(Armcol + tfooting) + Npeams' WSLSerl (Armcol + tfooting)
+ Nbeams'WLLBearing' (Armcol * tfooting) + WSSubL.SerI'(HWSSubL * tfooting)

3.
MXFtSerI =1.618x 10 'klp'ft

Factored moment about the transverse axis of the footing

MyFisert = (RGFt sL~ RAFt s0)-AmaG + (Rppe sL ~ Rgpy sp)-Armpp -
+ (REFt_SL - RCFt_SL)'ArmCE + Npeams WSTS v (Armeop + tfooting)
+ WSSubT.StrV'(HWSSubT + tfooting) + Npeams' WL TBearing’ (Armcol + tfooting)

3.
MYFtSerI =1.253x%x 10 'klp'ft
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Step 7.6 Pier Cap Design: Strut-and-Tie Method

Description

This step presents the pier cap design using the strut-and-tie method.

Page
37
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45
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Content
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Bearing Size Check
Tension Tie Reinforcement Design
Stirrup Design
Bottom Strut Design
Diagonal Strut Design
Tension Tie Anchorage Check
Crack Control Reinforcement Check

Skin Reinforcement Design
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Geometry and Member Forces of the Strut-and-Tie Model

When a structural member meets the definition of a deep component, the LRFD Bridge Design

e . LRFD 5.8.2.1
Specifications recommend, but do not mandate, that the STM be used to determine force
effects and the required amount of reinforcing steel. The STM accounts for nonlinear strain
distribution, nonuniform shear distribution, and the mechanical interaction of V ,, T, and M, .
A few key considerations in strut-and-tie modeling are as follows: LRFD 5.8.2.2

1. The truss must be in external and internal equilibrium.
2. A tie must be located at the centroid of the reinforcement that carries the tie force.

3. The angle between a strut and a tie entering the same node must be greater than 25°.

4. Reasonable and conservative assumptions and simplifications must be made when necessary.

5. In general, a model with fewest and shortest ties is the most efficient.

6. When using strut-and-tie modeling, design iterations may be necessary to determine the geometry of the model.

The strut-and-tie model of the pier cap is shown in the following figure. In this model, it is assumed that the top
tie is at 6.5 in. from the top of the pier cap, and the bottom strut is at 5.5 in. from the bottom of the pier cap.

centroidtOp = 6.5in centroidbot = 5.5in

6 Spa @ 9'-83" = 58'-33" ll

6 ‘ 5.0
l 1 IS I . iN N S
AT B C ‘f D E /_'_- F — G i
AN / " -
N A V' -
.
- s - 1o
. J—
. . , B
—__ Y "--\ yd M -
S SN N p—
— Kl Ll !
& -
i 213 | 21'-3 | 21'-3

The strut and tie (i.e. truss member) forces were calculated for the Strength I limit state with different live load
cases using a structural analysis software. Step 7.5 presents the calculation of girder reactions under different
live load cases. The loads and the corresponding truss member forces are shown in the following figures. The
truss members with red and blue axial force labels represent struts and ties, respectively.
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Summary Table of Truss Member Forces

The following table summarizes the member forces (in kips) of the truss under different live load cases. Positive and
negative values represent tension and compression, respectively. The maximum tension or compression force in each
member is highlighted in yellow.

Member Lane 5 Lanes 4 and | Lanes 3 to 5 | Lanes 2 to 5 | All five lanes
loaded 5 loaded loaded loaded loaded

AB 463.55 463.55 463.55 463.55 549.62
BC 991.38 991.38 991.38 1026.17 1258.13
CD 1068.63 1092 1065.67 1046.43 1140.01
DE 1071.34 1094.98 1068.32 1048.06 1140.4
EF 1494.99 1508.68 1431.07 1327.61 1327.61
FG 722.94 679.08 646.17 602.31 602.31
Al -569.69 -569.69 -569.69 -569.69 -675.45
BI 185.76 185.76 185.76 185.76 220.25
BJ -757.94 -757.94 -757.94 -807.86 -1017.31
CJ -274.51 -250.46 -297.14 -473.06 -615.68
CK -112.37 -145.91 -108.18 -30.91 167.23
DK -357.78 -358.72 -522.06 -500.32 -500.32
EK 605.23 590.72 517.84 398.59 266.21
EL -788.38 -950.27 -921.82 -790.3 -695.44
FL -1107.76 -1190.33 -1126.18 -1040.67 -1040.67
FM 297.54 279.49 265.95 247.9 247.9
GM -890.94 -836.88 -796.33 -742.28 -742.28
1J -485.42 -485.42 -485.42 -485.42 -575.54
JK -991.38 -991.38 -991.38 -1026.17 -1258.13
KL -1494.99 -1508.68 -1431.07 -1327.61 -1327.61
LM -756.59 -710.69 -676.26 -680.36 -680.36

As described in Step 7.3 and 7.4, the loads are applied on the bridge superstructure to develop the maximum moment
and shear in the pier cap segment DG. Once the design details are developed for this segment, the same details are
used for the segment AD due to symmetry. Hence, the strut and tie forces and the forces at the nodes located in the
pier cap segment DG are considered for the design. The following designs are described in this step:

e  Bearing size check atnodes F and G

e  Tension tie reinforcement design for ties EF and FG

e  Stirrup design using the forces in the vertical tie FM, the only vertical tie in the pier cap segment DG.

Additionally, the tension tie anchorage check, the crack control reinforcement design, and the skin reinforcement
design are performed.

Bearing Size Check

The nodes are characterized based on the strut and tie interaction at a node. LRFD 5.8.2.2

CCC: Nodes where only struts intersect (e.g. nodes J and L)
CCT: Nodes where a tie intersects the node from only one direction (e.g. nodes A, G, I, and M)
CTT: Nodes where ties intersect in two different directions (e.g. nodes B, C, D, E, F, and K)
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The nominal resistance (P,) at the bearing node face is calculated based on the limiting

LRFD 5.8.2.5
compressive stress and the effective area beneath the bearing device.
By examining girder end reactions, the maximum reactions at nodes F and G are identified for the following:
- CTT node: the Lanes 4 and 5 loaded case developed the maximum load atnode F.
- CCT node: the Lane 5 loaded case developed the maximum load at node G.
RuF_ZL = 574.115-kip RuG_lL = 520.698-kip
Ruc
Rur
Leaaees - Lbearing o
QrZZ2272222772) | |
--- E Tel® Tie FG f@f
N :
| ¥
c;‘@}\J I Tie FM
Geometry and Forces of Node F Geometry and Forces of Node G
The required bearing area for node F (CTT) is calculated as follows:
Confinement modification factor, m:=1 LRFD 5.8.2.5.3a
conservatively taken as 1.0
Resistance factor for bearing on concrete q)bearing = 0.7 LRFD 5.54.2
Concrete efficiency factor for fe LRFD Tabk 5.8.2.5.3a-1
. . VCTT =0.85 - T = 0.7
bearing face, assuming crack 20ksi

control reinforcement is present

R - 1.25Ca
F 2L PDC F
Required bearing area for node F BrAreare(LF = L= — = 348.349-in2 LRFD 5.8.2.5

Pbearing ™ VCTT fo

Bearing plate size Lbearing = 22in Wbearing = 19in

. .2
Bearing plate area BrAreap,,vided = Lbearing'wbearing = 418-in

Check the adequacy of the bearing Check := if (BrAreaProvided > BrAreareq_F ,"OK" ,"Not OK") = "OK"
area provided by the plate at F

The required bearing area for node G (CCT) is calculated as follows:

Concrete efficiency factor for bearing face, assuming veoet = 0.7 LRFD Tabk 5.8.2.5.3a-1
crack control reinforcement is present

R G 1L~ 1.25CapDC G
Required bearing area for node G BrAreare(LG = e — = 330.748-in2 LRFD 5.8.2.5

Pbearing M VeeT fe

Check the adequacy of the bearing Check := if (BrAreaProvided > BrAreareq_G, "OK" , "Not OK") = "OK"
area provided by the plate at G

42




Tension Tie Reinforcement Design

Tie EF Design

As per the forces in the summary table, the Lanes 4 and 5 loaded case generates the maximum tension in the tie.
The required area of'tension tie reinforcement at the top of the pier cap and between girders E and F is calculated.

The maximum force in the tie P,EF = 1508.68kip
Resistance factor for tension members tension = 09 LRFD 5.54.2
. . . PuEF .2
Required reinforcing steel area Agt FF = = 27.939-in LRFD Eq.5.8.2.4-1
- Ptension” y

For the top reinforcement, try two rows of 9 No. 11 bars spaced at 5 in.

Select the reinforcing steel bar size bargg := 11

Select the number of reinforcing steel bars Ny gF = 18

Select the reinforcing steel bar spacing StarEF = Sin

Nominal diameter of a bar dparEF = Dia(barEF) = 1.41-in

Cross-section area of a bar AparEF = Area(barEF) = 1.56-in2

Total reinforcing steel area provided AgProvided EF = MbarEF AbarEF = 2808 in2

Check the adequacy of tie EF Check := if (AsProvided EF > Agt EF-"OK", "Not OK") = "OK"
Tie FG Design

As per the forces in the summary table, the Lane 5 loaded case generates the maximum tension in the tie. The
required area of tension tie reinforcement at the top of the pier cap and between girders F and G is calculated.

The maximum force in the tie P FrG = 722.94kip
o PurG 2
Required reinforcing steel area Ag pG = —— = 13.388:-in LRFD Eq.5.8.2.4-1
- Ptension” fy
For the top reinforcement, try one row of 9 No. 11 bars spaced at 5 in.
Select the reinforcing steel bar size barpg = 11
Select the number of reinforcing steel bars Ny FG = 9
Select the reinforcing steel bar spacing SparFG = Sin
Nominal diameter of a bar dparFG = Dia(barFG) = 1.41-in
Cross-section area of a bar AparFG = Area(barFG) = 1.56- in2
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Total reinforcing steel area provided AgProvided FG = MbarFG AbarFG = 14.04-in2

Check the adequacy of tie FG Check = if (AsProvided FG > Ast FG» 'OK" , "Not OK") = "OK"

Stirrup Design

The vertical tension tie FM is designed to resist the factored tension force. Tie FM is the only vertical tie located in
the pier cap segment DG. As per the forces in the summary table, the Lane 5 loaded case generates the maximum
tension in the tie. This tension force is resisted by the stirrups provided within the specific tension tie region (i.e. the
width of the tension tie).

The maximum force in the tie PurM = 297.54kip
o Purm 2
Required reinforcing steel area Agt FM = =5.51-in LRFD Eq.5.8.2.4-1
- Ptension” fy
Try No. 5 bars as double-stirrups (i.e. with four legs). bar := 5 leg := 4
Cross-section area of a bar Apgr = Area(bar) = 0.31- in2
Total stirrup area provided Agt = leg Ay = 1.24'in2
A

t FM

Required number of double-stirrups Ntirrup = ST = 4444

st

These stirrups need to be distributed over a length defined by the midpoint between Girder E and F and the midpoint
between Girder F and G.

Length of the region Lstirrup = 5 = 9719 fi
. . . Lstirrup .
Required stirrup spacing Sstirrup = — = 26.246-in
P on.
stirrup
Crack Control Reinforcement LRFD 5.8.2.6

The pier cap is required to have an orthogonal grid of reinforcement to control the width of cracks. The maximum
spacing of these reinforcements is limited to the smaller of d/4 and 12 in. Since the pier cap depth is 11 ftand the depth
atthe end of the overhang is 5 fi, 12 in. spacing controls.

Pier cap width by, = tcap =41t

. . . A
Required spacing of vertical . st . 3
reinforcement for crack control VT 0.003-by, = 86l LRED Eq-58.2.6-1
Required stirrup spacing SstirRequired = min(sstirrup , SV) = 8.611-in
Check if the required spacing satisfies Check = if (SstirRequired < 20in,"OK" , "Not OK") = "OK"

the maximum Limit

Select a stirrup spacing Sy 6= 91

Use pairs of No. 5 double-legged stirrups at 8 in. spacing in the pier cap.
Bottom Strut Check

Smeared nodes are the interior nodes that are not bounded by a bearing plate. Since all the nodes LRFD C5.8.2.2
in the bottom struts are smeared nodes, the evaluation of concrete stresses is unnecessary.

44




Diagonal Strut Check

The strut LF carries the largest diagonal compressive force. As per the forces in the summary table, the Lanes 4
and 5 loaded case generates the maximum compression in the strut.

The maximum force in the strut P,LF = 1190.33kip
Strut LF is connected to Node F. Ties EF, FM and FG are also connected to the same node.

(hcap - centroidtOp - centroidbot
;= atan

Angle between LF and EF O

— 45.817-de
S ] 8

2 % Cantrobd.

Width of the strut WLE = Lbearing' sin(as) + 2-centr0idtop-cos (OLS) = 24.837-in
Thickness of the strut t g = tcap = 48-in
Effective cross-section area of the strut ACn LE =t pwLp = 1192 x 103-in2

Node Fis a CTT node. The surface where Strut LF meets the node is a strut-to-node interface.

Resistance factor for the strut Pgtrut = 0.7 LRFD 5.54.2
Factored resistance of the strut Py LF = Ogtrut ™ VOTT feAen LF = 1752-kip
Check the adequacy of the strut Check = if (Pr LF > PyLp, "OK", "Not OK") = "OK"

Tension Tie Anchorage Check

Tension ties shall be anchored in the nodal regions. LRFD 5.8.24.2
The longitudinal bars at the top of the pier cap must be developed at the inner edge of the bearing at Node G.

First, calculate the available embedment length to develop the bars beyond the edge of the bearing.

) Lbearing )
Available development length 14 available == ledge + — Covercap =40.125-1in
The longitudinal bar size provided bar = 11
atthe top of'the pier cap =
Diameter of the bar dp,y := Dia(bar) = 1.41-in
Required development length for the straight L .
epoxy-coated bars with spacing less than 6 in. ld_required == 116in BDG7.14.02
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Check ifld_available > ld_required Check = if(ld_available > ld_required ,"OK" , "Not OK") = "Not OK"

Since an adequate length is not available to develop the bars, evaluate the possibility of using hooked bars to
provide the required development length.

