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Abstract

Constructed rock slopes may physically deteriorate over time, which can be represented with
increasing rockfall frequency. Physical deterioration leads to performance deterioration, which
corresponds to changes in slope risk through time. Thus, forecasting physical slope deterioration
and therefore slope performance deterioration is critical to the long-term decision making of
transportation agencies. However, deterioration modeling of cut slopes is not yet well-
established. Therefore, this research proposes a new framework for physical deterioration
modeling of cut slopes using conceptual models that predict how hazard components of a slope
may change through time.

Conceptual models were developed for ditch effectiveness deterioration and rockfall frequency
increases through time due to weathering since excavation of the cut slope, scaling, and rock
bolting. The conceptual models may be directly incorporated into the pre-existing slope risk
assessment framework developed for the Colorado Department of Transportation (CDOT) by
BGC Engineering. Since rockfall frequency is a key input for the conceptual models, magnitude-
cumulative frequency (MCF) distributions were created for seven Colorado cut slopes monitored
with remote sensing. Since rockfall inventories may not be available for all slopes, a practical
MCEF curve estimation method developed by BGC Engineering was tested on these slopes. The
estimation method generally produces MCF curves that are within one to two orders of
magnitude of the remote sensing-based MCF curves.

Slope performance deterioration over time was evaluated using a dataset from the Washington
Department of Transportation, which demonstrated that physical deterioration and slope
performance deterioration do not consistently occur for slopes greater than 20 years old. Finally,
physical slope deterioration was related to slope performance deterioration using the CDOT
slope risk assessment framework. The proposed conceptual models generally predict lower
performance deterioration compared to the current CDOT hazard deterioration models.



Table of Contents

F N o1 1 2T TP PP PP 5
LSt O FIGUIES ...ttt bbbt 9
| o B 1) (S TSP PU TP PP PP 12
LSt Of ADDIEVIALIONS. .....eiiiiiiiieitie ettt ettt ettt sb ettt b e eb et e et e et e e naneenbeeneeas 13
O 315 o7 L1 o1 5 1o} o PO PRR PR PPROPRRTR 14
1.1 Background and PUIPOSE ......cccuiiiiiiiiiiiiiii et 14
1.1.1 Deterioration MOAEIING.......ccoiuiiiieiiieiie i 14
1.1.2 Defining Deterioration in the Context of Rock Slopes..........ccovviiiiiiiiiiiiiiiiinn, 15

1.2 RESCATCH SCOPC ...ttt ettt r e 16
2.0 A Review of Practices in Transportation, Geotechnical, and Slope Asset Management.. 18
B2 B 13 (0 Ta L (o0 ) o AU U R SUR PRSP 18
2.2 Transportation Asset ManagemeNt ...........cccueiveriirienieiiinie e 18
2.2.1 Methods of Condition ASSESSIMENL..........cueeiteiiiieiiriieesieeaieeseesreesieeseeesieessreesseeaseens 19
2.2.2 Methods of Deterioration MOEIING .........cccoviiiiiiiiiiieiii e 20

2.3 Geotechnical Asset Management.........c.ccviveiiiiiiiiiiiii e s 22
2.3.1 Methods of Condition ASSESSIMENL...........eeierriieiiiiieesieaiee e e e sne e e e aneeas 22
2.3.2 Methods of Deterioration Modeling ..........ccccociiieiiiiiiiciiiicee e 23
2.3.3 Current Limitations N GAM ......ccooiiiiiiiiiiii e 24

2.4 Rock Slope Asset Management ...........cccvveriiriiiieeiriesie e sre e 25
2.4.1 Methods of Condition ASSESSMENL..........cuuiiiiiieiiiieiiie et 25
2.4.2 Methods of Deterioration MOdelNg ..........ccovviiiiiiiiiniinic e 26

2.5 CONCIUSIONS ...ttt ettt ekt b e e s bt ekt e e ae e e be e s bt e abe e e nbeesaeeaneeanneanneen 26

3.0  Development of Conceptual Models to Predict Changes in Ditch Effectiveness and

Rockfall Frequency through Time .........cccooeiiiiiiiiiii e 28
R0 B 651 (0T L o1 0 s R TR P PP TR PP 28
3.2 Identification of Hazard Variables and their Tendency to Change through Time ............... 28
3.3 ConCePtUAl MOAELS ...ttt 30

3.3.1 Ditch Effectiveness Deterioration Conceptual Model ...........cccoevviiiiiiicniiniienen 30
3.3.1.1 Represent Ditch Effectiveness as a Function of Cross-Sectional Area in the
TAIUS PILE....eeeeiieee e 31
3.3.1.2 Express Ditch Effectiveness as a Function of Time..........cccoocviviiiiiiiniiieiiiens 34

6



3.3.2 Time-Since-Excavation Conceptual Model ..........cocovvviiiiiiiiiiiiiiiie e 36

3.3.3 Scaling and Rock Bolting Conceptual Models ..........ccocuveiiiiniiiiiiiienniee e 38
34 DASCUSSION . ...ttt ettt et e sttt e et sb e es e ke e et e b e e st e b e e es e e e he e s s R e e R e e e nn e e nbe e e b e e n e e e nn e nne e 39
3.4.1 Ditch Effectiveness Deterioration Conceptual Model ............cccoviiiiiiiiiiciicninn 40
3.4.2 Rockfall Frequency Conceptual Models..........coovviiiiiiiiiiiiiciiciieeec e 41
3.5 CONCIUSIONS ..ttt ettt ettt etttk be et e st e e st e e s be e e a b e et e e e mb e e ebe e e nbeeebeeenneenaneenes 42
4.0  Historical Rates of Rockfall for Colorado Cut SIOpes........ccccovvviiiiiiiiiniciiiiice 44
4.1 INErOAUCTION ..t 44
4.2 STUAIEA SLOPES ...vvveiniiie ittt e e e st e s bt e e nbb e e e st e e e nrr e e e nnreeaas 44
4.3 Data COIlECTION ..ottt ettt et e e b e b e e e ne e snneebeeanneeneen 45
4.4 Rockfall Inventory Development ..........cccoiiiiiiiiiiiiie e 46
4.5 MCF DISHIDULIONS ....couviiiieieiie sttt sttt sttt et s e be e be e e teesbeeabeeaneeannee s 47
4.0 DIISCUSSION. ... vtiiutieitieetee sttt e bt e st e e te e s te e e sbe e s tbeasbeesae e e beessbeasbeeabe e e bt e sbeeenbeesbeeenbeesabeanbeeabeeanneens 48
4.7 CONCIUSIONS ...ttt ettt ettt ettt ettt ettt et e st e et e e be e et e e sbe e e abeesbeeebeesabeabeeanbeanneeas 49
5.0  Evaluating a Practical Method for Rockfall Magnitude-Cumulative Frequency
LR 01 10 o TSP PT PR 50
R B 65T (0T Lo o) s O U PP TUPRPR 50
5.2 MEROMS ... nne e 51
5.3 RESUILS it E et h e bt e nne e 52
54 DASCUSSION . ...ttt ettt ettt ettt e bt e s bt ekt e e st e bt e e bt e ke e e s bt e s he e e a b e e ke e e mb e e ebe e e nb e e b e e e nneennne e 55
5.5 CONCIUSIONS ...ttt ettt ettt be ettt e ab e e bt e st e e ke e e e e e e be e et e e e be e e nneennn e 56

6.0  Evaluating Physical and Slope Performance Deterioration of Cut Slopes Through Time 58

6.1 INEFOAUCTION ...t e e 58
0.2 MEROMAS ... 58
6.2.1 Description of Data and Characterization of SIOpes.........cccccoeiviiiiiiiinieneec 58
6.2.2 General Trends of Slope Performance through Time ...........cccoooviiiiiiiiiiici 59
6.2.3 Influence of Scaling, Bolting, and Resloping on Slope Performance through Time... 60
0.3 RESUILS ...ttt 61
6.3.1 General Trends of Slope Performance through Time ...........cccooeviiiiiiiiiiiicn 61
6.3.2 Influence of Scaling, Bolting, and Resloping on Slope Performance through Time... 63
0.4 DISCUSSION. ...ttt ettt e et s e st e e E e e e s e e s me e e Rt e am e e enn e e nne e e ne e ne e nnneenne e 67
6.4.1 General Trends of Slope Performance through Time ............cccooiiiiniiii 67
0.4.2 SCAIINE. .. .eieeieiee et 68



6.4.3 BOIIE ..o eeeeeeeeeeeeeeeeeeeeee e e e s e e e e e s ee s s s ees e en s eee s eese s eenesennd 69

0.4.4 RESIOPING ..eiivviiiiiiii ittt ettt e e sa e e b b e e nnb e e e b e e nnreas 71
6.4.5 Data LIMItAtIONS. ...cveeirieiieiieeiieesie ettt e e e e e anreennn e 71

0.5 CONCIUSIONS. ...ttt ettt ettt ettt e te et e e be et e e shb e et e e e be e e bt e saneebeesrseanbeennneenes 72

7.0  Relating Physical Slope Deterioration to Slope Performance Deterioration .................... 73
7.1 CDOT Slope Risk Assessment Framework...........ccocviviiiiiiiiiieiiicescee e 73
7.2 MIEEROMS ...ttt bbbt bbbt e n e nne e 74
7.3 RESUILS ..ttt h e n e nne e 76
74 DASCUSSION. c...veeeteeiteeteesiee et e st e et e st e e b e e as e e b e e et e se e e s s e e b e e en e e e nhe e e s R e e b e e e an e e nbeeanneenneeenneenne e e 79
7.5 CONCIUSIONS ...ttt ettt ettt b e e st et e et e e s he e e b e e b e e e nn e e nbe e e nbeeaneeenneennneenns 80
8.0 Conclusions and Recommendations ...........c.coouieiiiiiieiieiiie e 81
8.1 RESCATCH SUMIMATY ...t sn e 81
I O 111 L1 T3 () s POV UP PR 81
8.3 Recommendations for IMplementation ............cccocveviiieiiniiiie e 82
8.4 Adaptation of Findings to Other Geohazards ............ccceviiiiiiieiiiiiiiee e 83
RETBIEIICES ...ttt b ettt be e b e e b e e nne e n e nneas 85

Appendix A: Numerical Evaluation of the Ditch Effectiveness Deterioration Conceptual

1Y (a4 (<) RO P TR PP PRRPPTO 98
AT INEOAUCTION. ...t 98
A2 IMENOMAS ..t n e b e ane e 98
ALS RESUILS. ..t n e 101
A4 DIISCUSSION ...ttt etete ettt ettt ettt e et e s bt e ettt e es bt e e s sttt e s sttt e aab e e e ea b e e e sab e e e aab e e e nnb e e e bt e e e nneeennneas 103

A.4.1 Influence of Cut Slope Angle on Numerical Modeling Results and Numerical
| 3310001 1500 ) 1 K TP PPRTPRPPPI 103
A.4.2 Possible Deviations from the Conceptual Model in Field Conditions...................... 104
ALS CONCIUSIONS. ...ttt e e e e r e et e s re e e e nne e e e nne e 105
Appendix B: Supplemental Material for Comparison of Slope Performance Deterioration
Using the CDOT Hazard Models and the Proposed Conceptual Models...........cccccovviieninnnns 106



Figure 2.1.

Figure 2.2.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.
Figure 3.7.
Figure 3.8.
Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 5.1.

Figure 5.2.

List of Figures

Visualization of Markov chain process, where P represents the probability of going
from one state to the next or staying within the same state. For instance, P1,2 is the
probability of going from State 1 to State 2, and P1,1 is the probability of remaining
in State 1 (after McKibbins et al., 2019)........cccciiiiiiiiiiiiiii e 21

Generalized conceptual deterioration model showing lifecycle stages and
corresponding asset performance. Performance curves may be adjusted to reflect a
specific asset (after Spink, 2019). ..o 24

Conceptual model for ditch effectiveness deterioration. A: Ditch effectiveness
deterioration as a function of the cross-sectional area of the talus pile. B: Ditch
effectiveness deterioration as a function of time. C: The state representing initial ditch
effectiveness, wherein the ditch is empty. D: The state representing a ditch
effectiveness of zero, wherein the talus pile angle in the ditch has reached its angle

OF TEPOSE. ..ttt 31

Ditch design chart for a 12.2 m high 4V:1H cut slope, adapted from Pierson et al.
(2001). Impact refers to the horizontal distance from the base of the cut slope to
where the rock first hits the catchment area, not necessarily the final resting place. . 32

Approximation of talus pile geometry when talus pile angle is zero. ..........c.ccoeueeene. 33
Approximation of talus pile geometry when talus pile is at its angle of repose.
Equation 3.2 does not include the shaded area. ...........ccccvvveniiieniiii i, 34
Change in rockfall frequency according to the time-since-excavation conceptual
1007014 <) EO PSP O TP PRSPPI 37
Change in rockfall frequency according to the scaling conceptual model. ................ 38
Change in rockfall frequency according to the rock bolting conceptual model. ........ 39
Possible modifications to the ditch effectiveness deterioration conceptual model. ... 41
Location of each cut slope in Colorado monitored for rockfall in Phillips (2024).
Slopes E and HI are separated by approximately 0.5 miles along CO-74.................. 45
Rockfall MCF curves for the seven monitored cut slopes. Fitted power laws

representing the MCF curves are shown in the legend (Phillips, 2024). .................... 47

Rockfall MCF curves for the seven monitored cut slopes, normalized by slope
surface area (Phillips, 2024). The intercept parameter a changes as a result of
NOTTNALIZATION. ..ttt ettt e e bt e e bt e e s nb e e e nnbeeennees 48

MCEF curve estimation method used by CDOT. Literature curves are redistributed if
the user believes the slope is not capable of producing block sizes of a certain
volume class (i.e., proportion of zero for a volume class). .......cccccovveeiiiiiciiciiienn. 51

Cut slopes used for testing the MCF curve estimation method. A: Vail Pass (Courtesy
of Cam Phillips). B: Idaho Springs (Courtesy of Jacob Hollander). C: Floyd Hill

9



(Courtesy of Ellie Longar). D: Slope HI (Courtesy of Luke Weidner). E: Slope E
(Courtesy of Luke Weidner). F: Manitou Springs (Google Earth imagery, 2023). .... 52

Figure 5.3. Redistributed literature, estimated, and averaged MCF curves for each cut slope for
Inspectors 1-3. Remote sensing-based MCF curves shown for comparison. The
domain of the remote sensing-based curves reflects the observed range of volumes in
the rockfall inventory for the slope. The domain of the literature, estimated, and
averaged MCF curves from the estimation method reflects the rockfall magnitude
classes deemed kinematically possible by the iINSPector. ..........coovveiiniiiiiciiiiineee, 54

Figure 5.4. Variability in MCF curves across all slopes. A: MCF curves from estimated source
volume proportions with remote sensing-based MCF curves for comparison. FH, E,
and HI-2 overlap exactly with some curves and are not visible. B: Averaged MCF
curves with remote sensing-based MCF curves for comparison. ...........c.cceevvvereenne. 55

Figure 6.1. Slope performance through time using a subset of the 720 slopes in the USMS
4L 11 PP U PP PR PRSP 61

Figure 6.2. Change in overall slope ratings and rating hazard components over time since
O (oA 721 5 o) TP TRUROPRPPROTRRIP 62

Figure 6.3. Average change in slope rating and rating hazard components per year vs. mean
age of the slope for slopes that have been scaled............cocceviiiiiiiiiiiiie 63

Figure 6.4. Change in average rating and rating hazard components after scaling. ..................... 64

Figure 6.5. Average change in slope rating and rating hazard components per year vs. mean
age of the slope for slopes that have been bolted..............cccccoviiiiiiii, 65

Figure 6.6. Change in average rating and rating hazard components after bolting. ..................... 65

Figure 6.7. Average change in slope rating and rating hazard components per year vs. mean
age of the slope for slopes that have been resloped. ...........ccccoviiiiiiiiiiii, 66

Figure 6.8. Change in average rating and rating hazard components after resloping................... 67

Figure 6.9. Distribution of time between scaling and the very next inspection, in which a new
rating is assigned to the slope. Most slopes had an inspection within a year of scaling;
however, likely not enough time had passed to assess the results of scaling, as the
failure frequency score remained the same as before scaling............cccoevvveiiieerinennne 68

Figure 6.10. Distribution of time between bolting and the very next inspection, in which a new
rating 1s assigned to the SIOPE. ........cvviiiiiiiii i 70

Figure 6.11. Distribution of time between resloping and the very next inspection, in which a
new rating is assigned to the SIOPE.........cccviiiiiiiiii 71

Figure 7.1. ARE comparison between different combinations of deterioration models. The “time-
since-excavation” conceptual model assumes that slopes were recently excavated at
time 0. The “ditch effectiveness” deterioration conceptual model is applied with the
CDOT model for rockfall frequency increase, and the “time-since-excavation”

10



conceptual model is applied with the CDOT ditch effectiveness deterioration

Figure 7.2. ARE comparison between different combinations of deterioration models. The time-
since-excavation conceptual model assumes that slopes are fully weathered. The
“ditch effectiveness” deterioration conceptual model is applied with the CDOT model
for rockfall frequency increase, and the “time-since-excavation” conceptual model is
applied with the CDOT ditch effectiveness deterioration model......................... 78

Figure 7.3. ARE comparison between scaling conceptual model and time-since-excavation
conceptual model, assuming fully weathered slopes. The “time-since-excavation” and
“scaling” conceptual models are applied with the CDOT ditch effectiveness
deterioration MOdel.........o.ooiiiii e 79

Figure A.1. Workflow for evaluation of conceptual model using numerical simulations. ........... 98

Figure A.2. Ditch effectiveness deterioration as a function of talus pile angle (left) and talus pile
volume normalized by slope length and ditch width (right) for numerical
modeling results and conceptual model. ...........coivviiiiiiiiiii e 102

Figure A.3. Comparison of rockfall motion in the numerical models (A and C) vs. field
conditions (B and D). Bouncing and falling rockfall motions are more present in
steeper cut slopes (A and B), while rolling motions are more present in shallower cut
slopes (C and D). However, because the talus pile is represented as a continuous,
solid material, clast-to-clast interactions which may affect ditch effectiveness are not
considered. For instance, rockfall may dislodge previous rockfall debris from the
ALUS PILE. ..o 104

Figure A.4. Different talus pile formation processes. The talus pile formation process simulated
in the numerical modeling (A) may apply more to steeper cut slopes, while the
alternative talus pile formation process (B) may apply to shallower cut slopes
which have rolling-dominated rockfall motion............cccooveviiiiiiiiiie 105

11



List of Tables

Table 3-1. Slope hazard variables used to calculate risk (Sala and Vessely, 2022). ........ccccovveenne 28
Table 4-1. Slope characteristics for each studied Colorado cut slope after Phillips (2024). ........ 44
Table 4-2. Details of data collection and rockfall inventories for each studied cut slope (after
Phillips, 2024). ..ot 46
Table 5-1. Rockfall source volume Classes. .........c.coiuiiriiiiiiiiiiiesi e 51

Table 5-2. Assigned rock mass type and RSME for log-transformed frequencies for averaged
MCEF curves. For rock mass type, numbers 1-3 correspond to the individual

1111 o101 () ST TP PRSP P PSP PP 53
Table 7-1. Parameters used in the conceptual models...........ccceevieiiieiieniieiieciieieeeeeeee e, 76
Table A-1. Calibration SEOMELIIES. ......cviiveeiiireiiie ettt 99
Table A-2. Calibrated model Parameters. .........cccveiieriiriiiieii e 100
Table A-3. Talus Pile aNLeS. .....ccviviiiiiiiiiee e 101
Table A-4. Talus Pile PAramEtErS. .....ccveivireiirieiiire et 101

Table B-1. Remote sensing MCF parameters for each slope used in the sensitivity analysis.
Intercept parameter, "a", normalized by slope area is used for ditch effectiveness
deterioration, while "a" normalized by 0.1 mile is used in the time since excavation

and scaling MOEIS. .......ooiiiiiiie 106

Table B-2. Ditch effectiveness deterioration model inputs. ...........coovvieiiiiiiiicnic e 106

12



List of Abbreviations

Annual RiSK EXPOSUNE . . ..ot e ARE
Colorado Department of Transportation .. ............ ... ..., CDOT
Colorado Rockfall Hazard Rating System . ... ... ..o CRHRS
Department of Transportation . .. ... DOT
Federal Highway Administration . .. .......... .. . FHWA
Floyd HIlTRock SIope. . .. ..o e FH
Geotechnical Asset Management . ...t GAM
Idaho Springs Rock SIope. . .. ... . IS
Magnitude-Cumulative Frequency . .. ... e MCF
Manitou Springs Rock SIope. . . . ... ..o MS
Montana Department of Transportation . ............ ... .. .. i, MDT
National Highway System . . ... ... e NHS
Rockfall Hazard Rating System. . .. ... ... . i RHRS
Structure from MotION. . . ... ..o SftM
Transportation Asset Management. . . ...t TAM
Terrestrial Lidar SCANNING. . . .. ..ot TLS
Unstable Slope Management System. .. ............ .. USMS
Vail Pass ROCK SIope. . . .. ..o VP
Washington Department of Transportation . .............................. WSDOT

13



1.0 Introduction
1.1 Background and Purpose

Assets along transportation corridors affect the proper functioning of the roadway and therefore
must be maintained by the responsible transportation agency. In state departments of
transportation in the U.S. and other transportation agencies around the world, assets are
maintained systematically through specific frameworks known as asset management plans (e.g.,
FHWA, 2021). An asset’s physical condition often changes through time; the condition may
deteriorate due to weathering processes, usage, and subsequent degradation of material
(Thompson, 2017; FHWA, 2022). In some cases, the condition will improve if the asset
undergoes maintenance or stabilization measures (FHWA, 2022). Because the physical state of
the asset may change through time, deterioration modeling is a component of asset management
plans.

Deterioration modeling forecasts changes in the state of an asset’s condition or risk through time.
This allows for prioritizing assets for investment or proper maintenance in a timely manner.
Routine maintenance and timely preservation of assets may prevent the transportation agency
from having to pay a higher cost in the future (Dornan, 2002; Thompson, 2017).

Assets along a transportation corridor may include, for example, road pavement, bridges,
tunnels, and geotechnical assets such as retaining walls, constructed embankments, and slopes
(Thompson, 2017; Vessely et al., 2019; CDOT, 2022). Slopes may be natural or excavated to
allow space for the roadway to be constructed or expanded. Additionally, slopes may be
comprised of soil, rock, or a mixture of both. Rock slopes in particular pose a risk to roadway
users due to rockfall, and cut slopes may experience changing rates of rockfall through time,
unlike natural slopes (absent the influence of climate change) (Romana, 1993; Nicholson et al.,
2000; Huisman et al., 2006; Chen et al., 2022).

The deterioration process of geotechnical assets such as rock slopes is not yet well understood,
and the implementation of geotechnical asset management and therefore deterioration modeling
is in early stages (Stanley and Pierson, 2013; Wolf et al., 2015; Salunke, 2023). Thus, the goal of
this research is to propose a new approach for forecasting physical cut slope deterioration to aid
in forecasting changes in slope performance. The proposed deterioration framework will
consider risk variables related to rock slope hazard that are likely to change over time, namely
ditch effectiveness and rockfall frequency.

Full technical details and supplemental material for each analysis presented in this report are
included in Werley (2024).

1.1.1 Deterioration Modeling

As previously mentioned, deterioration modeling forecasts changes in asset condition or risk
through time, ultimately aiming to reduce the asset’s life cycle cost. Within transportation asset
management (TAM) and geotechnical asset management (GAM), changes in asset condition or
risk are typically forecasted within an engineering timeframe of approximately 10-100 years
(e.g., Thompson, 2017; Boadi et al., 2022; Randall, 2022).
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Many tools can be used in deterioration modeling, including Markov models, probability
distributions, Al techniques such as case-based reasoning, and performance curves. However, in
each of these methods, a lack of historical data can make it difficult to apply such models.

Markov models are a common method to model deterioration for traditional transportation assets
and geotechnical assets, owing to their simplicity (Beckstrand et al., 2017; Thompson, 2017;
Boadi et al., 2022). These models are well-established for bridges and pavement, but because
geotechnical assets such as slopes deteriorate in a fundamentally different way than bridges and
pavement, Markov models may not be the most effective approach. Though transition
probabilities required for such models can be evidence-based, they are first established with
expert judgement and are still uncertain for geotechnical assets. Furthermore, the interaction of
stabilization measures with slopes is not yet well-integrated into deterioration modeling (Lane,
2006; P.D. Thompson, personal communication, November 16, 2022).

Though some deterioration modeling approaches can be used to model individual components of
the asset, they are commonly used to forecast changes in the total condition or risk of the slope
without considering individual components. In other models, an increasing rate of physical or
performance deterioration rate may be applied to the condition/risk or individual components of
the slope. In both of these cases, the amount of slope performance deterioration may be
overestimated, thereby causing the transportation agency to dedicate an unnecessary amount of
resources to some slopes. In reality, some components contributing to slope performance may
remain constant over time and not experience physical deterioration.

1.1.2 Defining Deterioration in the Context of Rock Slopes

Definitions of deterioration differ across studies. Broadly, slope deterioration has referred to the
progressive decline in condition and physical quality of a slope due to weathering, earth and
water movement, and discontinuities in the rock mass, which often leads to a decline in slope
performance (Cheung et al., 2005; Thompson, 2017; Briggs et al., 2019). Throughout this report,
terms related to slope deterioration are defined according to the following:

e Rockfall activity: Rockfall activity is represented with a given slope’s magnitude-
cumulative frequency (MCF) distribution at any given point in time. Magnitude is
represented with rockfall volume; cumulative frequency defines how often a rockfall of a
given volume or larger occurs. In general usage, the occurrence of rockfall is commonly
considered to be a form of “physical slope deterioration” (or processes associated with
physical deterioration); however, in this research, rockfall activity is distinguished from
physical deterioration and represents the underlying hazard at any given point in time.

e Physical property deterioration: The decrease over time of geotechnical properties that
define the slope’s mechanical behavior, such as intact rock strength. This may or may not
lead to substantial increases in rockfall activity.

e Physical deterioration: A progressive decline in condition or physical quality of the slope
that is associated with increases in hazard over time. Physical deterioration herein is
represented as changes in rockfall activity, or changes in the MCF distribution, over time.

e Performance deterioration: A progressive decline in slope performance over time,
indicated by impacts on the roadway, roadway users, and the transportation agency.
Performance deterioration is herein represented with changes in the slope risk, which is
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estimated based on the slope hazard and consequences on roadway users and the
transportation agency.

1.2 Research Scope

The overall research objective is to develop a framework for predicting physical slope
deterioration and therefore performance deterioration. To achieve this objective, the following
tasks were defined:

Task 1: Conduct a literature review of practices in Transportation, Geotechnical, and Slope Asset
Management.

Slopes are geotechnical assets, and geotechnical asset management plans have been heavily
influenced by previously established practices associated with transportation asset management
plans. Additionally, deterioration modeling is a required component of asset management plans,
and therefore the literature review conducted informs previous methods of deterioration
modeling, as well as areas for improvement. Since condition or risk assessments are inputs to
deterioration modeling, previous methods of condition/risk assessments are also discussed. The
findings of this objective are included in Section 2.

Task 2: Develop conceptual models to predict physical cut slope deterioration.

Rockfall hazard variables that will likely change over time were identified from the Colorado
Department of Transportation (CDOT) slope risk assessment framework developed by BGC
Engineering. Conceptual models were developed for these hazard variables since changes in
hazard will cause changes in slope performance; specifically, changes in ditch effectiveness
deterioration and rockfall frequency due to time since excavation of the cut slope, scaling, and
rock bolting. The findings of this objective are discussed in Section 3.

Task 3: Analyze historical rates of rockfall for Colorado cut slopes.

