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CDOT Lessons Learned

1976 and 2013 floods in Colorado destroyed many of the same facilities
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Primary Threats to CDOT’s System

Flooding

Rockfall

Cyberattack

Drought - Wildfire - Rain/Debris Flow

Winter Blizzards / Avalanche



Agreement to use 7 Step RAMCAP Model
For 2013 ER Flood, and | 70 Resiliency Pilot

RAMCAP Plus>M R&R for Highways

1) Azset Characterization ' What assets exists and which are critical?

What threats and hazards should be considered?

What happens to assets if a threat or hazard
occurs? Expecled asset losses, economic

impacts, injuries, lives lost?
3) Consequence Analysis et .

1 What are asset vulnerabilities that would allow
Prioritizing {.nhr_.nl Infrastructure A a threat or hazard to result in expected

Using the RAMCAP Plus™ Approach consequences?
S =) 4) Vulnerability Analysis

What is the likelihood that a terrorist, natural
hazard or dependency/locational hazard
will occur to asset?

What is aniicipaied fofal risk and asset resilience?
Risk = Consequences x Vulnerability x Threat

Resilience = Service Outage x Vulnerability x Threat

What options are there to reduce risk and increase
resilience? How much will each mitigation
measure reduce risk and increase resilience?
How much does each mitigation measure cost?
What is the calculated benefit/cost ratio?

~ ASME INNOVATIV
TECHNOLOGIES
INSTITUTE, LLC




Key Concepts

MvaxT

Risk (R) (S) — Level of operational uncertainty in a threat-filled environment
Consequence (C) (S) — Result of failure

Vulnerability (V) (%) - Susceptibility to the threat

Threat Likelihood (T) (%) = Potential of threat occurrence

COLORADO o
ﬂ ‘ COoLoR esilience
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E@ Risk and Resilience Manual

= Published August 2020 --

https://www.codot.gov/programs/planning/cdot-
resilience-program

» Based on RAMCAP methodology
used in the 2013 flood recovery.

= Refines and Standardizes the
data, assumptions, and
methodology for conducting risk

assessment
Colorado Department of Transportation
e ” Risk and Resilience Analysis Procedure
- Step by Step . COOkbOOk on hOW A Manual for Calculating Risk to CDOT Assets from Flooding,
to calculate risk Rockfall, and Fire Debris Flow
* Flood
= Rockfall

= Fire / Debris flow 2020 aem@


https://www.codot.gov/programs/planning/cdot-resilience-program

e

Given the worst reasonable
event, what are the
consequences? ($)

Allows us to Quantify Annualized Risk

Owner Cost
» Asset Replacement Cost

User Cost

e Value of time
(delay/detour)




e

What level of risk are we willing to accept?

Risk Tolerance

 What is our annual / programmatic risk threshold?
o Mitigating “owner risk” and ““user risk” - what are our priorities?

 What is the B/C ratio at which we think it’s a good idea to invest in a
resilient betterment?



E

Risk and Resiliency Excel Tool

General Notes

For geohazard information needed o fill out steps 4 and B, reach
out tor Ty Ortiz [y ortiz@state.co.us).
For hydraulic information needed to fill out steps 4 and 5, reach

outto Al Gross [alfred.gross@state cous

Threat Asset-Specific

General Instructions for_ &% assefs-

Rockfall-PTCS

Rockfall-Bridge

Rockfall-Roadway

Flood-Roadway

Flood-Bridge

Notes

Approach

Cuvlert

Culvert

Scour-Bridge

Choose which asset(s) you are evaluating for your prajest

Use For CMP, CMPE,
RCP, RBC, RCPE

Use for CEC

DOuplicate the sheet far the asset, add “Mitigation” to the end of
the original sheet title and "ho Action” to the end of the
duplicative sheet title. If there's more than one propozed
mitigation that you want to evaluate for an azset, duplicate the
mitigation sheet again and name appropriately.