The basic development length for a 90 degree hooked bar

lyp = 38 —== = 30.934-in LRFD Eq.

fe 5.10.8.2.42-2

ksi
Reinforcement confinement factor >‘rc =0.8
Coating factor for epoxy coated bars Py = L2

A
t EF

Excess reinforcement factor >‘er = S =0.995

AsPrOVided_EF

Factor for normal weight concrete A=1

(>‘rc' Aew’ >‘er)

N = 29.547-in LRFD Eq.5.10.8.2.4a-1

Required development length lgh = Iy

Check the adequacy of the development length Check := if (ld available > ldn- "OK" , "Not OK") = "OK"

The flexural reinforcement on the top of the pier cap is shown below. The bars at the top layer are hooked.

The bars at the 2" layer can be terminated after providing the required development length beyond the inside
edge of the bearing at Girder F.

- 985" i 985" i —i 285"
1‘-10"_-"| I"-_ /_ 9 #11 Bars 9#11 Bars
[ 1 I‘ [ 1
! !
- e 50
2.5" CL. ¢
110" -
_ "'/
~ "/——
— -/-
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Crack Control Reinforcement Design LRFD 5.8.2.6

The pier cap is required to have an orthogonal grid of reinforcement to control the width of cracks.
The area of crack control reinforcement in each direction should be equal to or greater than 0.003
times the width of the member and the spacing of the reinforcement in the respective direction.

The maximum spacing of these reinforcements is limited to the smaller of d/4 and 12 in. Since the
pier cap depth is 11 ft and the depth at the end of the overhang is 5 ft, 12 in. spacing controls.

Horizontal Reinforcement

Select a trial bar size bar =7

Cross-section area of a bar Apgp = Area(bar) = 0.6- in2

Select the number of bars Ny = 4

Select a vertical spacing between sy = 12in

the bars

A

Check the adequacy of the . bar o w| _ waww LRFDEq.

crack control reinforcement Check := lf(nbar. s > 0:003, "OK™, "Not OK™ | = “OK 5.8.2.6-2
Vertical Reinforcement

Two double-legged stirrups made of No. 5 bars were selected. The horizontal spacing of the stirrups is 8 in. The
adequacy of stirrups to control horizontal crack width needs to be checked.

Selected bar size bar =5
Number of legs in a stirrup leg =4
Cross-section area of a bar Apygp = Area(bar) = 0.31- in2
Horizontal spacing of stirrups Stir = 8-1n
Check the adequacy of the Abar
. Check := if| legs:—— > 0.003,"OK" ,"Not OK" | = "OK"  LRFD Eq.
crack control reinforcement S
cap Sstir 5.8.2.6-1
#7 BARS (TYP)
-
i
p
1
#5 STIRRUPS
- 4' -
Skin Reinforcement Design LRFD 5.6.7

Concrete flexural members with depths exceeding 3 ft have a tendency to develop excessively wide cracks in the
upper parts of their tension zones. To reduce the width of these cracks, it is necessary to provide additional
longitudinal reinforcing steel in the zone of flexural tension near the vertical side faces of their web. This additional
steel, which is referred to as the longitudinal skin reinforcement, must be uniformly distributed along both side
faces for a distance equal to d/2 closer to the flexural reinforcing steel, as shown below.
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COMPUTED As——

SKIN REINFORCEMENT _
EACH SIDE = A,,

Distance from the extreme compression fiber
to the centroid of the extreme tension steel

The maximum spacing of skin reinforcement

Required area of skin reinforcement on each
side face of'the pier cap

One fourth of the required flexural tensile
reinforcement

The required area of skin reinforcement on
each side face of'the pier cap, not to exceed
one fourth of the flexural tensile reinforcement

e & 0 0
£
o
=
L8]

dl = hcap - CoverCap = 128.5-1n

dj
SminSkin = min(z : lzinj - 12-in

. .2
.y In n
Ay = 0.012-(dl - 30m)-E = 1.182:— LRFD Egq.5.6.7-3
A 1 Ast_EF _ 1305 in2
k27405 T

.2

. in
Ask_required = mm(ASkl ’AskZ) = 1.182-?

The skin reinforcement shall be uniformly distributed along both side faces of the pier cap for a distance of dy/2

closer to the flexural tension reinforcement, which is located at the top of the pier cap. Since No.7 bars at 12 in.
spacing were selected as crack control horizontal reinforcing bars, it is necessary to check if they are adequate to
act as the skin reinforcement.

Selected bar size for each side face bar := 7

Selected reinforcing steel bar spacing sy = 12-in

Cross-section area of a reinforcing bar Apygp = Area(bar) = 0.6- in2

Check the adequacy of crack control reinforcing bars as the skin reinforcement

. 12in
Check := if Abar'_ > A

Sh. ft Sk_required , IIOKII , "Not OKH] = ”NOt OK"

The crack control reinforcing bars selected for the pier cap are not sufficient to fulfil the skin reinforcement
requirement.
Add one more No. 7 bar between the two horizontal No. 7 crack control bars on each side of the pier cap.

Spacing of the skin reinforcing bars Sgk = 6In
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Check the adequacy of the skin
reinforcement

Check := if e

12in o "
R OK" , "Not OK
s

Although the skin reinforcement is only required for a distance of dy2 nearest the flexural tension reinforcement, a

common practice is to distribute them to the entire depth of the section.

The typical pier cap cross-sections are shown below.

i 1 Row of 9 #11 bars
e
— |+ Reesd o 4
EJ I 1 Row of 9 #11 bars
£ b 4 F
o
o b
- 3
"
1 ,é f/;_:;'
#7 bars 7| y o
#7 bars @ 6" O.C.
14
w 3 « «
a
§ 4
b 4 4
~
4 x— Double #5 Stirrups
@ 8" Spa
4
4#7 bars

(bottom face)

| 410" —— |

Section A-A

1 Row of 9 #11 bars

#7 bars @ 6" O.C.
LA
J
#7 barg
| |
8 N P Double #5 Stirrups
§ @ 8" Spa.
= 4#T bars

- A

Section B-B

Note: Certain details are not shown in this drawing for clarity
of the main reinforcement. Refer to MDOT Bridge
Design Guides for additional details.

— VIOK"
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Step 7.7 Pier Cap Design: Traditional Method

Description

This step presents the pier cap design using the traditional method.

Page Content
51 Design for Flexure

54 Design for Shear
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Regardless of the member dimensions, the traditional sectional design method is based on the following assumptions:
e The longitudinal strains vary linearly along the depth of the member.
e The shear distribution remains uniform over the depth of the member.

The traditional method requires separate designs for V,, and M, at different locations along the member.

Strength I is the controlling limit state for the pier cap design. The Service I limit state is used to check the crack
width control requirements. The critical design section is located at21.25 ft from the end of the cap. The
reactions at the two outermost bearings (Girders F and G) and the self-weight of the overhang contribute to the
critical moments and forces at the section. Step 7.5 presents the controlling shear forces and moments at the
critical section.

Design for Flexure LRFD 5.6.3.2

As a trial, consider the following for the top reinforcement:
o 1%row with 9 No. 11 bars spaced at 5 in.
e 2 yow with 5 No. 11 and 4 No. 10 bars.

barl = 11 Nparq = 14 bar2 := 10 Npapo =4
Nominal diameter of a No. 11 reinforcing bar dpar1 = Dia(barl) = 1.41-in
Cross-section area of a No. 11 reinforcing bar Apar = Area(barl) = 1.56'in2
Nominal diameter of a No. 10 reinforcing bar dpqro = Dia(bar2) = 1.27-in
Cross-section area of a No. 10 reinforcing bar Aparo = Area(bar2) = 1.27- in2
Total area of reinforcing steel provided as the AsProvided_cap = Npar1 Aparl + Mbar2 Abar2 = 26.92'in2

top reinforcement

The Strength I limit state moment at the critical section
M, g = 1412 104~kip'ft From Step 7.5
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.

Effective depth de = hcap - Covercap = 128.5-in
Resistance factor for flexure b =09 LRFD 5.54.2
Width of the compression face of the member b:= teap = 4ft
f, — 4ksi
Stress block factor By = min{maX{O.SS - O.OS-(T] , 0.65} , O.85:| =0.85 LRFD 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.
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Initial assumption Ag = lin2

i = L[ _Ashy LRFD 5.6.3.2
Given Mu_StrI = o As'fy' do - 5 - 7 63.

0.85-f,'b
Required area of steel AsRequired cap = Find(AS) = 25.681-in2
Check if Aprovided > Asrequired Check := if(AsProvided_cap > AgRequired_cap> OK" ,"Not OK") = "OK"
A : -f.
. ) 1 sProvided cap''y
Moment capacity of the section McapacityCap = Pf AsProvided cap fv/|de = = =
with the provided steel pactly’-ap —cap 2 0.85-f-b
MCapacityCap = 1477 x 10 kip-f
Distance from the extreme AS.Plrovided_cap' fy )
. . c:= = 15.52-in
compression fiber to the neutral axis 0.85-f, B1b
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 Nq = 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 For ASTM A615 Grade 60 reinforcement

. 1 2 5.3
Section modulus S.:=—-b-h =1.394 x 10" -in

c T g eap
Cracking moment M =3 - Sg = 5.176 x 103-kip'ft
1.33 times the factored moment demand 1.33- Mu_StrI = 1.878 x 104-kip- ft
Check the adequacy of the section capacity Check = if (MCapacityCap > 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-~v,
reinforcement in the layer closest to the s< - 2:d, LRFD Eq.5.6.7-1
tension face By s
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Exposure factor for the Class 1 e := 1.00
exposure condition

Distance from extreme tension fiber to the dc = CoverCap = 3.5-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+ = 1.039
of'the reinforcement layer closest to the 0'7(hcap - 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.

Assumed distance from the extreme

compression fiber to the neutral axis S ]
. 1 2 _ Eg
Given E'b'x = E_'AsProvided_cap'(de - X)
c
Position of the neutral axis Xpg = Find(x) = 29.764-in
M
. . . . Serl
Tensile force in the reinforcing steel due Tg:= U 1 x 103~kip
to service limit state moment Xna
e 5
Ty
Stress in the reinforcing steel due to g1 = A = 37.773-ksi

service limit state moment sProvided cap

f, (notto exceed 0.61) fg = min(fgg) , 0.6fy) = 36-ksi
i
700- g —
. . . in i
Required reinforcement bar spacing SbarRequred = B—f - 2-d, = 11.716-in
s 'ss

(b = 2-Covercap)
Spacing of the steel reinforcement bars Shar == - = 5.125-in
Check if the spacing provided <the Check = if (Sbar < SharRequred > "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 pier cap.

For bars, the area of reinforcement per-foot (Ay), Ac > 1.3bh
on each face and in each direction, shall satisfy $79 (b +h) fy
provided that 0.11in” < Ag < 0.6in”

The following calculation evaluates the above limits to identify the minimum area of shrinkage and
temperature reinforcement needed for the pier cap.
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Minimum area of shrinkage and
temperature reinforcement

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

Design for Shear

. 2
m
0.60 —
( ft]
_ - _
mn
0.11—
[ ftj

¢ kip
cap cap’ in-ft

= 0.381-—
ft

Ashrink.temp = Min

max|
1.3-h

L UL 2ap * teap)fy |1

Check = if] [(A "OK" ,"Not OK"] = "OK"

sProvided cap ~ Ashrink.temp' tcap) ’

LRFD5.7.34.1

A simplified design procedure can be used since the section is not subjected to an axial tension and contains at
least the minimum amount of transverse reinforcement.

Maximum factored shear force at the
critical section

Effective width of the section

Depth of the equivalent rectangular
stress block

Effective shear depth

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

Angle of inclination of diagonal
compressive stresses

Nominal shear resistance of concrete

Resistance factor for shear
(for normal weight concrete)

Shear stress on the concrete

Check := if(vu < 0.125-f,, "Max. spacing = 24 in." , "Max. spacing = 12 in.")

The maximum spacing of the transverse reinforcement shall not exceed 24 in.

Select trial stirrup size and number of legs

Select stirrup spacing

3.
Vu_StrI = 1.094 x 10™-kip From Step 7.5
by = b =48in
AsProvided_cap' fy )
= = 13.196-in
0.85-f,-b

a . LRFD
d, = max(de -3 ,0.9-dg, 0.72-hcapj = 121.902-in 5728
B:=2
0 =45

V. = 0.0316-3-,/f.-ksi-b-d;, = 640.5-kip ~ LRFD Eq.5.7.3.3-3

by = 0.9 LRFD 5.5.4.2
v

vy = —=2 0208 ksi LRFD Eq.5.7.2.8-1
by by-dy

"Max. spacing =24 in."

LRFD 5.7.2.6
bar := 5 leg := 4

s := 8in
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Cross-section area of one leg of a stirrup Apygp = Area(bar) = 0.31- in2

.2
Ay = leg Ay, = 1.24-in

Total stirrup area
Check minimum transverse \ foksi-b-s .2
. . 0.0316-3- ——— = 0.701-in
reinforcement requirement y
/fc-ksi'b- S
Check := if| A, > 0.0316-B~f— ,"OK" ,"Not OK" | = "OK"
y
fy- dy-cot(0)
Shear resistance provided by stirrups Vg = = 699.905-kip LRFD Eq.5.7.3.34

S

The nominal shear resistance, V,, at the critical section is calculated as follows:

3.
V1 = Ve + Vg = 1.34 x 10°kip

nl =
3.,
Vppp = 025fb-d, = 4388 x 10°-kip  LRFD Eq.5.7.3.32

Vp = min(Vpp, Vi) = 1.34 10”-kip

Factored shear resistance Vi = ¢,V = 1.206 x 103-kip

Check if the factored shear resistance > Check = if (Vr > Vy str1- "OK", "Not OK”) = "OK"
the factored shear force -
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Step 7.8 Pier Column Design

Description

This step presents the column design.