Analyzing and quantifying rockfall activity for Colorado cut slopes allows for hazard
assessment, MCF estimation of similar slopes, and an input for the rockfall frequency conceptual
models. The rockfall rates will then be used to predict physical deterioration via the conceptual
models.

Task 4: Evaluate a practical method to estimate rockfall frequency.

Rockfall frequency is a critical input to estimating Annual Risk Exposure (ARE) in the CDOT
slope risk assessment framework. Rockfall frequency may be estimated from rockfall inventories
built by remote sensing methods; however, creating a rockfall inventory for every cut slope is not
feasible. Thus, the accuracy of a practical, rapid rockfall frequency estimation method developed
by BGC Engineering was evaluated by comparing the results of the method to remote sensing-
based magnitude-cumulative frequency (MCF) distributions. The findings of this objective are
included in Section 5.

Task 5: Evaluate slope performance deterioration.
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Slope performance deterioration over time was evaluated using a dataset from the Washington
Department of Transportation’s (WSDOT) Unstable Slope Management System (USMS). The
analysis of this data was used to evaluate the plausibility of the conceptual model for rockfall
frequency changing as a function of time since excavation of the cut slope. The findings of this
objective are discussed in Section 6.

Task 6: Assess the relation between physical slope deterioration and slope performance
deterioration.

To meet this objective, slope performance predicted by the proposed conceptual models was then
compared to slope performance predicted by the current CDOT hazard deterioration models
within the CDOT slope risk assessment framework developed by BGC Engineering. A
sensitivity analysis was also performed within the time-since-excavation conceptual model to
assess how sensitive slope performance deterioration is to physical deterioration. The findings
are discussed in Section 7.

Lastly, recommendations on how to implement these findings are discussed in Section 8.
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2.0 A Review of Practices in Transportation, Geotechnical, and Slope Asset
Management

2.1 Introduction

Performance or physical deterioration modeling of slopes and other transportation assets in
general, is a required component of an asset management plan. Therefore, to review previous and
current methods of deterioration modeling of cut slopes, practices in transportation, geotechnical,
and slope asset management are summarized in the following literature review.

Asset management is a “coordinated activity of an organization to realize value from assets”
(ISO, 2014). Traditionally, transportation agencies in the U.S. have included bridges and
pavements in Transportation Asset Management (TAM) plans. Over the past few years,
Geotechnical Asset Management (GAM) plans are increasingly being developed for geotechnical
assets, including but not limited to rock cuts, soil cuts, embankments, and retaining walls
(Thompson, 2014). Thus, GAM plans are influenced by traditional practices in TAM,
particularly as GAM plans are initially being established.

This section reviews the asset management framework used by the Federal Highway
Administration (FHWA) and how this framework has been implemented into GAM.
Specifically, the condition or risk assessment and deterioration modeling components are
reviewed to better understand potential improvements in these areas. Condition/risk assessments
are included because they serve as the asset’s initial state that will be forecasted in deterioration
modeling.

2.2 Transportation Asset Management

Federal legislation mandates that each state department of transportation (DOT) develop a risk-
based TAM plan for the National Highway System (NHS) to maintain and improve asset
conditions, thereby ensuring proper functioning of the transportation system (FHWA, 2021). To
achieve this, state DOTs must maintain quality information of assets and develop a decision-
based framework to select appropriate “maintenance, preservation, repair, rehabilitation, and
replacement actions” throughout the assets’ lifetime (FHWA, 2021). Actions should also strive
to estimate and reduce the overall lifecycle cost.

At a minimum, TAM plans must include the following (Sanford-Bernhardt et al., 2003; FHWA,
2021):

A summary listing all pavement and bridge assets on the NHS system (i.e., an inventory)
Asset management objectives and measures

Performance gap identification, condition assessment, and performance modeling
Lifecycle cost and risk management analysis

Financial plan

Investment strategies

Performance monitoring (feedback) of the TAM framework

Any asset management plan requires an inventory. Agencies must consider which assets to
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include, which may be guided by law, as well as what information should be included and how
the information will be stored (Wolf et al., 2015). Limitations in current TAM plans exist due to
incomplete inventories or massive state-wide inventories (Wolf et al., 2015), which may make
data management and standardization more difficult.

Asset management objectives and measures delineate the goals of the agency, which also may be
dictated by laws and policies. These goals should realistically reflect what the program can
accomplish and lay the foundation for the rest of the TAM plan (Wolf et al., 2015).

Condition assessments allow for identification of performance gaps and development of
deterioration models to forecast changing conditions over time. To carry out condition
assessments, consistent methods need to be outlined and taught to inspectors. Furthermore, each
asset class requires measurable performance indicators and methods to derive condition ratings.
Historical asset condition data is largely helpful for informing condition forecasting and model
validation.

To assess lifecycle cost and planning, a quantitative analysis should be conducted considering
asset conditions, asset deterioration, impact of unfavorable events, and maintenance and
preservation over asset lifecycles (Thompson, 2017). Financial planning may be performed for
the short-term and long-term. Plans are developed to repair, rehabilitate, or replace assets based
on condition forecasting and cost modeling (Wolf et al., 2015).

Though TAM plans only require consideration of pavement and bridges in the U.S., most state
DOTs incorporate additional assets such as highway signs, drainage culverts, high-mast light
poles, and geotechnical assets, among others (Thompson, 2017). Furthermore, some states are
expanding the scope from pavements and bridges in the NHS network to all roads on the state
highway network (Thompson, 2017).

2.2.1 Methods of Condition Assessment

Condition assessments are conducted to evaluate the physical state of the asset. They inform
modeling of the deterioration process and likelihood of engineering failure, which aids in making
maintenance decisions (IPWEA, 2015). Monitoring may be performed visually or with
nondestructive testing techniques, such as remote sensing (IPWEA, 2015; Omar, 2018; e.g.,
Chang et al., 2018).

If an agency owns a large quantity of assets, conducting physical condition assessments on each
one may not be feasible. Thus, a sampling approach may be taken instead and extrapolated
across datasets (IPWEA, 2015). Monitoring may be prioritized for assets that are either older,
more critical, or more inclined to deteriorate faster due to environmental conditions. Frequency
of assessment often depends on industry guidance, but advanced data collection and condition
assessment practices may be based on risk (IPWEA, 2015).

A condition rating will typically be assigned from the assessment. Condition ratings of 1-5 are
the most common, particularly for the purpose of deterioration modeling and in the initial stages
of implementing asset management. As the asset management increases in maturity, the number
of ratings may not increase, but condition assessments may use multi-criteria assessment. For
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instance, subcomponents of the asset can be considered, as well as the extent of the defect and
severity (IPWEA, 2015; Randall, 2022).

Ratings are determined from performance indicators, which are chosen based on the physical
deterioration modes of the asset. For instance, scour is a common soil-structure interaction issue
and is therefore assessed in bridges (Omar and Nehdri, 2018). Pavement performance indicators
may include roughness, cracking extent, asphalt rutting, pothole area, and deflection (IPWEA,
2015; Blades, 2018).

Based on FHWA requirements for the National Bridge Inventory, condition ratings between 0-9
are given to each subcomponent of bridges, namely the deck, superstructure, substructure, and
culvert (Boadi et al., 2022). These ratings can then be generalized into poor, good, or another
intermediate rating. Pavement condition ratings may also be categorized into good, fair, or poor
condition. Examples of standardized rating systems include the FHWA National Bridge
Inspection Condition Rating, the Corps of Engineers’ Repair, Evaluation, Maintenance and
Rehabilitation Condition Index, and the Pavement Condition Index (Stanley and Pierson, 2013).

2.2.2 Methods of Deterioration Modeling

Deterioration modeling forecasts a condition rating or index and presents the following benefits
(IPWEA, 2015):

e Mitigates risk

e Avoids unplanned outages of the asset and allows preemptive maintenance, which is
often more cost effective than allowing the asset to fail

Predicts future expenditures and investment

Could extend asset service life

Enables understanding of deterioration process

Allows for assessment of probability of failure

Allows for assessment of the remaining life of an asset

Four general categories of deterioration models exist (Morcous et al., 2002; IPWEA, 2015;
Omar, 2018):

e Deterministic: The relationship between factors affecting deterioration and condition is
modeled with mathematics or statistics; however, this model does not account for
uncertainty or randomness.

e Stochastic: This model is similar to deterministic but accounts for random
variables/uncertainty. For instance, a specified condition rating is not assumed at a
particular asset age.

o Artificial Intelligence (Al): Data-informed computer-based techniques.

e Mechanistic: Describes a specific deterioration mechanism.

Deterministic models are created by plotting condition against time and using a regression to fit
the data. They most often model deterioration without the influence of maintenance (IPWEA,
2015).
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Stochastic models involve the use of probability distributions and Markov chains. Probability
models describe “probabilities associated with all values of a random variable,” which may be a
condition rating of a bridge subcomponent, for example (Omar, 2018). Probability models are
limited in that the distribution of the random variable needs to be known. This is commonly
overcome with approaches such as a Monte Carlo simulation (IPWEA, 2015; Omar, 2018).

Model accuracy is informed by expert judgement or past data. However, past data can only be
used when the asset and current environmental conditions are similar to the past, which is often
not the case (e.g., due to climate change). As more data is collected, the model should be altered
to more accurately reflect the deterioration that is occurring (IPWEA, 2015).

Markov chains are the most common tool for deterioration modeling due to their simplicity
(Figure 2.1), which defines asset condition states and obtains the probabilities of an asset
transition to one state or another during some time period, typically an inspection period
(Morcous et al., 2002; e.g., Boadi et al., 2022). Advantages to Markov models include the
following (Mirzaei et al., 2014; Boadi et al., 2022):

e They are the simplest model that still accounts for uncertainty.

e Transition times from one state to the next can be estimated from inspection database
with a timeframe less than the asset lifespan.

e Transition times are calculated algebraically, and Markov models allow the investigation
of other variables that influence deterioration. The data would be divided into different
classes of that variable.

Figure 2.1. Visualization of Markov chain process, where P represents the probability of
going from one state to the next or staying within the same state. For instance, P1,2 is the
probability of going from State 1 to State 2, and P1,1 is the probability of remaining in
State 1 (after McKibbins et al., 2019).

21



Limitations of Markov models include the following (Morcous et al., 2002, Thomas and
Sobanjo, 2013, Han, 2021):

e Transition rates only depend on current condition, not asset history (“memorylessness”).

e Transitions into lower, more deteriorated states may not reflect variables contributing to
deterioration.

e Some models assume constant population, which may not be realistic.

e Some methods model discrete transition time intervals.

e Directly modeling repairs to the asset and therefore condition improvement is difficult to
model.

e Models are difficult to update with new information (such as from a recent inspection).

To overcome Markov limitations, several methods of mixed-Markov or semi-Markov models
exist, along with other methods such as Al (Mocous et al., 2002; Thomas and Sobanjo, 2013; Lin
et al., 2019; Han, 2021). For instance, Markov chains may be used with Bayesian methods and
Monte Carlo simulations. Despite these alternative methods, only Markov and Weibull models
have been used and validated at the production-level for bridge systems (Boadi et al., 2022).

2.3 Geotechnical Asset Management

Geotechnical assets include natural slopes, cut slopes, embankments, retaining walls, or
constructed subgrades that contribute to or impact the performance and operation of the
transportation system (Thompson, 2017; Vessely et al., 2019). These assets can be further
divided into sub-assets based on material or length, for example. The ultimate goal of GAM, like
TAM, is to reduce lifecycle cost across the whole system (Sanford-Bernhardt et al., 2003). If
GAM plans are written in a structure consistent with TAM plans, their usefulness and
understanding increases and better contributes to state and federal performance measures
(Sanford-Bernhardt et al., 2003; Thompson, 2017; Vessely et al., 2019).

Several frameworks exist internationally for designing and implementing GAMs, and many
GAMs have been established (e.g., Waseem et al., 2022). Several states in the U.S. have written
GAM plans since 2017 (e.g., Thompson, 2017; Oester et al., 2019; Macedo et al., 2023,
Gautreau et al., 2023; Mines et al., 2023;). However, few discuss and account for the interaction
between geotechnical assets and traditional assets such as pavements and bridges.

2.3.1 Methods of Condition Assessment

Geotechnical condition assessments serve the same purpose as traditional transportation
condition assessments. Condition states are mainly defined on a qualitative basis by describing
physical characteristics or active hazards of the asset, potentially leaving room to develop a more
rigorous, quantitative metric to aid in defining condition states. For instance, a common method
includes a ground inspection to assign a predefined condition based on specific characteristics,
followed by a quantification of this assigned condition to use in deterioration modeling.
Quantification may include weighted averages and indices with research behind the
development, but they are rooted in qualitative observations that may vary with the inspector.

Parameters that comprise a visual assessment may vary for each type of geotechnical asset. For
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instance, the Alaska DOT considers the following factors for the corresponding asset
(Thompson, 2017):

Rock slopes: Ditch effectiveness and rockfall activity

Soil slopes: Roadway displacement, affected length of roadway, movement history
Retaining walls: Vertical and horizontal wall alignment, impacts to roadway

e Material sites: Proximity, quality, and quantity of materials for each maintenance section

Depending on these parameters, assets may be placed into one of five categories that might be
labeled as good, fair, or poor, and then quantified using a condition index if needed. A range of
condition indices would already be assigned to a category based on the asset type (Thompson,
2017). Other methods may divide assets into sub-assets, and quantify a condition score based on
location, length, and characteristics prevalent to failure (e.g., Randall, 2022).

Consistency in assigning condition states and recording historical condition states for
deterioration model validation is particularly important. Inconsistent condition assessment may
arise naturally as different geotechnical or geological engineers assess a site, and the impact of
this inconsistency on deterioration modeling is largely unknown.

Remote sensing techniques have recently been proposed as alternatives or supplements to visual
inspections (e.g., Wolf et al., 2015; Martinovic et al., 2016; Pritchard et al., 2018; Salunke et al.,
2023; Wollenberg-Barron et al., 2023). Remote sensing methods would serve as performance
monitors and ideally “streamline” the inspection process within GAM (Salunke et al., 2023;
Wollenberg-Barron et al., 2023). This would limit bias and variability, as well as reduce cost in
the long-term (Martinovic et al., 2016; Pritchard et al., 2018). However, limitations involve the
need to manage larger datasets, interpret and analyze more complex data, and compare data of
varying resolutions (Pritchard et al., 2018).

2.3.2 Methods of Deterioration Modeling

Examples of current work in geotechnical asset deterioration modeling make use of statistical
methods (Power et al., 2016; Thompson, 2017; Randall, 2022; Briggs et al., 2022). Markov
models specifically are implemented in GAM since they are widely used in TAM and are simple
to use (Thompson, 2017; Randall, 2022). However, geotechnical assets may have more variables
that affect deterioration than traditional transportation assets. To compare deterioration rates for
different mitigation cases or geologic materials, subdivisions or cohorts are needed (e.g.,
Randall, 2022). Further subdivisions create smaller datasets, reducing reliability in models.
Additionally, even within cohorts, stronger engineering judgment is needed to apply
maintenance or preservation for a given asset. Furthermore, these cohorts may not necessarily
isolate the impact of geology or mitigation on deterioration, which may make observing their
impact on deterioration rates difficult.

Markov modeling presents some limitations in the context of GAM. For instance, assuming that
future condition states depend only on the present condition state does not take into account the
original date of construction or design of the asset. Newly constructed assets designed with better
technology and expertise may perform better than older assets, thereby exhibiting slower
deterioration rates. Another potential drawback in statistical modeling of deterioration of
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geotechnical assets is the lack of asset condition history and small datasets, possibly resulting in
reliance on expert speculations rather than firm data (Thompson, 2017).

Conceptual deterioration models include performance curves (Figure 2.2) (e.g., Thurlby, 2013;
Briggs et al., 2019; Spink, 2019). Performance curves can be fit to a specific asset using a more
quantitative hazard function with the aid of numerical modeling, laboratory tests, and
information from inspections (e.g., Briggs et al., 2019). However, creating a performance curve
for a specific asset or cohort of assets proves difficult, as a thorough understanding of the
physical process of deterioration is also needed, along with the asset history (Briggs et al., 2019).
Furthermore, though performance curves can aid in comparing performance expectations and
lifecycles between assets, they do not represent random events adequately (Anderson and Rivers,
2013).

Reliable

performance

Good

... Performance threshold ..\

— Bedding-
n Unreliable

Geotechnical asset performance

perfarmance

Bad

Geotechnical asset age

Figure 2.2. Generalized conceptual deterioration model showing lifecycle stages and
corresponding asset performance. Performance curves may be adjusted to reflect a specific
asset (after Spink, 2019).

2.3.3 Current Limitations in GAM

GAM remains in its early stages of development and implementation (Salunke, 2023). Certain
challenges persist from modeling GAM after TAM:

e Collecting inventory data: Inventories can be large, incomplete, or contain impersistent
records due to a lack of standardized condition assessments and improved data collection
over time (Anderson and Rivers, 2013; Wolf et al., 2015).

e Conducting condition assessments: Standardized methods of condition assessment are
lacking, especially on the national level; efficient and reliable methods of measuring and
testing performance data are difficult to standardize (Anderson and Rivers, 2013).

e Forecasting conditions and deterioration modeling: Geotechnical asset lifecycle is poorly
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understood (Stanley and Pierson, 2013; Wolf et al., 2015). Though Markov models are
used due to their wide usage in TAM, transition rates are uncertain and derived from
expert judgement. Performance curves do not model random events that substantially
affect deterioration well.

Steps have been made to create standardized performance measurements and condition
assessments for pavement, bridges, and geotechnical assets. These guides may be found in
National Cooperative Highway Research Program (NCHRP) and FHWA manuals (Anderson and
Rivers, 2013). Furthermore, individual state agencies may implement their own standardized
methods.

2.4 Rock Slope Asset Management

Slope asset management plans are similarly modeled after TAM and GAM practices (e.g.,
Montana DOT (MDT) per Beckstrand et al., 2017; Wisconsin DOT per Anderson et al., 2022).
Current inventories of rock slope data often exist from use of the Rockfall Hazard Rating System
(RHRS) (Pierson, 1991) or similar systems, and recent work in slope asset management aims to
incorporate this type of data into slope asset management plans as described below.

2.4.1 Methods of Condition Assessment

Since being developed in the 1980s, the RHRS has been used to assess rock slopes to identify
rockfall risk and prioritize slopes. The RHRS varies and may be modified differently for each
agency that uses it, but the general concept is that slopes are assessed based on rating several
attributes that pertain to rockfall likelihood and consequence (Anderson et al., 2017b).

The historical use of RHRS means that many state DOTs have pre-existing inventories of slopes,
overcoming a major obstacle of asset management. The use of RHRS can be considered as the
precursor to slope asset management. RHRS may possibly be converted into condition states and
inform relationships between asset condition, mitigation cost, and risk (Beckstrand and Mines,
2017). When estimating rock slope conditions from RHRS scores, researchers found that ditch
effectiveness and rockfall activity were the most useful components of RHRS (Beckstrand and
Mines, 2017).

RHRS primarily focuses on rockfall activity and provides an approximate risk proxy rather than
a robust risk estimate. Therefore, slope condition assessments for asset management may need to
be expanded upon. The MDT slope asset management plan employs the use of condition ratings
of 1-5 that corresponds to either good, fair, or poor, as well as a condition index from 0-100
(Beckstrand et al., 2017). Other research focuses on correlating rock slope condition with
mitigation cost and adverse event likelihood per unit area of a rock slope face (Beckstrand et al.,
2015; Mines et al., 2018).

Slope mitigation measures or reinforcement systems (e.g., rock bolts, wire mesh, rockfall fences)
are not well accounted for in deterioration modeling (Lane, 2006) or GAM practices. They may
be treated and assessed as a separate asset altogether (Beckstrand et al., 2019; Arndt et al., 2016).
Studies have investigated modes of deterioration and ways to incorporate mitigation measures
into asset management plans (e.g., Lane, 2006; Fishman and Withiam, 2011). The
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implementation of ground support asset management plans for underground construction and
mining has also been proposed, which would seek to assess ground reinforcement lifetimes
(Wellman et al., 2023). This could inform the lifecycle of some shared mitigation measures, such
as rock bolts.

Though historically asset management plans have used condition indices to represent the
physical state of the asset, which are then binned into condition states, some agencies such as
CDOT now seek to measure the annual risk amount in dollars of a slope (e.g., AEM, 2020).
Unlike condition states, risk measurements consider the hazards and consequences of an event
and may be more useful to agencies. For instance, a condition state may communicate the
physical state of a cut slope, but not the potential impact on a user’s safety or financial loss to the
agency. In addition to rockfall frequency and ditch effectiveness, risk assessments may
incorporate costs related to a human life, detours from rockfall failures, vehicle operation,
maintenance measures, and debris cleanup.

2.4.2 Methods of Deterioration Modeling

Markov modeling is also used in slope asset management to predict changes in condition states
due to its simplicity (Beckstrand et al., 2017). One area of potential improvement in deterioration
modeling is incorporating the effects of mitigation measures. Several state DOTSs use a separate
treatment model that predicts the costs and effects of mitigation for each condition state, but this
mainly contributes to computation of lifecycle cost (Thompson, 2017). Furthermore, the lack of
historical data on geotechnical assets limits the knowledge on exactly how mitigation impacts
deterioration rates. The National Highways considers mitigation measures in deterioration
modeling through different cohorts, such as slopes that have sheet pile walls, soil nails, or rock
bolts and wire mesh (Randall, 2022).

Numerical simulations and Bayesian models are also used to understand rock and soil slope
deterioration processes to create performance curves (e.g., Postill et al., 2021; Briggs et al., 2022;
Gonzaélez et al., 2023), though they are more complex and often site-specific.

Other deterioration models may provide a constant rate of deterioration to individual components
of the slope or risk score, such as rockfall frequency, ditch effectiveness, and cost inflation.

2.5 Conclusions

Traditional TAM has developed over decades, with states required to manage their pavement and
bridges since the early 1990s. More recently, efforts have been ongoing to develop GAM
frameworks, and states have started implementing them into existing TAM plans. Thus, GAM
plans are modeled after TAM, with experts applying what they know from condition assessments
and deterioration modeling in TAM to GAM. Many condition assessment methods are based on
visual factors with ongoing research on potential remote sensing alternatives. These assessments
typically classify geotechnical assets into one of five condition states that are then used in
deterioration modeling. Since Markov models are widely used in TAM deterioration modeling
for their simplicity, they are also applied often in GAM. However, knowledge is limited in
geotechnical asset service life as well as deterioration rates. Therefore, transition times between
condition states are first estimated with expert judgment. Overall, statistical data for model
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validation as well as condition history is lacking in geotechnical asset inventories. Furthermore,
agencies may still be discerning what type of performance indicators are measurable and most
helpful in deterioration modeling for geotechnical assets.

In the context of slopes, existing inventories from an agency’s RHRS may provide a practical
starting point in slope asset management. Though a RHRS is not completely adequate for
assigning condition states or assessing risk, experts have researched correlations between RHRS
scores, condition states, and estimating mitigation or treatment costs. Furthermore, RHRS has
allowed agencies to determine that ditch effectiveness and rockfall activity are thus far
meaningful performance indicators for slopes. However, moving forward, utilizing a more direct
and quantitative measure of risk may be preferable where possible.

For both slopes and geotechnical assets in general, mitigation components (e.g., slope support)
and geologic material influences are not well reflected in deterioration modeling. Furthermore,
standardized condition or risk assessments across different states would be helpful in developing
validated deterioration modeling. Focus in these areas may aid in the improvement of a practical
deterioration modeling framework for slope asset management.
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3.0 Development of Conceptual Models to Predict Changes in Ditch Effectiveness and
Rockfall Frequency through Time

3.1 Introduction

Common practice for physical or performance deterioration modeling of geotechnical assets
includes using stochastic Markov models to forecast changes in condition states or risk values.
While transition probabilities into different states may be evidence-based, Markov models only
consider the present state of the asset rather than its past state to forecast changes in condition or
risk (Thomas and Sobanjo, 2013). Furthermore, by applying deterioration to an entire condition
state or risk value rather than individual components of the asset that deteriorate over time, the
forecasted condition or risk may overestimate deterioration, as some aspects of the asset, in this
case, slopes, may stay the same through time. Thus, some agencies, such as the Colorado
Department of Transportation (CDOT), use deterioration models that apply deterioration to slope
components used to calculate condition or risk, such as ditch effectiveness and rockfall
frequency. This section presents conceptual models that predict how these slope components
may change through time so that slope performance deterioration modeling may be more specific
to a given slope and evidence based. Specifically, conceptual models are presented for ditch
effectiveness deterioration and rockfall frequency changing as a function of time since
excavation of the cut slope, scaling, and rock bolting.

To develop the conceptual models that aid in forecasting the slope’s hazard and therefore the
overall risk value, variables that are involved in calculating hazard and are related to the slope
were first identified using the CDOT slope risk assessment (Sala and Vessely, 2022). Variables
related to the consequences component of risk are generally economic or unrelated to the slope,
and are therefore outside of the scope of this research.

3.2 Identification of Hazard Variables and their Tendency to Change through Time

Hazard variables relating to the slope were first identified from the CDOT slope risk assessment,
as well as the likelihood that these variables may change over time (within ~100 years), thereby
changing risk values (Table 3-1).

Table 3-1. Slope hazard variables used to calculate risk (Sala and Vessely, 2022).

Variable Likely to change?
Shadow angle* No
Ditch effectiveness Yes
Rock mass type No
Magnitude-frequency relationship of rockfall Yes
Mitigation effectiveness Yes

Ditch effectiveness is expected to change over time as the ditch fills up with rockfall debris,
thereby reducing the capacity of the ditch. When the ditch is cleaned, ditch effectiveness may
increase again.
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Rockfall frequency is expected to change as a function of time since excavation of the cut slope,
scaling, and rock bolting. In the case of excavated cut slopes, physical deterioration or increased
rockfall may occur due to released confining pressures, fresh exposure to the external
environment, and the cut slope approaching a new equilibrium (Nicholson et al., 2000; Huisman
et al., 2011). Lithology affects the degree of weathering and disturbance a cut slope will
experience from excavation largely due to rock strength; for instance, weaker sedimentary
formations such as shales and mudstones may experience deeper and higher weathering effects,
while sandstone and limestone formations may experience more moderate weathering effects
(Huisman et al., 2011; Ers6z and Topal, 2018a).

Some methods for quantifying or assessing weathering effects on recently constructed slopes
have been developed (Hack and Price, 1997; Nicholson, 2000; Ers6z and Topal, 2018b) and
report that weathering most strongly influences intact rock strength, spacing of discontinuities,
and shear strength along discontinuities by lowering these values. In the development of the
Slope Mass Rating, Romana (1993) acknowledges that natural slopes are more stable due to
long-term erosion rates that are approaching steady state.

In the case of scaling, or the intentional removal of loose rocks from slopes by hand tools or
machinery (Beckstrand et al., 2020), rockfall frequency may temporarily reduce rockfall
frequency. Since the effects of scaling are short term, it must be repeated at a specified interval
of time (TRB, 2018; Beckstrand et al., 2020). some expert judgement estimates that scaling
effectiveness may range from 2 to 10 years in the absence of other mitigation measures such as
rock bolt installation (Andrew and Pierson, 2012, Pierson and Vierling, 2012, as cited in
Beckstrand et al., 2020). Other sources estimate effectiveness lasting 8 to 15 years for slopes
with freeze-thaw cycles and 12 to 15 years in dry climates (Brawner, 1994, as cited in
Beckstrand et al., 2020). Minor scaling projects may be effective for 3 to 5 years (Wyllie and
Mah, 2004, as cited in Beckstrand et al., 2020). To note, these periods are estimated and not
based on robust data analysis, which explains the variation in ranges of effectiveness periods
(Beckstrand et al., 2020).