‘fiou may be upgrading
from a Minor culvert to a
miajor culvert, ar vice
versa. Use the corect
sheet accordingly.

‘fioumay be upgrading
From a Minor culvert to a
major culvert, ar vice
versa. Use the correct
sheet accordingly.

Delete the sheets for the assets you are not assessing, but keep
_ | the Benefit Cost Fatio Sheet

In each "ho Action” asset tab, enter the pre-mitigation [current)
infarmatian for all cells colored yellow. DMLY the yellow cells
need ta be filled out, and some are drop-down options only.

__| Evenything else will automatically populate.

FLC TRIoW T2l e T
be filled cut, except far
cellz 029 and E29. There
are used for a
description of the
mitigation, but are not
tied to the formula.

T I e Te T
befilled out, except far
cellz 025 and E25. There
are usedfora
dezcription of the
mitigation, but are nat
tied to the formula.

patmey L
be filled out, except For
cellz 023 and E23. There
are used for a
description of the
mitigation, but are not
tied o the Formula.

In each "Mitigation” as=set tab, enter the proposed mitigation
information for all cells coloned yellow. DMLY the yellow cells
need o be filled out, and some are drop-down options only.

_ | Evenything else will automatically populate.

Determine if there iz information from the standard that should

be tailored to your project. IF there is, make thoze changes at this
time.

[Tnfarmation from the
standard that ¢an be
tailaredis found on raws
95-203

TnFormation From the
standard that can be
tailared is Found an raws
96-143

TnfFormation From the
standard that can be
tailored is found on rows
9417

Tnformation From the
standard that can be
tailared is found on rows
&2-106

Tnformation From the
standard that ¢an be
tailared is Found on raws
T0-34

TnFormation from the
standardthat can be
tailored iz found on rows
TE-102

Tnformation from the |
standard that can be
tailored is found on rows
T7-122

[TnFarmation from the
standard that can be
tailored is found onrows
80-144

Infarmaticn fram the
standard that ¢an be
tailored is found on rows

mr The Toute name and MF 1ocalion of the expected closure
intar the ClasureLasation tab on the
HighwaySegmentList_AllSeasanDietours workbook, set the filter
far the PrimaryMatch column of the Detourlnfa sheet, chooss 3
detour raute, and enter the MP range, added time, and added
distance into table 3.13

itoucan alzo manually map out 3 detour route on google maps

Tahle 313 begins on row
205

Table 313 begins on row
151

Tahle 313 beginz on row
143

Tahle 313 begins on row
108

Tahle 313 begins on row
3

Tahle 313 begine on row
105

Table 213 beging on row
124

Tahle 313 beqgins on row
146

Tahle 313 begins on row
133

Perform the benefit cost analysis

| On the Benefit Cast Fatio sheet, add up all of the owner and uzer
rigk.s for the Mo Action and Mitigation [add more rows if you are
comparing more than one mitigation measure]

wiould cost bo replace the azsetin cell K2 and the price it would
cost bainztall the new mitigation meazure incell K3, These
rumbers will be used to automatically generate the delta between

A the pricesin cell kK4 Mext enter the lifespan of the mitigation

» HOW TO | Rockfall-

PTCS

Rockfall-Bridge

Rockfall-Roadway

Flood-Roadway

Spreadsheet tabs for each threat asset pair

Built in Benefit/ Cost calculater

Flood-Bridge

Video Tutorial available on CDOT Resiliency Website

Flood-Bridge Approach

"M N

Flood-Min .