Page Content

57 Preliminary Design
57 Design for Axial Load and Biaxial Bending

60 Design for Shear
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Preliminary Design

Assumed section dimensions and reinforcement details are shown in the following figure:

| o
| Y |
e s —-x 2
; | |~ 8
) SO ISSSSUUTUSNSIUUINeS |
\ #4 hoops @ 12 0.C ¢ #10 bars (typ)
41 @ Equal Spaces
Design for Axial Load and Biaxial Bending
The selected column reinforcing steel, shown in the above figure, is checked against the LRFD 5.6.4.2
maximum and minimum requirements.
Number of bars and bar size Npars = 96 bar := 10
Cross-section area of a bar Apyyp = Area(bar) = 1.27- in2
Total area of reinforcing steel Ag col = Nbars Abar = 121.92-in2

Gross area of the pier column = 1.224 x 104- in2

Ag_col = teolumn Weolumn

As col -3
—— =9.961 x 10
Ag_col
. . . A
1 LRFD Eq.
Check tl.le maximum reinforcing Check = if| —= < 0.08 _"OK" ,"Not OK" | = "OK" q
steel limit A 5.64.2-1
g col
. . . A f
1 LRFD Eq.
Check tl.le minimum reinforcing Check = if| —==2~ > 0.135. < _"OK" ,"Not OK" | = "OK" q
steel limit Ag col fy 5.6.4.2-3

The slendemess ratio about each axis of the column is calculated below.
The unbraced lengths used for the slenderness ratio about each axis is the full height of the pier, which is the
height from the top of the footing to the top of the pier cap. Because of the expansion bearings at the abutment,
the pier is not restrained against sway in the longitudinal direction of the bridge. Hence, the effective length
factor in that direction, K,, is taken as 2.1. The effective length factor in the transverse direction of the bridge,

K, is taken as 1.0 since the sway of the pier in that direction is prevented by the bridge superstructure.

3
L . Weolumn' feolumn 6 . 4
Column moment of inertia about x-axis Ly = B =235x 10 -in
teolumn Weol
Column moment of inertia about y-axis I = coumm oW . 6.633 x 107- in4

yy- 12
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IXX

Radius of gyration about x-axis Iy = = 13.856-in
Ag_col
g co
Iyy
Radius of gyration about y-axis Ty = = 73.612-in
yy A
g col
Effective length factor about the x-x axis Ky =21
Effective length factor about the y-y axis Ky =1.0
Length of'the pier Ly = heolumn hcap =251t
KLy Ky- L,
Slendemess ratios about x- and y- axes = 45.466 = 4.075
Ixx Tyy
K,-L
Check the slenderness ratio about x-axis Check = if [ x4 < 100,"OK" , "Not OK"J = "OK" ;J;Zl;
Ty 6.4.
Ky- L,
Check the slenderness ratio about y-axis Check = if < 100,"OK" ,"Not OK" | = "OK"
fyy
The slenderness effects may not be considered when the slenderness ratio of an unbraced member LRFD 5.6.4.3

is less than 22.

To calculate the moment magnification factor for the moment about the x-axis, the column flexural stiffness (EI)
about x-axis needs to be defined. The calculation process requires defining (a) the ratio of maximum factored
permanent load moments to the maximum factored total load moment, (b) the moment of inertia of the gross
concrete section about the centroidal axis, and (c) the moment of inertia of longitudinal reinforcement about the
centroidal axis.

For this pier, the force effects contributing to the moment about the x-axis are the braking force and wind loads
acting on the structure and live load. Since none of these are permanent loads, the ratio of the maximum factored
permanent load moments to the maximum factored total moment is zero..

Ratio of the maximum factored permanent load

moments to the maximum factored total moment Ba=0
Number of equal spacings provided between reinforcing steel bars in the y-direction
SPy =1
teol — 2Coverq]
Spacing of the reinforcing bars in the y-direction spay = coumt P © - 5.714-in
y

Moment of inertia of longitudinal steel about the x-axis

4 2 . 2 2
Tedp, 7spay 5Spay 3's.pay Spay
L= T'Nbars +2-82Ap, T + 4 Apar T + 4 Apar —2 A A —2

4.4
I = 4414 % 10"-in
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The column flexural stiffness is the maximum of the following two values:

E.1
C XX
s il 9 . .2 LRFD Eq. 5.6.4.3-1
Elj = = 2.984 x 10" -kip-in
1+ Bd
E -1
C XX
25 - LRFD Eq. 5.6.43-2
Ely = —————— = 3.408 x 10°-kip-in” a
(1 + Bd)

EI = max(EI} . El) = 3.408 x 10”-kip-in”
Stiffhess reduction factor for concrete members g = 0.75 LRFD 4.5.3.2.2a

The moment magnification factor is calculated as follows. As stated in Step 7.5, the Lane 5 loaded case
and the Lanes 4 and 5 loaded case under the Strength V limit state are the critical load cases for the axial
load and biaxial bending design of the column. Therefore, the moment magnification factors for these
two load cases are calculated.

2
-EI
Euler buckling load P, = ﬂ—z — 8.475 x 10 kip LRFD Eq. 4.5.3.2.2b-5
(KyLy)
1
Moment magnification factor for 6s_lL = NuColSTV 1L = 1.032 LRFD Eq. 4.5.3.2.2b4
Lane 5 loaded case 1 - _uroirv_1-
ok Pe
1
Moment magnification factor for dg oL = = 1.035 LRFD Eq.4.5.3.2.2b4
Lanes 4 and 5 loaded case - ! NuColStrV_ZL
ok Pe

The forces and moments acting at the base of the column are calculated in Step 7.5. The forces and moments
from Lane 5 and Lanes 4 and 5 loaded cases are used to evaluate the adequacy of the column capacity.

Lane 5 loaded case Pu_lL = NuColStrV_lL — 1977 x 103-kip
3 .
Myy 1L = MyTColstrv_11 = 7-008 x 10” ft-kip
3 .
Mux 1L = MyLColstrv 1185 11 = 1188 x 107 ft-kip
Lanes 4 and 5 loaded case Pu_2L = Nu ColStrV 2L = 2146 x 103-kip
3 .
Myy 2L = MyTColstrv_2r = 8749 x 10” ft-kip

3 .
Mux_ZL = MuLColStrV_ZL'Ss_zL = 1.47 x 10” ft-kip
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Resistance factor for compression axial = 0.75 LRFD 5.54.2

Check if the factored axial load is greater or less than 0.1¢7.'4, to select the appropriate equation LRFD 5.6.4.5
for proportioning the member subjected to biaxial flexure and compression.

3.
O'l'd)axial'fc'Ag_col =2.754x 10 'klp

Check = if (P, 11 < 0.1 Gaxiap f- Ag col» "Use Eq. 5.64.5-3" , "Use eq. 5.6.4.5-1") = "Use Eg. 5.6.4.5-3"

Check :

if(Py op, < 0.1 Oayial fe-Ag cols"Use EQ. 5.6.45-3","Use eq. 5.6.4.5-1") = "Use Eq. 5.6.4.5-3"

Note: Instead of using M, and M, (with the AASHTO LRFD Eq. 5.6.4.5-3), following typical industry practice,
the factored resultant flexural resistance, M,, of the column is used in the approximate calculation procedure
described below.

M, := 43990kip- ft Calculated using a commercial sofiware

2 2 2 2
\/ Mux_lL + Muy_lL \/ Mux_2L + Muy_2L

= 0.162 = 0.202
MI' MI'
\/ M 2 + M 2
1L 1L LRFD Eq. 5.6.4.5-
Check = if| ¥ 2= W™ <1 "0K","Not OK" | = "OK" q-56.4.5-3
Mr
2 2
M + M
\/ 2L 2L
Check = if| 1—>= = Y < 1,"0K","Not OK" | = "OK" LRFD Eq.5.6.4.5-3

T

Although the column has a fairly large excess flexural capacity, an optimal column size is not considered for the
following reasons:
(1) In this design example, the requirements of the pier cap dictate the column dimensions (a reduction in the
column width will increase the moment in the pier cap).
(2) A short and squat column, such as the one in this example, generally has a relatively large excess capacity
even when only minimally reinforced.

Design for Shear

The maximum factored shear forces parallel to the longitudinal and transverse axes of the column are
presented in Step 7.5.

Factored shear parallel to the

longitudinal axis of the column VuTCol = 27.394-kip

Factored shear parallel to the

transverse axis of the column VULCOI = 80.587-kip

For simplicity, shear designs are carried out independently for longitudinal and transverse directions using the
maximum shear force in each direction.

Since the column is not subjected to axial tension and contains at least the minimum amount of the LRFD 5.7.3.4.1
transverse reinforcement, the simplified procedure is used.
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Shear Parallel to the Transv erse Axis of the Column

Maximum factored shear force ViuLcol = 80.587-kip

Effective width of the section by = Weolumn = 21-25 ft

Effective shear depth, conservatively taken dy = 0.72-t;o1ymn = 34.56-in LRFD 5.7.2.8

as 0.72h

Factor indicating ability of diagonally cracked N

concrete to transmit tension and shear B=

Nominal shear resistance of concrete V. = 0.0316-3- X/ f-ksi-b,-d,, = 964.7-kip LRFD Eq.5.7.3.3-3
Resistance factor for shear b, =09 LRFD 5.5.4.2
Check if the transverse reinforcement is required LRFD5.7.23

Check := if (VuTCol < 0.5¢ V., "Shear reinforcement NOT required" , "Shear reinforcement required" )

Check = "Shear reinforcement NOT required"

Shear Parallel to the Longitudinal Axis of the Column

Maximum factored shear force VuTCol = 27-394-kip

Effective width of the section by = teolumn = 41t

Effective shear depth, conservatively taken dy = 0.72-W o jumn = 183.6-in LRFD 5.7.2.8

as 0.72h

Factor indicating ability of diagonally cracked N

concrete to transmit tension and shear B=

Nominal shear resistance of concrete V. = 0.0316-3- X /f-ksi-b,-d,, = 964.7-kip LRFD Eq.5.7.3.3-3
Resistance factor for shear b, =09 LRFD 5.54.2
Check if the transverse reinforcement is required LRFD5.7.23

Check := if (VuTCol < 0.5¢y V., "Shear reinforcement NOT required" , "Shear reinforcment required")
Check = "Shear reinforcement NOT required"

Although the transverse reinforcement is not required for shear resistance, transverse confinement steel in the form
of hoops, ties, or spirals is required for compression members.

Note: MDOT uses No. 4 as the minimum bar size to avoid damages during shipping and BDM 7.04.01 G
handling.

The spacing of ties along the vertical axis of the column with single bars or bundles of No. 9
bars or smaller shall not exceed the lesser of the least dimension of the member or 12.0 in.
Since the column has No. 10 single bars as the vertical reimforcement, select a spacing of 12 in.
for the transverse confinement steel.

LRFD 5.104.3

Use No. 4 bars as hoops ata spacing of 12 in. on center.
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Step 7.9 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 7.10 presents the structural design of the footing.

Page Content

63 Bearing Resistance Check

67 Settlement Check

67 Sliding Resistance Check

68 Eccentric Load Limitation (Overturning) Check

LRFD 10.6.1.1
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Bearing Resistance Check

For eccentrically loaded footing, 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 value

s 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.

Strength 1

Factored vertical force under
dead load (DL)

FyrL

Factored vertical force with live load

Factored moment about the longitudinal
axis of the footing

Factored moment about the transverse
axis of the footing

Eccentricity in the footing width direction

Eccentricity in the footing length direction

LRFD Method
Effective footing width
Effective footing length

Bearing pressure
MDOT Method

Average bearing pressure under DL

Average bearing pressure

Maximum bearing pressure dmaxStrl

= 125(DCSup + DCcap + DCCOlumn + DCfOOtll’lg)

+ 1.5DWgy, + 1.35-EV

3.
FVFtStI’I =3976 x 10 klp

From Step 7.5
3.
Mxpisrr = 1:593 x 107-kip- ft From Step 7.5
My Figtr = 894.546-kip- ft From Step 7.5
MxFtstr1
eg:=——— = 04011t
F
VFtStrl
My Ftstr1
o = ——— = 0.225ft
F
VFtStrl

LRFD Eq.10.6.1.3-1
LRFD Eq.10.6.1.3-1

Beff = Wfooting - 2-eB = 17.199 ft
Leff = lfOOtil’lg - Z-GL = 31.81t

FVFisul S
9bearing_Strl = = T7.27-ks
& Betr Leff
_ FyriDL
dbearingDL_Strl = L = 5.579-ksf
Wfooting 'footing
FVFistl
= 6.849-ksf

YcenterStrl -~
Wfooting Hfooting

FyEtstI B e,

= + 6- + 6- = 8.051 -ksf
Wfooting Hfooting Wfooting Ifooting

LRFD 10.6.1.3
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Minimum bearing pressure

Strength I11

Factored vertical force

Factored moment about the longitudinal
axis of the footing

Factored moment about the transverse
axis of the footing

Eccentricity in the footing width direction

Eccentricity in the footing length direction
LRFD Method
Effective footing width

Effective footing length

Bearing pressure

MDOT Method

Average bearing pressure

Maximum bearing pressure

Minimum bearing pressure

StrengthV

Factored vertical force

Factored moment about the longitudinal
axis of the footing

Factored moment about the transverse
axis of the footing

Eccentricity in the footing width direction

FyEtstl B

-6

°L

AminStrl =

3.