Rock bolts are a form of stabilization that consist of tensioned or passive elements that aid in
holding rock blocks in place. Construction for stabilization such as installation of rock bolts may
cause disturbance and increased rockfall as the slope readjusts (Weidner and Walton, 2021) in
the months following construction. In the long term, however, rock bolting is expected to
decrease rockfall frequency of magnitudes dependent on the rock bolt spacing. Since rock bolts
have a finite service life, rockfall frequency may increase as the effectiveness of bolting
decreases.

Rock bolts may have life spans of tens of years. Longevity depends on the rock mass and
reinforcement exposure to corrosiveness, and therefore the environment. Increased humidity,
groundwater, fluctuating temperatures, and wetting-drying cycles increase corrosion rates
(Kendorski, 2003; Lane and Fishman, 2005; Jiang et al., 2014). Longevity also depends on the
type of anchor and degree of protection, for instance, the type of grout used and the free,
unbonded length of the bolt (Lane and Fishman, 2005; Fishman and Withiam, 2011).
Unprotected expansion-shell anchor rock bolts are estimated to have a service life of several
decades, or around 50 years (Kendorski, 2003; Lane and Fishman, 2005). However, Split Set and
Swellex bolts have previously been documented to last for less than ten years (Kendorski, 2003).
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Stabilization considered in the “mitigation effectiveness” variable includes rockfall fences,
concrete barriers, and draped mesh. Though the mitigation effectiveness of these measures likely
decreases through time due to corrosion and repeated impact (Sasiharan et al., 2006; Luciani et
al., 2018; Patnaik et al., 2019; Scavia et al., 2020), they are not directly related to the slope and
are outside the scope of this research.

3.3 Conceptual Models

Considering the findings above, conceptual models were developed for ditch effectiveness
deterioration and rockfall frequency changing as a function of time since excavation, scaling, and
rock bolting. Each following subsection presents a conceptual model and the corresponding
parameterization so that the model may be implemented for specific cut slopes.

3.3.1 Ditch Effectiveness Deterioration Conceptual Model

Figure 3.1 represents the ditch effectiveness deterioration conceptual model. This conceptual
model is based on the assumption that initial ditch effectiveness, DE,, is maintained until
rockfall debris fills the ditch such that its angle is horizontal with a debris cross-sectional area of
Ay. Ditch effectiveness is maintained until this point under the assumption that any influences of
an elevated catchment surface are approximately offset by the reduced coefficient of restitution
of a loose debris layer (in contrast to a compact ditch bottom). Thereafter, ditch effectiveness
decreases linearly as a function of cross-sectional area of the talus pile (Figure 3.1A) and reaches
a ditch effectiveness of 0 when the talus pile forms to its angle of repose at A,,. Ditch

effectiveness does not decrease linearly as a function of time (Figure 3.1B) since the amount of
rockfall debris accumulating within the ditch is also a function of ditch effectiveness. As ditch
effectiveness decreases, less rockfall stays in the ditch, thereby causing the talus pile to form at a
slower rate and ditch effectiveness deterioration to occur at a slower rate. The accuracy of the
model is evaluated with 2D numerical modeling of rockfall trajectories and talus pile growth
simulation in Appendix A.

To apply the model and forecast changes in ditch effectiveness deterioration, the following steps
are required:

1. Estimate the initial ditch effectiveness, DE,.

2. Calculate the cross-sectional area of the talus pile needed to create a talus pile angle of
zero.

3. Calculate the cross-sectional area of the talus pile when the talus pile is at its angle of
repose, A,,.

4. Derive an equation for ditch effectiveness deterioration as a function of cross-sectional
area of the talus pile.

5. Express ditch effectiveness as a function of time. This involves estimating the volumetric
flux of rockfall from the slope and the amount of time for the talus pile angle to become
zero, t,.
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Figure 3.1. Conceptual model for ditch effectiveness deterioration. A: Ditch effectiveness
deterioration as a function of the cross-sectional area of the talus pile. B: Ditch effectiveness
deterioration as a function of time. C: The state representing initial ditch effectiveness,
wherein the ditch is empty. D: The state representing a ditch effectiveness of zero, wherein
the talus pile angle in the ditch has reached its angle of repose.

3.3.1.1 Represent Ditch Effectiveness as a Function of Cross-Sectional Area in the Talus Pile

Representing ditch effectiveness as a function of cross-sectional area of rockfall debris in the
talus pile corresponds to Steps 1-4 above. The points (A, DE) and (A, 0) can be used to derive
a linear equation for ditch effectiveness.

For Step 1, initial ditch effectiveness, DE, may be estimated from expert judgement or pre-

existing literature and design guidelines, such as the design charts presented in Pierson et al.
(2001) (e.g., Figure 3.2).
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Figure 3.2. Ditch design chart for a 12.2 m high 4V:1H cut slope, adapted from Pierson et
al. (2001). Impact refers to the horizontal distance from the base of the cut slope to where
the rock first hits the catchment area, not necessarily the final resting place.

In Figure 3.3, ditch geometry is defined by 6, a, 1, and w, which represent the absolute value of
the ditch slope angle, cut slope angle, backslope length, and ditch width, respectively. If the cut

slope angle, ditch width, or ditch slope angle is unknown, they should be measured or estimated,
for instance, with airborne lidar data, satellite imagery, or through an in-person field visit.

Equation 3.1 represents the cross-sectional area of an empty ditch (between the ditch base and
the horizontal):

Aempty = - (0.5 w tan(8) [w + w tan(3) tan (o) ]) (3.2)

where o is the complement of a.
Note that the convention Ay=0 is used for Step 2. With this convention, negative cross-sectional
areas are used to represent empty space between the top of the talus pile and the horizontal, prior

to the formation of a horizontal surface due to infilling. Correspondingly, negative talus pile
angles represent states where the ditch has not yet filled to the point where it is flat.
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Figure 3.3. Approximation of talus pile geometry when talus pile angle is zero.

Note that all equations in this paper define angles in degrees; radians may be used if all instances
of 90 degrees in equations henceforth are replaced with the equivalent value in radians, 1.57
(m/2).

To calculate A,, in Step 3, Equation 3.2 is used and corresponds to Figure 3.4:

Ay, = 0.5 sin(@)[w + w tan(0) tan(a,)]*[cos(¢) + sin(¢) tan(o.+¢) ] (3.2)

Where ¢ is the angle of repose, which can be selected from typical values provided in the
literature (e.g., o= 34 to 37 degrees per Turner, 1996; Erlich et al., 2021). Per the convention that
Ay= 0, Equation 3.2 provides the talus pile cross-sectional area above the horizontal; thus, the
total cross-sectional area of all material in the talus pile is equal to the difference between

Ay and Agppry-

Now that the points (A, DE,) and (A, 0) are obtained, Step 4 can be accomplished to derive a
linear rate of ditch effectiveness with respect to cross-sectional area:

A= - (DEO /A(p) (33)
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Figure 3.4. Approximation of talus pile geometry when talus pile is at its angle of repose.
Equation 3.2 does not include the shaded area.

A linear equation for ditch effectiveness can now be defined:

DE(A) = DE, A<A, (3.43)
DE(A) =DE, - (DEy/A,) A > A, (3.4b)

3.3.1.2 Express Ditch Effectiveness as a Function of Time

Ditch effectiveness can be expressed as a function of time (Step 5), which allows ditch
effectiveness deterioration forecasting. Ditch effectiveness is assumed to be zero once the talus
pile angle has fully formed to its angle of repose; thus, the rate at which the talus pile grows
depends on the rate of rockfall coming off the slope. However, the amount of rockfall that enters
and stays in the ditch depends on the current ditch effectiveness at any given point in time.
Therefore, the rate of ditch effectiveness deterioration is not linear with respect to time. Because
ditch effectiveness decreases over time, the volume of rockfall retained by the ditch also
decreases over time, and the ditch-filling and ditch effectiveness deterioration occur at an
increasingly slower rate (Figure 3.1B). Equation 3.5 mathematically represents the dependence
of the rate of ditch effectiveness deterioration on the current ditch effectiveness at any given
point in time, t, greater than to_:

dDE / dt=nDE (3.5)

where n represents a constant related to ditch geometry and the rate of rockfall. Equation 3.5 is a
differential equation with the following solution for t>t,:

DE(t) = DE,e"™ (3.6)

where t; is the difference between t and to.
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Note that time in Equation 3.6 is referenced to t,, since ditch effectiveness begins decreasing at
tg, and DE, represents the initial condition at this point in time. To solve for n, consider the
simplified case where DEy= 1, or 100%. The initial rate of ditch effectiveness deterioration as a
function of time will be directly proportional to the rate of ditch effectiveness deterioration as a
function of cross-sectional area, since 100% of rockfall is retained in the ditch. In particular,
these values are related by the rate at which rockfall leaves the slope and adds to the cross-
sectional area of the talus pile, r.;. Thus, the initial rate of ditch effectiveness deterioration as a
function of time is found by evaluating the derivative of DE(t) at time t, and relating this to ry
and r,; (Equation 3.7):

N=TyTp (3.7)

However, in the case DE,, # 1, not all rockfall volume enters the ditch. With this in mind, and to
ensure Equations 3.5 and 3.6 are satisfied for all cases of DE,,, Equation 3.7 is generalized by
multiplying the initial slope by DE, such that n can be more generally defined per Equation 3.8:

n-= rfrADEO (38)

Now t, and r,s must be estimated to complete the equation of ditch effectiveness deterioration as
a function of time. The time it takes for the talus pile angle to become zero, or the amount of
time the initial ditch effectiveness remains can be found by relating the cross-sectional area of
the talus pile at this point to r,; (Equation 3.9):

to = = (A pry/Trt) (3.9)

To estimate r,;, an MCF distribution is needed (Hungr et al., 1999; van Veen et al., 2017; Graber
and Santi, 2022):

F(V) =aV® (3.10)

where F(V) represents frequency of events with volume greater than or equal to V per unit time
as a function of V, and a and b are intercept and scaling exponent constants, respectively.
Equation 3.10 indicates that rockfall frequency is higher for smaller rockfall volumes than larger
volumes.

The MCEF distribution may be derived from rockfall inventories reporting the date of the rockfall
and volume. Inventories may be built from remote sensing methods (e.g., DiFrancesco et al.,
2020), manual rockfall identification and volume estimation (e.g., Imaizumi et al., 2020),
dendrochronology (e.g., Stoffel et al., 2005), or previously documented rockfall reports (e.g.,
Bajni et al., 2021). In the absence of a rockfall inventory, MCF estimation methods may be used,
such as the method described and evaluated in Section 5.

Once an MCF curve is obtained and normalized by slope surface area, it is integrated over a
relevant volume range, [V,, V,] (Hantz et al., 2003; Hantz et al., 2020). To obtain a rockfall rate
in terms of cross-sectional area per time consistent with the conceptual model, the rate should be
multiplied by the backslope, 1,. A bulking factor is additionally included to account for porosity
in the talus pile:
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r = [ab/d)][ V] - VE]lbfs (3.11)
where d is equal to one minus b.

A starting value of 1.3 for fy is recommended (Apted et al., 2006; Lato et al., 2015); however,
reasonable bulking factors may range from 1.2-1.7 depending on slope material (FHWA, 2007).

Note that that for the specific case of b= 1, Equation 3.11 is undefined, and Equation 3.12 must
be used instead (after Hantz et al., 2020):

re=aln[Vy/V_|lyfy (3.12)

To use Equations 3.11 or 3.12, one needs to determine minimum and maximum volumes that are
relevant to the ditch-filling process. Including smaller volumes provides a larger range of
volumes considered, which may increase the rate of ditch effectiveness deterioration. Inclusion
of large volumes relative to ditch size may cause the ditch effectiveness to instantly arrive at
zero. Physically, the minimum volume may represent the smallest credible volume that will more
likely land on the talus pile than land somewhere on the slope during its descent. The maximum
volume represents the largest credible volume the ditch may retain; rockfall events larger than
this volume require separate treatment from a risk assessment and asset management perspective.
To establish a maximum volume, an approximate, experience-based relationship dependent on
ditch width is proposed:

vV, = (f,w)"* (3.13)

where w represents ditch width in meters and £, represents a scaling factor for ditch width. For
cut slopes in Colorado, a scaling factor of 1.7-2.0 may be appropriate; in the absence of further
information, 1.85 is recommended as a starting value. Realistically, V,, also depends on the slope
height, slope angle, and launching features, as these factors determine the energy and final
impact distance of rockfall. However, due to lack of empirical data and for simplicity, these
factors are omitted.

The user is recommended to select a minimum volume, V, in the range of 0.0001-0.1 m?3.
3.3.2 Time-Since-Excavation Conceptual Model

The remaining conceptual models focus on how rockfall activity of a slope, represented by the
MCEF curve, changes through time. Figure 3.5 represents the time-since-excavation conceptual
model in cumulative frequency-time space and cumulative frequency-volume space. Rockfall
activity increases as soon as the cut is excavated at time t;, which is represented by an upwards
shift of the MCF curve, or an increase in the original intercept parameter a, by a factor of k.
Rockfall activity continues increasing over time at a decreasing rate as the slope approaches a
new equilibrium, until the slope is fully weathered at t; = t,+ At, and the final rockfall frequency
is increased by a factor of kyk¢. In frequency-time space, the curvature of increasing rockfall
frequency before the slope is fully weathered is represented by c.
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Figure 3.5. Change in rockfall frequency according to the time-since-excavation conceptual
model.

The time-since-excavation conceptual model assumes pure translation of the MCF curve rather
than a combination of rotation and translation. This implies that the relative distribution between
small and large rockfalls does not change (Graber and Santi, 2022). Pure translation was chosen
for this conceptual model for simplicity and since the intercept parameter a represents overall
rockfall activity (Guerin et al., 2020), an increase or decrease in a is expected if the weathering
profile changes. For instance, Weidner and Walton (2021) observed a translation in the MCF
(controlled by the MCF intercept parameter a) that coincided with an increase in precipitation.
Similarly, Malsam et al. (2021) and Hollander (2024) observed a shift in the MCF curve with
different values of a for the same cut slope dependent on the time of year.

Rockfall frequency over time in the time-since-excavation conceptual model is represented by
Equation 3.14, where the mathematical form of the middle two components of the piecewise
function were modeled after equations developed by Walton and Diederichs (2015), originally in
the context of rock dilatancy:

f(t,V) = a,V™® t<t (3.14a)
f(t,V) =a,(OV®  t, <t<t; +Atede (3.14b)
f(t,V) =a,()V®  t;+Atede <t<t +At (3.14c)
f(t,V)=agkok,V?  t>1t; +At (3.14d)

where t is time, V is rockfall volume, a, is the initial MCF intercept parameter, t; is the time of
excavation, k,, is a factor that a, changes by as a result of excavation (generally, k, > 1), At is the
amount of time it takes for the slope weathering state to reach an equilibrium, ¢ defines the
curvature of the rockfall frequency function through time, f is equal to ¢ minus one, k¢ is the
factor that agk, changes by once the slope is fully weathered (generally, k> 1), and a,(t) and
a;(t) are represented by the following (after Walton and Diederichs, 2015):
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a1 (1) = agko + [(agkoky - agko)/At](t - t;)(c/etD®) (3.15)

a (t) = a0k0+ (aokokf - a()k())(C ln((t - tl)/At) + 1) (316)

3.3.3 Scaling and Rock Bolting Conceptual Models

Figure 3.6 represents the scaling conceptual model in cumulative frequency-time space and
cumulative frequency-volume space. Rockfall frequency immediately decreases at the time of
scaling, t;, and increases as scaling loses its effectiveness over time. At t;+At, scaling is no
longer effective, thereby causing rockfall frequency to return to its original state. The initial
decrease in rockfall frequency is demonstrated in frequency-volume space by a downward shift
of the MCF curve, Af, which is reflected in a change in both a, and b, since the rockfall
frequency does not change for volume V., (i.e., the MCF curve undergoes translation and
rotation). Minimum and maximum volumes affected by scaling are included since scaling likely
only affects rockfall frequency for a certain range of volumes. Scaling may be more effective for
smaller rockfall volumes; however, Weidner and Walton (2021) observed that mechanical
scaling is potentially ineffective for smaller volumes less than 1 m3. Any immediate increase in
rockfall frequency after scaling is not included in the conceptual model for simplicity. The
curvature of changing rockfall frequency through time is represented by c.
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Figure 3.6. Change in rockfall frequency according to the scaling conceptual model.

Figure 3.7 represents the rock bolting conceptual model, which contains the same parameters as
the scaling conceptual model. Bolting, however, is expected to be effective for a longer amount
of time than scaling.
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Figure 3.7. Change in rockfall frequency according to the rock bolting conceptual model.

The effect of scaling and bolting on rockfall frequency through time is represented with Equation
3.17 (after Walton and Diederichs, 2015):

f(t,V) = agV® V<V, V>V (3.17a)
f(t,V) =a, V™ t<ty, >t + At Vin <V < Vi (3.17b)
ft,V)=a,(OV"Y t, <t<t; +Ate®e, Vo <V <V, (3.17¢)
f(t,V) = a,(OVPY i+ Ate®e <t<t; + At Vipin <V < Vi (3.17d)

where a, and b, are the initial MCF parameters before scaling, V,,;, and V., are the minimum
and maximum volumes that are affected by scaling or bolting respectively, V... is a factor of
that a, changes as a result of scaling or bolting (generally, k < 1), ¢ defines the curvature as
rockfall frequency increases to its original activity, and a,(t) and a,(t) are represented by the
following (after Walton and Diederichs, 2015):

a; (t) = agk + [(ag - agk )/At](t - t;)(c/e™) (3.18)

a, (t) = agk + (ag-apk )(c In((t - t;)/At)+1) (3.19)
Since b(t) is constrained at V=V .., b(t)is represented with the following:

b(0) =- (In[agVirex/a()] / In(Vinex)) (3.20)

3.4 Discussion

The conceptual models presented in this section were developed to predict changes in ditch
effectiveness and rockfall frequency since these are hazard variables within the CDOT slope risk
assessment framework that may change through time. However, ditch effectiveness and rockfall
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frequency are common variables used to represent a slope’s condition state or risk value
(Beckstrand and Mines, 2017; Thompson, 2017); thus, the conceptual models may be adapted
into other deterioration frameworks.

3.4.1 Ditch Effectiveness Deterioration Conceptual Model

One limitation of the ditch effectiveness deterioration conceptual model is that it treats ditch
effectiveness as a direct proportion of rockfall retained. In this metric, the proportion or
percentage of rockfall retained in the ditch is considered to be independent of rockfall volume.
That is, the percentage of rockfall events of small volumes retained would be the same as the
percentage of large rockfall volumes retained, until a rockfall event greater than V,, occurs, in
which case the ditch effectiveness is considered to be zero. This may not be realistic for all cut
slopes.

The ditch effectiveness deterioration conceptual model also assumes a constant rockfall
volumetric flux, which is adjusted to account for a bulking factor. However, the rockfall rate may
not remain constant over the time that the ditch effectiveness is forecasted to reach zero (as
demonstrated in the rockfall frequency conceptual models), since this could take hundreds of
years depending on the volumetric flux of rockfall. A maximum volume was also applied when
deriving the rockfall rate, since any larger event would be assumed to reach the road and require
separate treatment beyond ditch cleaning. Events larger than the maximum volume have the
potential to substantially skew the estimated evolution of ditch effectiveness towards more rapid
rates of decrease.

The conceptual model also assumes no maintenance or ditch-clearing; however, the model may
be used to plan such activities. For instance, the model can be used to estimate the time at which
the ditch will reach a target minimum ditch effectiveness when maintenance is desired. The
approximated time can allow for proper planning of funds and maintenance at all stages of the
slope life cycle from design to routine operations. Ditch-clearing would effectively cause a
“reset” to the initial ditch effectiveness. Forecasting ditch effectiveness for these purposes may
be most useful, rather than predicting when the ditch effectiveness will begin to approach zero.
For instance, the design for a new slope can include guidance on estimated timing for ditch-
cleaning as input into an agency’s investment schedule for asset management plans. Estimating
the timing for ditch-cleaning in design also can inform trade off analyses between different slope
and mitigation configurations, such as narrower ditches and slope mesh compared with wider
ditches and no mesh.

If the user of the conceptual model finds the model to be too conservative, such as in the case of
shallow cut slopes as described in Appendix A, the conceptual model may be modified according
to Figure 3.8. Possible modifications include initial ditch effectiveness being maintained to a
volume greater than -A.,,,., Or ditch effectiveness reaching zero at some factor, f, of the original
angle of repose selected as 35 degrees, or a combination of both modifications.

40



— Original conceptual model
4 s s ¥ — = Possible modifications

Ditch effectiveness
(Proportion of rockfall retained)

Ay A Ag Ags

Talus volume/slope length (m?)

Figure 3.8. Possible modifications to the ditch effectiveness deterioration conceptual model.

3.4.2 Rockfall Frequency Conceptual Models

The rockfall frequency conceptual models are also intended to be idealized simplifications of
reality. For instance, to allow for straightforward parameterization, the time-since-excavation
conceptual model assumes pure translation and no rotation in the MCF curve to represent
increased rockfall frequency. The scaling and rock bolting conceptual models show linear
changes in the MCF curve, represented by a combination of translation for smaller affected
rockfall volumes and rotation as rockfall volume increases. In reality, as rockfall frequency
returns to its original frequency, the MCF may locally exhibit some curvature as opposed to the
straight (and sometimes discontinuous) segments in the conceptual models.

The magnitude of change in rockfall frequency as a result of excavation, scaling, and rock
bolting is uncertain. However, the effectiveness of scaling and rock bolting may be estimated if
transportation agencies have some record of rockfall activity before and after mitigation, even if
rockfall activity is not represented with MCF curves. Likewise, the effect of time since
excavation can be estimated if transportation agencies have records of slope ratings or rockfall
activity through time or before and after regrading a slope. Such records are provided by the
Washington Department of Transportation and are used for analysis in Section 6.

The conceptual models predicting rockfall frequency also do not include short-term fluctuations
of the MCF curve. Rockfall activity may change within the year due to seasonal variation
(Luckman, 1976; Douglas, 1980; Macciotta et al., 2017; Imaizumi et al., 2020; Malsam et al.,
2021; Hollander, 2024), with seasonal rockfall trends being site and location dependent. For
instance, Malsam et al. (2021) observed less rockfall activity during winter for a cut slope in
Colorado, while Dewez et al. (2013) observed increased rockfall activity during winter for a
coastal cliff in northern France. Despite observing seasonal variation, Malsam et al. (2021) noted
that rockfall activity remained consistent over a two-year monitoring period. Furthermore,
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Phillips (2024) found that meteorological variables have limited impact on overall rockfall
frequency but strongly influence what times of year rockfall tends to occur.

Rather than changing rates of physical deterioration, seasonal patterns may serve more as
rockfall triggers that affect what times of year increased rockfall activity occurs. Climatic
processes that are linked to seasonal variation and act as rockfall triggers include precipitation
(i.e., intense rainfall), temperature variations (i.e., freeze-thaw cycles), and wet-dry cycles (Sass,
2005; Arosio et al., 2013; Delonca et al., 2014; Bajni et al., 2021; Mainieri et al., 2022). Thus,
seasonal and other short-term fluctuations of the MCF curve are not included in the conceptual
models because they do not necessarily reflect a change in the underlying hazard and therefore
physical deterioration. Changes in the underlying climatic processes, however, may affect rates
of physical deterioration.

The deterioration modeling within the CDOT slope risk assessment framework and the
conceptual models are also simplified in that they do not consider climate change. In some
regions, climate change is expected to increase slope risk (e.g., Randall, 2022). Specifically,
climate change may alter weather patterns that trigger rockfall, thereby causing the rockfall
frequency to change over time (Pratt et al., 2018; Graber and Santi, 2022). For instance,
increased precipitation may increase rockfall. Freeze-thaw cycles may change, causing the
timing of rockfall to change. Warmer temperatures may thaw slopes earlier and cause permafrost
degradation in high mountain areas, which increases rockfall frequency (Allen and Huggel,
2013; Ravanel and Deline, 2014; Kellerer-pirklbauer et al., 2016; Graber and Santi, 2022).

Though not as well-studied, increased wildfire may also alter rockfall patterns. Possible
mechanisms explaining a correlation between increased rockfall activity and wildfire in some
regions includes the following (De Graff and Gallegos, 2012; Sarro et al., 2021):

Loss of stabilizing effect from burned vegetation.

Loss of vegetation that prevented rockfall runout.

Thermal expansion and rock fragmentation in high temperatures.
Degradation of mitigation measures.

Inability for chemically altered soil to buttress the slope.

Though climate change is outside the scope of this research, climate change models may be
added separately in addition to the conceptual models or a given transportation agency’s
deterioration framework.

3.5 Conclusions

Four conceptual models are presented in this section: Ditch effectiveness deterioration, and
rockfall frequency changing due to time since excavation, rock bolting, and scaling. The ditch
effectiveness deterioration conceptual model assumes a constant ditch effectiveness until the
ditch fills with rockfall debris so that its angle is horizontal, followed by a linear decrease in
ditch effectiveness as a function of material volume in the ditch. The time-since-excavation
conceptual model assumes an initial increase in rockfall frequency at the time of excavation,
followed by increasing rockfall activity at a decreasing rate until the slope is fully weathered.
Lastly, the scaling and rock bolting conceptual models assume an initial decrease in rockfall

42



frequency at the time of mitigation, followed by an increase in rockfall activity to the slope’s
original rockfall frequency as the mitigation decreases in effectiveness over time.

The inputs of the conceptual models may be specific to the given slope’s characteristics, such as
age and geometry. Thus, unlike some prior deterioration modeling methods such as Markov
models, the future condition or risk of the slope considers the slope’s past rockfall activity and
ditch effectiveness. Furthermore, changes in slope condition or risk only reflect changes in
variables that are likely to change rather than stay the same throughout time. This would result in
a more accurate representation of the slope and more effective management of resources within
the transportation agency.
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4.0 Historical Rates of Rockfall for Colorado Cut Slopes
4.1 Introduction

Quantifying rockfall frequency of Colorado rock slopes allows for both hazard assessment and
initial inputs to estimate physical deterioration. As previously mentioned in Section 3.0, the MCF
distribution for a given slope quantifies rockfall frequency for a given volume or larger, and can
be derived from a rockfall inventory.

This section describes seven cut slopes in Colorado that were monitored with either
photogrammetry or terrestrial lidar scanning (TLS) to create rockfall inventories with at least two
years of data. These rockfall inventories were used to create a resulting MCF curve for each
slope. The data was processed and updated by Cam Phillips, Jacob Hollander, Luke Weidner,
and Adam Malsam. The data collection, processing, and results are summarized from Phillips
(2024), where they are described in detail.

4.2 Studied Slopes

Rockfall frequency was quantified for rock slopes named Glenwood Springs (GW), Vail Pass
(VP), Idaho Springs (1S), Floyd Hill (FH), Slope E (E), Slope HI (HI), and Manitou Springs
(MS), largely after the location of the slope. The location of each slope is shown in Figure 4.1
(Phillips, 2024).

Slope characteristics, such as lithology, size, and aspect, may affect the level of rockfall activity
at each slope. Slope characteristics are summarized in Table 4-1 after Phillips (2024).

Table 4-1. Slope characteristics for each studied Colorado cut slope after Phillips (2024).