New Excel Templates
Based on Standard Model and Assumptions

A B C 0 E F G H | J K L M M 1] P 2] R 5 T 1] W W X Y
Problem: Flood Equations: Step 1 Threat Data Collection Step Z: Asset Data Collection Step 3: Owner Consequence Step 4: User Consequence
Full Closure:
Site Overview: Clilvert Recurrence Interval | Arnual Threat Likelihood Avg Yeh 0464 Veh Cost $0.59
|East ChP 25-year 01,04 See Site Cverview Data East Awg Trek: B36 Trck Cost $0.96
B4 50-year 0.02 dFC: 3
i Toea o o Wl VOCFT
Conditior Fair
Peak Fl Dezign: 10 Tatal:
2B-year: 225
Bl-year 3 Step 5 Yulnerability Assessment Step b: Risk Assessment
100-vear: i
Total AADT Yeh: 20928 J[wehicle) O=f 0d 25-year 2! Annual Civy 25-year $1530 Aninual User Fisk: 2h-year __&
AADT Trek: 3072 Jltruck] Bl-ear [ B0-year $7ES B0-year 18646
filepost: 112 00-year (] 100-year $2.104 00-year 51279
Car User. ] [T OefOdval  25-year 2103 [QefOdInd 4
Trck User: Ch Al-year 2103 4 Total Cwnel Total User Risk:
00-pear gtd 0
Culvert Condition, Far __ |Condlnd 2
Yulmerable  25-year (.18 Wuln Index 5
Enter data e : Calculates output
00-pear 0193 1 o
here Detrsing 3 risk data here
Exhibits: 36 38 30
Rainfall Qevent | Odesign Annual Threat Pipe Unit Cost Road Threat East
Event [cfs) [cfs) Qe! Od Recurrence Interval Likelihood Diam [in] | ($1lin Ft) Asset Type Units | Unit Cost Asset Debris Flood Scour RockFall
25-uear 225 jii] 225 1 vear 1 <48 $2.205 Approach aqft $350 Approach $207 480
Sluear 300 ] 300 2 ygars 05 48 $2.:25 Bridge aqft 4600 Eridge $212.480 $212.480 | $2500,000
100-year 500 100 00 5 years 02 B4 $2660 Culvert lirft $2560 Culvert §212.480 | $212.480
10 vears 0 1] $3.135 CBC cuft il PTCS $18,155,000
Events 25-ear yes 25 years 004 i3 33660 PTCS aqft $550 Foadway $212480 | 212480 §14 564,000
Used: Sl-year yes 50 uears 002 72 4235 Foadway Asphalt s yds $150
0uear  yes 00 vears oo 78 $4.865 Foadway Concrate 30 uds $350 ARC: fnr the: East Culvert
500 vears 0.002 84 45,550
a0 0,325 Unit Cost: [ 2880 ][54 units)
% 11630
Approach Directions: : Culvert Conditions: 102 $13.160
East Corrugated Metal Pipe CHP Good 08 .77
West Corrugated Metal Pipe Ellipse CMPE Fair 120 $18.325
Morth Reinforced Concrete Box RCE Foor 138 $246%5
South Reinforced Concrete Fipe FCP
PReinforced Cancrete Pipe Ellipse RCPE
3 Rockfall-PTCS | Rockfall-Bridge | Rockfall-Roadway | Flood-Roadway | Flood-Bridge = Flood-Bridge Approach | Flood-Minor Culvert | ... @ 4

Spreadsheet tabs for each threat asset pair




g Calculating Reduced Risk and Benefit Cost

Run the risk model twice
= Once to determine the existing condition and establish baseline risk costs

= Asecond time to analyze the risk reduction of the mitigation proposed

= Estimate cost of proposed mitigation

= Those values can be used to determine a Benefit to Cost ratio

EQUATION 5.1.3
Mitigation A [ Cost = Mitigati P t Cost iX(1+i)n
= X
lirtgation Annua (0N tirgation rFresen oS (1 n l)n — 1
Where:
i = discountrate (3.3% for CDOT)
n = life expectancy of mitigation EQUATION 5.1.1

Mitigation Benefit
B/C = g f

Annual Cost of Mitigation




4554

70A (3 different rockfall treatments)

3000 kJ Barrier

RnR Tool Results

Average Mitigation Benefit

Mitigation Cost Analysis

Cost of asset replacement: $462,333.00
Cost of new mitigation: $736,568.00
Cost delta: $274,235.00
Life span of mitigation: 20|