MxEtstrIIn

eg = ————— = 0.286ft
FVEtStIn
My EtstrIln

e = ———— = 0209 ft
FVEtStIn

Beff = Wfooting — 2-eB = 17.428 ft

Leff = lfooting — Z-GL = 31.832ft

1-6
Wfooting footing ( Wfooting

. = 5.648-ksf
1footing

From Step 7.5
From Step 7.5

From Step 7.5

LRFD Eq.10.6.1.3-1

LRFD Eq.10.6.1.3-1

FyEsulln S 837 ket
9bearing_Strlll = = .63/-Ks
& Betf Lefr
~ Fvrsuln
deenterStrlll = T 5.579-ksf
Wfooting" 'footing
~ Fvrsuln °B e
maxStrlll -= NS + — + 6'1 — | = 6.327 -ksf
Wfooting" 'footing Wfooting footing
_ FvFisuln °B e
minStrlll = e -6 — -~ 6 .~ = 4.83-ksf
Wfooting 'footing Wfooting footing
Fypesey = 3.807 x 10°-kip From Step 7.5
Mycpesiry = 2084 x 10°-kip-ft From Step 7.5
My sy = 1432 x 10°-kip-ft From Step 7.5

MxEtstrv
FyVEtstv

e = = 0.547 ft
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Eccentricity in the footing length direction

LRFD Method
Effective footing width

Effective footing length

Bearing pressure
MDOT Method

Average bearing pressure

Maximum bearing pressure

Minimum bearing pressure

Service 1

Factored vertical force under
dead load (DL)

Factored vertical force with live load

Factored moment about the longitudinal
axis of the footing

Factored moment about the transverse
axis of the footing

Eccentricity in the footing width direction

Eccentricity in the footing length direction

LRFD Method
Effective footing width

Effective footing length

My Etstrv

e = =0.376ft
FVFistrv

Beff = Wrooting ~ 2-¢B = 16905ft  LRFD Eq.10.6.1.3-1
Lefr = lfooting ~ 26 = 31498t LRFD Eq.10.6.1.3-1

~ FyRsuv
Ybearing_StrV = B—ff-L - = 7.15-ksf

eff e
’ FyFisuev

AcenterStrV = = 6.559-ksf

Wfooting footing

MxFtstrl

eg = ———— = 0401 fi
FyEtst1
My Ftstrl

e = ———— = 0.225ft
FyEtst1

Beff = Wfooting - 2-GB =17.199 ft

Leff = lfooting — 2-eL = 31.81t

_ Fvrsuv °B e
AmaxStrV = R + 6 — + 6- . = 8.215-ksf
Wfooting" 'footing Wfooting footing
_ Fvrsuv °B e
IminStrv = R -6 — ~ 67— | =4.903-ksf
Wfooting" 'footing Wfooting footing
FVFDLSerl = DCSup + DCcap +DCeolumn * Dcfooting
+ DWSup + EVFt
3.
FVFtDLSerI =2.539%x 10 klp
3.
FyFiSert = 2-961 x 107 -kip From Step 7.5
3.
Mxpigery = 1.618 x 107 -kip- ft From Step 7.5
3.
My rigers = 1.253 x 107 -kip- ft From Step 7.5

LRFD Eq. 10.6.1.3-1

LRFD Eq. 10.6.1.3-1
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FyEtSerl

Bearing pressure dbearing Serl = B oL = 5.414-ksf
- eff” ~eff
MDOT Method

: FVFDLSerl

Footing pressure under DL dbearingDL._Serl = Voot oot = 4.374-ksf
ooting " 'footing
__ PVESed

Average bearing pressure 9eenterSerl = Wfoo ting'l footing TS

‘ , FyFtSerl °B °L
Maximum bearing pressure dmaxSer] = 1+6- + 6 = 5.995-ksf

Wfooting footing Wfooting Ifooting

FyFtSerl e e,
AminSerl = -6 -6 = 4.206-ksf
Wfooting footing Wfooting Ifooting

Minimum bearing pressure

Summary

LRFD Method
For the LRFD method, the controlling bearing pressure under strength limit states is

b = max(qbearing_StrI’qbearing_StrIH’ qbearing_StrV) = 7.27-ksf

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

MDOT Method

The controlling center, maximum, and minimum bearing pressure values under strength limit states are listed below.

deenter = max(qbearing_StrI’qbearing_StrIH’ qbearing_StrV) =727 kst
Amax = max(qmaxStrI’qmaxStrIH’ qmaXStrV) = 8.215-ksf

Amin = max(qminStrI’qminStrIII’qminStrV) = 5.648-ksf

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

Average bearing Average bearing | Bearing pressure | Bearing presssure
pressure DL only (psf) | pressure (psf) max. (psf) min. (psf)
Service 4374 5101 5995 4206
Strength 5579 7270 8215 5648
Allowable |Provided by the Geotechnical Services Section

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.

BDM 7.03.02G
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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

9b_settlement -~ 9bearing_Serl = 5.414-ksf

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

For the MDOT method, the bearing pressures under the 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 LRFD 10.6.34
of a footing on cohesionless soil is a function of the normal force and the interface friction
between the foundation and the soil.

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

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 Live load is excluded.
e Since DW is the future wearing surface load, it is excluded.
The sliding resistance provided by the passive earth pressure is included in the design. BDM 7.03.02F
Passive earth pressure coefficient provided by kp =33
the Geotechnical Services Section
Passive earth pressure at the footing base Pp = kp' s’ (hSOﬂ * tfooting) = 2.376-ksf
. . . . 1 .
Nominal passive resistance of soil Rep = E-pp- (hsoil + tfooting)’ lfooting = 229.878-kip
Resistance factor for passive resistance (bep =0.5 BDM 7.03.02F, LRFD Table 10.5.5.5.2-1
Resistance factor for shear resistance d)‘l’ = 0.8 BDM 7.03.02F, LRFD Table 10.5.5.5.2-1
between soil and foundation
Strength [

Factored shear force parallel to the

transverse axis of the footing VLFtSt1 = 56-875-kip

Factored shear force parallel to the v 0k
longitudinal axis of the footing TFtStrl = Y XIP




Factored Slld]Ilg force (Demand) VSlldlng = \/VLFtStrIZ + VTFtStﬂz = 56875k1p

Minimum vertical load

3.
FyFestriMin = 0-9(DCsyp + DCeap + DCeolumn + Dlfooting) + 1-0-(EVEy) = 2.137 x 10”-kip

Sliding resistance Viesistance = P M FVEiStrIMin = 854-631-kip

Check if Viggance > Viiding Check := if (Vyegistance > Vsliding: "OK" » "Not OK"} = "OK"

Strength 11

Factored shear force parallel to the

transverse axis of the footing VLEtStrI1 = 42-066-kip

Factored shear force parallel to the

longitudinal axis of the footing VTFtStrin = 25-484-kip

Factored Slld]Ilg force (Demand) VSlldlng = \/VLFtStrHIZ + VTFtStI‘HIz = 491831(113

Minimum vertical load

3.
FVERSHIIMin = 0.9-(DcSup + DCap + DCoolymn * Dcfooﬁng) + l.O-(EVFt) =2.137 x 10”-kip

Shdmg resistance (Capac1ty) Vresistance = (I)T' - FVFtStI‘IHMlH = 854.631- klp

Check if Viggance > Viiding Check := if (Vyegistance > Vsliding: "OK" » "Not OK"} = "OK"

Strength V

Factored shear force parallel to the

transverse axis of the footing VLFtstrv = 80.587-kip

Factored shear force parallel to the

longitudinal axis of the footing VTFsury = 27-394-kip

Factored Slld]Ilg force (Demand) VSlldlng = \/VLFtStI‘VZ + VTFtStI‘VZ = 85.1 15klp

Minimum vertical load

3.
FVRSHYMin = 0.9-(DCSup + DCp + DCoolymn * Dcfooting) + 1.0-(EVFt) = 2.137 x 10°-kip

Sliding resistance (Capacity) Viesistance = 1 M FVFStrvMin = 854.631-kip

Check if Vyggance > Viiding Check := if (Vyegistance > Vsliding: "OK" » "Not OK"} = "OK"

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 footing length direction is not of a concemn. The following calculations present the
evaluation of the eccentricity in the footing width direction:
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Strength [

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 load eccentricity limitation is
satisfied

Strength I11

Minimum vertical force

Moment about the longitudinal axis
of'the footing

Eccentricity in the footing width direction
measured from the centerline

Check if the load eccentricity limitation is
satisfied

Strength V
Minimum vertical force

Moment about the longitudinal axis
of'the footing

Eccentricity in the footing width
direction measured from the centerline

Check if the load eccentricity
limitation is satisfied

3.
FyFStriMin = 2-137 x 107 kip

MXFtStI‘I = 1.593 x 103 ftklp

MxEtstrl
eg = —————— = 0.745 ft
FVEtStrIMin
Wfooting 3

T
Check = if (GB < % ,"OK"
6

3.
FyRStIIMin = 2-137 x 107 kip

MxEtstrIln

eg = 0433 ft

FVEtStIIMin

o
Check = if (GB < % ,"OK"
6

3
FVFRStrVMin = 2-137 x 107 kip

3 .
MXFtStI‘V =2.084 x 10 ft'klp

MxEtstrv

e = 0.976 ft

FVEtStrvMin

o
Check = if (GB < % ,"OK"
6

, "NOt OK") — IIOKH

, "NOt OK") — IIOKH

, "NOt OK") — IIOKH
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Step 7.10 Structural Design of the Footing

Description

This step presents the structural design of the pier footing.
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For structural design of an eccentrically loaded foundation, a triangular or trapezoidal LRFD 10.6.5
bearing pressure distribution shall be used.

Design for Flexure

Transverse Reinforc em ent

The critical section A-A for the design of transverse flexural reinforcement is located at the face of the column, as
shown in the following figure.

4t
181t

A 21.p5ft A

32.25ft

Wfooting ~ tcolumn

Distance from the edge of footing to the leol x = =71t
face of the column - 2

. : . 1 2 3.3
Section modulus of the footing about the x-axis SxFt = glfooting' Wooting = 1.742 x 107 -ft

As per the combined load effects presented in Step 7.5, the Strength I limit state is the goveming case for
flexural design.

Factored vertical force Fyrist = 3-976 x 103-kip
Factored moment about the x-axis Mxpist = 1:593 x 103-kip~ft
18ft
4ft
o
col_x L
A
A
/qminfx

— " q
q col_x

max_x

FVEtstI MxEtstrl
+ — 7.764-ksf

Maximum and minimum bearing pressure dmax x =

Wfooting Hfooting SXFt

FyEtstI My Etstrl
- - = 5.935-ksf

Wfooting Hfooting SXFt

9min_ x -
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‘ (qmax_x - qmin_x)
deol x = 9min x + . '(Wfooting - lcol_x) = 7.053-ksf
Wfooting

Bearing pressure at the critical section

This example uses a simplified analysis method to determine the maximum moments at the 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 pressure and
footing self-weight) to calculate the maximum moment at the face of the wall.

The moment demand at the critical section on a per-foot basis:

loof < loof < leof < oo
' col x col x col x col x
Myx = deol x 5 + (qmax_x - qcol_x)' 3 0.9-We tooting’ 5 1.0vg hgqiy- 5
Kip- fi
M, = 165.665
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 dpx = Dia(bar) = 1.128-in

Cross-section area of a reinforcing steel

.2
bar on the flexural 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.
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. in base walls and pier BDG5.22.01
footings adjacent to roadways.
Footing thickness tfooting = 3ft
Selected a spacing for reinforcing steel bars Shar = 8:in
Select a 1-ft wide strip for the design. Apgy 12in ,
Area of tension steel in 1-ft wide strip Agprovide x = = 1.5in
- Sbar

Assume that the moment about the x-axis is greater than the moment about y-axis, and place the reinforcing bars
along footing width direction at the bottom of the footing. Then, place the reinforcing bars along footing length
direction directly on top of the bars along the width direction. Later, verify this assumption and make necessary
adjustments.

Effective depth doy = 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
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Stress block factor

By = 0.85

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 = lin

Gi M ft= Aot |d - Asly
1ven . - . . . —_—_— —
ux POy ex 57 0.85-1,b

A = Find(A) = 1.194-in”

sRequired x °

Check = if (AsProvide_x > AsRequired_X’ "OK" , "Not OK") = "OK"
1 [ AsProvide x'fy
dex e —_ = 7
2 0.85-f. b
Mprovided x = ¢ AsProvide x fy i
kip- ft
MPrOVided_x = 206.074-
AsProvide_X' fy )
ci=————— =346'in
0.85-f,-B1'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

Section modulus

Cracking moment

1.33 times the factored moment demand

The factored moment to satisfy the
minimum reinforcement requirement

Check the adequacy of section capacity

1 = 1.6 For concrete structures that are not precast segmental

N3 = 0.67 ForASTMA615 Grade 60 reinforcement

1
2 2592 % 10°-in°

S¢ = g'b'tfooting
Y31 fr Se kip- ft
o= = 96.254.
ft ft
Kip- ft
1133 My = 220334

kip- ft
ft

Mpeq = min(1.33Myy, M) = 96.254-

Check := if (Mpyoyided x > Mreq-"OK" , "Not OK") = "OK"
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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-~ e

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 4 = C _ 4

center of the closest flexural reinforcement ¢ T Lovelf = &

Ratio of flexural strain at the extreme tension d c

face to the strain at the centroid of the Bg:=1 =1.179

' 0'7(tfooting - dc)

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

reinforcement layer closest to the tension face

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

The position of the 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.

Assumed distance from the extreme
compression fiber to the neutral axis

X = 5-in
E ‘AsProvide_X'(dex B X)
Position of the neutral axis Xpg = Find(x) = 7.062-in

Vertical force and moment atthebase of the footing under the Servicel limit state

3.
FVFtSerI =2.961 x 10 klp

3 ..
MXFtSGI'I =1.618x 10 klpft

: iy . FyFiSerl MxFiSerl
Maximum and minimum bearing pressure dmax = + = 6.03-ksf
Wfooting footing SXFt
FyFtSerl MxFiSerl 17 kst
9min = - = a /o Ks
Wfooting footing SXFt

(qmax - qmin)

Bearing pressure at the critical section deolSerl = 9min + '(Wfooting = leol X) = 5.307-ksf
under the Service I limit state Wfooting -
The moment at the critical section under the Service I limit state
leol x leol x leol x leol x
) col x col x col x col x
MrSerI_x = AeolSerl’ B + (qmax - qcolSerI)' h Wc'tfooting' 2_ s Bsoil’ 2
kip- ft
MrSerI_X = 121.98- ft
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M

Tensile force in the reinforcing steel due rSerl x

to the service limit state moment Ts= Xpa it = 49.4-kip
d. - =
X 3
T
Stress in the reinforcing steel due to fgq1 = —— =32.916-ksi
the service limit state moment ASPrOVide_x
f, (notto exceed 0.61)) fgs = min(fgg1, 0.66y) = 32.916-ksi
i
700- g~
Required reinforcement spacing SparRequired = B—fm —2-d, = 10.044-in
s 'ss
Check if the spacing provided <the Check := if (Sbar < SparRequired* "OK" , "Not OK") = "OK"
required spacing
Shrinkage and Temperature Reinforcement
The following calculations check the adequacy of the flexural reinforcing steel to control LRFD 5.10.6
shrinkage and temperature stresses in the footing. o
— , -
in
(0.60 —j
ft
Minimum area of shrinkage and . 0.11 — _ .2
temperature reinforcement Ashrink.temp = ™in ft it = 0.334-in
max kip
1.3 We i ot e o
footing " ‘footing in-ft
il 2(Wfooting + tfooting)' fy 111
Check if the provided area of steel >
the required area of shrinkage and Check := if (AsProvide x> Ashrink.temp ,"OK" ,"Not OK") = "OK"

temperature steel

Therefore, the flexural design requires the use of No. 9 bars at 8.0 in. spacing (A, = 1.5 in.2/ft) as the transverse
flexural reinforcement at the bottom of the footing.