Slope
Chzfracteristic VP IS FH E H MS
Sandstone Biotite Arkosic
Megacrystic and Biotite gneiss Granitic Granitic sandstone
Lithology gre}nite mudstone gn_eiss (Sheridan gneiss  gneiss  and
(Kirkham et (Kellogg (Sims, and (Scott,  (Scott, mudstone
al., 2009) etal., 1964) Marsh, 1972) 1972) (Keller et
2011) 1976) al., 2003)
?nfie Width g 330 45 370 100 240 150
Height (m) 50 65 20 50 45 17 20
Area (m?) 6,355 17,725 748 17,003 3,987 4,914 2,500
Slope Angle ¢ 55 48 72 60 67 75
(degrees)
Aspect SE w S S-SE S S-SW S
Elevation (ft) 5,860 10,020 7,950 7,950 6,140 6,020 6,600
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Figure 4.1. Location of each cut slope in Colorado monitored for rockfall in Phillips (2024).
Slopes E and HI are separated by approximately 0.5 miles along CO-74.

4.3 Data Collection

To monitor rockfall and create rockfall inventories, repeated TLS and photogrammetry was used.
A five-camera fixed-site photogrammetry was applied at IS (Hollander, 2024) and MS (Walton
et al., 2023), while TLS with a FARO Focus Premium was used to obtain point clouds of the rest
of the slopes. The temporal and spatial resolution of lidar data varied for each slope, depending
on the distance from the Colorado School of Mines campus and the amount of overlap between
each scan, respectively. For instance, sites that were further away from the Colorado School of
Mines were scanned with less frequency. Additionally, sites that had more overlap between
scans generally had point spacing of 2 cm or less. Data gaps are noted in Phillips (2024), and
data collection is summarized for each slope in Table 4-2.
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Table 4-2. Details of data collection and rockfall inventories for each studied cut slope (after
Phillips, 2024).

Data GW VP IS FH E HI MS
Property
Glen- )
L ocation wood Vail Pass ISdparri]r?gs I- Elﬁlyd Morrison  Morrison g/lpar?rll;c;u
IS_p;r(;ngs I1-70 70 170 CO-74 CO-74 US-24
Monitorin Photo- Photo-
9 1L TLs gram-  TLS TLS TLS gram-
Method
metry metry
Data
Collection 6 mo. 6 mo. 1 day 1 mo. 1 mo. 1 mo. 1 day
Interval
Dates 10/19/1
included in 7- 12/03/21- 03/13/18- 02/11/16- 02/22/21- 02/22/21- 01/24/20-
. 10/07/2 10/15/23 09/15/23 05/01/22 10/26-23 10/26/23 09/16/23
Analysis 5

4.4 Rockfall Inventory Development

To process the point clouds that were collected for each slope, the following general process was
completed. A more detailed workflow is described in Phillips (2024), and photogrammetry
setups and workflows are described in Hollander (2024) for IS and Walton et al. (2023) for MS.

1. Register new scans to a base or reference point cloud for the slope in CloudCompare
(Girardeau-Montaut, 2024) using manual point matching followed by the Iterative
Closest Point algorithm (Besl and McKay, 1992).

2. Remove clutter and noise not representing the rock slope, including the road, road
infrastructure (e.g., signs and light poles), vegetation, snow, and ice.

3. Subsample the point cloud to a uniform point spacing.

4. Compute the forward and reverse Multiscale Model to Model Cloud Comparison (M3C2)
change between two subsequent point clouds (Lague et al., 2013).

5. Merge the forward and reverse change and cluster negative changes that represent
potential rockfalls. The cluster method used in this analysis was the Density Based
Spatial Clustering of Applications with Noise (DBSCAN) (Ester et al., 1996).

6. Manually validate each cluster to identify true and false rockfalls.

7. Calculate the volume of each true rockfall cluster. The method used in this analysis was
the iterative AlphaShape approach for surface reconstruction (Bonneau et al., 2019).
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8. Note the date of each rockfall and the associated volume.

To derive the MCF distribution, the rockfall inventory for each slope is ranked from the largest
rockfall to the smallest rockfall. Cumulative frequency is calculated by dividing the rank by the
time constraint of the database (Graber and Santi, 2022). A least squares linear regression is then
typically fitted over the ranked data to estimate the power law above a minimum threshold, x,,;,.
Xmin 1S @pplied since the data usually does not follow a power law below a minimum volume and
can be found using statistical methods described in Clauset et al. (2009).

4.5 MCF Distributions

The resulting MCF curves are shown in Figures 4.2 and 4.3. Figure 4.3 is normalized by slope
area for a more direct comparison between slopes (Janeras et al., 2023), since larger slopes may
inherently produce more rockfall. VP produces the highest rate of rockfall, while IS produces the
lowest rate of rockfall according to Figure 4.2 (Phillips, 2024). After normalization, it is evident
that MS and VP produce the highest rockfall activity per square meter, while FH produces the
lowest (Phillips, 2024).

Rockfall Magnitude-Cumulative Frequency: GW, VP, FH, E, HI, IS, MS
T T T T T T T T T T T T T

103 -

10" -
- —GWF_(V) = 0.639v %
| —VPF_(V)=15.961v 0%
IS F_(V) = 0.095v %"
—FHF_(V)= 075107

EF (V)= 0485074
-0.922

Cumulative Number of Events per Year

T —HIF_(V) = 0.994V
S ——MSF (V) =2.250v %%

"| * Rockfalls = xmin

X Rockfalls < xmin

.1 L
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107 1073 107 107" 10° 10" 10°
Rockfall Volume (m®)

Figure 4.2. Rockfall MCF curves for the seven monitored cut slopes. Fitted power laws
representing the MCF curves are shown in the legend (Phillips, 2024).
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Spatially Normalized Rockfall Magnitude-Cumulative Frequency: GW, VP, FH, E, Hi, IS, MS
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Figure 4.3. Rockfall MCF curves for the seven monitored cut slopes, normalized by slope
surface area (Phillips, 2024). The intercept parameter a changes as a result of
normalization.

4.6 Discussion

Phillips (2024) identified two major categorical causes for differing MCF curves of the studied
Colorado slopes: conditioning and triggering factors due to climate and, more notably, lithology
and geological structure.

Precipitation or total liquid input (the combination of liquid precipitation and snowmelt) is
identified as the main triggering factor for rockfall in Colorado (Phillips, 2024). Precipitation
was identified as the main triggering factor for slopes MS and IS rather than freeze-thaw cycles
(Hollander, 2024; Malsam, 2022; Walton et al., 2023). Contrastingly, the higher elevation of VP
results in longer freezing periods, more freeze-thaw cycles, and more snowmelt than MS.
Despite climatic differences, VP and MS have similar rates of rockfall activity, which may occur
either due to stronger lithological controls on rockfall or the combination of oversteepening and
climate resulting in similar rockfall activity for each slope (Phillips, 2024). In other words, less
oversteepening but harsher climate at VP results in similar rockfall activity as more
oversteepening and a milder climate at MS.

The climate at the Front Range slopes (IS, FH, E, and HI) is generally the same, though exact
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liquid input may vary for each of these slopes. GW experiences differences in weather conditions
relative to the Front Range slopes since it is west of the continental divide and experiences more
freeze-thaw cycles and higher differences in daily temperatures. Climatic differences may
explain the timing of rockfalls during the year rather than long-term trends and major differences
in rockfall activity (Phillips, 2024). Climatic metrics and their effect on the MCF curves are
presented and discussed in further detail in Phillips (2024).

Lithology and geological structure may have a greater influence on differences in rockfall
activity between slopes (Phillips, 2024). Phillips (2024) found that generally, blocky crystalline
slopes (E, FH, and GW) had lower normalized "a" values and therefore lower rockfall activity
than foliated, seamy, crystalline slopes (IS and HI). After identifying the number of discontinuity
sets and performing kinematic analyses, Phillips (2024) additionally found that the total number
of discontinuities, slope angle, oversteepening, and number of possible failure modes do not
necessarily correlate with overall rockfall activity. Therefore, lithology may have a stronger
control on rockfall activity. Identifying the geology (i.e., crystalline or sedimentary) and general
rock mass structure (i.e., blocky, disintegrated, interbedded) may provide preliminary estimates
on the normalized a and b MCF parameters, which are provided in Phillips (2024).

4.7 Conclusions

Rockfall activity is quantified for seven Colorado cut slopes with varying lithology and structure
using MCF distributions. The slopes are repeatedly monitored at certain time intervals using TLS
or photogrammetry. The resulting point clouds are used to identify rockfalls and calculate
rockfall volumes, which allows for the creation of a rockfall inventory. The MCF distribution is
the resulting power law fit of the ranked rockfall inventory.

MCEF curves differ between slopes; however, VP and MS, which are both interbedded
sedimentary slopes, have similar rates of rockfall. Phillips (2024) concluded that climatic
differences between slopes control the timing of the rockfalls throughout the year but have
limited influence on overall hazard level over longer timescales. Differences in rockfall activity
may be more controlled by lithology and geologic structure (i.e., the general rock mass), which
allows for preliminary estimates of MCF parameters for Colorado slopes.

The MCF curves in Figures 4.2-4.3 can be used to estimate rockfall activity for other Colorado
cut slopes with similar lithological and rockmass characteristics, which provides a hazard
assessment and an initial input for rockfall frequency in the proposed conceptual models.
Physical deterioration may then be predicted using the conceptual models.
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5.0 Evaluating a Practical Method for Rockfall Magnitude-Cumulative Frequency
Estimation

5.1 Introduction

Monitoring rockfall along transportation corridors is imperative for understanding rockfall
frequency and estimating risk associated with cut slopes (Hungr et al., 1999). A risk value
communicates both the hazard of the slope and the potential consequences to roadway users.
Rockfall hazard is represented by rockfall magnitude-cumulative frequency (MCF) distributions,
which describes how often a certain rockfall volume or larger will occur. Thus, the MCF curve
can be used as a key input for estimating cut slope risk.

As previously mentioned, the MCF distribution is typically derived from a rockfall inventory.
Remote sensing methods have the potential to provide a higher temporal and spatial resolution
record of rockfall occurrence (Graber and Santi, 2022) and more accurate volume estimations
than other methods. However, they often require several years of monitoring to capture
infrequent, large events and accurately represent rockfall hazard. Furthermore, transportation
agencies in mountainous regions may have hundreds to thousands of slope assets; thus,
maintaining rockfall inventories and remote sensing-based monitoring is infeasible for every
slope. Terrestrial lidar scanning (TLS) monitoring, for instance, requires repeated scans at a
specific time interval. Remote sensing-based monitoring may also require a significant amount
of data processing to develop a rockfall inventory from raw data. Consequently, a practical
method of estimating the MCF curve for a given slope, absent a detailed rockfall inventory, is
valuable for preliminary risk assessments.

In this study, a rapid, practical method of estimating the MCF curve is tested on six cut slopes in
Colorado that have at least two years of remote sensing data. The estimated MCF curves are then
compared against the remote sensing-based MCF curves to evaluate the accuracy of the
estimation method. Though the remote sensing-based MCF curves are considered to represent
the “true” MCF distributions in the context of this study, they have some uncertainty dependent
on data resolution and steps in the data processing (e.g., Williams et al., 2019; DiFrancesco et al.,
2021; Walton and Weidner, 2022).

Large portions of this section are reproduced from the following conference paper with permission of the American
Rock Mechanics Association: Werley, K., Sala, Z, Hille, M., Vessely, M., and Walton, G. Evaluating a Practical
Method for Rockfall Magnitude-Cumulative Frequency Estimation. Proceedings of the 58th Rock Mechanics
Symposium, paper no. ARMA-24-0147.
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5.2 Methods

The MCF estimation method (Figure 5.1) was developed by BGC Engineering (Sala and
Vessely, 2022) to aid in rock slope risk estimation for CDOT, based on previous work by Lato et
al. (2016). The method averages the inspector inputs of rockfall frequency proportions with
literature values for the chosen rock mass type to produce an MCF curve. To apply the method,
the inspector may perform a desktop inspection of the given slope, using Google Earth or other
GIS data, or by assessing the slope in the field.

Select appropriate rock mass
type
v

_c Estimate annual rockfall
inputs frequency, F
v

— | Assess relative proportion of
source volumes, Py;
1
Literature proportional MCF
curve redistributed as needed,

CFPy;
¥
User-estimated proportions
7 averaged with literature
proportions
1 Vi Frequency =
Averaged proportions F X (CFPv£+Pvi)

multiplied by estimated

— | frequency for annual rockfall

events in each magnitude
class

Figure 5.1. MCF curve estimation method used by CDOT. Literature curves are
redistributed if the user believes the slope is not capable of producing block sizes of a
certain volume class (i.e., proportion of zero for a volume class).

Possible rock mass types include “massive”, “typical”, “fractured”, and “block-in-matrix.” The
user estimates proportions of source volumes for five different volume classes according to
Table 5-1.

Table 5-1. Rockfall source volume classes.

Category V1 V> V3 V4 Vs
Volume range (m®) <1 1-10 10-100 100-1000 > 1000
Representative

volume (geometric 0.3 3 32 316 3162
mean) (m°)

The MCF estimation method was applied via field inspection at six different cut slopes in
Colorado (Tables 4-1, 4-2, and Figure 5.2). Each site has a rockfall inventory derived from TLS
or photogrammetry monitoring and therefore a remote sensing-based MCF curve to compare the
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estimation method against. To compare the variability between users, three inspectors with
experience in engineering geology applied the MCF curve estimation to each site, except for
Manitou Springs, where only two inspectors were available. To establish consistent practices in
applying the method, the inspectors collaborated when first applying the method to slopes E and
HI.

After user inputs were entered into the algorithm, three sets of MCF curves were obtained for
each slope: MCF curves based solely on the user-estimated annual frequency and proportions,
the literature MCF curves using redistributed proportions, and the final averaged MCF curves
considering redistributed literature and user- estimated proportions. These MCF curves were then
compared against each other and the remote sensing-based MCF curves.

Figure 5.2. Cut slopes used for testing the MCF curve estimation method. A: Vail Pass
(Courtesy of Cam Phillips). B: Idaho Springs (Courtesy of Jacob Hollander). C: Floyd Hill
(Courtesy of Ellie Longar). D: Slope HI (Courtesy of Luke Weidner). E: Slope E (Courtesy

of Luke Weidner). F: Manitou Springs (Google Earth imagery, 2023).

5.3 Results

The resulting MCF curves for each inspector and slope are shown in Figure 5.3. The selected
rock mass type determines the literature MCF values and therefore influences the averaged MCF
curve at each site; thus, rock mass types are shown in Table 5-2. The majority of cut slopes are
considered “typical,” and a discrepancy between inspectors occurred at the Floyd Hill site. At
slope HlI, the inspectors decided that the proportions of different rockfall source volume classes
varied across the slope enough to justify splitting the slope into two different inspections. HI-1
refers to the east portion of the slope (approximately 30% of the entire slope length) while HI-2
refers to the west portion (approximately 70% of the slope length).

The Root Mean Squared Error (RMSE) of the log-transformed cumulative frequency values was
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calculated based on comparison of the averaged MCF curves and the remote sensing-based MCF
curves (Table 5-2), as the remote sensing-based MCF curves are considered the best
approximation of the true MCF curve for each slope. The method performed moderately well
with an average RMSE of 0.96 across all slopes and inspectors. Because the RMSE is log-
transformed, this equates to an average error that is just under one order of magnitude. The
estimation method performed most poorly for Idaho Springs. Furthermore, the method

overestimated rockfall frequency for all sites except Vail Pass.

Table 5-2. Assigned rock mass type and RSME for log-transformed frequencies for
averaged MCEF curves. For rock mass type, numbers 1-3 correspond to the individual

inspector.

Site Rock mass type RMSE (Inspector 1, 2, 3)
Vail Pass Typical (1,2,3) 0.54, 0.27,0.28

Idaho Springs Typical (1,2,3) 1.88, 1.76, 1.81, 1.82
Floyd Hill Massive (1,3), Fractured (2) 0.69, 0.78, 0.56

E Typical (1,2,3) 1.25,1.25,1.25

HI-1 Typical (1,2,3) 1.01,1.01,1.21

HI-2 Typical (1,2,3) 1.00, 0.98, 1.01

Manitou Springs Typical (1,2,3) NA, 0.47,0.28
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Figure 5.3. Redistributed literature, estimated, and averaged MCF curves for each cut
slope for Inspectors 1-3. Remote sensing-based MCF curves shown for comparison. The
domain of the remote sensing-based curves reflects the observed range of volumes in the

rockfall inventory for the slope. The domain of the literature, estimated, and averaged
MCEF curves from the estimation method reflects the rockfall magnitude classes deemed

kinematically possible by the inspector.
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Figure 5.4 depicts the variability of MCF curves across all slopes. The remote sensing-based
MCEF curves show greater variability in rockfall frequency between slopes than the MCF curves
produced from the estimation method, indicating that the estimation method outputs limited
variability in MCF curves regardless of user input. The variability in MCF curves across slopes
is further reduced when the estimated proportions are averaged with the literature proportions
(compare Figure 5.4A to Figure 5.4B).

- - - Remote sensing-based
— Inspector 3
—VP

Cumulative no. of events per year

Rockfall volume (m3)

Figure 5.4. Variability in MCF curves across all slopes. A: MCF curves from estimated
source volume proportions with remote sensing-based MCF curves for comparison. FH, E,
and HI-2 overlap exactly with some curves and are not visible. B: Averaged MCF curves
with remote sensing-based MCF curves for comparison.

5.4 Discussion

The MCF curve estimation performs moderately well when compared to the remote sensing-
based MCF curves, with RSME values in log space ranging from 0.36-1.82 (Figure A.3).
However, for most sites, the method overestimates rockfall frequency. Idaho Springs has the
greatest overestimation of rockfall frequency and is also the smallest of the study sites in terms
of slope area. Conversely, Vail Pass has the greatest underestimation of rockfall frequency and is
the largest slope in terms of slope area. Thus, some of the discrepancy between MCF curves
occurs from a lack of scaling the results according to slope area. This may occur due to the
tendency of inspectors to focus on an area of the slope that they can most easily conceptualize.
Furthermore, the estimation method provides limited options for annual rockfall frequency
(Table A.2). A large slope such as Vail Pass may have such large total rockfall frequency that it
is difficult to properly conceptualize and exceeds the maximum annual frequency option of 10
for the smallest volume category.

Some discrepancy between averaged and remote sensing-based MCF curves additionally may be
due to the use of literature curves that do not represent Colorado cut slopes very well, as the

averaged MCF curves were more weighted towards the redistributed literature proportions on the
logarithmic scale. Figure A.3 indicates that when the estimated proportions are averaged with the
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redistributed literature proportions, the average favors whichever curve is higher, which tends to
be the literature proportions. This occurs since the arithmetic mean is calculated on a logarithmic
scale rather than the geometric mean.

Figure 5.4 indicates little variability in estimated MCF curves across slopes. This may have
occurred due to identifying all slopes but one as a “typical” rock mass. The “typical” rock mass
type may be described in a general manner to the point where it applies to too many slopes
which, in reality, have different rockfall frequencies. Additionally, the term “typical” may
indicate a middle ground choice for inspectors. The tendency for inspectors to default to
“typical” may be reduced by development of more detailed guidance in the rock mass
descriptions. Lastly, Figure 5.4A indicates that user-estimated proportions result in MCF curves
that do not capture the rockfall variability between slopes, regardless of the selected rock mass
type. Users may tend to estimate similar source volume proportions across different slopes.

The MCF curve estimation method allows for rockfall risk assessment in the absence of rockfall
inventories and remote sensing-based monitoring. Thus, it can be used to estimate rockfall
frequency and risk for an entire slope inventory in the context of slope asset management. Risk
assessments allow for informed decision-making and proper allocation of resources for
mitigation and maintenance measures by the transportation agency. The discrepancy between the
estimated MCF curves and the remote sensing-based curves, as well as the variability of the
estimated curves between sites, is significant if the final risk value is not assigned or binned to
the appropriate category of risk level. For instance, if the MCF curve estimation doesn’t capture
the variability of rockfall frequency between sites and assigns all slopes as moderate risk level
rather than different risk levels, resources may not be appropriately allocated within the agency
and the correct maintenance measures may not be employed. Similarly, if the MCF estimation
overestimates rockfall frequency by an order of magnitude or more as it does in this study, slopes
may incorrectly be placed in a higher risk category with higher priority, leading to more funds
allocated to them than necessary. However, if the MCF curve estimation results in a proper
binning of the risk level despite any discrepancy with the remote sensing-based curve, the
estimation method performs satisfactorily.

5.5 Conclusions

The MCF curve estimation method performs moderately well based on the remote sensing-based
curves, with average RSME values in log space ranging from approximately 0.36-1.82.
However, none of the estimated curves matched the remote sensing-based curves completely,
and the method overestimated rockfall frequency for all sites but Vail Pass. Some inaccuracy
may be due to a scaling effect, as inspectors may not conceptualize rockfall frequency for a very
small or very large slope area. One solution to counteract this may be to apply the method along
a certain length of the slope and the entire height, then to scale the results by the entire length.

Other sources of inaccuracy in the estimation method may include inspector tendency to estimate
similar source volume proportions at different slopes, literature values that don’t represent
Colorado cut slopes well, or an inspector bias towards choosing a “typical” rock mass. Ongoing
research includes informing or replacing literature curves with remote sensing MCF curves, such
as the ones used in this study, to provide inputs that are more region or geology specific.
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The performance of the MCF curve estimation method is critical for accurate rockfall risk
assessment, particularly in the absence of rockfall inventories and the need to assess large slope
inventories. The estimation method must be accurate to the point where slopes are assigned the
appropriate risk level, despite any discrepancies with the remote sensing-based MCF curves.

Risk assessments ultimately allow informed decision making and resource allocation by
transportation agencies.
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6.0 Evaluating Physical and Slope Performance Deterioration of Cut Slopes Through
Time

6.1 Introduction

Rockfall activity of a cut slope may change over time as the slope ages. This directly impacts
physical deterioration and performance deterioration of the slope. If a slope experiences
increasing rockfall activity through time, the risk of the slope increases and the transportation
agency must manage the slope appropriately, taking risk mitigation measures as appropriate. In
some cases, slope stabilization or hazard mitigation will be implemented, such as scaling or rock
bolting.

Though literature suggests that rockfall activity and geotechnical strength parameters change due
to excavation (Huisman et al., 2006; Tating et al., 2013; Ers6z and Topal, 2018a; Chen et al.,
2022), the specific change in the magnitude-cumulative frequency (MCF) curve representing
rockfall is more uncertain. The conceptual models presented in Section 3 predict changes in the
MCF curve and therefore physical deterioration of the slope over time. The time-since-
excavation conceptual model predicts increasing levels of rockfall at decreasing rates as a
function of time since excavation of the cut slope, and thus decreasing physical deterioration
with time. If scaling or rock bolting is implemented rockfall frequency is expected to initially
decrease and increase as the effectiveness of scaling declines or the rock bolts have reached the
end of their service life.

In this section, changes in rockfall activity and slope performance were evaluated through time
using data from the Washington Department of Transportation (WSDOT) Unstable Slope
Management System (USMS). The effects of mitigation were also considered. The results of
these analyses were compared to the conceptual models for time-since-excavation, the influence
of scaling, and the influence of bolting.

6.2 Methods
6.2.1 Description of Data and Characterization of Slopes

The WSDOT USMS provides a systematic way of maintaining a slope inventory and prioritizing
slopes for mitigation and maintenance (Ho and Norton, 1991). A numerical rating is assigned to
the slope after an inspection by geotechnical personnel, which represents slope performance. The
inspection is typically carried out in the field but can be performed remotely. The slope rating is
determined from the sum of several factors related to hazard and consequence of slope failure,
such as the typical volume of rockfall found in the catchment or estimated movement rate of soil
(movement magnitude), failure frequency, roadway impedance, and maintenance costs. Each
rating subcomponent is given a score of 3, 9, 27, or 81 points. Slope performance declines with
an increasing slope rating. The slope rating form was updated in 2019, which added movement
magnitude as another rating category. Movement magnitude quantifies either the soil movement
rate or the volume of rock blocks in the catchment.

Rating subcomponents related to rockfall hazard include failure frequency and problem type.
Failure frequency represents how often significant rockfall (generally 5 yd3 or larger) occurs that
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reaches the highway. The WSDOT geotechnical office commonly receives this information from
maintenance crews that clear rockfall debris from the highway; therefore, there is some variation
on what maintenance considers a failure (S. Johnston, personal communication, April 23, 2024).
The problem type subcomponent first identifies if the problem is a soil or rockfall event. If the
event is related to rockfall, the score assesses how well the catchment performs in containing the
rockfall event, which is related to the dimensions of the ditch.

A list of all known 720 rock slopes in the WSDOT USMS was provided for this analysis,
including the location, all past ratings with associated dates of inspection, the slope status, year
of mitigation work if applicable, and estimated age of the slope as of 2019. Slopes are not
distinguished between natural or cut, and the number of ratings varies for each slope. Known cut
slopes that were cut back or resloped were assigned an age based on the date of resloping. For
instance, a cut slope that was resloped in 2015 would have an age of four years.

Detailed data was received for 72 slopes out of the inventory of 720. The exact data varied for
each slope but included the slope rating form for all inspections so the score of each rating
subcomponent could be digitized. Other documentation for each slope may have included the
following:

e Photos of the slope on different dates.

e Conceptual mitigation designs (designs of recommended mitigation measures);
conceptual designs often included descriptions of the rock mass and geology.

e Construction/mitigation records, including photos, email correspondences, daily site visit
reports during construction, and geotechnical reports.

e Records of notable rockfall events, including photos, site visit reports, email
correspondences, and notes in the summary USMS page for the given slope.

e GIS files and numerical modeling files for rockfall analyses.

e Digitized or scans of field notes from any site visits.

e Maintenance records for cleaning the highway of rockfall debris.

Notable characteristics for each of the 72 slopes were summarized using the above information
and are included in Appendix D of Werley (2024). For instance, slopes were distinguished
between natural and cut using photos. All slopes were considered cut except Slope 1979.

Mitigation measures and dates of mitigation installation were recorded. The most common types
of mitigation included scaling, rock bolts, dowels, and/or anchors. Other mitigation measures
included wire mesh, resloping, shotcrete, rockfall fences, gabion walls, jersey barriers, horizontal
drains, and ecology blocks. For the purposes of this study, resloping or cutting back is considered
intense scaling or additional blasting that changes the grade of the slope and/or pushes the slope
back further from the highway. Scaling, on the other hand, includes removal of certain blocks or
overhangs that are potentially unstable using hand bars or excavators. Scaling is distinguished
from resloping within the data provided. The exact date of mitigation was noted when possible,
though some mitigation dates may be inaccurate by a few weeks.

6.2.2 General Trends of Slope Performance through Time
To discern any trends of slope performance through time, the slope ratings from the entire
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database of 720 slopes were examined. First, the average change in slope rating per year was
plotted against the mean slope age for each slope. Mean slope age was found by calculating the
age of the slope at the time of each inspection since the age of the slope as of 2019 and the date
of inspection are known. The average change in slope rating per year was found by fitting a
linear regression to the ages and associated slope ratings for each slope.

Secondly, the most recent slope rating for each slope was plotted against the age of the slope at
the time of the most recent inspection. For both plots, only inspections conducted between 2000
and 2019 were used. As previously mentioned, only geotechnical personnel conducted
inspections starting in 2000. Furthermore, the slope rating form was updated in 2019 with the
addition of the movement magnitude category; however, since the individual rating
subcomponents are not included for all 720 slopes, the movement magnitude score is unknown
and cannot be subtracted out of each slope rating. Slopes that have been resloped were not
included so as not to result in negative ages.

Finally, to examine how rating subcomponents most related to hazard change over time, these
two plots were recreated for an unmitigated subset of the 72 slopes. The average changes in
slope rating, failure frequency, and the problem type score per year were plotted against the
mean slope age. The most recent slope rating, failure frequency, and problem type score were
also plotted against the age of the slope at the time of the most recent inspection. Slopes included
in this analysis did not have any mitigation work performed. Ratings before 2000 were not
included. To account for the updated rating form, the movement magnitude score was subtracted
out of the overall rating for ratings after 2019.