Mitigation Annual Cost

$18,948

Mitigation Cost Analysis

Cost of asset replacement: $462,333.00
Cost of new mitigation: $887,890.00]
Cost delta: $425,557.00
Life span of mitigation: 20,

Mitigation Annual Cost

$29,403

Mitigation Cost Analysis

Annual Risk
Owner Risk User Risk Total Risk
No Action $101,565 $4,252,321 $4,353,886
Mitigation 548,017 $2,010,388 $2,058,406
Attenuator
Annual Risk
Owner Risk User Risk Total Risk
No Action $101,565 $4,252,321 $4,353,886
Mitigation $64,477 $2,699,507 $2,763,984
Concrete Barrier
Annual Risk
Owner Risk User Risk Total Risk
No Action $101,565 $4,252,321 $4,353,886)
Mitigation $69,963 $2,929,213 $2,999,176)

Owner User Total

$53,548 $2,241,932 $2,295,480
Average Mitigation Benefit

Owner User Total

$37,088 $1,552,814 $1,589,902
Average Mitigation Benefit

Owner User Total

$31,602 $1,323,108 $1,354,710

B/C
Owner User Total
2.8 118.3 121.1
B/C
Owner User Total
1.3 52.8 54.1
B/C
Owner User Total
2.0 84.2 86.2

Cost of asset replacement: $462,333.00]
Cost of new mitigation: $594,310.00]
Cost delta: $131,977.00
Life span of mitigation: 10

Mitigation Annual Cost

$15,710

13



&, =7 RnR Tool Results

™

550B (Rockfall Barriers installed)

Annual Risk Average Mitigation Benefit Mitigation Cost Analysis B/C
Cost of asset
Owner Risk User Risk Total Risk Owner User Total replacement: $812,778.00 Owner User Total
No Action $134,135 $265,632 $399,767 Cost of new mitigation: $2,396,085.00
70,719 140,048 210,767
Mitigation $63,416 $125,584 $189,000 > > 3 Cost delta: $1,583,307.00 0.6 1.3 1.9
Life span of mitigation: 20
Mitigation Annual Cost
$109,397
24A - (5 Culverts replaced)
Annual Risk Average Mitigation Benefit Mitigation Cost Analysis B/C
Cost of asset
Owner Risk User Risk Total Risk Owner User Total eplacement: $7,665,555.00 Owner User Total
No Acti 305,782 3,908,143 4,213,925 Cost of itigation: 7,676,555.00
o Adtion 2305, 23,908, 2 $103,351 $1,458,585 | $1,561,935 ost of new mitigation: | $
Mitigation $202,432 $2,449,558 $2,651,989 Cost delta: $11,000.00 273.6 | 3861.8 | 4135.5
Life span of mitigation: 100

Mitigation Annual Cost

$378

14
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1-13-G (Park County,
CO)

EXISTING:
69-ft long by 30-ft wide
timber bridge

CDOT CRITERIA:
25-year storm event

MITIGATION OPTIONS (2dQC):
1. Replace-In-Kind
2. Concrete Box Culvert

(3 cells of 10-ft x 7-ft)

2D Quick Check Statewide Demo (1)

A B C D E
1 Problem: | Flood |
2
3
4 |Step1: Threat Data Collection
5
&6 Recurrence Interval | Annual Threat Likelihood
7 50 0.02
8 100 0.01
g
10
1
12
13 |Step 2: Asset Data Collect
14 |Site Overview: CBC
15 |East Type: CBC
16 Width: 10 (feet)
17 Length: 40 (feet)
18 Height: 7 (feet)
19 # of Cells: 3
20 Culv Cond: 7 assumed
21 Ch&Pr Cnd: assumed
22 Peak Flow:  Design: 679 (cfs)
23 25-year: 360 (cfs)
24 50-year: 483 (cfs)
25 100-year: 679 (cfs)
26 Total: AADT Veh: 2200 {vehicle)
27 AADT Trck: 152 (truck)
28 Milepost: 227.2
29 Car User: C2 Cc4
30 Trck User: c3 C5
2 Occup: o
32 Slope: 3.30%
33 Slope Val: Low