Longitudinal Reinforcement

As shown in the following figure, the critical section B-B for the design of longitudinal flexural reinforcement is
located at the face of the column:

4t
18ft

21.25#

ty
32.950
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Ifooting = Weolumn

Distance from the edge of footing to the leol y = =551t
face of the column - 2

. . . 1 2 3.3
Section modulus of the footing about y-axis SyFt = gwfooting' lfooting =3.12x 107 ft

As per the combined load effects presented in Step 7.5, the Strength I limit state is the govermning case for
flexural design.

Factored vertical force FyFisyy = 3:976 x 103-kip

Factored moment about y-axis My Fistr = 894.546-kip- ft

32.25ft

21.25ft

1

|CO: ¥

|
min_y q

qc;;‘,__‘_- max_y
: .y . FyvFtsul MyFStr1
Maximum and minimum bearing pressure dmax_y = + = 7.136-ksf
- Weooting footing SYFt
FyFisul MyFStr1 6563 ks
9min y = - = 0.005-X8
= Weooting’ footing SYFt
. . . (qmax y ~ 9min y)
Bearing pressure at the critical section deol y = dmin y * = = '(lfooting - 1col_y) = 7.038-ksf

1footing

This example uses a simplified analysis method to determine the maximum moments at the face of the column
by selecting load factors to produce the maximum soil 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 pressure and
footing self-weight) to calculate the maximum moment at the critical section.

The moment demand at the critical section on a per-foot basis

2 2 2 2

1col_y L 1001_}’

1
col y coly
—0.9-Wetfooting' — LONg hgoir 5

Myy = deol_y > (qmax_y - qcol_y)'

S

kip- ft

Myy = 95.871-

Check := if (Myy > M

uy> "Assumption is valid" , "Revise design") = "Assumption is valid"
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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

Nominal diameter of a reinforcing
steel bar

Cross-section area of a reinforcing steel

bar := 7
dby := Dia(bar) = 0.875-in

Apgr = Area(bar) = 0.6-in2

bar on the flexural tension side

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.
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. in base walls and pier BDG5.22.01

footings adjacent to roadways.

Footing thickness tfooting = 3ft
Select a spacing for reinforcing steel bars Shar == 8:1n
Selecta 1-ft wide strip for the design.

Apgr 12in )

Area of tension steel provided in a 1-ft wide strip AgProvided y = = 0.9-in
- Sbar
dbx Iy

Effective depth dey = tfooting ~ COVerg - TX - Ty — 30.999-in
Resistance factor for flexure =109 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

Gi M ft= beAf | d. - Asly
1ven . - . . . —_—_— —
uy oSy ey 727 085,

Required area of steel A = Find(AS) = 0.703~in2

sRequired y °

Check if A grovided > Adequired Check = if (Agprovided y > AsRequired y+"OK"  "Not OK") = "OK"
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d 1 AsProvided_y' fy
Moment capacity of the section Y 2 0.85-f.'b

with the provided steel MProvided = (])f ASPI’OVidCd_y' f f

kip- ft

Mprovided = 12197
Distance from the extreme compression _ AsProvided_y Ty  908-in
fiber to the neutral axis €= 0.85-f, B-b -
Check the validity of 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 3
the nonprestressed reinforcement

= 0.67 ForASTM A615 Grade 60 reinforcement

1

2 3.3
c = g'b'tfooting =2.592x 107 in

Section modulus S

. V31 fr Se kip- ft

Cracking moment or = ———— = 96254
ft ft

. kip- ft
1.33 times the factored moment demand 1.33- Muy = 127.508-
The factored moment to satisfy the o B kip- ft
minimum reinforcement requirement Mreq - mm( I '33Muy ’ Mcr) = 96.254: 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 Eq.5.6.7-1
the tension face B fss

Exposure factor for the Class 1 exposure Ve := 1.00

condition

Distance from extreme tension fiber to the d. := Covergy = 4-in

center of the closest flexural reinforcement

Ratio of flexural strain at the extreme tension Bom 1+ de — 1179

face to the strain at the centroid of the s o

0.7(teyofine — d
reinforcement layer closest to the tension face ( footing c)
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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.

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

1 E

. 2_ s

Given E-b-x = E_'AsProvided_y'(dey - x)
c

Position of the neutral axis Xpg = Find(x) = 5.528-in

Vertical force and moment at the base of the footing under the Service I imit state

3. 3.
FVFtSerI =2.961x 10 klp MYFtSerI = 1.253x 10 'klp'ft From Step 7.5
. iy . FyFtSerl MyFiSerl
Maximum and minimum bearing pressure dmax = + = 5.502-ksf
Wfooting footing SYFt
‘ FVF(Serl MyE(Serl
Amin = . . s = 4.699-ksf
Wfooting " 'footing YFt
. . . (qmax - qmin)
Bearing pressure at the critical section deolSerl = 9min + —'(lfooting —leol y) = 5.365-ksf
under the Service I limit state 1footing -
The moment at the critical section under the Service I limit state
| 2 | 2 | 2 | 2
] col y col y col y col y
M;Serl y = deolSerl 5 (qmax - qcolSerI)' ~ Wetfooting’ 5 Issoill T,
kip- ft
MrSerI_y = 70.279-
Tensile force in the reinforcing steel due T = MrSerI_y ft = 28.9-ki
to the service limit state moment s Xpa I
ey~ 5
Stress in the reinforcing steel due to Ts .
SR fq1 = = 32.14-ksi
service limit state moment SS AgProvide dy
f, (not to exceed 0.6f,) fgs = min(fgg) , 0.6fy) = 32.14-ksi
i
- | 700 —
equired reinforcement spacing . n B .
SbarRequired = —B T - 2'dC = 10.48-in
s''ss
Check if the spacing provided <the Check := if (Sbar < SparRequired> "OK" , "Not OK") = "OK"

required spacing
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Shrinkage and Temperature Reinforcement

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

Check := if (Agprovided y > Ashrink temp- "OK" > "Not OK" ) = "OK"

Therefore, the flexural design requires the use of No. 7 bars at 8.0 in. spacing (A, = 0.9 in.?/f}) as the longitudinal
flexural reinforcement at the bottom of the footing.

Design for Shear
One-Way Shear at a Section Parallel to the Transverse Axis of the Footing

The factored shear force at the critical section is computed by calculating the resultant force due to the bearing
pressure acting on the footing base area that is outside of the critical section.

Note: Since the transverse and longitudinal load effects are considered independently, bearing pressure distribution
along the footing length is uniform. Therefore, a 1-ft wide strip is considered for the design.

Effective width of the section b= 12-in
Depth of an equivalent rectangular AsProvide_x' fy .
a:=——= =2941-in
stress block 0.85-f; b
Effective shear depth dyy = max(deX - %,O.9-dex, 0'72'tfooting) = 30.529-in LRFD5.7.2.8

As shown in the following figure, the critical section for shear is located at a distance d,,, from the
face of the column:

18t

7t

|shear_x

qmax_x qd X
Distance from end of the footing _ B
to the critical section for shear Ishear x = leol_x — dyx = 4:436-1t
Bearing stress at the critical ) (qmax_x - qmin_x)
section for shear 94 x = 9min x * I '(Wfooting - lshear_x) = 7.311-ksf
footing

Minimum load factors are used for the resisting forces (such as the overburden pressure and footing self-weight)
to calculate the maximum shear at the critical section.

Factored shear demand at the critical section

' (qmax_x + qd_x) kip
VuFt_x = P '1shear_x - 0'9'Wc'tf00ting'lshear_x = LO-~Nghgqi 1shear_x = 30178'?
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For a concrete footing, in which the distance from the point of zero shear to the face of the LRFD5.7.34.1
base wall is less than 3d,, the simplified procedure for nonprestressed sections can be used.
Check := if

< 3-d, , "Use the simplied method" , "Do not use the simplifed method" ) = "Use the simplied method"

1col_x VX

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- [T ksi-b-dyy = 40.1-kip ~ LRFD Eq.5.7.33-3

Voo = 0.25f-b-dyy = 274.765-kip LRFD Eq.5.7.3.3-2
Vp = min(Vg, Veo) = 40.103-kip
Resistance factor for shear by =09 LRFD 5.5.4.2
Factored shear resistance (Capacity) Vi = &y V= 36.093-kip
g:;;ﬁéfﬂ“e shear capacity > the shear Check := if(% > VuFt x- "OK" . "Not OK"j — "OK"

One-Way Shear at a Section Parallel to the Longitudinal Axis of the Footing

The factored shear force at the critical section is the resultant force due to the bearing pressure acting on the
footing base area located outside the critical section.

Note: Since the transverse and longitudinal load effects are considered independently, bearing pressure distribution
along the footing width is uniform. Therefore, a 1-ft wide strip is considered for the design.

Effective width of the section b= 12-in
A : -f.
. Provided
Depth of an equivalent rectangular stress block a:= SIOVIERRY Y 1.765-in
0.85-f,b
Effective shear depth dVy = max(dey - % ,0.9- deyv 0'72'tfooting) =30.116-in LRFD 5.7.2.8

As shown in the following figure, the critical section for shear is located ata distance d,, from the face of the column:

32.25ft

21.25ft

5.5f

max_y
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Distance from end of the footing lshear y = leol v~ dVy =2.99-ft

to the critical section
(qmax_y - qmin_y)

Bearing stress at the critical )
section 94 y = 9min y * W ' (Wfooting - 1shear_y) = 7.041 kst
footing
Minimum load factors are used for the resisting forces (such as the overburden pressure and footing self-weight) to
calculate the maximum shear at the critical section.
Factored shear demand at the critical section
' (qmax_y + qd_y) kip
VuFt_y = ) ‘1shear_y —0.9-W¢r tfooting' 1shear_y = 1.0-vg hgoip 1shear_y = 18.909- ?
LRFD 5.7.34.1

For a concrete footing, in which the distance from the point of zero shear to the face of the
column is less than 3d,,, the simplified procedure for nonprestressed sections can be used.

Check := if (lcol x <3 dvy’ "Use the simplied method" , "Do not use the simplifed method" ) = "Use the simplied method"

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

The nominal shear resistance of concrete, V,,, is calculated as follows.

V.1 = 0.0316- (3 /fc-ksi-bdvy = 39.6-kip LRFD Eq.5.7.3.3-3

Voo = 0.25fc-b-dVy = 271.045-kip LRFD Eq.5.7.3.3-2
Vp = min(Vg, Vep) = 39.56-kip
Resistance factor for shear ¢y =09 LRFD 5.5.4.2
Factored shear resistance (Capacity) Vi = ¢,V = 35.604-kip
Vi
Check if the shear capacity > the shear demand Check := if ry > VuFt y> "OK" ,"Not OK" | = "OK"
t -

Two-way Shear

Two-way shear (punching shear) in the footing is checked at a critical perimeter around the pier column.
The critical perimeter around the column, b,, is located at a minimum of 0.5d,, from the LRFD 5.12.8.6.3

perimeter of the column.

An average effective shear depth, d,, should be used since the two-way shear area includes both the x- and y-

directions of the footing.
d,, +d
Average effective shear depth d, avg = M = 2.5271t
Critical perimeter b0 = 2(Weolumn + v _ave) * 2 (tcotumn * dy_avg) = 60-608 ft
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Weol
Ratio of long to short side of'the critical perimeter Be = _coumn 5.313

teolumn
. ] 0.126 - 3.
Nominal shear resistance Vi1 dway = 0.063 + 5 . /fc-1<51-b0-dV avg = 3.312 x 10™-kip
_ c _

. : _ 3, LRFD Eq.
Vi 2way = 0126 [Toksibydy 4yg) = 4813x 107 kip 5 o o2

; 3.
Vi 2way = mm(vnl_2way’vn2_2way) = 3.312 % 10" -kip

Factored shear resistance (Capacity)) \A dway = by Vy 2way = 2.981 x 103'kip

To calculate the shear force acting on the critical perimeter, the average bearing pressure is used. The Strength I is

the governing limit state.

FyVFtstl kip
= 6.849- —

Wfooting footing ft

Average bearing pressure daverage =

Resultant shear force acting on the area outside of the critical perimeter (Demand)
— 2,913 x 10°-kip

vu_2way = qaverage'[wfooting'lfooting - (Wcolumn + dv_avg)'(tcolumn + dv_avg)]

Check if the factored two-way shear . v~ " N
Check := if (V; yway > Vy_2ways"OK", "Not OK") = "OK

resistance > the demand

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.
Longitudinal Direction of the Footing
Ifooting = Weolumn

Available development length ldy avail = 5 — Coverg = 62-in

Assuming that the bars are at high stress, the required development length for No. 7 bars at 8 in. spacing

1dy.req = 2lin BDG 7.14.01

Cheek if Lyyayei > layreq Check := if(ldy_avaﬂ > lgy req- "OK" , "Not OK" ) = "OK"

Transverse Direction of the Footing
Wfooting ~ tcolumn

Available development length lix avail = 5 — Coverg = 80-in

Assuming that the bars are at high stress, the required development length for No. 9 bars at 8 in. spacing
= 35in BDG 7.14.01

ldx.req :

Cheek if Ly g4 kixreq Check := if(ldx_avaﬂ > lgx req "OK" , "Not OK" ) = "OK"
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Shrinkage and Temperature Reinforcement

This shrinkage and temperature reinforcement requirement for the steel at the bottom of the footing was already
checked and the requirements were satisfied.