6.2.3 Influence of Scaling, Bolting, and Resloping on Slope Performance through Time

To consider the effects of scaling, bolting, and resloping, subsets of the 72 slopes with detailed
data were used. All ratings after 01-January-2000 were considered, and the movement magnitude
score was subtracted out of each slope rating so that ratings before and after 2019 were
comparable.

For the scaling analysis, slopes that had only experienced scaling and no rock bolting or
resloping were included. To observe the general influence of scaling on slope performance
through time, average change in overall slope rating, failure frequency, and problem type score
was plotted against the mean slope age.

To evaluate the change in slope performance due to scaling, ratings were compared before and
after scaling. For each slope that was scaled and had at least one inspection before and after
scaling, the average slope rating, average failure frequency, and average problem type score were
calculated for all inspections before scaling and then all inspections that took place after scaling.
The difference between the before and after averages was then calculated for the overall ratings
and subcomponent scores. Additionally, ratings, failure frequency, and problem type scores were
plotted for slopes individually in relation to time since scaling rather than averaging scores.

This analysis was repeated for slopes with rock bolting and slopes that were resloped or cut back.
Slopes that had bolts, dowels, and/or anchors installed, regardless of any additional mitigation,
were included in the bolting analysis. Henceforth, the term “rock bolt” will be used as a general
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term to refer to bolts, dowels, and/or anchors. Similarly, any slopes that were resloped or cut
back, regardless of any mitigation measures installed before or after resloping, were included in
the resloping analysis.

6.3 Results
6.3.1 General Trends of Slope Performance through Time

Figure 6.1 displays the average change in slope rating vs. mean slope age and the most recent
rating vs. age considering all 720 slopes in the USMS inventory. Because only ratings from
2000-2018 were used and resloped slopes were removed, 577 slopes were included in the
analysis. The average change in slope rating per year is additionally constrained to show changes
with a magnitude less than 150 to avoid outliers skewing the visualization.

Figure 6.1A depicts no definitive trend; however, many slopes show average changes in slope
rating per year that are zero or close to zero. As mean age increases to 50-100 years, some slopes
reflect an improvement in slope rating over time, indicated by a negative change in rating.

Figure 6.1B indicates no strong correlations that can be identified visually. Older slopes (greater
than 60 years) appear to have a similar range in slope rating as relatively younger slopes (less
than 60 years).
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Figure 6.1. Slope performance through time using a subset of the 720 slopes in the USMS
dataset.

Figure 6.2 presents the same results but for the unmitigated subset of the 72 slopes, which
includes 29 slopes. In addition to the overall slope rating, the failure frequency and problem type
score are shown to indicate how the hazard components of the rating may change over time.
Figure 6.3A-C show the average rating change per year vs. the mean slope age, while Figure
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6.3D-F show the most recent rating vs. the age of the slope at the time of the most recent

inspection.
10 r 23 .
A -l
- 3 -
< 8 2}
> * ©
- 5 =
Q
8. ¢ .: % 1r . *
-
g o* o 9
"@‘ ob . .. - § oF N1 ] - L]
3 S g
o * gyt * *
w L] . o
£ 5t * §_2_ a
=
c @3
© 10t o .
g : -
< . 54 . ‘1
o
_15 1 1 I E_S 1 1
O P R P PP S P R PSP
Mean slope age (years)
500 nwm——
D .! [1h] E
g
400} . I | SR
g . %)
© . . 5
[ . . *| B
8300f . g 60}
o . . - . =
2 “ . o
@ L =
(5] L m L
g . =
[ L
g E - L] -
100f % 20f
Q
- = - . .
0 S — .
O P R E PP O P RS PP P

=

Avg. change in problem type score per year

Most recent problem type score

0 | I
O P ® & P

Age of slope at time of rating (years)

]

=]

|
(3]
T

80

60

40}

20¢

Figure 6.2. Change in overall slope ratings and rating hazard components over time since

excavation.

Similar to Figure 6.1, there are no distinct trends in Figure 6.2. Most unmitigated slopes have an
average change in slope rating per year within a magnitude of five points, regardless of age.
Most slopes also indicate no change in the failure frequency and problem type score regardless
of age, meaning that the frequency of rockfall events reaching the roadway and the performance
of the catchment does not change. More slopes improve in rating, failure frequency, and problem
type score than worsen, regardless of age. Furthermore, the average changes in failure frequency
and problem type score per year are relatively small, all being within a magnitude of five.

Figure 6.2D shows that older slopes generally appear to have slightly higher total ratings.
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However, considering the lack of trend in Figure 6.2A, these older slopes may have had higher
slope ratings and worse performance throughout their entire lifespan, meaning slope rating does
not necessarily increase with slope age. Hazard components of the overall rating do not show any
clear trend with slope age.

6.3.2 Influence of Scaling, Bolting, and Resloping on Slope Performance through Time

Seventeen out of 72 slopes experienced varying extents of scaling and no rock bolting or
resloping. Slope details are summarized in Werley (2024). When plotting the average change in
slope rating and hazard components per year against mean slope age (Figure 6.3), the ratings
appear to improve with age. Furthermore, the amount of improvement in rating and hazard
scores increases with older slopes. With that being said, for most of the slopes, the failure
frequency and problem type scores do not change (Figure 6.3B and C), and any improvement in
hazard scores is relatively small (within a magnitude of seven).
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Figure 6.3. Average change in slope rating and rating hazard components per year vs. mean
age of the slope for slopes that have been scaled.

Figure 6.4 shows a more direct comparison of the effects of scaling, where the difference is taken
between the average of the ratings assigned before scaling and the average of the ratings
assigned after scaling. Note that some inspections have occurred up to 12 years after scaling, and
changes in rating may depend on how long after scaling the next inspection took place. Most
slopes show an improvement in the overall rating, although some slopes maintain the same
average rating or even an increased rating. Slopes either maintain the same average failure
frequency and problem type score or improve in these categories. The changes in average slope
rating and hazard components are variable in magnitude from 0-100.
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Figure 6.4. Change in average rating and rating hazard components after scaling.

Sixteen out of 72 slopes had rock bolts, dowels, and/or anchors installed. Several slopes have
additional mitigation measures, such as scaling or even resloping. Figure 6.5 shows the average
changes in slope rating, failure frequency, and problem type score per year vs. the mean age of
the slope. Unlike the slopes that have been scaled, ratings and hazard component scores do not
appear to increasingly improve with mean slope age. The overall slope rating may increase,
indicating decline in slope performance, for younger slopes with a mean age less than 20 years.
These slopes may include slopes that have been resloped, as the calculated age of the slope
during an inspection before resloping would be negative due to the method of calculating ages.
Most slopes improve in the failure frequency score regardless of mean slope age (Figure 6.5B),
and the problem type score remains relatively constant over time regardless of mean slope age
(Figure 6.5C). Thus, the catchment’s ability to retain rockfall does not change, but failure
frequency may decrease for slopes that have been bolted. Any changes in the slope rating, failure
frequency, and problem type scores per year are relatively small: generally within a magnitude of
10 for slope rating and within a magnitude of five for the hazard components.
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Figure 6.5. Average change in slope rating and rating hazard components per year vs. mean

age of the slope for slopes that have been bolted.

Figure 6.6 depicts the depicts the differences between the averages of the ratings assigned before
bolting and the average of the ratings assigned after bolting. Most slopes have a decreased or
improved slope rating after bolting, although three slopes retain approximately the same rating,
and four slopes have ratings that worsen on average (Figure 6.6A). The same general trends
occur in the failure frequency scores (Figure 6.6B); however, most slopes retain approximately
the same problem type score, and therefore the catchment’s performance is considered to remain
constant despite bolting.
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Figure 6.6. Change in average rating and rating hazard components after bolting.

Seven slopes out of 72 were resloped or cut back, and four of these slopes were also included in
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the bolting subset. Figure 6.7 depicts the average changes in overall slope rating, failure
frequency, and problem type scores per year vs. mean age of the slope. The mean ages of the
slope are not directly comparable as they are in the scaled slopes and most of the bolted slopes.
The calculated age of the slope would be negative if the inspection took place before resloping,
and zero at the time of resloping. Therefore, Figure 6.7 is not necessarily helpful for discerning
any trends of slope performance with age, but it is helpful in assessing the average change in
ratings and hazard components per year on a slope-by-slope basis. Five out of the seven slopes
experienced a decreased or improved slope rating on average (Figure 6.7A), and three
experienced a decreased or improved failure frequency and problem type score (Figure 6.7B and
C). The other four slopes did not see a change in failure frequency or problem type score per
year on average. Again, the change in slope rating and the hazard components are small:
generally within a magnitude of six for each.
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Figure 6.7. Average change in slope rating and rating hazard components per year vs. mean
age of the slope for slopes that have been resloped.

Figure 6.8 indicates that most slopes improve in average slope rating, failure frequency, and
problem type score after resloping, while others retain approximately the same average rating
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after resloping.
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Figure 6.8. Change in average rating and rating hazard components after resloping.

6.4 Discussion
6.4.1 General Trends of Slope Performance through Time

There are no clear, consistent trends of slope performance, represented by the WSDOT slope
rating, as a function of time or slope age. However, most slopes from WSDOT’s USMS and
most unmitigated slopes from the USMS either maintained or improved their slope rating
through time (Figure 6.1A). Since the slope ratings involve factors relating to both consequence
and hazard, these results do not strictly communicate how the hazard of the slope changes as a
function of slope age. Therefore, the unmitigated slopes with available rating forms were also
examined in Figure 6.2. Figure 6.2A-C indicates that the hazard components of the slope rating
(i.e., rockfall failure frequency and the catchment performance) stayed the same or changed
minimally each year (within six points for hazard components) regardless of slope age. That
being said, the youngest slopes shown on Figure 6.2 have a mean age of approximately 20 years.
Thus, slopes younger than 20 years may exhibit different behavior than what is shown. It is
evident in Figures 6.1-6.2 that slope performance generally does not consistently worsen over
time, even for unmitigated slopes, and that major rockfall frequency generally stays constant for
slopes that were excavated over 20 years or more ago. Additionally, since rating components
include qualitative scoring guidelines and different inspectors often rate the slopes throughout
the years, change in slope performance may also have occurred due to variability in inspectors.

The results are not inconsistent with the time-since-excavation conceptual model. There is no
strong evidence for mitigated or unmitigated slopes experiencing physical deterioration or
performance deterioration through time, indicating that slopes may be fully weathered by 20
years after excavation.
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6.4.2 Scaling

In general, scaled slopes improved in slope rating, failure frequency, and problem type score
with mean age. However, scaling did produce variable responses in slopes, which can be
observed when looking at ratings through time for individual slopes (Appendix D of Werley,
2024).

Responses to scaling include combinations of slope ratings staying the same, increasing (slope
performance worsening), or decreasing (slope performance improving), while failure frequency
and problem type scores stayed the same or decrease (improve). In all cases in which slope rating
increased after scaling, corresponding to a worsening slope performance, factors related to
consequence were the cause. The problem type score rarely increased, which corresponds to a
decrease in rockfall staying within the catchment. In all cases, failure frequency either stayed the
same or increased after scaling. Slopes that had an inspection within a year or even a month of
scaling did not have an immediate decrease in failure frequency; thus, it is unlikely that the
action of scaling biased inspectors to artificially lower failure frequency. The distribution of how
much time has passed between scaling and the very next inspection is shown in Figure 6.9.
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Figure 6.9. Distribution of time between scaling and the very next inspection, in which a
new rating is assigned to the slope. Most slopes had an inspection within a year of scaling;
however, likely not enough time had passed to assess the results of scaling, as the failure
frequency score remained the same as before scaling.

The failure frequency score may have remained the same after scaling for several reasons. In the
cases with inspections within 1-2 years after scaling, likely not enough time has passed to assess
the effects of scaling, especially because the lowest point categories correspond to one failure or
less in five years. In the cases that failure frequency stayed constant even up to 15 years after
scaling, scaling may not have been effective, the effectiveness of scaling declined before the data
was collected, or only small sections of the slope were scaled relative to the entire slope area.
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Scaling small, unstable sections of the slope may have prevented major failures but did not keep
the slope from producing rockfall in other areas, particularly following adverse weather (e.g.,
intense precipitation). This may have especially occurred in slopes that were large in surface
area, such as Slope 183, or slopes that were scaled around areas of major rockfall and not the
entire slope, such as Slope 2586. Additionally, weaker, more disintegrated rock masses with
overlying colluvium, such as Slope 3197, may produce more raveling than intact, stronger rock
masses, which would keep the failure frequency high despite scaling.

The problem type score is not considered to capture the effects of scaling as much as the failure
frequency score since the performance of the catchment should be more dependent on the
catchment geometry. Furthermore, most slopes did not have a change in average problem type
score after scaling, indicating that problem type score is more independent of scaling. Therefore,
a decrease or no change in the problem type score following scaling does not necessarily
discount the effectiveness of scaling. However, in some specific cases such as Slope 520, large
slabs that are noted in the slope documentation to reduce the ditch capacity were scaled, resulting
in an increase in the problem type score while the failure frequency remained constant. Thus, the
benefits of scaling can be included in an increased problem type score for this slope.

In the cases that slope rating and/or failure frequency improved, there was no evidence found
that explains the improvement other than scaling. Thus, when slope performance and/or failure
frequency improves, scaling is assumed to be the cause.

Since scaling is seen to improve or not affect rockfall frequency and therefore rates of physical
deterioration, the results are not inconsistent with the conceptual model for scaling. The
conceptual model indicates that rockfall frequency will return to its original state as the effects of
scaling decline through time. No scaled slopes from the WSDOT dataset experience an increased
failure frequency score after first declining; likely, not enough time has passed after scaling to
capture this effect, or the failure frequency scoring categories are too broad to capture this effect.
Alternatively, if scaling was not intensive and the next rating after scaling occurred 8-12 years
later, the temporary decrease in failure frequency may not have been captured.

6.4.3 Bolting

The 16 out of 72 slopes that were bolted reflect different changes in slope rating and hazard
components per year (Figure 6.5) than the scaled slopes. For each slope, the effect of bolting is
not isolated. All 16 slopes had additional mitigation such as wire mesh, horizontal drains,
shotcrete, rockfall fences, scaling, or even resloping.

The variable responses from bolting are also evident when examining the individual slope ratings
through time and slope summaries. Based on the results in Figures 6.5 and 6.6, failure frequency
is more controlled by bolting than the overall slope rating and problem type score. For instance,
for some slopes, slope rating increased, corresponding to a worsening slope performance, while
failure frequency decreases. Thus, consequence components of the rating that are independent of
the effects of bolting were more likely contribute to a worsening slope performance.

In all cases, the failure frequency score either remained the same or decreased after bolting; it did
not increase. Out of the slopes that had a new rating assigned within a year of bolting, none had a
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decrease in failure frequency after that inspection. Thus, it is unlikely that the installation of bolts
and other mitigation biased inspectors to artificially lower failure frequency. The distribution of
how much time has passed between bolting and the very next inspection is shown in Figure 6.10.
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Figure 6.10. Distribution of time between bolting and the very next inspection, in which a
new rating is assigned to the slope.

In some cases, the failure frequency score remained constant after bolting, even though there are
ratings from 5-20 years after bolting. Some of these slopes, such as Slope 3045, may have
bolting installed in small sections relative to the size of the entire slope area, and therefore the
bolting may not have been effective enough to change the failure frequency. Alternatively, even
with bolting in large sections relative to surface area, there may have been a reduction in failure
frequency, but frequency was still high enough to remain within the 81-points category (more
than one event per year). Other slopes had indications of frequent rockfall despite bolting and
other mitigation measures, such as damage to rockfall fences, gabion barriers, and reports from
maintenance. Failure frequency was often scored at 81 points in these cases. It is also possible
that mitigation measures may not be appropriately placed on the slope to reduce frequency, even
if designs follow best industry practices.

In other cases, failure frequency decreased after bolting. There is no evidence that disproves the
effectiveness of bolting or the combined effect of other mitigation measures in these cases. For
Slopes 1729, 1758, and 1759, the failure frequency remained constant after bolting until
approximately 15-20 years later when it decreased. This is most likely due to variability in
assessments due to different inspectors.

Since bolting either improves or does not affect rockfall frequency and therefore rates of physical
deterioration, the results are broadly consistent with the bolting conceptual model. Bolts have not
reached the end of their service life in the WSDOT slopes; thus, rockfall frequency has not
increased after bolting.
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6.4.4 Resloping

Four out of the seven resloped slopes had ratings before and after mitigation. Three slopes had a

decrease in average failure frequency and problem type, while one slope had no change in failure
frequency or problem type score (Figure 6.8). Out of the seven resloped slopes, Slope 223, 1311,
1864, and 1867 were also bolted.

Ratings through time for individual slopes also reveal that failure frequency does not increase
after resloping. No ratings were assigned immediately after resloping (Figure 6.11); thus, enough
time is considered to have passed to assess the effects of resloping. Any elevated amount of
rockfall as a result of resloping and exposing fresh surfaces to the external environment may
have occurred within five years of resloping; however, no inspections were conducted in this
timeframe.

Slopes that were resloped or cut back can be considered analogous to slopes that are excavated
for the first time. An increase in rockfall activity was expected immediately after resloping;
however, ratings may have been taken too soon or late after resloping to experience this change
in the failure frequency score. More likely, since the failure frequency score reflects major events
that reach the roadway, the failure frequency score is unlikely to capture the changing rockfall
activity as a result of resloping.
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Figure 6.11. Distribution of time between resloping and the very next inspection, in which a
new rating is assigned to the slope.

6.4.5 Data Limitations
Though the failure frequency score is used to represent rockfall frequency in this analysis, the

true rockfall frequency is better represented with an MCF curve. Four scoring categories (3, 9,
27, and 81 points) with the highest failure frequency of more than one event per year is a
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relatively coarse categorization. The interpretation of “failure” is also variable and depends on
what maintenance reports to WSDOT’s geotechnical office. A sizeable rockfall event may occur,
but if it is contained in the ditch, it is less likely to be noted. Furthermore, the effects of scaling,
bolting, and resloping on smaller rockfall events, such as volumes 1 m® or less, are unknown.

The nature of a semi-quantitative rating system may explain the lack of clear trends between
slope rating and time since excavation or mitigation found in the different sub-analyses. Ratings
are dependent on the inspector’s interpretation of rating components, which may be variable
between inspectors. The purpose of the USMS and the WSDOT rating system is to prioritize
slopes for maintenance and identify slopes that would benefit from mitigation, not necessarily to
analyze rockfall frequency and overall slope performance through time and time since
mitigation. The analyses also consider older slopes rather than younger ones, with a mean age of
20 years or older. Slopes that have a mean age closer to zero are slopes with “negative” ages
before resloping.

6.5 Conclusions

In this section, slope performance and rockfall frequency were evaluated over time since
excavation of the cut slope, considering both unmitigated slopes and the effect of mitigation
measures. The results of the analyses were ultimately compared to the conceptual models
predicting rockfall frequency as a function of time since excavation, scaling, and bolting.

The analyses were conducted using data from WSDOT’s USMS, which contained slope ratings
through time and more extensive documentation for 72 slopes. Slope performance and rockfall
frequency were found to be relatively constant over time, and failure frequency stayed the same
or decreased after mitigation on average. Based on the findings, cut slopes generally do not
experience physical deterioration or significant performance deterioration through time beyond a
certain age, which is reflected in the conceptual model for rockfall frequency as a function of
time since excavation. Slopes may reach an equilibrium level of hazard and not experience
further physical deterioration after approximately 15-20 years. Mitigation measures were seen to
improve physical deterioration rates, but commonly may not have reduced rockfall frequency to
less than one event per year for magnitudes between 1-10 m2. This provides some guidance for
setting how much rockfall frequency should change in the conceptual models.
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7.0 Relating Physical Slope Deterioration to Slope Performance Deterioration

The conceptual models developed in Section 3 predict changes in ditch effectiveness over time
and rockfall frequency over time due to excavation of the cut slope, scaling, or rock bolting.
Ditch effectiveness and rockfall frequency are typical inputs to slope risk assessments and slope
performance deterioration modeling, which forecasts changes in risk throughout time.

To relate physical slope deterioration to slope performance deterioration, the proposed
conceptual models are applied within the CDOT slope risk assessment framework developed by
BGC Engineering. Furthermore, slope performance deterioration predicted by the conceptual
models are compared to slope performance deterioration predicted by the current CDOT hazard
deterioration models using six cut slopes monitored with remote sensing. Slope performance is
represented with Annual Risk Exposure (ARE), which considers the hazard and consequences of
rockfall failure. The hazard is represented with the likelihood that rockfall reaches the roadway,
which is dependent on rockfall frequency, shadow angle (the angle between the slope crest and
road shoulder), ditch effectiveness, and mitigation effectiveness (Sala and Vessely, 2022).

The current CDOT hazard deterioration models apply a continual decrease in ditch effectiveness
and increase in rockfall frequency each year independent of the specific slope conditions. In
contrast, the conceptual models predict changing ditch effectiveness and rockfall frequency that
are dependent on the slope’s geometry and age; thus, the predicted rate of slope performance
deterioration may be more reliable (and lower) than the CDOT models.

7.1 CDOT Slope Risk Assessment Framework

In this analysis, the slope risk assessment framework developed for CDOT by BGC Engineering
is used to compare ARE forecasted by the hazard deterioration models within the slope risk
assessment framework and the proposed conceptual models. ARE is determined considering both
hazards and consequences. Hazard considers rockfall frequency, the spatial probability of
rockfall reaching the roadway, ditch effectiveness, and mitigation effectiveness (Sala and
Vessely, 2022). Consequences consider the cost of a statistical life in Colorado, vehicle operating
costs and lost wages, and the cost of maintaining the asset and clearing rockfall debris (Sala and
Vessely, 2022).

Slopes are assessed through a desktop or an in-person inspection, which serve as inputs to the
ARE calculation. Ditch effectiveness can be directly estimated by the inspector, or dimensions of
the ditch are compared to the Rockfall Catchment Area Design Guide (Pierson et al., 2001) to
estimate ditch effectiveness. Non-cumulative rockfall frequency is estimated for five rockfall
volume classes (Table 5-1). The method of estimating rockfall frequency in the absence of a pre-
existing magnitude-cumulative frequency (MCF) curve and an evaluation of this method’s
performance is detailed in Section 5. If the slope is scaled or has rock bolting, the inspector can
choose to reduce the estimated rockfall frequency. In this analysis, however, remote-sensing-
based MCF curves were used to estimate rockfall frequency for inputs in the slope risk
assessment, and the estimation method is not used. If other mitigation is present, such as draped
mesh, rockfall fences, or barriers, the algorithm directly applies a mitigation effectiveness factor
to volume classes V1 and V2 (Sala and Vessely, 2022).
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The slope risk assessment framework also includes deterioration modeling that was developed by
BGC Engineering. ARE is forecasted for any point in time by applying two hazard deterioration
models (rockfall frequency, which represents physical deterioration, and ditch effectiveness) and
cost inflation. If the slope asset is a cut slope as opposed to a natural slope, rockfall frequency
increases by 1.5% each year for each volume class. For natural slopes, the rockfall frequency
remains constant. If the slope asset is a cut slope, ditch effectiveness deterioration is also applied.
If rockfall frequency is 10 events per year or greater, the ditch effectiveness deteriorates by 3%
each year. Otherwise, the ditch effectiveness deteriorates by 1.5% each year (M. Hille, personal
communication, March 28, 2024).

7.2 Methods

To compare the changes in ARE forecasted by CDOT’s current deterioration models and the
conceptual models, these deterioration models were applied to six cut slopes in the Front Range
region of Colorado that are monitored with remote sensing. Each slope has a rockfall inventory
with at least two years of data, which has been used to develop a corresponding MCF curve
(Figure 4.2). These slopes are named Vail Pass (VP), Idaho Springs (IS), Floyd Hill (FH), E, HI,
and Manitou Springs (MS), with characteristics summarized in Section 4. Conceptual models
were applied using the mathematical relationships defined in Section 3.

Slopes HI and Manitou Springs have concrete Jersey barriers between the ditch and road
shoulder, and therefore the slope risk assessment framework applies mitigation effectiveness for
volume classes V1 and V2 for these slopes. Slopes E and HI have rock bolts installed, but the
effect of rock bolts was not considered when inputting rockfall frequency into the CDOT slope
risk assessment. Likewise, though Slopes E, HI, and Floyd Hill have had scaling performed in
the past, the effects of actual scaling efforts were not considered when inputting rockfall
frequency. Each cut slope produces more than 10 events per year.

For each case, ARE was forecasted for 5, 10, 15, 20, 30, 40 and 50 years into the future with 0%
cost inflations and 0% increase in average annual daily traffic. In other words, the “consequence”
component of risk for each slope was held constant to isolate the influence of changing hazard
per the considered deterioration models. The CDOT deterioration models were first applied to
each cut slope. In terms of physical deterioration, the CDOT models apply a 1.5% increase in
rockfall frequency and 3% decrease in ditch effectiveness each year. Ditch effectiveness is only
applied to the V1 and V> rockfall volume classes (i.e., ditch effectiveness is set to zero for larger
volumes), and V2 ditch effectiveness set to half of that for V1. Next, the ditch effectiveness
deterioration conceptual model was used in combination with the CDOT deterioration model for
increasing rockfall frequency.

Two scenarios of the time-since-excavation conceptual model were applied while still using
CDOT’s ditch effectiveness deterioration: one that assumed each cut slope had just been
excavated at the present time, and one that assumed each cut slope was 50 years in age and fully
weathered (the latter being more reflective of the actual slope conditions, given the estimated
ages of the slopes in question). In the first scenario, the remote sensing MCF parameters were
used to represent rockfall frequency after the initial increase of rockfall activity at t,. In the
second scenario, the remote sensing MCF parameters represented rockfall frequency for the
slope in its fully weathered state (i.e., constant rockfall frequency). In addition to being applied
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without any other proposed conceptual model, the time-since-excavation conceptual model was
also applied with the ditch effectiveness deterioration conceptual model for both scenarios.
Lastly, the scaling conceptual model was applied with the second time-since-excavation
scenario. In other words, the scaling conceptual model used the remote sensing MCF parameters
for a, and b, and assumed that the slope was already fully weathered.

When calculating ditch-filling rates for application of the ditch effectiveness deterioration
conceptual model, MCF parameters were assumed to be constant for simplicity, even though
rockfall activity may be increasing according to the CDOT deterioration model or the time-since-
excavation conceptual model. All slopes were also assigned an initial ditch effectiveness of 0.75.

Furthermore, unlike the CDOT deterioration model, the ditch effectiveness was applied to V,,, 4
calculated from Equation 3.13, which represents the maximum volume the ditch can be expected
to retain, and the maximum volume considered in ditch effectiveness deterioration. With that in
mind, Vail Pass, HI, and Manitou Springs had ditch effectiveness applied in classes V1-V3, while
the rest of the slopes had ditch effectiveness applied to classes V1-V2. The same value of ditch
effectiveness was applied to each of these respective classes (i.e., below V. 4, ditch
effectiveness is treated as independent of rockfall volume).

Table 7-1 displays the parameters used in each of the conceptual models. Initial rockfall
frequencies for each volume class were found by first normalizing the MCF "a" intercept
parameter in terms of a 0.1-mile length, meaning the original a was divided by the slope length
and multiplied by 0.1 mile. This was done to allow for a more direct comparison between slopes
and because the slope risk assessment framework assigns risk values for 0.1-mile-long segments
of slopes. The cumulative frequencies were then converted into non-cumulative frequencies,
since this is the form required for the rockfall frequency input in the slope risk assessment
framework provided for the analysis. Remote sensing MCF parameters for each slope and
detailed inputs for the ditch effectiveness deterioration model regarding slope-specific
geometries can be referenced in Appendix B. To note, the ditch effectiveness deterioration
conceptual model required remote sensing MCF parameters that are normalized by slope surface

area rather than 0.1-mile lengths.
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Table 7-1. Parameters used in the conceptual models.