Cover: Shrubs

MBI 120A
NEI 48
MBI 43

MBI 45
MNEI 62
NEI 61

aTIS
aTIs
MNEI 11

CDOT Structure Type
Max Spans (round to integer)
Structure Length

Maint Spans Unit

Culvert
Channel & Chnl. Protection Condition

L]

Staff Bridge Major Structure Inventory (link)

Staff Bridge Major Structure Inventory (link)

Staff Bridge Major Structure Inventory (link)

Staff Bridge Major Structure Inventory {link)

Staff Bridge Major Structure Inventory (link)

{

{

{
Staff Bridge Major Structure Inventory (link)

{

{

{

Staff Bridge Major Structure Inventory (link)

Avg. Annual Daily Traffic (all CDOT OTIS Data Search Platform

Avg. Annual Daily Traffic (tre CDOT OTIS Data Search Platform

CDOT Mile Post Staff Bridge Major Structure Inventory (link}

15




K-16-Y (Fremont County)

EXISTING:
63.5-ft bridge

MITIGATION BENEFIT(2dQC):
Removed from scour critical list
1. Updates to scour calculation
2. Reduced assumptions in 2D
3. Riprap countermeasures

2D Quick Check Statewide Demo (2)

N

Problem: \ ’ Routine Inspection [Fe———TT T
Colorada Department of Transportation TENm
Structure Inspection and inventory Report (English Units)
Step 1: Threat Data Collection
[ Beidge K K-ABY nspcion Dale:  DSI1A2018 Sulciency Rasny. 578 ™ ]
o N Raporieg © Ly B Mg 434 y Bidge Coni i s
St Wtaraibifay Rarve s Mo D AR 0 0 s Coutss e
e R 2T Mo e Lt a8 1 Tiotat Corn o
AFpIan Spard 48 Ll Yaar of Cont Evtrnate 0T Bl
- nome B g Cosar AT
Mas Span 8. | Pt BAage St B
9 Lagin a5 mse Setsnes Mgy 150 ]
Cost W LR (A5 HpR MOR Parain! Brvibos 101 ad
Step 2: | Asset Data Collect VA Cort s s 81 rne Dewctin of Tl 112 2
i Eridas : Vi Cut Bt B2 a3n Tampany Sruthen 10 5
[Eoun [Toee: [ B—— et e .
“wfidth: =11 [Feet] KK CREER e e R, N Yot Riasinacied |00
£3.5 | [Feet) Facity Carvas 7 Wi ndaree nam: noe Deik Type T '
2 7 WL o Chrce B BEEL N Waaring Durace WA ]
A B — - B
Ch Prot: -] Pt Sy b B Dok 2 t a0
Sub Cond: T L) Super 59 T L]
Faad: Width: 30| feet — * S J J
Total: AADT Yeh: |__5100__| (rehicle) et St __(¢ u
bas G 48 W Cubrr L] ]
AADT Trcky] 2244 | (truck) [I—— a [N —— T L — N
Milepost: 153 ST [N — ) Puiurs ADT 114 ]
Car User: ca cs | S Opeatng Factor 4 - Vo of Fuure AGT 115 om0
Trek Uzer: C3 s | Lt 2o s Mg Wz 22 1UF Loss Fack GOOT S Type 20
Longiuds 17 [ Y COOT Conat Typs 1208: (]
- Inearaney Fanas 08 = aps . N .
Trep 31 Owner Consequence e . -~ CDOT Asset Resiliency Mapping Application
N — 4 - ’
g - ———T
Puitag M s Lags ll Criticabty Routa: 11 54 From:7.83 Tea7 85
1 0
Appronch Mgrmani T2 1 5
: Tipe £ e T8 n
#MS 2 Mpor WoR Domely 728, 1
Step 42 Uzer CoRsequentce HME Lenga of improemant T8 ]
Full Closare: Dik: T minz e T Sl W WHITE TEAM £
Avg Weh: 5100 ¥ Weh Cost: $0.53 Weh: $10.62 rapector Name W0 MBI -
Ang Trek: 2244  Trek Cost: 30,96 Trek: $25.31 : Fremy 31 el -
dFC: 150 o 177 ajeje|® ;‘_"“"" i R
moany
o 31 wooFs: [fieszes LwFE: : e — -
o "
Tatal: Sarwsn oo IR, || " AW Irapactan Duw 330
595 4P B
Step 5:  Wulnerability Assecoment
Functiznal Cluzzification: 17 Dyertopping Frequencay: £
Zubstructure Condition: T Annual Probability: 0.02 N
Channel Pratection: -] Return Feriod: Tieod00
Water Adequacy: 5 Seour Yulnerability: 3
Culvert Condition: £ Prabakility of Failure: 000025 R
Step 6= Risk Asceczment
Annual Owner Rizk: Annual Uzer Rizk: 383