The reinforcement at the top of the footing should satisfy the shrinkage and temperature LRFD 5.10.6
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.
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. for pier footings BDG 5.22.01
adjacent to roadways.
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 reinforcing steel bar Apgr = Area(bar) = 0.44- in2
Select a spacing for reinforcing steel bars SharST = 12-in
Apar 12in

Provided horizontal reinforcement area AgProvidedST = ——— = 0.44-in

SbarST
Required shrinkage and temperature steel area A 0.334- irl2

in the transverse and longitudinal directions shrink.temp ~
(calculated previously in the flexural design)

Check if the provided area of steel > Check := if (AgproyidedST > Ashrink temp- 'OK" » "Not OK") = "OK"
the required area of shrinkage and
temperature steel

Therefore, use No. 6 bars at 12.0 in. spacing (A= 0.44 in.2/ft) as the shrinkage and temperature reinforcement at
the top of the footing in both longitudinal and transverse directions.
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The footing design presented in this step results in the following details:

e No. 9 bars @ 8.0 in. spacing (A, = 1.5 in.?/f}) as the transverse flexural reinforcement at the bottom of the footing

e No. 7 bars @ 8.0 in. spacing (A= 0.9 in.?/f}) as the longitudinal flexural reinforcement at the bottom of the footing

e No. 6 bars @ 12.0 in. spacing (A= 0.44 in.>/ft) as the shrinkage and temperature reinforcement at the top of the

footing in both longitudinal and transverse directions.

P
f \/
A" —=  fe—
EB10 BARS L 17 x 1280 30
KEYWAY
EAO6 BARS @ 1"
SPACING
N

| EAOG BARS @ 1' SPACING |

EAD7 BARS @ 8" SPACING

EA09 BARS @ 8"
SPACING

18

Note: Certain details are not shown in this drawing for clarity of main reinforcement.
Refer to MDOT Bridge Design Guides for additional details.
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Section 8 Hammerhead Pier with Pile Foundation
Step 8.1 Preliminary Dimensions

Description
This step presents the selected preliminary dimensions.

Refer to Section 2 of the Design of Highway Bridge Abutments and Foundations Example developed by
Attanayake and Hu (2023) for the design criteria, bridge information, material properties, along with soil types

and properties.
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The preliminary dimensions are selected based on site-specific conditions, highway agency standards, and past
experience.

The following figure shows the pier geometry and its associated dimensional variables:

— - — tcap
& . It:ap -
hcapand
— 63 -—
hcap _i_ I, I —
o = 'edge % ——
Icn.r'arh:ang
- = —t— —— tcolumn
hcolumn
_——— Weolumn hemt—
il
l—hsm
B B ,\ B hN 58 s 5 = 5 S
tfooting__ ! 1 ! \—‘
i - : . - _
|o———— |footing ——] —| wfoollng |——
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The preliminary dimensions selected for this example are given below.

Pier cap length lcap = Wgeck = 63.75 ft
Pier cap end height hcapend = 5ft

Pier cap height hcap = 111t

Pier cap thickness tcap = 4ft

Length of the overhang loverhang = 21.25ft
Column width Woolumnl 2251t
Column thickness Cosliimm = il
Column height I s = L4
Footing length lfooting = 271t
Footing thickness tfooting = 3.5t
Footing width Weooting = 111t
Depth of soil above the footing top hgoi = 3ft

Note: The depth from the ground level to the bottom of the footing needs to be maintained at a minimum of'4 ft.
for frost depth. Typically, a 1-ft deep soil profile is maintained with normal grading when the pier is at a
median. The depth of the soil may change to 2 to 3 ft based on the pavement profile when the pier is
closer to the pavement.

Girder spacing S =9.719 ft
Distance from the exterior girder I _ 1Cap =S (Nbeams - 1) 2719
to the edge of the pier cap edge -~ 2 o
Concrete Cover Requirements for Reinforcing Steel
Unless otherwise shown on the plans, the minimum concrete clear cover for reinforcement BDM 8.02.N
shall satisfy the following requirements:
For concrete cast against earth: 3 in.
For all other cases unless shown on plans: 2 in.
The following concrete cover dimension is selected since it is greater than the BDG5.16.01,5.18.01,5.22.01
required minimum.
Cover for the top and side of footing Coverg = 4in

Since the concrete cover requirements for pier caps and columns are not provided in the BDM and BDG, the
following dimensions are taken from the MDOT Sample Bridge Plans.

Cover for the pier cap Covercap = 3.5in

Cover for the pier column Cover] = 4in
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Step 8.2 Application of Dead Load

Description

This step describes the application of dead load on the pier.
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Dead Load Girder Reactions

The superstructure dead load reactions per bearing are taken from the Steel Plate Girder Design Example.
All the beam seats are assumed to be at the same elevation.

When calculating superstructure loads on the substructure, 75% of the barrier dead load BDM 7.01.04.J
should be applied with the fascia beam load. The remaining 25% of the barrier load should be
applied with the first interior girder load.

Note: The exterior and interior girder shear values presented in the Steel Plate Girder Design Example (Table 12
and 13) were calculated by equally distributing the barrier loads to all the girders. Therefore, the girder
reactions over the pier due to barrier loads need to be recalculated as shown below.

Exterior Girders Table 12 of the Steel Plate Girder Design Example

Reaction due to the weight of structural components and non-structural attachments (DC), including the
stay-in-place formwork but excluding barrier weight

RDCEx noBarrier = 161 Akip

Reaction due to 75% of the barrier weight (DB) on the exterior girder RpCEx barrier == 44kip
Total exterior girder reaction due to DC RpcEx = RDCEx noBarrier ¥ RDCEx barrier = 205-4-kip

Reaction due to the weight of the future wearing surface (DW) RpwEx = 26.6kip

First Interior Girder Table 13 of the Steel Plate Girder Design Example

Reaction due to the weight of structural components and non-structural attachments (DC), including the
stay-in-place formwork but excluding barrier weight

RDClstIn_noBarrier = 190.4kip

Reaction due to 25% of the barrier weight (DB) on the first interior girder I it brisir = Lauslaig
Total first interior girder reaction due to DC Rpcistin = RDC1stln noBarrier + RDClstln barrier = 204-9-kip
Reaction due to the future wearing surface weight (DW) Rpwin = 26.4kip

Other Interior Girders Table 13 of the Steel Plate Girder Design Example

Reaction due to the weight of structural components and non-structural attachments (DC), including the
stay-in-place formwork but excluding barrier weight

Dead Load Calculation
Dead load of superstructure

Weight of structural components and DCSup = 2:-Rpcex + 2°Rpcistin + (Nbeams - 4)'RDCIn
non-structural attachments (DC) 3
DCSup = 1.392 x 10™-kip

Weight of the future wearing surface (DW) DWgyp = 2-RpwEx + (Nbeams ~ 2)-Rpwin = 185:2-kip
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h +h
. ) _ capend T “cap )
Pier cap self-weight Dccap = Wc'tcap'{z'[fj'loverhang + hcap'wcolumn} = 344.25-kip

Pier column self-weight DC W, h, 178.5-kip

column = Ve teolumn’ Beolumn’ Weolumn =

Pier footing self-weight = 155.925-kip

DCfooting = We Whooting' tooting footing




Step 8.3 Application of Live Load

Description

The live load application procedure and relevant calculations are described in Step 7.3.
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Step 8.4 Application of Other Loads

Description

The application of other loads include braking force, wind load, temperature load, earth load, and vehicle
collision load. They are discussed in Step 7.4. Ice load and centrifugal force are not applicable for this
example. For illustrative purposes, the calculation of ice load and centrifugal force is given in Appendix 5.B

and 5.C.
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Step 8.5 Combined Load Effects

Description

This step presents the procedure of combining all load effects and calculates the total factored forces and
moments acting on the pier cap, columns, base wall, and footing.

Since the combined loadings on the pier cap, columns, and base wall are identical to Step 7.5, only the
calculation of combined load effects at the base of the footing is presented.
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Strength I, Strength 111, Strength V, and Service I limit states are considered for the analysis and design of'the pier.

Strength [=1.25DC + 1.5DW +1.75LL+ 1.75BR + 1.5EH + 1.35EV + 1.75LS +0.5TU LRFD 3.4.1
Strength IIT=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 [=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 the 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.

Note: These load combinations should include the maximum and minimum load factors; only the maximum factors
are shown for clarity.

Forces and Moments at the Pier Footing

The bearing pressure distribution depends on the rigidity of the footing along with the soil type and condition. The
pier footings are usually rigid, and the assumption q = (P/A)+/- (Mc/I) is valid. For an accurate calculation of
bearing pressure distribution, the footing may be analyzed as a beam on an elastic foundation.

The braking force, wind load on the superstructure, and wind load acting on the live load are applied at the bearings.
The live load on all five lanes develops the critical load effects for the footing design.

Moment arm of Girder A and G ArmAG = 3S = 29.156 ft
reactions to the center of footing
Moment arm of Girder B and F Armgp = 28 = 19.438 ft

reactions to the center of footing

Moment arm of Girder C and E Ammeg = S =9.719 ft
reactions to the center of footing

For convenience, the x- and y- axes are defined as parallel to the longitudinal and transverse directions of the footing,
respectively.

Strength 1

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

Factored vertical force FVF‘[StrI = 1.25 (DCSup + Dccap + Dccolumn + DCfooting)

+ 1'75RLLFOOti1’lg + 1.35'EVFt

+ 1.5DWSup
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3.
FVFtStI'I =3.707 x 10 klp
Factored shear force parallel to the VTFiSt] = 0
transverse axis of the bridge

Factored shear force parallel to the

longitudinal axis of the bridge VLFtsul = 1.75-BRK sy, = 56.875-kip

Factored moment about the longitudinal

3.
axis of the footing = 1.621 x 10°-kip- ft

MxFStI = 1'75'BRK5L’(Armcol + tfooting)

Factored moment about the transverse axis of the footing

MyFpisut = 175 (RGre sL~ RaFt s1) Amag + (Rppe 51— Rppe s1)-Ampg - | = 894.546-kip-ft
+ (Rgpt s~ Repe sL)-Ameg

Strength 111

Strength II=1.25DC +1.5DW + 1.5EH + 1.35EV +1.0WS+0.5TU

Factored vertical force Fypistrnn = 125-(DCsyp + DCoap + DCoolumn + DCfooting) + 1-SDWsyp -
+ 1.35-EV,
3.
FVFtStI'HI =2.969 x 10 klp
Factored shear force parallel to the ) .
transverse axis of the bridge VTFStII = Noeams WSTStI + WSSubT.Stell = 25-484-kip
Factored shear force parallel to the ) .
longitudinal axis of the bridge VLFtStrIll = Nbeams' WSLStrII1 + WSSubL.Strl = 42-066-kip

Factored moment about the longitudinal axis of the footing

MXFStrIIr = Nbeams'WSLStrIH'(Armcol + tfooting) + WSSubL.StrHI'(HWSSubL + tfooting) = 946.685-kip- ft

Factored moment about the transverse axis of the footing
MyFStrIIr = Nbeams'WSTStrIH'(Armcol + tfooting) + WSSubT.StrHI'(HWSSubT + tfooting)
StrengthV

Strength V=1.25DC+1.5DW+135LL +1.35BR+ 1.0WS+1.0WL+1.5EH + 1.35EV +1.35 LS+0.5TU

Factored vertical force FyFistry = 1:25-(DCsyp + DCoap + DCoolumn + PCfooting) + 1-SDWsyp -
+ 135RLLF00t1ng + 135EVFt

3.
FVFtStI'V = 3.538 x 10 klp
Factored shear force parallel to the transverse axis of the bridge

VTRtV = Nbeams'(WSTStrV + WLTBearing) + WSgubT.Strv = 27-394-kip

Factored shear force parallel to the longitudinal axis of the bridge

VLR = 1.35-BRKgy + Nbeams'(WSLStrV + WLLBearing) + WSgubL.Stry = 80.587-kip
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Factored moment about the longitudinal axis of the footing

MxFstrv = l'35'BRKSL'(Armcol + tfooting) + Nbeams’WSLStrV'(Armcol + tfooting)
+ Nbeams'WLLBearing'(Armcol + tfooting) + WSQubL.Strv° (HWSSubL + tfooting)

3.
MXFtStI‘V =2.125x 10 'klp'ft

Factored moment about the transverse axis of the footing

MyFisurv = 1'35{(RGFt_5L ~ Ry s1)-AmaG + (Rppe s~ Rppy sp)-Armpp }
+ (Rgpt s~ Rep sL)-Ameg
+ Npeams WSTStV (Armcol + tfooting) + WSQubT.Strv' (HWSSubT + tfooting)
+ Nbeams'WLTBearing'(Armcol + tfooting

3.
MYFtStI‘V =1.445x 10 'klp'ft

Service I
Service [=1.0DC +1.0DW + 1.0LL+ 1.0BR + 1.0WS+1.0WL + 1.0EH + 1.0EV + 1.0LS+ 1.0TU
Factored vertical force FyFiserl = (DCSup + Dccap + DC¢olumn Dcfooting) + DWSup
+ RLLFooting + EVRy
Fyser = 2.754 x 107kip
Factored shear force parallel to the transverse axis of the bridge
VTFtSerl *= Nbeams’ (WSTSerI + WLTBearing) + WSQubT.Serl = 23-317-kip
Factored shear force parallel to the longitudinal axis of the bridge
VLFtSerl = BRKs + Nbeams'(WSLSerI + WLLBearing) + WSgubL.Serl = 02-482-kip
Factored moment about the longitudinal axis of the footing

MxFiSer] = BRKSL'(Armcol + tfoo‘[ing) + Nbeams'WSLSerI'(Armcol + tfooting)
+ Nbeams'WLLBearing' (Armcol + tfooting) + WSSubL.SerI'(HWSSubL + tfooting)

3.
MXFtSerI =1.649 x 10 'klp'ft

Factored moment about the transverse axis of the footing
MyFisert = (RGFt s~ RAFt sL)- AmaG + (Rppy sp — RBFt_SLg' Armgp ...
+ (REFt_SL - RCFt_SL)'ArmCE + Npeams' WSTStrv (Armge] + tfooting)
+ WSSubT.StrV'(HWSSubT + tfooting) + Nbeams'WLTBearing' (Armcol + tfooting)

3.
MYFtSerI =1.267 x 10 'klp'ft

The design of the pier cap and column is presented in Steps 7.6, 7.7, and 7.8. The subsequent steps of this
example present the design of piles and the footing.




Step 8.6 Pile Design

Description

This step presents the selection of pile type, the design of pile size and layout, and the evaluation of the
lateral force resistance of piles.