Model Parameter Value
Ditch effectiveness DE, 0.75
Ditch effectiveness [0) 35 degrees
Ditch effectiveness Vinin.d 0.001 m®
Ditch effectiveness £, 1.85
Ditch effectiveness fs 1.3
Time-since-excavation At 20 years
Time-since-excavation t) 0 years
Time-since-excavation ko 1.5
Time-since-excavation ke 1.5
Time-since-excavation C 0.3
Scaling Vmin 1md
Scaling Vinax 100 m?
Scaling At 15
Scaling t) 0 years
Scaling k 0.75
Scaling c 0.3

7.3 Results

The resulting ARE comparisons are shown in Figures 7.1-7.3, which indicate that the current
CDOT hazard deterioration generally outputs the highest risk in terms of ARE. Rates of
deterioration in all cases are dependent on the given slope. ARE values differ at time 0 in the
cases that the ditch effectiveness deterioration conceptual model has been applied; this occurs
because the ditch effectiveness conceptual model, unlike the CDOT ditch effectiveness
deterioration, does not apply a factor of 0.5 to ditch effectiveness for rockfall volume classes that
are not V1. Furthermore, for Vail Pass, HI, and Manitou Springs, ditch effectiveness is applied to
the V3 class in addition to V1 and V2. The CDOT ditch effectiveness deterioration model applies
a ditch effectiveness of zero to classes Vs-Vs for all slopes.

Likewise, the scaling and time-since-excavation conceptual models have different ARE values at
time O in Figure 7.3. Scaling is set to occur at time 0 in Figure 7.3, causing an immediate
decrease in rockfall frequency at time 0, while rockfall frequency is constant in the time-since-
excavation conceptual model for the fully weathered slope case.

Figure 7.1 compares the ARE between different combinations of deterioration models with the
assumption that slopes were recently excavated at time 0. The time-since-excavation conceptual
model outputs a higher ARE than the CDOT hazard deterioration models until the slope reaches
equilibrium and is fully weathered. Similarly, the ditch effectiveness deterioration conceptual
model outputs a lower ARE than the time-since-excavation conceptual model and the combined
ditch effectiveness deterioration and time-since-excavation conceptual model until the slope is
fully weathered.
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Figure 7.1. ARE comparison between different combinations of deterioration models. The
“time-since-excavation” conceptual model assumes that slopes were recently excavated at
time 0. The “ditch effectiveness” deterioration conceptual model is applied with the CDOT
model for rockfall frequency increase, and the “time-since-excavation” conceptual model is
applied with the CDOT ditch effectiveness deterioration model.

The time-since-excavation conceptual model applied in Figure 7.2 assumes that the slopes are
already fully weathered,; this scenario outputs a lower ARE than the CDOT hazard deterioration
models at all points in time after time 0 since rockfall is no longer increasing. The combined
ditch effectiveness deterioration and time-since-excavation conceptual models consistently
output the lowest ARE in Figure 7.2.

Figure 7.3 provides an illustrative example of how scaling might temporarily improve the ARE
by decreasing rockfall frequency. Scaling is assumed to be effective for 15 years in this example;
after 15 years, ARE returns to the same value as predicted by the time-since-excavation
conceptual model, assuming that slopes are fully weathered and have constant rockfall
frequency.
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Figure 7.2. ARE comparison between different combinations of deterioration models. The
time-since-excavation conceptual model assumes that slopes are fully weathered. The
“ditch effectiveness” deterioration conceptual model is applied with the CDOT model for
rockfall frequency increase, and the “time-since-excavation” conceptual model is applied
with the CDOT ditch effectiveness deterioration model.
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Figure 7.3. ARE comparison between scaling conceptual model and time-since-excavation
conceptual model, assuming fully weathered slopes. The “time-since-excavation” and
“scaling” conceptual models are applied with the CDOT ditch effectiveness deterioration
model.

7.4 Discussion

Figures 7.1-7.3 indicate that the conceptual models generally produce lower ARE values than the
current CDOT hazard deterioration models across all slopes. Thus, the CDOT hazard
deterioration models are more conservative by applying both a 1.5% increase in rockfall
frequency and a 3% decrease in ditch effectiveness each year.

The CDOT hazard deterioration models may be conservative relative to the ditch effectiveness
deterioration conceptual model because the conceptual model considers more inputs that are
slope-specific, such as the MCF curve and ditch geometry. The ditch effectiveness deterioration
conceptual model predicts that ditch effectiveness will remain constant until a talus pile forms to
the point where the ditch is filled to the horizontal. If the slope has a lower rockfall frequency,
such as Idaho Springs or Floyd Hill, or a wide ditch, it will take longer for the ditch effectiveness
to begin decreasing, thereby maintaining a slower rate of increasing ARE through time. In the
cases of Idaho Springs and Floyd Hill, for example, it takes approximately 30 years before the
ditch effectiveness begins decreasing. Furthermore, though the conceptual model predicts that
ditch effectiveness deteriorates at an increasing rate, this rate is dependent on the rockfall
frequency of the slope, as represented by the MCF curve parameters. This rate may be less than
the 3% decrease in ditch effectiveness each year predicted by the CDOT model, as is the case for
all slopes except Vail Pass.
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Furthermore, in the CDOT maodel, a ditch effectiveness of zero is applied for rockfall volume
classes V3-Vs, and the ditch effectiveness is half as effective for class V2. In the conceptual
model, the ditch effectiveness is applied to a volume class depending on the largest rockfall
volume that the ditch may retain, which is dependent on ditch geometry.

The CDOT hazard deterioration models are conservative relative to the time-since-excavation
conceptual model if the slope is fully weathered, or if the total amount of rockfall frequency
increase due to excavation is small relative to CDOT’s annual 1.5% increase in rockfall
frequency. The time-since-excavation conceptual model predicts that rockfall frequency will
remain constant once the slope fully weathers, thereby resulting in a decreasing rate of
performance deterioration. Contrastingly, the rockfall frequency increases at an increasing rate in
the CDOT model.

When the ditch effectiveness deterioration conceptual model is coupled with the time-since-
excavation conceptual model, ARE values decrease further, particularly if the slope is fully
weathered. Rates of performance deterioration are higher for Vail Pass and Manitou Springs than
the rest of the cut slopes since the ditch effectiveness deteriorates at a faster rate for these slopes.

The scaling conceptual model illustrates how scaling may further reduce ARE values (Figure
7.7). When scaling is no longer effective after t; + At, scaling may be applied again at a slope if
resources allow.

7.5 Conclusions

In this section, forecasted ARE at different points of time was compared between the current
CDOT hazard deterioration models and the proposed conceptual models. The CDOT hazard
deterioration models consist of a 3% decrease in ditch effectiveness each year, and a 1.5%
increase in rockfall frequency each year. The conceptual models applied in the analysis include
the ditch effectiveness deterioration, time-since-excavation, and scaling conceptual models.

The results of the ARE comparison between different deterioration models using the baseline
cases indicate that the current CDOT hazard deterioration models are generally conservative
relative to the conceptual models. Each conceptual model and combination of conceptual models
predict lower ARE values throughout time than the CDOT models, except in the case that the
slopes are not yet fully weathered. However, once the slopes are fully weathered, the predicted
ARE is lower than the CDOT models.

Using conceptual models that are evidence-based with parameters specific to a cut slope, the rate
of predicted slope performance deterioration may be lower than what is predicted by a “one-size-
fits-all” approach. This typically results in lower predicted ARE, thereby allowing for more
distinct prioritization of slope management activities.
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8.0 Conclusions and Recommendations
8.1 Research Summary

Deterioration modeling used to forecast changes in risk in cut slopes and other geotechnical
assets is in its early stages of implementation. Therefore, existing deterioration models such as
Markov models or a constant physical deterioration rate may not be the best approach for
forecasting changes in cut slope risk. This research proposes a new deterioration framework
using conceptual models that provide evidence-based predictions of how ditch effectiveness and
rockfall frequency change through time. The conceptual models for rockfall frequency
additionally include the effect of mitigation measures, specifically scaling and rock bolting. The
ditch effectiveness deterioration conceptual model was provided with step-by-step
recommendations on how to apply the model and estimate model parameters. The ditch
effectiveness deterioration conceptual model was also evaluated using numerical modeling of 2D
rockfall trajectories and simulation of a growing talus pile in the ditch.

Rockfall activity was quantified using MCF curves for seven cut slopes in Colorado using
remote sensing-based rockfall inventories. These MCF curves can be used for hazard
assessments as well as critical inputs for initial rockfall frequency in the conceptual models. The
conceptual models ultimately predict physical deterioration, or changing rockfall activity through
time. In the absence of a remote sensing, the MCF curve may be estimated. An estimation
method developed by BGC Engineering was tested and compared against the remote sensing-
based MCF curves.

Slope performance over time and the time-since-excavation conceptual model were evaluated
using a dataset of slope ratings over time from the WSDOT USMS. This evaluation led to
preliminary guidance for estimating parameters in the conceptual model. Lastly, physical
deterioration was linked to performance deterioration using the CDOT slope risk assessment
framework and forecasting risk values at different points in time for six Colorado cut slopes.

8.2 Conclusions
From the work described above, the following main conclusions were reached:

e The ditch effectiveness deterioration conceptual model is based on the principle that ditch
effectiveness remains constant until the ditch is filled with rockfall debris so that its angle
is horizontal. Then the ditch effectiveness decreases linearly as a function of the cross-
sectional area of the talus pile forming in the ditch from rockfall debris. Once the talus
pile in the ditch reaches its angle of repose, the ditch effectiveness can be considered
zero. The ditch effectiveness deterioration rate decreases over time. Numerical modeling
(Appendix A) supports the trends shown in the conceptual model, although the
conceptual model may be conservative for shallower cut slopes with an overall slope
angle less than 45 degrees. The conceptual model may be modified to account for this.

e The time-since-excavation conceptual model predicts that rockfall frequency will

increase at the time of excavation. Then rockfall frequency increases at a decreasing rate
as the slope reaches a new hazard equilibrium, meaning a consistent weathering front
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exists within the slope. After the slope fully weathers, the underlying rockfall hazard
remains approximately constant.

The scaling conceptual model predicts that rockfall frequency will decrease at the time of
scaling, ignoring any short-term increases in rockfall frequency immediately after
scaling. As scaling loses its effectiveness, rockfall frequency will increase until it reaches
its former frequency before scaling. The rock bolting conceptual model predicts the same
trends, although rock bolts are expected to be effective for much longer than scaling.
Both scaling and rock bolting are effective for a certain rockfall volume range.

The conceptual models do not consider the effects of climate change and seasonal
fluctuations of the MCF curve. Climate change may alter physical deterioration rates, but
consideration of such an influence is outside the scope of this research.

Historical levels of rockfall activity for seven Colorado cut slopes are quantified with
MCEF curves. Differences in MCF distributions are mainly a result of lithology and
geological structure.

The BGC Engineering MCF curve estimation method exhibits up to one order of
magnitude of error and some potential improvements are suggested in Section 5.

Based on analysis of the WSDOT data, physical deterioration may cease by 15-25 years
after excavation of the cut, although the exact amount of time likely depends on
lithology. Slope performance deterioration also appears be negligible after approximately
20 years (i.e., risk remains constant when cost inflation and average annual daily traffic
increases are not considered).

The proposed conceptual models may be used to link physical deterioration to
performance deterioration within the CDOT slope risk assessment framework. Overall,
the proposed conceptual models tend to predict less slope performance deterioration than
the current CDOT hazard deterioration models, especially for existing slopes.

The amount that rockfall frequency changes as a result of excavation or scaling (ko/k¢ and
k, respectively) will have a large influence on the forecasted risk values. These
parameters also have the largest uncertainty in terms of what their recommended values
should be.

8.3 Recommendations for Implementation

The conceptual models predicting ditch effectiveness deterioration and changes in rockfall
frequency through time are evidence-based and forecasted less performance deterioration than
predicted by an example of current hazard deterioration models. Therefore, the conceptual
models are recommended to be incorporated into the current deterioration modeling and slope
risk assessment framework developed by BGC Engineering for CDOT. The models should be
incorporated in such a way that the user only needs to input the parameters described in Section
3. If CDOT is considering climate change in deterioration modeling, a separate model for hazard
evolution due to climate change should be used in conjunction with the conceptual models.
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The user may choose to apply the rockfall frequency conceptual models separately or couple the
rockfall frequency models. For instance, scaling and rock bolting can be applied to reflect a
greater reduction in rockfall frequency but assuming the slope is fully weathered. Alternatively,
the scaling and bolting models can be applied with the time-since-excavation model that assumes
the slope is still weathering.

Stronger parameter guidance for the time-since-excavation, scaling, and bolting conceptual
models is needed and may be a topic for future research. A range of plausible ky/k; and k values
for the time-since-excavation, scaling, and bolting conceptual models has the most uncertainty.
Ideal datasets to determine ranges of kq/kr and k would use remote sensing to repeatedly monitor
rockfall frequency 5-10 years after a cut slope was excavated, scaled, or bolted. Using such data,
the change in the MCF curve could be evaluated on an annual basis. These parameters should
also be fine-tuned for different rock mass and lithology types, which would require datasets
showing changes in the MCF curve over time for multiple slopes with differing characteristics.

The analyses in Section 6 provide preliminary guidance for how long after excavation the slope
may weather until a point of rockfall hazard equilibrium is reached (i.e., up to ~15-25 years).
Additionally, literature provides values for how long scaling may be effective and for the service
life of rock bolts. However, the parameter At may also be better constrained for specific rock
mass and geology types in each of the rockfall frequency conceptual models.

8.4 Adaptation of Findings to Other Geohazards

The physical deterioration modeling framework may be adapted to suit other geohazards, such as
debris flows. In the case of debris flows, a similar approach is recommended, which involves the
identification of variables used to calculate hazard that may change over time. For instance,
magnitude-frequency or MCF relationships of debris flows are also used for hazard assessment
(Liu et al., 2007; Hungr et al., 2008; Jakob and Nolde, 2024), which may change over time.
Furthermore, inverse power laws may be used to approximate the MCF distribution for debris
flows or landslides in general (Hungr et al., 2008). Magnitude is often represented by the volume
of material in the debris flow, peak discharge, or runout (Jakob, 2005; Liu et al., 2007), while
frequency may be calculated from a return period (Jakob and Nolde, 2024).

The magnitude of debris flows may depend on the following (Jakob, 2005):

e Volume of initiating failure
e Volume entrained along the transport channel
e Volumes deposited along the transport channel

If a valley has experienced multiple prior debris flows, the volume of the initiating failure may
decrease over time as the basin transitions from transport-limited to weathering-limited, thereby
changing the slope or valley’s MCF distribution. For instance, Bovis and Jakob (1999) found that
a multiple regression model used to predict debris flow frequency improved when categorizing
basins into weathering- and transport-limited, and frequency prediction for weathering-limited
basins was more prone to error. This indicates that there is a difference in MCF distributions
between these two basin types.
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The time-since-excavation conceptual model may be modified to represent debris flow frequency
as a function of time since the first known initiated debris flow, or the cumulative volume
removed in past events, and the magnitude of the event.

Mitigation for debris flows that reduce the frequency of debris flows may include diversion
structures or berms, which would have analogous impacts as rockfall mitigation measures on
rockfall MCF curves, such as scaling and bolting.
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Appendix A: Numerical Evaluation of the Ditch Effectiveness Deterioration Conceptual
Model

A.1 Introduction
To evaluate the validity of the proposed ditch effectiveness deterioration conceptual model,

numerical modeling was performed with various combinations of cut slope and ditch geometries
according to the procedure outlined in Figure A.1 and detailed in the following sections.

Construct model geometries Increase talus pile angle
based on Pierson et al. (2001) | = incrementally until angle of
design charts repose is reached
Calibrate models to Pierson et Run model and measure ditch
al. (2001) effectiveness

Change ditch geometry to Plot ditch effectiveness as
triangle representing talus pile function of talus pile angle and
| normalized talus pile volume
Compare to conceptual model

Figure A.1. Workflow for evaluation of conceptual model using numerical simulations.

A.2 Methods

Numerical modeling was performed in RocFall2 (Rocscience, 2023) using a lumped mass
analysis. All model geometries were constructed to be consistent with Pierson et al. (2001). First,
24 models were used for calibration to Pierson et al.’s (2001) design guidelines. Ditch-filling and
talus pile formation was then simulated with each cut slope angle and height and by
approximating the talus pile as a triangle. The talus pile angle was increased incrementally until
the angle of repose was reached, and the simulated ditch effectiveness was recorded for each
increment.

The 24 models used for calibration had geometries according to Table A-1 and were constructed
using Pierson et al.’s (2001) design guidelines. Ditch effectiveness was measured as the
proportion of rockfall that did not reach the road. Cut slopes were defined using coordinates with
0.1 m vertical spacing. A 0.45 m horizontal offset was included in the center of cut slopes if the
corresponding cut slope in Pierson et al.’s (2001) field testing included that offset for presplit
blasting.

Calibrated parameters are shown in Table A-2. The standard deviation applied to the model
coordinates was calibrated to represent macroscopic slope roughness and varies depending on cut
slope angle and height. Note that the standard deviation was only applied to the rock slope
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coordinates; in all models, the ditch geometry (including talus pile geometries discussed later)
was treated as fully deterministic.

Table A-1. Calibration geometries.

Target
Cut slope Cut slope . Ditch width proportion
angle height (m) Ditch slope (m) rockfall Case no.
retained
4V:1H 12.2 1V:4H 2.7 0.90 4.1
4V:1H 12.2 1V:4H 4.8 0.99 4.2
4V:1H 12.2 1V:6H 2.9 0.90 4.3
4V:1H 12.2 1V:6H 4.9 0.99 4.4
4V:1H 24.4 1V:4H 6.8 0.90 4.5
4V:1H 24.4 1V:4H 12.3 0.99 4.6
4V:1H 24.4 1V:6H 9.4 0.90 4.7
4V:1H 24.4 1V:6H 14.8 0.99 4.8
2V:1H 12.2 1V:4H 3.5 0.90 2.1
2V:1H 12.2 1V:4H 4.9 0.99 2.2
2V:1H 12.2 1V:6H 5.2 0.90 2.3
2V:1H 12.2 1V:6H 7.3 0.99 2.4
2V:1H 24.4 1V:4H 5.7 0.90 2.5
2V:1H 24.4 1V:4H 8.1 0.99 2.6
2V:1H 24.4 1V:6H 6.9 0.90 2.7
2V:1H 24.4 1V:6H 10.5 0.99 2.8
1V:1H 12.2 1V:4H 3.7 0.90 11
1V:1H 12.2 1V:4H 4.9 0.99 1.2
1V:1H 12.2 1V:6H 6.7 0.90 1.3
1V:1H 12.2 1V:6H 9.8 0.99 1.4
1V:1H 24.4 1V:4H 7.1 0.90 15
1V:1H 24.4 1V:4H 11 0.99 1.6
1V:1H 24.4 1V:6H 10.5 0.90 1.7
1V:1H 24.4 1V:6H 15 0.99 1.8

Intact weathered bedrock, gravel road, and asphalt properties from the default material library in
RocFall were initially used to represent the cut slope, ditch, and road shoulder, respectively. The
coefficients of normal and tangential restitution were altered for the ditch material to fine tune
ditch effectiveness results following adjustments to the slope coordinate standard deviation
values. The bedrock friction angle and coefficients of normal and tangential restitution were not
substantially modified, while asphalt parameters were kept fully unchanged. Since less
uncertainty is involved in the material parameters rather than the standard deviation of slope
coordinates (e.g., literature values exist for different materials), the same material parameters
were used in each model. However, there is non-uniqueness in the calibration parameters since
the scenario is underdetermined; thus, multiple sets of calibration parameters may exist.

Three rockfall groups were used in a lumped mass analysis, with masses calculated based on a
density of 2650 kg/m3 and the measured diameters from Pierson et al.’s (2001) field testing.
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Consistent with the field testing, 40%, 30%, and 30% of rockfalls had diameters of 0.3, 0.6, and
0.9 m, respectively. Five thousand spherical rockfalls were simulated with no initial velocity. All
models but Case 2.1 (Table A-1) were calibrated within £0.05 of the target ditch effectiveness.

Table A-2. Calibrated model parameters.

Property Model Value (m)
X and ¥ slope coordinate 4\,.114 15 5 m eyt slopes 0.0015
std. dev.
X and ¥ slope coordinate  4\,.114 94 4 m cut slopes 0.0030
std. dev.
X and ¥ slope coordinate  »\,.414 45 9 m and 24.4 m cut slopes 0.0021
std. dev.
X and Y slope coordinate 1V:1H, 12.2 m cut slope, 1V:4H ditch

0.0065
std. dev. slope
X and Y slope coordinate 1V:1H, 12.2 m cut slope, 1V:6H ditch

0.0075
std. dev. slope
X and ¥ slope coordinate 4\,.114 94 4 m cut slopes 0.0075
std. dev.
Material Parameter Value
Ditch Normal restitution 0.43
Ditch Normal restitution, std. dev. 0.10
Ditch Tangential restitution 0.93
Ditch Tangential restitution, std. dev. 0.01
Ditch Friction angle (deg) 10.0
Bedrock Normal restitution 0.36
Bedrock Normal restitution, std. dev. 0.04
Bedrock Tangential restitution 0.86
Bedrock Tangential restitution, std. dev. 0.04
Bedrock Friction angle (deg) 25.0

The initial geometries used for simulating ditch-filling and talus pile formation include the
following, each with the 1V:4H ditch slope, 0.99 ditch effectiveness case:

4V:1H, 12.2 m cut slope
4V:1H, 24.4 m cut slope
2V:1H, 12.2 m cut slope
2V:1H, 24.4 m cut slope
1V:1H, 12.2 m cut slope
1V:1H, 24.4 m cut slope
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To simulate talus pile formation, a talus pile was approximated as a triangle and extended from
the point the ditch met the road to the cut slope. For simplicity, the simulation of talus pile
growth assumes that rockfall debris is deposited across the entire ditch width, with more material
accumulating closer to the slope than far away.

The talus pile angle was increased incrementally according to Table A-3 until the angle of repose
was reached. In this case, the angle of repose was set to 35 degrees, or 7V:10H (Turner, 1996;
Ehrlich et al., 2021). Negative angles represent a talus pile that has not yet filled the ditch to the
horizontal. A negative talus pile angle equivalent to the ditch slope corresponds to an empty
ditch.,

Table A-3. Talus pile angles.

Talus pile angle Talus pile angle (deg)

-1V:4H -14.0
-1V:8H -7.13

Flat 0.00
1V:8H 7.13
1V:4H 14.0
1V:2H 26.6
7V:10H 35.0

The initial ditch slope geometry uses the original calibration parameters for the ditch material for
the 0.99 ditch effectiveness cases. However, after the initial geometry, the material parameters
for the ditch were changed to a bare talus pile from RocFall’s material library with a friction
angle of 35 degrees (Table A-4). This means that in all cases other than the initial geometry,
rocks are impacting talus rather than gravel of an empty ditch; thus, a change in parameters was
required to better represent rockfall kinematics. All other parameters are consistent with the
rockfall inputs from the calibration models and calibration parameters for the corresponding
geometry (Table A-2).

After running a model for each cut slope geometry and talus pile angle, the proportion of rockfall
that did not reach the road was recorded as ditch effectiveness.

Table A-4. Talus pile parameters.

Coefficient of normal Coefficient of Std dev for Friction angle (deg)
restitution tangential restitution coefficients g g
0.32 0.82 0.04 35
A.3 Results

Numerical modeling results (Figure A.2) reflect a deterioration in ditch effectiveness with
increasing talus pile angle, which corresponds to an increase in cross-sectional area of the talus
pile. To match the conceptual model, ditch effectiveness as a function of cross-sectional area of
the talus pile should be linear once the area is greater than 0 m. Recall that negative areas
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represent the empty space between the top of the talus pile and horizontal. Talus pile cross-
sectional area was additionally normalized by ditch width to allow for more direct comparison of
models with varying ditch widths.

The 4V:1H model results can be reasonably approximated as a linear trend, which agrees with
the conceptual model in Figure 3.1. Recall that a slightly convex ditch effectiveness deterioration
as a function of talus pile angle corresponds with a linear ditch effectiveness deterioration as a
function of talus pile area.

Numerical model results deviate from the conceptual model for the shallower cut slopes: 2V:1H
and 1V:1H. Both models show a slower rate of ditch effectiveness deterioration than expected. In
the 2V:1H model, the slow rate of deterioration is followed by a relatively abrupt decrease of
ditch effectiveness to zero for the 12.2 m cut slope height and to 0.24 for the 24.4 m height.

—6—12.2 m, numerical model —&—24.4 m, numerical model |
-----12.2 m, conceptual model -----24.4 m, conceptual model

1

0.5 0.5

4V:1H cut slope
0 i

-20 0 20 40
1

0.5

2V:1H cut slope

Ditch effectiveness (Proportion of rockfall retained)

0
-20 0
1 Fo— 9._“9‘ & >
0.5 0.5
1V:1H cut slope -
-20 0 20 40 0 5 10 15 20
Talus p”e angle (deg) Talus pile vol/unit slope length

/unit ditch width (m)
Figure A.2. Ditch effectiveness deterioration as a function of talus pile angle (left) and talus

pile volume normalized by slope length and ditch width (right) for numerical modeling
results and conceptual model.
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A.4 Discussion

A.4.1 Influence of Cut Slope Angle on Numerical Modeling Results and Numerical
Limitations

The steeper, 4V:1H cut slope numerical model was found to reasonably agree with the
conceptual model for forecasting ditch effectiveness deterioration. Similar to the conceptual
model, Figure A.2 shows that initial ditch effectiveness is retained for the 4V:1H cut slope until
the talus pile angle is positive, meaning above the horizontal; this is attributed to the small
increases in angle over this range being offset by a lower coefficient of restitution due to the
loose debris, particularly since a slope dipping toward the road has not yet formed.

Numerical models exhibit similar ditch effectiveness trends across different cut slope heights,

but ditch effectiveness deterioration differs substantially depending on cut slope angle. As cut
slope angles become shallower, ditch effectiveness deterioration deviates from the conceptual

model, and the conceptual model is conservative relative to the numerical modeling results for
shallower cut slope angles.

The results of the shallower cut slopes are considered unreasonable due to limitations in the
numerical modeling (Figure A.3). For example, RocFall2 cannot simulate the specific talus pile
mechanics and lacks consideration of clast-to-clast interactions. The talus pile is represented as a
continuous material, but in reality, a pile contains interlocking blocks of varying sizes and
exhibits the potential for dislodging of previously deposited rockfall debris from the talus pile.
As a talus pile approaches its angle of repose, rockfall blocks are expected to have a “one-in-one-
out” interaction with the talus pile on average. Since the talus pile is represented as a single block
of continuous material, this interaction doesn’t occur in the numerical models, leading to an
overestimation of ditch effectiveness.

Furthermore, in Figure A.2, it is observed that the normalized talus pile area increases at a faster
rate with talus pile angle for the 1V:1H cut slope, and to a lesser extent, the 2V:1H cut slope, due
to shallower cut slope angle. Thus, relative to steeper cut slopes, shallower cut slopes produce
taller talus piles when the talus pile width is assumed to span the entire ditch width. In the
numerical models, rockfall motion transitions from bouncing-dominated to rolling-dominated as
the cut slope angle decreases. As talus piles come higher on the shallower slopes, the talus pile
essentially behaves as a ramp for rockfall to roll down, and rockfall runout is primarily
influenced by talus pile friction in this case (Figure A.3C). With larger talus piles and more
rolling due to shallow cut slope angles, rockfall is less likely to bounce out of the ditch and more
likely to remain on the talus pile. In reality, considering clast-to-clast interactions, an incoming
rolling block would likely dislodge clasts in the talus pile such that some debris would end up
beyond the original ditch extent, even if it did not include the rockfall in question (Figure A.3D).
In the steeper cut slopes, rockfall motion is bouncing-dominated, which decreases the influence
of rolling friction and increases runout distance, all else being equal.
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Figure A.3. Comparison of rockfall motion in the numerical models (A and C) vs. field
conditions (B and D). Bouncing and falling rockfall motions are more present in steeper cut
slopes (A and B), while rolling motions are more present in shallower cut slopes (C and D).
However, because the talus pile is represented as a continuous, solid material, clast-to-clast
interactions which may affect ditch effectiveness are not considered. For instance, rockfall

may dislodge previous rockfall debris from the talus pile.