Risk:

$10,700

Present Value of Avg. Mitigation Benefit Assume:

3.3% inflation

$154,857 20-years




2D Quick Check Statewide Demo (1)

e

1-13-G (Park County, CO)

EXISTING:
69-ft long by 30-ft wide timber

- Annual Risk
brldge Owner Risk User Risk Total Risk
No Action - Existing Bridge (69'x30") $9,153 $38,550 $47,703
Mitigation - Replace-in-kind (69'x30") 51,571 56,618 58,189
CDOT CRITERIA: “Mitigation - Concrete Box Culvert (3-10'x7") $5,744 $1,077 $6,821
25-yeaf storm event Average Mitigation Benefit
Owner User Total
1+i)"-1
$3,409 $37,473 P=A [(, L ]
MITIGATION OPTIONS (2dQC): L(E+i)n
1. Replace-In-Kind — : Assume:
2 Concrete Box Culvert Present Value of Avg. Mitigation Benefit 3 3% inflation
(3 cells of 10-ft x 7-ft) 100-yr CBC lifespan
17




E@ 2D Quick Check Statewide Initiative

DeSIgn Enhancements & SaVlngS Calculated Total 2dQC Value = $22.4M
] ] 46 Projects ROl = 115:1
Innovation Functions Total Program ROI = 53:1
Actual Cost
Structure Updates 25 Resiliency Sal‘f;;gs
Benefits
Channel/Bank Improvements 10 81%
Deferred
Scour Evaluation 18 Feoject:
Opportunity
Roadway Enhancements 6 B
Methodology Alternatives 18
Safety 14

Savings 17
Total= 108




e

O

Criticality Metric

AADT

ASHTO Road Classification
Freight S (County)
Tourism S (County)

SoVI

Redundancy (2015 v)

16.7%
16.7%
16.7%
16.7%
16.7%
16.7%

Equal Weight
=== 53.8% Low

=== 25 5% Moderate
=== 20.7% High

B

™

https://www.codot.gov/programs/planning/assets/risk-and-resiliency/asset-criticality-i-70-pilot. pdf

19


https://www.codot.gov/programs/planning/assets/risk-and-resiliency/asset-criticality-i-70-pilot.pdf

Detour Calculation Tool

[ HWY_LINKS selection sets
=a=a MotF astes
—— WWiharinge e hangs

= . [ebfia Mol Possdils
— Addedl ocal
e R0 @035 @D 0 15N
. Do @acids 15 8o 30min

Dietoin Acdds 10t GOmin
e [heipar acdds 1 to Hhrs
N Defowr adds 7 o dhrs

0 5 50

—ﬁ_.

Developed by: Scott Ramming- CDOT Statewide Model Team 20
Nate Rodgers- CDOT GIS
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COLORADO

Department of Transportation
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