Page Content

929 Pile Size and Layout Design

101 Lateral Force Resistance of Piles
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Pile Size and Layout Design

This example uses steel H piles since they are the most commonly used pile type in Michigan. Typically, 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 BDM7.03.09.45

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. The LRFD 10.7.1.2
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.

Select a trial section for the piles HP 14X73 bg := 14.6in dpile := 13.6in
Minimum spacing Spacing,;;, := 3-bg = 43.8-in

2. Edge distance: The typical minimum edge distance for piles is 18 inches. BDM 7.03.09.A7
Pile edge distance PileEdgeDist := 18in

Start the design by assuming a number of pile rows and the number of piles in each row.

Number of pile rows Pile, =3
Number of piles in each row PilesInEachRow := 6
Total number of piles Npiles := Pile, PilesinEachRow = 18
ltooting — 2PileEdgeDist
Pile spacing in the direction parallel to the x-axis Spacing, := ( 00. e ) = 57.6-in
PilesInEachRow — 1

Wfooting ~ 2PileEdgeDist

Pile spacing in the direction parallel to the y-axis Spacing,, := - = 48-in
Y Pile;yw — 1

Check if the pile spacing in the x- and y-directions is greater than the required minimum spacing for
the selected pile section.

Check := if (Spacingmin < Spacingy , "OK" , "Increase Spacing") = "OK"

Check := if (Spacingmin < Spacingy, "OK" , "Increase Spacing") = "OK"
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The preliminary pile layout is shown below.

27
16" 5 SPA @ 4'-9.6" 16"
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Spacingy2
Section modulus of the pile group about x-axis Sxx = 14— =56t
Spacmgy

Section modulus of the pile group about y-axis

(0.5 Spatcingx)2 4 (1.5 -Spacingx)2 4 (2.5- Spacingx)2

Syvy = 6 = 100.8-ft
YY 2.5-Spacing,

Strength I
3. 3 .. .
FVFtStI’I =3.707 x 10 klp MXFtStrI =1.621 x 10 'klp'ft MYFtStrI = 894546k1pft
. . . Fvrisul  Mxrisul  MyFisul ,
Maximum pile reaction PiMax St = + + = 243.748-kip
- Npiles Sxx Syy
Strength IIT
3. . .
FVFtStI’IH =2.969 x 10 klp MXFtStI’HI = 946685klpft MYFtStrHI = 689.1 14klpft
> _ Fvrisemn - Mxpesenn - MyFesenn 188,682, 1
Maximum pile reaction uMax_Strlll == Npiles + Sxx + Syy = .682-kip
Strength V
3 .. 3. 3.
FVFtStI’V =3.538 x 10 klp MXFtStrV =2.125x%x 10 -klp-ft MYFtStrV =1.445x%x 10 -klp-ft
> _ Fvrisuv  Mxpssuv  Mypsuv 248 838k
Maximum pile reaction uMax_StrV == Npiles + Sxx + Syy = .838-kip
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Service |

Pile reactions under the Service I limit state are needed in the flexural design of the footing.

3. 3. 3.
FVFtSerI =2.754 x 10 klp MXFtSCl’I =1.649 x 10 klpft MYFtSCl'I =1.267 x 10 klpft
b FVFiSerl . MxFtSerl N MyFtSerl 104.987. 1
: ; ; uMax_Serl = B
Maximum pile reaction _ Npiles Sxx Syy

The controlling maximum pile reaction PuMax = maX(PuMaX Strl > PuMax St PuMax StrV) = 248.838-kip
Nominal pile resistance of commonly used steel H-piles BDM 7.03.09.B.1

HP 10X42 275 kips

HP 10X57 350 kips

HP 12X53 350 kips

HP 12X74 500 kips

HP 12X84 600 kips

HP 14X73 500 kips

HP 14X89 600 kips
The resistance factor for driven piles assuming that the nominal pile driving BDM 7.03.09.B2
resistance is verified using the FHWA-modified Gates Dynamic Formula.

(‘del’l =0.5

. .. . . . PuMax .

Required minimum nominal pile resistance RnReq = = 497.676-kip
Pdyn

Nominal pile resistance recommended by the Geotechnical - .
Services Section for the selected pile section I &= Sllsrg BDM7.03.09.8
Resistance factor for driven piles Pdyn = 0.5 BDM 7.03.09.B2
Factored nominal pile resistance RR = Lpdyn-Rn = 250-kip
Check if the factored nominal pile resistance > Check = if (RR > P uMax - OK", "Not OK”) = "OK"

the maximum pile reaction

Lateral Force Resistance of Piles

The lateral forces acting on the pier are assumed to be equally shared by the piles. Step 8.5 presents the lateral force
calculations.

Note: Per MDOT practice, the typical lateral force resistance of a vertical pile is 12 kips. A pile bending (p-y)
analysis may be performed by incorporating a soil-pile interaction to determine a more accurate lateral
force resistance. Consult the Geotechnical Services Section for more information.

Lateral load resistance of a pile p e 10K
(from the Geotechnical Services Section) latProvided = 1p
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Strength [

Factored shear force parallel to the

transverse axis of the bridge VTFtsul = 0
Factored shear force parallel to the VLEtSt] = 56.875-kip
longitudinal axis of the bridge
\Y%
. . . TFtStrl i
Required pile lateral force resistance parallel to Pre qLatMinor Strl = g = 0-kip
the minor axis of the section (demand) - Npiles

Check if the lateral force resistance > Check = if (PlatProvided > PReqLatMinor Str1- "OK" , "Not OK") = "OK"
the demand -

Required pile lateral force resistance parallel to p . B VLFtstl _316.ki
the major axis of the section (demand) ReqLatMajor_Strl -~ Npiles o P
Check if the pile lateral force e N~ " R
resistance > the demand Check := lf(Pla‘[PrOVided > PReqLatMajor Str1- OK","Not OK ) ="OK
Strength IT1
Factored shear force parallel to the _ .
transverse axis of the bridge VTFtstrin = 25-484-kip
Factored shear force parallel to the VLEtStI1 = 42.066-kip
longitudinal axis of the bridge
V
. . . TFtStrIll
Requged plle.: lateral force? resistance parallel to PReqLatMinor StrlIl = N—r = 1.416-kip
the minor axis of the section (demand) - piles
Check if the lateral force resistance > . Y —— - —
the demand Check := lf(Pla‘[PrOVided > PReqLatMinor_StrIir» "OK", "Not OK ) ="OK
Required lateral force resistance parallel to the p . _ VLEtSulll 2337k
major axis of the section (demand) ReqLatMajor_StrlIl -~ Nopiles T P
Check if the lateral force resistance > . WA " R
the demand Check := lf(Pla‘[PrOVided > PReqLatMajor_StrHI’ OK" ,"Not OK ) ="OK
Strength V
Factored shear force parallel to the B .
transverse axis of the bridge VTFisyy = 27-394-kip
Factored shear force parallel to the B .
longitudinal axis of the bridge VLFtsyrv = 80.587-kip
V
. . TFtStrV
quulreq lateral forcq resistance parallel to the PReqLatMinor Strv = N—r = 1.522-kip
minor axis of the section (demand) - piles
Check if the lateral force resistance > . WA " WA
the demand Check := lf(Pla‘[PrOVided > PReqLatMinor_StrV> OK","Not OK ) ="0OK
Required lateral force resistance parallel to the p . . VLFtStrv 4477
major axis of the section (demand) ReqLatMajor_StrV == Nopiles o P
Check if the lateral force resistance > Check = if (PlatProvided > PReqLatMajor_StrV> "OK" , "Not OK") = "OK"

the demand
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Step 8.7 Structural Design of the Footing

Description

This step presents the structural design of the pier footing.
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Design of Transverse Details

The Strut-and-Tie Method (STM) is used for the design of deep footing and pile caps when the

. . . 2 . LRFD 5.8.2.1
distance between the centers of applied load and the supporting reactions is less than two times the
member depth.

Footing thickness tfooting = 351t
Distance between the column vertical Wfooting . .
reaction and a row of piles Scenter = ( B PlleEdgeDlstj = 4ft

Check if the STM is a suitable model Check := if (S

. . < thooting ,"Use STM", "No") = "Use STM"
for this footing

center

The following figure shows the Strut-and-Tie Model selected for the design of the footing in the transverse direction.

l i l 0.1 tl;ooting

L

|

tfooting

’_3"

c

.—4'—.

|_6u |

The centroid of the top chord is assumed to be located at a distance of 1/10% the footing thickness below the
top ofthe footing. There are several options that the designer may consider when placing the top chord.
Please refer to the FHWA-NHI-17-071 Strut-and-Tie Model (STM) for Concrete Structures for additional
details. Also, Step 7.6 in this example provides more details on this topic.

The tension tie is located at the centroid of the reinforcement that carries the tensile force at the LRFD C5.8.2.2
bottom of the footing. The tensile reinforcement is located at 3 in. above the top of the piles.

Distance from the top of pile to the center of

the transverse reinforcing steel bar g &= S
Select a trial bar size bar := 9
Nominal diameter of a reinforcing steel bar dpy = Dia(bar) = 1.128-in

Cross-section area of a reinforcing steel

" 1.2
bar on the flexural tension side Apgr = Area(bar) = 1-in
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Note: As shown in the following calculations, the footing design is based on the maximum pile reaction. Based
on the direction of loads considered in this example, the pile at Node 1 is subjected to the maximum
vertical force. Therefore, the analysis and design is performed considering the forces in (a) the strut
between nodes 1 and 2 and (b) the tie connected to Node 1.

(Wfooting - tcolumn)

Projected horizontal length of the strut 1, = 5 — PileEdgeDist + 6.in = 2.5 ft
Projected vertical length of the strut h, = tfooting — Pile_embd — 3in — 0'1'tfooting =241t
hy
Angle between the strut and tension tie 0 := atan T = 43.831-°
a
Tension Tie Reinforcement Design
The first step is to calculate the average pile reaction in a row under strength and service limit states.
F M
VEtStr] XFtStrl
Average reaction of a pile in a row, Strength [ PRowAve Strl = ’ + C o 234.874-kip
g_ N.. S
piles XX
F M
VFtStrlll XFtStrlll
Average reaction of a pile in a row, Strength III PRowAve StrIll = d + - 181.845-kip
g N S
piles XX
F M
VFtStrV XFtStrV
Average reaction of a pile in a row, Strength V PRrow Avg StV = ’ + A 234.499-kip

Npiles Sxx
Controlling average reaction of the piles in a row under strength limit states

PRowAve Str = M3X(PRowAve Strl+ PRowAve Strill> PRowAvg Strv) = 234:874-kip

Since only Service Limit State I is considered, FyFtSerl N MxFtSerl

the controlling average reaction of the piles in PRowAvg_SerI = Nyl Sxx = 182.423-kip
arow under Service Limit States pries
Tension force in the tension tie PRowAvg_StrI la kip
on a per-foot basis Th= Spaci E 50'971'?
pacing, a
Resistance factor for tension members Ptension = 0.9 LRFD 5.5.4.2
Required reinforcing steel area on Ty in”
., qer oot bacs & A req = = 0.944.— LRFD Eq. 5.8.2.4-1
P - Ptension” fy ft
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.
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 5.22.01

Select a spacing for reinforcing steel bars Shar = 12-in
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Abar { in2

Area of tension steel provided on a per-foot basis AgProvided x = =1.—
— Shar ft
Check the adequacy of tension tie reinforcement
Check := if (AsPrOVided_x > As_req’ "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 steel 700-~,
reinforcement in the layer closer to the tension face s < - 2-d, LRFD Eg. 5.6.7-1
Bs’ fss
Exposure factor for the Class 1 exposure condition e := 1.00
For large concrete covers, use a 2 in. clear cover. LRFD C5.6.7

. . 1
Distance from extreme tension fiber to the 4. = 2in + 5 dbx 2 564-in

center of the closest flexural reinforcement c

Ratio of flexural strain at the extreme tension d c

face to the strain at the centroid of the Bei=1+ = 1.093
- ; s 0.7(tro0tine — ¢

reinforcement layer closest to the tension face "\ Mooting ~ “c

Next, calculate the tensile stress in the reinforcement at the service limit state, f..

Tensile force in the reinforcing steel due T = PRowAvg_SerI .l_a _ 30.588. @
to the service limit state moment h_Serl -— Spacing,  h, -
Stress in the reinforcing steel due to the Th_SerI .
service limit state moment fss1 = A = 43.987 ksi

Ptension” sProvided x
f, (notto exceed 0.61) fg = min(fgg) , 0.6fy) = 36-ksi

i
Required reinforcing steel bar spacing SharRequired = B—fm —2-d, = 12.664-in
s''ss

Check if the spacing provided < Check = if (Sbar < SharRequired" "OK" , "Not OK") = "OK"

the required spacing

Diagonal Strut Check

The compression force in the diagonal strut is calculated using static equilibrium.

> PRowAvg St 39.150.1d
== = . - K1
uStrut Sin( e) p

Depth of'the selected pile section d = 13.6-in

pile
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6 in.

T

— dpile—

Node 1 is a CCT node at which a tie intersects only from one direction. The surface at which the diagonal strut

meets the node is called the strut-to-node interface.
Modification factor to account for confinement
Resistance factor for the strut
Concrete efficiency factor, assuming
crack control reinforcement being present
Width of the strut

Compressive stress at the face of the
node where the strut meets the node

Limiting compressive stress at the face
ofthe node

Check the adequacy of the strut

Conservatively taken as 1.0

m:= 1
d)strut = 07 LRFD 5.5.4.2
voer = 07 LRFD Tab 5.8.2.5.3a-1

Wetrut -= dpile' sin(0) + 6in-cos(0) = 13.747-in

PuStrut .
fe strut = - = 0.734-ksi
- Pstrut Wstrut Spacingy
foq = mveer fe = 2.1-ksi LRFD Eq.5.8.2.5.3a-1
Check := if(fc strut < foy» "OK" , "Not OK") = "OK"

Shrinkage and Temperature Reinforcement Requirement

The following calculations check the adequacy of the flexural reinforcing steel to control LRFD 5.10.6
shrinkage and temperature stresses in the footing.
_ ., —
in
(0.60 —j
ft
Required minimum area of shrinkage . L 011 — 3 in”
and temperature reinforcement Ashrink.temp = min ft = 0345 ft
max kip
1.3-Weooting tfooting’ o fi
il 2(Wfooting + tfooting)' fy 111
Check if the provided area of steel > . _ _ W~ v\ e
the required area of shrinkage and Cliesiz &= lf(ASPTOVIdCd_X > Ashrmk.temp’ QL 5 el ) 5 S

temperature steel

Therefore, the STM design requires the use of No. 9 bars at 12.0 in. spacing (A, = 1.0 in.?/f}) as the transverse

reinforcement at the bottom of the footing.
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Design of Longitudinal Details

The reinforcement design in the longitudinal direction uses the traditional section method.