A.4.2 Possible Deviations from the Conceptual Model in Field Conditions

In field conditions, deviations may occur from the conceptual model for shallower cut slopes due
to possible different talus pile formation processes dependent on the cut slope angle. For
instance, in the case of steeper slopes, more bouncing will cause variable positions where
rockfall debris is deposited, causing the talus pile angle to build over time (Figure A.4).
However, in shallower cut slopes, rolling motion may result in a talus pile concentrated at the
base of the slope which expands in width and height over time while maintaining the angle of
repose (Figure A.4B). When simulating talus pile formation in the numerical models, the talus
pile was defined to span across the entire ditch width at all times and incrementally increased in
angle.

With a different talus pile formation process for shallow cut slopes (and what was simulated in
the numerical modeling), the underlying assumption of the conceptual model as described in
Section 3.3.1 would not be expected to hold, meaning the initial ditch effectiveness may be
retained even after the talus pile angle reaches zero. If the talus pile angle is at its angle of repose
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but does not span across the entire ditch width, the ditch effectiveness may be retained until the
talus pile width is approximately equivalent to the ditch width. Recommendations on how the
conceptual model may be modified to reflect this scenario are discussed previously in Section
3.3.

~

~ ~
> T I

~

Simulated talus pile formation Possible talus pile formation for
shallow cut slopes

Figure A.4. Different talus pile formation processes. The talus pile formation process
simulated in the numerical modeling (A) may apply more to steeper cut slopes, while the
alternative talus pile formation process (B) may apply to shallower cut slopes which have

rolling-dominated rockfall motion.

A.5 Conclusions

To evaluate the ditch effectiveness deterioration conceptual model, 2D rockfall trajectories and
runout were simulated in RocFall2 with cut slope and ditch geometries calibrated to Pierson et al.
(2001). The talus pile geometry was represented as a continuous triangle, and the talus pile angle
was increased incrementally until the angle of repose was reached, which was predicted to result
in a ditch effectiveness of zero. The numerical rockfall modeling results for the 4V:1H cut slope
can be considered to reasonably approximate the conceptual ditch effectiveness deterioration
model, as ditch effectiveness as a function of the cross-sectional area of the talus pile is
approximately linear in the modeling results.

The numerical modeling results for the shallower cut slope angles did not reflect ditch
effectiveness deterioration as the conceptual model proposes. This is attributed to limitations in
the numerical modeling, as well as the assumed talus pile formation process. Specifically, in the
case of shallow cut slopes where rockfall motion is dominated by rolling, talus piles may initially
form at their angle of repose and increase in width over time. Thus, ditch effectiveness would not
begin to decrease until the talus pile had grown to nearly fill the full ditch width. Possible
modifications to the conceptual model are suggested in Section 3 to account for this type of
behavior.
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Appendix B: Supplemental Material for Comparison of Slope Performance Deterioration
Using the CDOT Hazard Models and the Proposed Conceptual Models

Table B-1. Remote sensing MCF parameters for each slope used in the sensitivity analysis.
Intercept parameter, a, normalized by slope area is used for ditch effectiveness
deterioration, while a normalized by 0.1 mile is used in the time since excavation and
scaling models.

Slope a (events/yr/m?) a (events/yr/0.1 mile) b
Vail Pass 9.00x10* 7.600 0.855
Idaho Springs 1.27x10* 0.158 0.971
Floyd Hill 4.42x10° 0.341 0.734
E 1.22x10* 0.808 0.749
HI 2.02x10™ 0.994 0.922
Manitou Springs 9.00x10* 3.713 0.683

Table B-2. Ditch effectiveness deterioration model inputs.

Slope w (M) § (deg) a (deg) I, (M)
Vail Pass 5.00 15 70 60.66
Idaho Springs 2.50 15 80 18.12
Floyd Hill 2.00 10 72 44.77
E 2.75 10 80 46.09
HI 4.00 15 80 30.14
Manitou Springs 6.00 0 75 27.68
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	 1.0 Introduction 
	1.1 Background and Purpose  
	Assets along transportation corridors affect the proper functioning of the roadway and therefore must be maintained by the responsible transportation agency. In state departments of transportation in the U.S. and other transportation agencies around the world, assets are maintained systematically through specific frameworks known as asset management plans (e.g., FHWA, 2021). An asset’s physical condition often changes through time; the condition may deteriorate due to weathering processes, usage, and subseq
	Deterioration modeling forecasts changes in the state of an asset’s condition or risk through time. This allows for prioritizing assets for investment or proper maintenance in a timely manner. Routine maintenance and timely preservation of assets may prevent the transportation agency from having to pay a higher cost in the future (Dornan, 2002; Thompson, 2017).  
	Assets along a transportation corridor may include, for example, road pavement, bridges, tunnels, and geotechnical assets such as retaining walls, constructed embankments, and slopes (Thompson, 2017; Vessely et al., 2019; CDOT, 2022). Slopes may be natural or excavated to allow space for the roadway to be constructed or expanded. Additionally, slopes may be comprised of soil, rock, or a mixture of both. Rock slopes in particular pose a risk to roadway users due to rockfall, and cut slopes may experience cha
	The deterioration process of geotechnical assets such as rock slopes is not yet well understood, and the implementation of geotechnical asset management and therefore deterioration modeling is in early stages (Stanley and Pierson, 2013; Wolf et al., 2015; Salunke, 2023). Thus, the goal of this research is to propose a new approach for forecasting physical cut slope deterioration to aid in forecasting changes in slope performance. The proposed deterioration framework will consider risk variables related to r
	Full technical details and supplemental material for each analysis presented in this report are included in Werley (2024). 
	1.1.1 Deterioration Modeling  
	As previously mentioned, deterioration modeling forecasts changes in asset condition or risk through time, ultimately aiming to reduce the asset’s life cycle cost. Within transportation asset management (TAM) and geotechnical asset management (GAM), changes in asset condition or risk are typically forecasted within an engineering timeframe of approximately 10-100 years (e.g., Thompson, 2017; Boadi et al., 2022; Randall, 2022).  
	Many tools can be used in deterioration modeling, including Markov models, probability distributions, AI techniques such as case-based reasoning, and performance curves. However, in each of these methods, a lack of historical data can make it difficult to apply such models. 
	Markov models are a common method to model deterioration for traditional transportation assets and geotechnical assets, owing to their simplicity (Beckstrand et al., 2017; Thompson, 2017; Boadi et al., 2022). These models are well-established for bridges and pavement, but because geotechnical assets such as slopes deteriorate in a fundamentally different way than bridges and pavement, Markov models may not be the most effective approach. Though transition probabilities required for such models can be eviden
	Though some deterioration modeling approaches can be used to model individual components of the asset, they are commonly used to forecast changes in the total condition or risk of the slope without considering individual components. In other models, an increasing rate of physical or performance deterioration rate may be applied to the condition/risk or individual components of the slope. In both of these cases, the amount of slope performance deterioration may be overestimated, thereby causing the transport
	1.1.2 Defining Deterioration in the Context of Rock Slopes 
	Definitions of deterioration differ across studies. Broadly, slope deterioration has referred to the progressive decline in condition and physical quality of a slope due to weathering, earth and water movement, and discontinuities in the rock mass, which often leads to a decline in slope performance (Cheung et al., 2005; Thompson, 2017; Briggs et al., 2019). Throughout this report, terms related to slope deterioration are defined according to the following: 
	•
	•
	•
	Rockfall activity: Rockfall activity is represented with a given slope’s magnitude-cumulative frequency (MCF) distribution at any given point in time. Magnitude isrepresented with rockfall volume; cumulative frequency defines how often a rockfall of agiven volume or larger occurs. In general usage, the occurrence of rockfall is commonlyconsidered to be a form of “physical slope deterioration” (or processes associated withphysical deterioration); however, in this research, rockfall activity is distinguished 

	•
	•
	Physical property deterioration: The decrease over time of geotechnical properties thatdefine the slope’s mechanical behavior, such as intact rock strength. This may or may notlead to substantial increases in rockfall activity.

	•
	•
	Physical deterioration: A progressive decline in condition or physical quality of the slopethat is associated with increases in hazard over time. Physical deterioration herein isrepresented as changes in rockfall activity, or changes in the MCF distribution, over time.

	•
	•
	Performance deterioration: A progressive decline in slope performance over time,indicated by impacts on the roadway, roadway users, and the transportation agency.Performance deterioration is herein represented with changes in the slope risk, which is


	estimated based on the slope hazard and consequences on roadway users and the 
	estimated based on the slope hazard and consequences on roadway users and the 
	estimated based on the slope hazard and consequences on roadway users and the 
	transportation agency. 


	1.2 Research Scope 
	The overall research objective is to develop a framework for predicting physical slope deterioration and therefore performance deterioration. To achieve this objective, the following tasks were defined:  
	Task 1: Conduct a literature review of practices in Transportation, Geotechnical, and Slope Asset Management.  
	Slopes are geotechnical assets, and geotechnical asset management plans have been heavily influenced by previously established practices associated with transportation asset management plans. Additionally, deterioration modeling is a required component of asset management plans, and therefore the literature review conducted informs previous methods of deterioration modeling, as well as areas for improvement. Since condition or risk assessments are inputs to deterioration modeling, previous methods of condit
	Task 2: Develop conceptual models to predict physical cut slope deterioration. 
	Rockfall hazard variables that will likely change over time were identified from the Colorado Department of Transportation (CDOT) slope risk assessment framework developed by BGC Engineering. Conceptual models were developed for these hazard variables since changes in hazard will cause changes in slope performance; specifically, changes in ditch effectiveness deterioration and rockfall frequency due to time since excavation of the cut slope, scaling, and rock bolting. The findings of this objective are disc
	Task 3: Analyze historical rates of rockfall for Colorado cut slopes. 
	Analyzing and quantifying rockfall activity for Colorado cut slopes allows for hazard assessment, MCF estimation of similar slopes, and an input for the rockfall frequency conceptual models. The rockfall rates will then be used to predict physical deterioration via the conceptual models.  
	Task 4:  Evaluate a practical method to estimate rockfall frequency. 
	Rockfall frequency is a critical input to estimating Annual Risk Exposure (ARE) in the CDOT slope risk assessment framework. Rockfall frequency may be estimated from rockfall inventories built by remote sensing methods; however, creating a rockfall inventory for every cut slope is not feasible. Thus, the accuracy of a practical, rapid rockfall frequency estimation method developed by BGC Engineering was evaluated by comparing the results of the method to remote sensing-based magnitude-cumulative frequency (
	Task 5: Evaluate slope performance deterioration. 
	Slope performance deterioration over time was evaluated using a dataset from the Washington Department of Transportation’s (WSDOT) Unstable Slope Management System (USMS). The analysis of this data was used to evaluate the plausibility of the conceptual model for rockfall frequency changing as a function of time since excavation of the cut slope. The findings of this objective are discussed in Section 6.  
	Task 6: Assess the relation between physical slope deterioration and slope performance deterioration.  
	To meet this objective, slope performance predicted by the proposed conceptual models was then compared to slope performance predicted by the current CDOT hazard deterioration models within the CDOT slope risk assessment framework developed by BGC Engineering. A sensitivity analysis was also performed within the time-since-excavation conceptual model to assess how sensitive slope performance deterioration is to physical deterioration. The findings are discussed in Section 7. 
	Lastly, recommendations on how to implement these findings are discussed in Section 8. 
	 2.0 A Review of Practices in Transportation, Geotechnical, and Slope Asset Management 
	2.1 Introduction  
	Performance or physical deterioration modeling of slopes and other transportation assets in general, is a required component of an asset management plan. Therefore, to review previous and current methods of deterioration modeling of cut slopes, practices in transportation, geotechnical, and slope asset management are summarized in the following literature review.  
	Asset management is a “coordinated activity of an organization to realize value from assets” (ISO, 2014). Traditionally, transportation agencies in the U.S. have included bridges and pavements in Transportation Asset Management (TAM) plans. Over the past few years, Geotechnical Asset Management (GAM) plans are increasingly being developed for geotechnical assets, including but not limited to rock cuts, soil cuts, embankments, and retaining walls (Thompson, 2014). Thus, GAM plans are influenced by traditiona
	This section reviews the asset management framework used by the Federal Highway Administration (FHWA) and how this framework has been implemented into GAM. Specifically, the condition or risk assessment and deterioration modeling components are reviewed to better understand potential improvements in these areas. Condition/risk assessments are included because they serve as the asset’s initial state that will be forecasted in deterioration modeling. 
	2.2 Transportation Asset Management  
	Federal legislation mandates that each state department of transportation (DOT) develop a risk-based TAM plan for the National Highway System (NHS) to maintain and improve asset conditions, thereby ensuring proper functioning of the transportation system (FHWA, 2021). To achieve this, state DOTs must maintain quality information of assets and develop a decision-based framework to select appropriate “maintenance, preservation, repair, rehabilitation, and replacement actions” throughout the assets’ lifetime (
	At a minimum, TAM plans must include the following (Sanford-Bernhardt et al., 2003; FHWA, 2021): 
	•
	•
	•
	 A summary listing all pavement and bridge assets on the NHS system (i.e., an inventory) 

	•
	•
	 Asset management objectives and measures 

	•
	•
	 Performance gap identification, condition assessment, and performance modeling 

	•
	•
	 Lifecycle cost and risk management analysis  

	•
	•
	 Financial plan  

	•
	•
	 Investment strategies  

	•
	•
	 Performance monitoring (feedback) of the TAM framework 


	Any asset management plan requires an inventory. Agencies must consider which assets to 
	include, which may be guided by law, as well as what information should be included and how the information will be stored (Wolf et al., 2015). Limitations in current TAM plans exist due to incomplete inventories or massive state-wide inventories (Wolf et al., 2015), which may make data management and standardization more difficult. 
	Asset management objectives and measures delineate the goals of the agency, which also may be dictated by laws and policies. These goals should realistically reflect what the program can accomplish and lay the foundation for the rest of the TAM plan (Wolf et al., 2015). 
	Condition assessments allow for identification of performance gaps and development of deterioration models to forecast changing conditions over time. To carry out condition assessments, consistent methods need to be outlined and taught to inspectors. Furthermore, each asset class requires measurable performance indicators and methods to derive condition ratings. Historical asset condition data is largely helpful for informing condition forecasting and model validation.  
	To assess lifecycle cost and planning, a quantitative analysis should be conducted considering asset conditions, asset deterioration, impact of unfavorable events, and maintenance and preservation over asset lifecycles (Thompson, 2017). Financial planning may be performed for the short-term and long-term. Plans are developed to repair, rehabilitate, or replace assets based on condition forecasting and cost modeling (Wolf et al., 2015). 
	Though TAM plans only require consideration of pavement and bridges in the U.S., most state DOTs incorporate additional assets such as highway signs, drainage culverts, high-mast light poles, and geotechnical assets, among others (Thompson, 2017). Furthermore, some states are expanding the scope from pavements and bridges in the NHS network to all roads on the state highway network (Thompson, 2017). 
	2.2.1 Methods of Condition Assessment  
	Condition assessments are conducted to evaluate the physical state of the asset. They inform modeling of the deterioration process and likelihood of engineering failure, which aids in making maintenance decisions (IPWEA, 2015). Monitoring may be performed visually or with nondestructive testing techniques, such as remote sensing (IPWEA, 2015; Omar, 2018; e.g., Chang et al., 2018).  
	If an agency owns a large quantity of assets, conducting physical condition assessments on each one may not be feasible. Thus, a sampling approach may be taken instead and extrapolated across datasets (IPWEA, 2015). Monitoring may be prioritized for assets that are either older, more critical, or more inclined to deteriorate faster due to environmental conditions. Frequency of assessment often depends on industry guidance, but advanced data collection and condition assessment practices may be based on risk 
	A condition rating will typically be assigned from the assessment. Condition ratings of 1-5 are the most common, particularly for the purpose of deterioration modeling and in the initial stages of implementing asset management. As the asset management increases in maturity, the number of ratings may not increase, but condition assessments may use multi-criteria assessment. For 
	instance, subcomponents of the asset can be considered, as well as the extent of the defect and severity (IPWEA, 2015; Randall, 2022). 
	Ratings are determined from performance indicators, which are chosen based on the physical deterioration modes of the asset. For instance, scour is a common soil-structure interaction issue and is therefore assessed in bridges (Omar and Nehdri, 2018). Pavement performance indicators may include roughness, cracking extent, asphalt rutting, pothole area, and deflection (IPWEA, 2015; Blades, 2018). 
	Based on FHWA requirements for the National Bridge Inventory, condition ratings between 0-9 are given to each subcomponent of bridges, namely the deck, superstructure, substructure, and culvert (Boadi et al., 2022). These ratings can then be generalized into poor, good, or another intermediate rating. Pavement condition ratings may also be categorized into good, fair, or poor condition. Examples of standardized rating systems include the FHWA National Bridge Inspection Condition Rating, the Corps of Enginee
	2.2.2 Methods of Deterioration Modeling 
	Deterioration modeling forecasts a condition rating or index and presents the following benefits (IPWEA, 2015): 
	•
	•
	•
	Mitigates risk

	•
	•
	Avoids unplanned outages of the asset and allows preemptive maintenance, which isoften more cost effective than allowing the asset to fail

	•
	•
	Predicts future expenditures and investment

	•
	•
	Could extend asset service life

	•
	•
	Enables understanding of deterioration process

	•
	•
	Allows for assessment of probability of failure

	•
	•
	Allows for assessment of the remaining life of an asset


	Four general categories of deterioration models exist (Morcous et al., 2002; IPWEA, 2015; Omar, 2018):  
	•
	•
	•
	Deterministic: The relationship between factors affecting deterioration and condition ismodeled with mathematics or statistics; however, this model does not account foruncertainty or randomness.

	•
	•
	Stochastic: This model is similar to deterministic but accounts for randomvariables/uncertainty. For instance, a specified condition rating is not assumed at aparticular asset age.

	•
	•
	Artificial Intelligence (AI): Data-informed computer-based techniques.

	•
	•
	Mechanistic: Describes a specific deterioration mechanism.


	Deterministic models are created by plotting condition against time and using a regression to fit the data. They most often model deterioration without the influence of maintenance (IPWEA, 2015). 
	Stochastic models involve the use of probability distributions and Markov chains. Probability models describe “probabilities associated with all values of a random variable,” which may be a condition rating of a bridge subcomponent, for example (Omar, 2018). Probability models are limited in that the distribution of the random variable needs to be known. This is commonly overcome with approaches such as a Monte Carlo simulation (IPWEA, 2015; Omar, 2018). 
	Model accuracy is informed by expert judgement or past data. However, past data can only be used when the asset and current environmental conditions are similar to the past, which is often not the case (e.g., due to climate change). As more data is collected, the model should be altered to more accurately reflect the deterioration that is occurring (IPWEA, 2015).  
	Markov chains are the most common tool for deterioration modeling due to their simplicity (Figure 2.1), which defines asset condition states and obtains the probabilities of an asset transition to one state or another during some time period, typically an inspection period (Morcous et al., 2002; e.g., Boadi et al., 2022). Advantages to Markov models include the following (Mirzaei et al., 2014; Boadi et al., 2022): 
	•
	•
	•
	 They are the simplest model that still accounts for uncertainty.  

	•
	•
	 Transition times from one state to the next can be estimated from inspection database with a timeframe less than the asset lifespan.  

	•
	•
	 Transition times are calculated algebraically, and Markov models allow the investigation of other variables that influence deterioration. The data would be divided into different classes of that variable. 


	Figure
	Figure 2.1. Visualization of Markov chain process, where P represents the probability of going from one state to the next or staying within the same state. For instance, P1,2 is the probability of going from State 1 to State 2, and P1,1 is the probability of remaining in State 1 (after McKibbins et al., 2019). 
	Limitations of Markov models include the following (Morcous et al., 2002, Thomas and Sobanjo, 2013, Han, 2021): 
	•
	•
	•
	Transition rates only depend on current condition, not asset history (“memorylessness”).

	•
	•
	Transitions into lower, more deteriorated states may not reflect variables contributing todeterioration.

	•
	•
	Some models assume constant population, which may not be realistic.

	•
	•
	Some methods model discrete transition time intervals.

	•
	•
	Directly modeling repairs to the asset and therefore condition improvement is difficult tomodel.

	•
	•
	Models are difficult to update with new information (such as from a recent inspection).


	To overcome Markov limitations, several methods of mixed-Markov or semi-Markov models exist, along with other methods such as AI (Mocous et al., 2002; Thomas and Sobanjo, 2013; Lin et al., 2019; Han, 2021). For instance, Markov chains may be used with Bayesian methods and Monte Carlo simulations. Despite these alternative methods, only Markov and Weibull models have been used and validated at the production-level for bridge systems (Boadi et al., 2022). 
	2.3 Geotechnical Asset Management 
	Geotechnical assets include natural slopes, cut slopes, embankments, retaining walls, or constructed subgrades that contribute to or impact the performance and operation of the transportation system (Thompson, 2017; Vessely et al., 2019). These assets can be further divided into sub-assets based on material or length, for example. The ultimate goal of GAM, like TAM, is to reduce lifecycle cost across the whole system (Sanford-Bernhardt et al., 2003). If GAM plans are written in a structure consistent with T
	Several frameworks exist internationally for designing and implementing GAMs, and many GAMs have been established (e.g., Waseem et al., 2022). Several states in the U.S. have written GAM plans since 2017 (e.g., Thompson, 2017; Oester et al., 2019; Macedo et al., 2023; Gautreau et al., 2023; Mines et al., 2023;). However, few discuss and account for the interaction between geotechnical assets and traditional assets such as pavements and bridges.   
	2.3.1 Methods of Condition Assessment 
	Geotechnical condition assessments serve the same purpose as traditional transportation condition assessments. Condition states are mainly defined on a qualitative basis by describing physical characteristics or active hazards of the asset, potentially leaving room to develop a more rigorous, quantitative metric to aid in defining condition states. For instance, a common method includes a ground inspection to assign a predefined condition based on specific characteristics, followed by a quantification of th
	Parameters that comprise a visual assessment may vary for each type of geotechnical asset. For 
	instance, the Alaska DOT considers the following factors for the corresponding asset (Thompson, 2017): 
	•
	•
	•
	Rock slopes: Ditch effectiveness and rockfall activity

	•
	•
	Soil slopes: Roadway displacement, affected length of roadway, movement history

	•
	•
	Retaining walls: Vertical and horizontal wall alignment, impacts to roadway

	•
	•
	Material sites: Proximity, quality, and quantity of materials for each maintenance section


	Depending on these parameters, assets may be placed into one of five categories that might be labeled as good, fair, or poor, and then quantified using a condition index if needed. A range of condition indices would already be assigned to a category based on the asset type (Thompson, 2017). Other methods may divide assets into sub-assets, and quantify a condition score based on location, length, and characteristics prevalent to failure (e.g., Randall, 2022).  
	Consistency in assigning condition states and recording historical condition states for deterioration model validation is particularly important. Inconsistent condition assessment may arise naturally as different geotechnical or geological engineers assess a site, and the impact of this inconsistency on deterioration modeling is largely unknown.  
	Remote sensing techniques have recently been proposed as alternatives or supplements to visual inspections (e.g., Wolf et al., 2015; Martinovic et al., 2016; Pritchard et al., 2018; Salunke et al., 2023; Wollenberg-Barron et al., 2023). Remote sensing methods would serve as performance monitors and ideally “streamline” the inspection process within GAM (Salunke et al., 2023; Wollenberg-Barron et al., 2023). This would limit bias and variability, as well as reduce cost in the long-term (Martinovic et al., 20
	2.3.2 Methods of Deterioration Modeling 
	Examples of current work in geotechnical asset deterioration modeling make use of statistical methods (Power et al., 2016; Thompson, 2017; Randall, 2022; Briggs et al., 2022). Markov models specifically are implemented in GAM since they are widely used in TAM and are simple to use (Thompson, 2017; Randall, 2022). However, geotechnical assets may have more variables that affect deterioration than traditional transportation assets. To compare deterioration rates for different mitigation cases or geologic mate
	Markov modeling presents some limitations in the context of GAM. For instance, assuming that future condition states depend only on the present condition state does not take into account the original date of construction or design of the asset. Newly constructed assets designed with better technology and expertise may perform better than older assets, thereby exhibiting slower deterioration rates. Another potential drawback in statistical modeling of deterioration of 
	geotechnical assets is the lack of asset condition history and small datasets, possibly resulting in reliance on expert speculations rather than firm data (Thompson, 2017).  
	Conceptual deterioration models include performance curves (Figure 2.2) (e.g., Thurlby, 2013; Briggs et al., 2019; Spink, 2019). Performance curves can be fit to a specific asset using a more quantitative hazard function with the aid of numerical modeling, laboratory tests, and information from inspections (e.g., Briggs et al., 2019). However, creating a performance curve for a specific asset or cohort of assets proves difficult, as a thorough understanding of the physical process of deterioration is also n
	Figure
	Figure 2.2. Generalized conceptual deterioration model showing lifecycle stages and corresponding asset performance. Performance curves may be adjusted to reflect a specific asset (after Spink, 2019). 
	2.3.3 Current Limitations in GAM 
	GAM remains in its early stages of development and implementation (Salunke, 2023). Certain challenges persist from modeling GAM after TAM:  
	•
	•
	•
	Collecting inventory data: Inventories can be large, incomplete, or contain impersistentrecords due to a lack of standardized condition assessments and improved data collectionover time (Anderson and Rivers, 2013; Wolf et al., 2015).

	•
	•
	Conducting condition assessments: Standardized methods of condition assessment arelacking, especially on the national level; efficient and reliable methods of measuring andtesting performance data are difficult to standardize (Anderson and Rivers, 2013).

	•
	•
	Forecasting conditions and deterioration modeling: Geotechnical asset lifecycle is poorly


	understood (Stanley and Pierson, 2013; Wolf et al., 2015). Though Markov models are 
	understood (Stanley and Pierson, 2013; Wolf et al., 2015). Though Markov models are 
	understood (Stanley and Pierson, 2013; Wolf et al., 2015). Though Markov models are 
	used due to their wide usage in TAM, transition rates are uncertain and derived from expert judgement. Performance curves do not model random events that substantially affect deterioration well.  