Flexural Design

For flexural design of the reinforcement along the longitudinal direction of the footing, the critical section is

located at section B-B (at the face of the column).

it

1Mt

21.25Mt

27t

Moment at the Face of the Column (Section B-B)

Since the footing is designed using a 1-ft wide strip, the

pile forces on a per-foot basis are calculated.

Note: As per the MDOT practice, the maximum reactions of the piles at the end column are conservatively assumed

to be equal.

Maximum pile reaction under strength limit states

Maximum pile reaction under service limit states

Applied factored load per-foot in the
y-direction, strength limit state

Applied factored load per-foot in the
y-direction, service limit state

Distance from the center of the piles
in the end column to section B-B

Moment about the y-axis on a per-foot basis
at the critical section, strength limit state

Moment about the y-axis on a per-foot basis
at the critical section, service limit state

Flexural Resistance

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

P Max = 248.838-kip From Step 8.6
PuMax_SerI = 194.987-kip From Step 8.6
3-PuMax kip
Ry Sty = ——— = 67.865-—
- Wfooting ft
3-PuMax_Serl kip
Ry Ser] = ————————— =53.178—
- Wfooting ft
(1f00ting - Wcolumn) . ,
Army = 5 — PileEdgeDist = 1.375 ft
M, = R, gArm, = 93.314. 221
uy T By_Strr Ay = Z2.2 0% T
kip- ft

Muy_serl = Ry_SerIAI‘n’ly =73.12- T

moment demand and checking the selected steel area against the requirements and limitations for

developing an adequate moment capacity, controlling ¢
temperature stresses.

Select a trial bar size

rack width, and managing shrinkage and

bar := 8

LRFD 5.6.3.2
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Nominal diameter of a reinforcing steel bar dby := Dia(bar) = 1-in

Cross-section area of a bar on the flexural

.2
tension side Apgr = 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.
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. BDG5.22.01
Footing thickness tfooting =351t
Select a spacing for the reinforcing steel bars Spar = 10in
Apyp 12in )
Provided area of tension steel in a 1-ft wide A = 0.948-in

. sProvided y =
section - Sbar

The reinforcing bars in footing length direction are placed on top of the reinforcing bars in the footing
width direction. Therefore,
dpx dby

Effective depth dey = tooting ~ Pile embd — 3in — BN 31.936-in

Resistance factor for flexure bp =09 LRFD 5.5.4.2

Select a 1-ft wide strip for the design.
Width of the compression face of the section b := 12in

Stress block factor B1=0.85

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

Gi M o ft= b Act|d. - Asly
1ven . - . . . —_—_— ——
uy sy 1Ty 727 0.851,b

Required area of steel A = Find(AS) = O.663~in2

sRequired vy °

Check if A gproyiged > Aequired Check := if (Agprovided y > AsRequired y>

"OK" , ”NOt OK") = IIOKII

1 AsProvided_y'fy
dey - =

)

Moment capqcity of'the section 2 0.85-f.'b
with the provided steel Mpovided = Pf AsProvided_y' fy- P
kip- ft
Mp,ovided = 132274 o
Distance from the extreme compression ASPTOVid@d_y' fy .
c:= = 2.19-in

fiber to the neutral axis ’ 0.85-fy B1-b
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Check the validity of assumption, fg = fy

Limits for Reinforcement

Check_f := if(dL <0.6,"OK" ,"Not OK") = "OK"
ey

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

The factored flexural resistance required to
satisfy the minimum reinforcement requirement

Check the adequacy of the section capacity

Control of Cracking by Distribution of Reinforcement

1 = 1.6 For concrete structures that are not precast segmental

N3 = 0.67 ForASTM A615 Grade 60 reinforcement

1 ) 3.3

S, = g'b'tfooting =3.528 x 107 -in
Y31 fr Se kip- ft
b= —— 131013
i
Kip- ft

133-Myy = 124.108.

— min(1.33M. . M..) = 124.108. Pt
Mreq = mln( . uy > cr) = . . o

Check := if (Mpyoyided > Mreq> "OK" , "Not OK") = "OK"

req’

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
steel reinforcement in the layer closer to
the tension face

Exposure factor for the Class 1 exposure
condition

For large concrete cover, 2 in. is recommended.

Distance from the 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 dC LRFD Egq. 5.6.7-1
Bs’ fss

Ve = 1.00

LRFD C5.6.7

) 1 )
d.:=2in+ Edby =2.5-in
dc

' 0'7(tfooting - dc)

Bg:=1 = 1.09

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

s 1gso

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

The position of the 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.
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Assumed distance from the extreme X = 5-in
compression fiber to the neutral axis

1 2 Es
Given 5 -be-x” = E—C : AsProvided_y' (dey - X)
Position of the neutral axis Xpg = Find(x) = 5.753-in
Tensile force in the reinforcing steel due T o Muy_seﬂ = 292.Ki
to the service limit state moment s Xpa T SeKIp
o
. . . T
]
Stress in the.rqnforcmg steel due to fp = — 30.833-ksi
the service limit state moment ss A .
sProvided y
f, (notto exceed 0.61) fgs = min(fgg1, 0.66,) = 30.833-ksi
ki
d reinf b 1036
Required reinforcement bar spacing ) n .
SbarRequired = g~ 2'dc = 1382/
s''ss
Cheqk ifthe spacing provided <the Check := if (Sbar < SparRequired* "OK" , "Not OK") = "OK"
required spacing
Shrinkage and Temperature Reinforcement Requirement LRFD 5.10.6
.2
The required minimum area of shrinkage Ao — 0.345. n- From transverse
and temperature reinforcement shrink.temp ~ ft reinforcement design
Check if the provided area of steel > A .
. . . Provided
the required area of shrinkage and Check := if (% > Ashrink.temp ,"OK" , "Not OK") = "OK"
temperature steel

Therefore, the flexural design requires the use of No. 8 bars at 10.0 in. spacing (A= 0.948 in.2/ft) as the
transverse reinforcement at the bottom of the footing.

Design for Shear
One-Way Shear

Since the STM was used for the design of transverse direction details, the one-way shear design is not required in
the transverse direction. The following calculations present the one-way shear design in the longitudinal direction.

In the longitudinal direction of the footing, the factored shear force at the critical section is computed by
calculating the total pile reaction force acting on the footing base that is outside of the critical section.

A ; -,
Provided
Depth of equivalent rectangular stress block a:= SOV Y Y 1.859-in
0.85-fb
. a . LRFD
Effective shear depth dVy = max(dey - E , O.9-dey, 0'72'tfooting) = 31.007-in 5728

Since the piles are located inside the critical sections, there is no need to check one-way shear in the footing length
directions.
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Two-Way Shear

Two-way shear (punching shear) in the footing is checked at critical perimeters around the column and a pile.

Critical Perimeter around the Pier Column

The critical perimeter around the pier column, b, is located at a minimum of 0.5d,, from LRFD 5.12.8.6.3
the perimeter of the column.
Note: An average effective shear depth, d,,, should be used since the two-way shear area includes both x-

and y- directions of the footing.

Effectjve depth in thp transverse dey = tfooting ~ Pile embd — 3in = 33-in
direction of the footing
Depth of equivalent rectangular stress _ AsProvided x fy 1961
block in the transverse direction A = 0.85-f, - ek
Effective shear depth in the transverse dyy = max| dgy — —,0.9-dgy, 0'72'tf00ting = 32.02-in
direction 2
dyy +d
Average effective shear depth d,, avg = (va},) = 2.626 ft

As shown in the following figure, the 1% and 3" rows of piles are located outside the critical perimeter. The two

piles in the end of the 2" row are partially located outside the critical perimeter. They are conservatively
considered to be outside the critical perimeter.

3
b y
X 1 1= -1 1 . X =
1.313ft
27ft
Critical perimeter b0 = 2-(Weolumn * v avg) * 2 (tcolumn + dv avg) = 61.004 ft
Ratio of long to short side of Weolumn
. . B.=———=5313
the critical perimeter T
column
) ) ' 0.126 - 3.
Nominal shear resistance Vn1_2way =10.063 + 5 . /fc'kSI'bO'dv_avg = 3.465 x 10™-kip
c
. - 3. LRFD Eq.
Vi 2way = 0126 ([Toksibgdy ) = 5035 x 107-kip 5128651
. 3.
Vn_2way = mm(vnl_2way’vn2_2way) = 3.465 x 10™-kip
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Factored shear resistance (Capacity) A% = oy Vy dway = 3.118 x 103~kip

r 2way *
The average pile reaction of the piles outside the critical perimeter (Strength I limit states governs.)

_ FvFsul

Pavg

= 205.928-kip
Npiles

Number of piles outside the critical perimeter N 14

piles_outside -~

Note: For piles located partially outside the critical perimeter, conservatively assume that they are completely outside
the critical perimeter.

Resultant force acting on the area outside of N . _ 3.
the critical perimeter (Demand) Vu_2way o NplleS_OUtSIde' Pan = 2.883 % 107-kip
Check if the shear resistance > the demand Check = if (Vr_zway > Vu_2way’ "OK" , "Not OK") = "OK"
Critical Perimeter around a Pile
The critical perimeter around a pile, b,, is located at a minimum of 0.5d, from the LRFD 5.12.8.6.3

perimeter of the pile. When portions of the critical perimeter are located off the footing,
the critical perimeter is limited by the footing edge.

Flange width and depth of the selected pile section bp = 14.6-in dpile = 13.6-in

. i . . dpile  dy avg :
Check if the critical perimeter is off the OffFooting_y := if + —= > PileEdgeDist, "Yes" , "No"
footing in y-axis direction 2

OffFooting_ y = "Yes"

. o . . bp dy avg :
Check if the critical perimeter is off the OffFooting_x := if| — + —= > PileEdgeDist, "Yes" , "No"
footing in x-axis direction 2

OffFooting x = "Yes"

. » : . dpile  dv_avg :
Sldg length of the crmcal. bOy := if | OffFooting_y = "Yes", = + P11eEdgeD1st,dpﬂe + dv_avg
perimeter parallel to y-axis
bOy = 3.38ft
. ” br dy avg :
Side length of'the critical boy = if| OffFooting x = "Yes" ,— + — + P11eEdgeD1st,dpﬂe +dy av
. e 2 2 _avg
perimeter parallel to x-axis
boy = 34211t
Critical perimeter bg = boy + bOy = 6.801 ft

= F HP14X73
i sl lle /
& . / |
1 1% o
H -
T

1.5ft
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Ratio of long-to-short sides 8. = aX(bOX’ bOY) — 1012
o ) c=——F——~ =1L
of'the critical perimeter min (b 0x+ b Oy)

0.126
Nominal shear resistance A\ dway = [0.063 + 5 ] /fc-ksi'bo-dV avg = 835.089-kip

c
V2 2way = 0126 ([T Ksi-bgrdy, gyg) = 561283 kip PO
Vi 2way = Min(Vn1 2ways Vn2 2way) = 561.283-kip
Factored shear resistance (Capacity) Vr_2way = Oy Vn_2way = 505.155-kip
Maximum pile reaction (Demand) P Max = 248.838-kip
Check if the capacity > the demand Check = if (Vr_zway > PyMax - 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.

Longitudinal Direction of the Footing |
footing ~ Wcolumn

Available development length 1 dy avail = 3 — Coverg = 30.5-in
From flexural design

Longitudinal reinforcing steel bar size No. 8

Bar spacing 12 in
Assuming that the bars are at high stress, the 14 = 28in BDG 7.14.01

. y.req
required bar development length
Check if Ly > liyreq Check := if(lgy avail > ldy.req: "OK" » "Not OK") = "OK"
Transverse Direction of the Footing .
Wfooting ~ ‘col

Available development length lix avail = ootme 3 coumn _ Coverg = 38-in
From flexural design

Longitudinal reinforcing steel bar size No. 8

Bar spacing 8 in
Assuming that the bars are at high stress, the ldx.req = 28in BDG 7.14.01
required bar development length
Check if 1y, 4vail > lixreq Check := if (ldx —r ldx.req ,"OK" ,"Not OK" ) = "OK"

Shrinkage and Temperature Reinforcement Requirement

This requirement for the steel at the bottom of the footing was already checked and satisfied.

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

LRFD 5.10.6

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.

Select a trial bar size

Nominal diameter of a reinforcing steel bar
Cross-section area of a reinforcing steel bar

Select a spacing for reinforcing steel bars

Provided horizontal remforcement area

Required shrinkage and temperature steel area
(calculated during flexural design)

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

BDG5.22.01
bar := 6
dpy = Dia(bar) = 0.75-in

Ay = Area(bar) = 0.44-in2

SbarST = 12-in

) Apar in2
AgProvidedST = = 0.44-Tt
SbarST
.2
in
Ashrink.temp = 0~345'Tt

Check := if(AsProvidedST > Ashrink.temp» OK" » "Not OK") = "OK"

Therefore, the design requires the use of No. 6 bars at 12.0 in. spacing (A,=0.44 in.?/ft) as the shrinkage and

temperature reinforcement at the top of the footing in both longitudinal and transverse directions.
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The footing design presented in this step provides the following details:

e No.9bars @ 12.0 in. spacing (A= 1.0 in.?/fl) as the transverse flexural reinforcement at the bottom of the
footing

e No. 8 bars @ 10.0 in. spacing (A= 0.948 in.>/f}) as the longitudinal flexural reinforcement at the bottom of
the footing

e No. 6 bars @ 12.0 in. spacing (A= 0.44 in.>/f}) as the shrinkage and temperature reinforcement at the top of
the footing in both longitudinal and transverse directions.
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Note: Certain details are not shown in this drawing for clarity of main reinforcement.
Refer to MDOT Bridge Design Guides for additional details.
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