	Steps have been made to create standardized performance measurements and condition assessments for pavement, bridges, and geotechnical assets. These guides may be found in National Cooperative Highway Research Program (NCHRP) and FHWA manuals (Anderson and Rivers, 2013). Furthermore, individual state agencies may implement their own standardized methods.   
	2.4 Rock Slope Asset Management 
	Slope asset management plans are similarly modeled after TAM and GAM practices (e.g., Montana DOT (MDT) per Beckstrand et al., 2017; Wisconsin DOT per Anderson et al., 2022). Current inventories of rock slope data often exist from use of the Rockfall Hazard Rating System (RHRS) (Pierson, 1991) or similar systems, and recent work in slope asset management aims to incorporate this type of data into slope asset management plans as described below. 
	2.4.1 Methods of Condition Assessment 
	Since being developed in the 1980s, the RHRS has been used to assess rock slopes to identify rockfall risk and prioritize slopes. The RHRS varies and may be modified differently for each agency that uses it, but the general concept is that slopes are assessed based on rating several attributes that pertain to rockfall likelihood and consequence (Anderson et al., 2017b).   
	The historical use of RHRS means that many state DOTs have pre-existing inventories of slopes, overcoming a major obstacle of asset management. The use of RHRS can be considered as the precursor to slope asset management. RHRS may possibly be converted into condition states and inform relationships between asset condition, mitigation cost, and risk (Beckstrand and Mines, 2017). When estimating rock slope conditions from RHRS scores, researchers found that ditch effectiveness and rockfall activity were the m
	RHRS primarily focuses on rockfall activity and provides an approximate risk proxy rather than a robust risk estimate. Therefore, slope condition assessments for asset management may need to be expanded upon. The MDT slope asset management plan employs the use of condition ratings of 1-5 that corresponds to either good, fair, or poor, as well as a condition index from 0-100 (Beckstrand et al., 2017). Other research focuses on correlating rock slope condition with mitigation cost and adverse event likelihood
	Slope mitigation measures or reinforcement systems (e.g., rock bolts, wire mesh, rockfall fences) are not well accounted for in deterioration modeling (Lane, 2006) or GAM practices. They may be treated and assessed as a separate asset altogether (Beckstrand et al., 2019; Arndt et al., 2016). Studies have investigated modes of deterioration and ways to incorporate mitigation measures into asset management plans (e.g., Lane, 2006; Fishman and Withiam, 2011). The 
	implementation of ground support asset management plans for underground construction and mining has also been proposed, which would seek to assess ground reinforcement lifetimes (Wellman et al., 2023). This could inform the lifecycle of some shared mitigation measures, such as rock bolts.  
	Though historically asset management plans have used condition indices to represent the physical state of the asset, which are then binned into condition states, some agencies such as CDOT now seek to measure the annual risk amount in dollars of a slope (e.g., AEM, 2020). Unlike condition states, risk measurements consider the hazards and consequences of an event and may be more useful to agencies. For instance, a condition state may communicate the physical state of a cut slope, but not the potential impac
	2.4.2 Methods of Deterioration Modeling  
	Markov modeling is also used in slope asset management to predict changes in condition states due to its simplicity (Beckstrand et al., 2017). One area of potential improvement in deterioration modeling is incorporating the effects of mitigation measures. Several state DOTs use a separate treatment model that predicts the costs and effects of mitigation for each condition state, but this mainly contributes to computation of lifecycle cost (Thompson, 2017). Furthermore, the lack of historical data on geotech
	Numerical simulations and Bayesian models are also used to understand rock and soil slope deterioration processes to create performance curves (e.g., Postill et al., 2021; Briggs et al., 2022; González et al., 2023), though they are more complex and often site-specific.   
	Other deterioration models may provide a constant rate of deterioration to individual components of the slope or risk score, such as rockfall frequency, ditch effectiveness, and cost inflation. 
	2.5 Conclusions  
	Traditional TAM has developed over decades, with states required to manage their pavement and bridges since the early 1990s. More recently, efforts have been ongoing to develop GAM frameworks, and states have started implementing them into existing TAM plans. Thus, GAM plans are modeled after TAM, with experts applying what they know from condition assessments and deterioration modeling in TAM to GAM. Many condition assessment methods are based on visual factors with ongoing research on potential remote sen
	validation as well as condition history is lacking in geotechnical asset inventories. Furthermore, agencies may still be discerning what type of performance indicators are measurable and most helpful in deterioration modeling for geotechnical assets.  
	In the context of slopes, existing inventories from an agency’s RHRS may provide a practical starting point in slope asset management. Though a RHRS is not completely adequate for assigning condition states or assessing risk, experts have researched correlations between RHRS scores, condition states, and estimating mitigation or treatment costs. Furthermore, RHRS has allowed agencies to determine that ditch effectiveness and rockfall activity are thus far meaningful performance indicators for slopes. Howeve
	For both slopes and geotechnical assets in general, mitigation components (e.g., slope support) and geologic material influences are not well reflected in deterioration modeling. Furthermore, standardized condition or risk assessments across different states would be helpful in developing validated deterioration modeling. Focus in these areas may aid in the improvement of a practical deterioration modeling framework for slope asset management.  
	 3.0 Development of Conceptual Models to Predict Changes in Ditch Effectiveness and Rockfall Frequency through Time 
	3.1 Introduction 
	Common practice for physical or performance deterioration modeling of geotechnical assets includes using stochastic Markov models to forecast changes in condition states or risk values. While transition probabilities into different states may be evidence-based, Markov models only consider the present state of the asset rather than its past state to forecast changes in condition or risk (Thomas and Sobanjo, 2013). Furthermore, by applying deterioration to an entire condition state or risk value rather than i
	To develop the conceptual models that aid in forecasting the slope’s hazard and therefore the overall risk value, variables that are involved in calculating hazard and are related to the slope were first identified using the CDOT slope risk assessment (Sala and Vessely, 2022). Variables related to the consequences component of risk are generally economic or unrelated to the slope, and are therefore outside of the scope of this research.  
	3.2 Identification of Hazard Variables and their Tendency to Change through Time 
	Hazard variables relating to the slope were first identified from the CDOT slope risk assessment, as well as the likelihood that these variables may change over time (within ~100 years), thereby changing risk values (Table 3-1). 
	Table 3-1. Slope hazard variables used to calculate risk (Sala and Vessely, 2022). 
	Variable 
	Variable 
	Variable 
	Variable 
	Variable 

	Likely to change? 
	Likely to change? 



	Shadow angle* 
	Shadow angle* 
	Shadow angle* 
	Shadow angle* 

	No 
	No 


	Ditch effectiveness 
	Ditch effectiveness 
	Ditch effectiveness 

	Yes 
	Yes 


	Rock mass type 
	Rock mass type 
	Rock mass type 

	No 
	No 


	Magnitude-frequency relationship of rockfall 
	Magnitude-frequency relationship of rockfall 
	Magnitude-frequency relationship of rockfall 

	Yes 
	Yes 


	Mitigation effectiveness 
	Mitigation effectiveness 
	Mitigation effectiveness 

	Yes 
	Yes 




	Ditch effectiveness is expected to change over time as the ditch fills up with rockfall debris, thereby reducing the capacity of the ditch. When the ditch is cleaned, ditch effectiveness may increase again.  
	Rockfall frequency is expected to change as a function of time since excavation of the cut slope, scaling, and rock bolting. In the case of excavated cut slopes, physical deterioration or increased rockfall may occur due to released confining pressures, fresh exposure to the external environment, and the cut slope approaching a new equilibrium (Nicholson et al., 2000; Huisman et al., 2011). Lithology affects the degree of weathering and disturbance a cut slope will experience from excavation largely due to 
	Some methods for quantifying or assessing weathering effects on recently constructed slopes have been developed (Hack and Price, 1997; Nicholson, 2000; Ersöz and Topal, 2018b) and report that weathering most strongly influences intact rock strength, spacing of discontinuities, and shear strength along discontinuities by lowering these values. In the development of the Slope Mass Rating, Romana (1993) acknowledges that natural slopes are more stable due to long-term erosion rates that are approaching steady 
	In the case of scaling, or the intentional removal of loose rocks from slopes by hand tools or machinery (Beckstrand et al., 2020), rockfall frequency may temporarily reduce rockfall frequency. Since the effects of scaling are short term, it must be repeated at a specified interval of time (TRB, 2018; Beckstrand et al., 2020). some expert judgement estimates that scaling effectiveness may range from 2 to 10 years in the absence of other mitigation measures such as rock bolt installation (Andrew and Pierson,
	Rock bolts are a form of stabilization that consist of tensioned or passive elements that aid in holding rock blocks in place. Construction for stabilization such as installation of rock bolts may cause disturbance and increased rockfall as the slope readjusts (Weidner and Walton, 2021) in the months following construction. In the long term, however, rock bolting is expected to decrease rockfall frequency of magnitudes dependent on the rock bolt spacing. Since rock bolts have a finite service life, rockfall
	Rock bolts may have life spans of tens of years. Longevity depends on the rock mass and reinforcement exposure to corrosiveness, and therefore the environment. Increased humidity, groundwater, fluctuating temperatures, and wetting-drying cycles increase corrosion rates (Kendorski, 2003; Lane and Fishman, 2005; Jiang et al., 2014). Longevity also depends on the type of anchor and degree of protection, for instance, the type of grout used and the free, unbonded length of the bolt (Lane and Fishman, 2005; Fish
	Stabilization considered in the “mitigation effectiveness” variable includes rockfall fences, concrete barriers, and draped mesh. Though the mitigation effectiveness of these measures likely decreases through time due to corrosion and repeated impact (Sasiharan et al., 2006; Luciani et al., 2018; Patnaik et al., 2019; Scavia et al., 2020), they are not directly related to the slope and are outside the scope of this research.  
	3.3 Conceptual Models 
	Considering the findings above, conceptual models were developed for ditch effectiveness deterioration and rockfall frequency changing as a function of time since excavation, scaling, and rock bolting. Each following subsection presents a conceptual model and the corresponding parameterization so that the model may be implemented for specific cut slopes.  
	3.3.1 Ditch Effectiveness Deterioration Conceptual Model 
	Figure 3.1 represents the ditch effectiveness deterioration conceptual model. This conceptual model is based on the assumption that initial ditch effectiveness, DE0, is maintained until rockfall debris fills the ditch such that its angle is horizontal with a debris cross-sectional area of A0. Ditch effectiveness is maintained until this point under the assumption that any influences of an elevated catchment surface are approximately offset by the reduced coefficient of restitution of a loose debris layer (i
	To apply the model and forecast changes in ditch effectiveness deterioration, the following steps are required: 
	1.
	1.
	1.
	Estimate the initial ditch effectiveness, DE0.

	2.
	2.
	Calculate the cross-sectional area of the talus pile needed to create a talus pile angle ofzero.

	3.
	3.
	Calculate the cross-sectional area of the talus pile when the talus pile is at its angle ofrepose, Aφ.

	4.
	4.
	Derive an equation for ditch effectiveness deterioration as a function of cross-sectionalarea of the talus pile.

	5.
	5.
	Express ditch effectiveness as a function of time. This involves estimating the volumetricflux of rockfall from the slope and the amount of time for the talus pile angle to becomezero, t0.


	Figure
	Figure 3.1. Conceptual model for ditch effectiveness deterioration. A: Ditch effectiveness deterioration as a function of the cross-sectional area of the talus pile. B: Ditch effectiveness deterioration as a function of time. C: The state representing initial ditch effectiveness, wherein the ditch is empty. D: The state representing a ditch effectiveness of zero, wherein the talus pile angle in the ditch has reached its angle of repose. 
	3.3.1.1 Represent Ditch Effectiveness as a Function of Cross-Sectional Area in the Talus Pile 
	Representing ditch effectiveness as a function of cross-sectional area of rockfall debris in the talus pile corresponds to Steps 1-4 above. The points (A0, DE0) and (A0, 0) can be used to derive a linear equation for ditch effectiveness.  
	For Step 1, initial ditch effectiveness, DE0, may be estimated from expert judgement or pre-existing literature and design guidelines, such as the design charts presented in Pierson et al. (2001) (e.g., Figure 3.2).  
	Figure
	Figure 3.2. Ditch design chart for a 12.2 m high 4V:1H cut slope, adapted from Pierson et al. (2001). Impact refers to the horizontal distance from the base of the cut slope to where the rock first hits the catchment area, not necessarily the final resting place. 
	In Figure 3.3, ditch geometry is defined by δ, α, lb, and w, which represent the absolute value of the ditch slope angle, cut slope angle, backslope length, and ditch width, respectively. If the cut slope angle, ditch width, or ditch slope angle is unknown, they should be measured or estimated, for instance, with airborne lidar data, satellite imagery, or through an in-person field visit. 
	Equation 3.1 represents the cross-sectional area of an empty ditch (between the ditch base and the horizontal): 
	Aempty = - (0.5w tan(δ)[w + w tan(δ)tan(αc)])
	(3.1) 

	where αc is the complement of α. 
	Note that the convention A0=0 is used for Step 2. With this convention, negative cross-sectional areas are used to represent empty space between the top of the talus pile and the horizontal, prior to the formation of a horizontal surface due to infilling. Correspondingly, negative talus pile angles represent states where the ditch has not yet filled to the point where it is flat.  
	Figure
	Figure 3.3. Approximation of talus pile geometry when talus pile angle is zero. 
	Note that all equations in this paper define angles in degrees; radians may be used if all instances of 90 degrees in equations henceforth are replaced with the equivalent value in radians, 1.57 (π/2). 
	To calculate Aφ in Step 3, Equation 3.2 is used and corresponds to Figure 3.4: 
	Aφ = 0.5 sin(φ)[w + w tan(δ)tan(αc)]2[cos(φ) + sin(φ)tan(αc+φ)]
	(3.2) 
	Where φ is the angle of repose, which can be selected from typical values provided in the literature (e.g., φ= 34 to 37 degrees per Turner, 1996; Erlich et al., 2021). Per the convention that A0= 0, Equation 3.2 provides the talus pile cross-sectional area above the horizontal; thus, the total cross-sectional area of all material in the talus pile is equal to the difference between Aφ and Aempty. 
	Now that the points (A0, DE0) and (Aφ, 0) are obtained, Step 4 can be accomplished to derive a linear rate of ditch effectiveness with respect to cross-sectional area: 
	rA= - (DE0 /Aφ) 
	(3.3) 
	Figure
	Figure 3.4. Approximation of talus pile geometry when talus pile is at its angle of repose. Equation 3.2 does not include the shaded area. 
	A linear equation for ditch effectiveness can now be defined: 
	DE(A) = DE0     A ≤ A0 
	(3.4a) 
	DE(A) = DE0 - (DE0/Aφ)  A > A0 
	(3.4b) 
	3.3.1.2 Express Ditch Effectiveness as a Function of Time  
	Ditch effectiveness can be expressed as a function of time (Step 5), which allows ditch effectiveness deterioration forecasting. Ditch effectiveness is assumed to be zero once the talus pile angle has fully formed to its angle of repose; thus, the rate at which the talus pile grows depends on the rate of rockfall coming off the slope. However, the amount of rockfall that enters and stays in the ditch depends on the current ditch effectiveness at any given point in time. Therefore, the rate of ditch effectiv
	dDE / dt = nDE 
	(3.5) 
	where n represents a constant related to ditch geometry and the rate of rockfall. Equation 3.5 is a differential equation with the following solution for t>t0: 
	DE(t) = DE0e n(tr)
	(3.6) 
	where tr is the difference between t and t0. 
	Note that time in Equation 3.6 is referenced to t0, since ditch effectiveness begins decreasing at t0, and DE0 represents the initial condition at this point in time. To solve for n, consider the simplified case where DE0= 1, or 100%. The initial rate of ditch effectiveness deterioration as a function of time will be directly proportional to the rate of ditch effectiveness deterioration as a function of cross-sectional area, since 100% of rockfall is retained in the ditch. In particular, these values are re
	n = rrfrA 
	(3.7) 
	However, in the case DE0 ≠ 1, not all rockfall volume enters the ditch. With this in mind, and to ensure Equations 3.5 and 3.6 are satisfied for all cases of DE0, Equation 3.7 is generalized by multiplying the initial slope by DE0 such that n can be more generally defined per Equation 3.8: 
	n = rrfrADE0 
	(3.8) 
	Now t0 and rrf must be estimated to complete the equation of ditch effectiveness deterioration as a function of time. The time it takes for the talus pile angle to become zero, or the amount of time the initial ditch effectiveness remains can be found by relating the cross-sectional area of the talus pile at this point to rrf (Equation 3.9): 
	t0 = - (Aempty/rrf)
	(3.9) 
	To estimate rrf, an MCF distribution is needed (Hungr et al., 1999; van Veen et al., 2017; Graber and Santi, 2022): 
	F(V) = aV-b
	(3.10) 
	where F(V) represents frequency of events with volume greater than or equal to V per unit time as a function of V, and a and b are intercept and scaling exponent constants, respectively. Equation 3.10 indicates that rockfall frequency is higher for smaller rockfall volumes than larger volumes. 
	The MCF distribution may be derived from rockfall inventories reporting the date of the rockfall and volume. Inventories may be built from remote sensing methods (e.g., DiFrancesco et al., 2020), manual rockfall identification and volume estimation (e.g., Imaizumi et al., 2020), dendrochronology (e.g., Stoffel et al., 2005), or previously documented rockfall reports (e.g., Bajni et al., 2021). In the absence of a rockfall inventory, MCF estimation methods may be used, such as the method described and evalua
	Once an MCF curve is obtained and normalized by slope surface area, it is integrated over a relevant volume range, [Vl, Vu] (Hantz et al., 2003; Hantz et al., 2020). To obtain a rockfall ratein terms of cross-sectional area per time consistent with the conceptual model, the rate should be multiplied by the backslope, lb. A bulking factor is additionally included to account for porosity in the talus pile: 
	rrf = [ab/(d)][Vld - Vud]lbfB
	(3.11) 
	where d is equal to one minus b. 
	A starting value of 1.3 for fB is recommended (Apted et al., 2006; Lato et al., 2015); however, reasonable bulking factors may range from 1.2-1.7 depending on slope material (FHWA, 2007). 
	Note that that for the specific case of b = 1, Equation 3.11 is undefined, and Equation 3.12 must be used instead (after Hantz et al., 2020): 
	rrf = a ln|Vl/Vu|lbfB
	(3.12) 
	To use Equations 3.11 or 3.12, one needs to determine minimum and maximum volumes that are relevant to the ditch-filling process. Including smaller volumes provides a larger range of volumes considered, which may increase the rate of ditch effectiveness deterioration. Inclusion of large volumes relative to ditch size may cause the ditch effectiveness to instantly arrive at zero. Physically, the minimum volume may represent the smallest credible volume that will more likely land on the talus pile than land s
	Vu = (fww)1.8
	(3.13) 
	where w represents ditch width in meters and fw represents a scaling factor for ditch width. For cut slopes in Colorado, a scaling factor of 1.7-2.0 may be appropriate; in the absence of further information, 1.85 is recommended as a starting value. Realistically, Vu also depends on the slope height, slope angle, and launching features, as these factors determine the energy and final impact distance of rockfall. However, due to lack of empirical data and for simplicity, these factors are omitted. 
	The user is recommended to select a minimum volume, Vl, in the range of 0.0001-0.1 m3.
	3.3.2 Time-Since-Excavation Conceptual Model  
	The remaining conceptual models focus on how rockfall activity of a slope, represented by the MCF curve, changes through time. Figure 3.5 represents the time-since-excavation conceptual model in cumulative frequency-time space and cumulative frequency-volume space. Rockfall activity increases as soon as the cut is excavated at time t1, which is represented by an upwards shift of the MCF curve, or an increase in the original intercept parameter a0 by a factor of k0. Rockfall activity continues increasing ove
	Figure
	Figure 3.5. Change in rockfall frequency according to the time-since-excavation conceptual model.  
	The time-since-excavation conceptual model assumes pure translation of the MCF curve rather than a combination of rotation and translation. This implies that the relative distribution between small and large rockfalls does not change (Graber and Santi, 2022). Pure translation was chosen for this conceptual model for simplicity and since the intercept parameter a represents overall rockfall activity (Guerin et al., 2020), an increase or decrease in a is expected if the weathering profile changes. For instanc
	Rockfall frequency over time in the time-since-excavation conceptual model is represented by Equation 3.14, where the mathematical form of the middle two components of the piecewise function were modeled after equations developed by Walton and Diederichs (2015), originally in the context of rock dilatancy: 
	f(t,V) = a0V-bt < t1 
	(3.14a) 
	f(t,V) = a1(t)V-bt1 ≤ t < t1 + ∆t e(f)/c
	(3.14b) 
	f(t,V) = a2(t)V-bt1 + ∆t e(f)/c ≤ t ≤ t1 + ∆t
	(3.14c) 
	f(t,V)= a0k0kfV-b       t > t1 + ∆t 
	(3.14d) 
	where t is time, V is rockfall volume, a0 is the initial MCF intercept parameter, t1 is the time of excavation, k0 is a factor that a0 changes by as a result of excavation (generally, k0 ≥ 1), ∆t is the amount of time it takes for the slope weathering state to reach an equilibrium, c defines the curvature of the rockfall frequency function through time, f is equal to c minus one, kf is the factor that a0k0 changes by once the slope is fully weathered (generally, kf ≥ 1), and a1(t) and a1(t) are represented 
	a1(t) = a0k0 + [(a0k0kf - a0k0)/∆t](t - t1)(c/e(f)/c)
	(3.15) 
	a2(t) = a0k0+ (a0k0kf - a0k0)(c ln((t - t1)/∆t) + 1)
	(3.16) 
	3.3.3 Scaling and Rock Bolting Conceptual Models 
	Figure 3.6 represents the scaling conceptual model in cumulative frequency-time space and cumulative frequency-volume space. Rockfall frequency immediately decreases at the time of scaling, t1, and increases as scaling loses its effectiveness over time. At t1+∆t, scaling is no longer effective, thereby causing rockfall frequency to return to its original state. The initial decrease in rockfall frequency is demonstrated in frequency-volume space by a downward shift of the MCF curve, ∆f, which is reflected in
	Figure
	Figure 3.6. Change in rockfall frequency according to the scaling conceptual model. 
	Figure 3.7 represents the rock bolting conceptual model, which contains the same parameters as the scaling conceptual model. Bolting, however, is expected to be effective for a longer amount of time than scaling.  
	Figure
	Figure 3.7. Change in rockfall frequency according to the rock bolting conceptual model. 
	The effect of scaling and bolting on rockfall frequency through time is represented with Equation 3.17 (after Walton and Diederichs, 2015): 
	f(t,V) =  a0V-b0         V < Vmin, V > Vmax 
	(3.17a) 
	f(t,V) = a0V-b0           t < t1, t > t1 + ∆t,  Vmin ≤ V ≤ Vmax 
	(3.17b) 
	 f(t,V) = a1(t)V-b(t)     t1 ≤ t < t1 + ∆t e(f)/c, Vmin ≤ V ≤ Vmax
	(3.17c) 
	 f(t,V) = a2(t)V-b(t)    t1+ ∆t e(f)/c ≤ t ≤ t1 + ∆t,  Vmin ≤ V ≤ Vmax
	(3.17d) 
	where a0 and b0 are the initial MCF parameters before scaling, Vmin and Vmax are the minimum and maximum volumes that are affected by scaling or bolting respectively, Vmax is a factor of that a0 changes as a result of scaling or bolting (generally, k ≤ 1), 𝑐 defines the curvature as rockfall frequency increases to its original activity, and a1(t) and a2(t) are represented by thefollowing (after Walton and Diederichs, 2015): 
	a1(t) = a0k + [(a0 - a0k )/∆t](t - t1)(c/e(f)/c)
	(3.18) 
	a2(t) = a0k + (a0-a0k )(c ln((t - t1)/∆t)+1)
	(3.19) 
	Since b(t) is constrained at V=Vmax, b(t)is represented with the following:
	b(t) =- (ln[a0Vmax-b0/a(t)]/ln(Vmax))
	(3.20) 
	3.4 Discussion 
	The conceptual models presented in this section were developed to predict changes in ditch effectiveness and rockfall frequency since these are hazard variables within the CDOT slope risk assessment framework that may change through time. However, ditch effectiveness and rockfall 
	frequency are common variables used to represent a slope’s condition state or risk value (Beckstrand and Mines, 2017; Thompson, 2017); thus, the conceptual models may be adapted into other deterioration frameworks. 
	3.4.1 Ditch Effectiveness Deterioration Conceptual Model  
	One limitation of the ditch effectiveness deterioration conceptual model is that it treats ditch effectiveness as a direct proportion of rockfall retained. In this metric, the proportion or percentage of rockfall retained in the ditch is considered to be independent of rockfall volume. That is, the percentage of rockfall events of small volumes retained would be the same as the percentage of large rockfall volumes retained, until a rockfall event greater than Vu occurs, in which case the ditch effectiveness
	The ditch effectiveness deterioration conceptual model also assumes a constant rockfall volumetric flux, which is adjusted to account for a bulking factor. However, the rockfall rate may not remain constant over the time that the ditch effectiveness is forecasted to reach zero (as demonstrated in the rockfall frequency conceptual models), since this could take hundreds of years depending on the volumetric flux of rockfall. A maximum volume was also applied when deriving the rockfall rate, since any larger e
	The conceptual model also assumes no maintenance or ditch-clearing; however, the model may be used to plan such activities. For instance, the model can be used to estimate the time at which the ditch will reach a target minimum ditch effectiveness when maintenance is desired. The approximated time can allow for proper planning of funds and maintenance at all stages of the slope life cycle from design to routine operations. Ditch-clearing would effectively cause a “reset” to the initial ditch effectiveness. 
	If the user of the conceptual model finds the model to be too conservative, such as in the case of shallow cut slopes as described in Appendix A, the conceptual model may be modified according to Figure 3.8. Possible modifications include initial ditch effectiveness being maintained to a volume greater than -Aempty or ditch effectiveness reaching zero at some factor, f, of the original angle of repose selected as 35 degrees, or a combination of both modifications.  
	Figure
	Figure 3.8. Possible modifications to the ditch effectiveness deterioration conceptual model. 
	3.4.2 Rockfall Frequency Conceptual Models 
	The rockfall frequency conceptual models are also intended to be idealized simplifications of reality. For instance, to allow for straightforward parameterization, the time-since-excavation conceptual model assumes pure translation and no rotation in the MCF curve to represent increased rockfall frequency. The scaling and rock bolting conceptual models show linear changes in the MCF curve, represented by a combination of translation for smaller affected rockfall volumes and rotation as rockfall volume incre
	The magnitude of change in rockfall frequency as a result of excavation, scaling, and rock bolting is uncertain. However, the effectiveness of scaling and rock bolting may be estimated if transportation agencies have some record of rockfall activity before and after mitigation, even if rockfall activity is not represented with MCF curves. Likewise, the effect of time since excavation can be estimated if transportation agencies have records of slope ratings or rockfall activity through time or before and aft
	The conceptual models predicting rockfall frequency also do not include short-term fluctuations of the MCF curve. Rockfall activity may change within the year due to seasonal variation (Luckman, 1976; Douglas, 1980; Macciotta et al., 2017; Imaizumi et al., 2020; Malsam et al., 2021; Hollander, 2024), with seasonal rockfall trends being site and location dependent. For instance, Malsam et al. (2021) observed less rockfall activity during winter for a cut slope in Colorado, while Dewez et al. (2013) observed 
	Phillips (2024) found that meteorological variables have limited impact on overall rockfall frequency but strongly influence what times of year rockfall tends to occur.  
	Rather than changing rates of physical deterioration, seasonal patterns may serve more as rockfall triggers that affect what times of year increased rockfall activity occurs. Climatic processes that are linked to seasonal variation and act as rockfall triggers include precipitation (i.e., intense rainfall), temperature variations (i.e., freeze-thaw cycles), and wet-dry cycles (Sass, 2005; Arosio et al., 2013; Delonca et al., 2014; Bajni et al., 2021; Mainieri et al., 2022). Thus, seasonal and other short-te
	The deterioration modeling within the CDOT slope risk assessment framework and the conceptual models are also simplified in that they do not consider climate change. In some regions, climate change is expected to increase slope risk (e.g., Randall, 2022). Specifically, climate change may alter weather patterns that trigger rockfall, thereby causing the rockfall frequency to change over time (Pratt et al., 2018; Graber and Santi, 2022). For instance, increased precipitation may increase rockfall. Freeze-thaw
	Though not as well-studied, increased wildfire may also alter rockfall patterns. Possible mechanisms explaining a correlation between increased rockfall activity and wildfire in some regions includes the following (De Graff and Gallegos, 2012; Sarro et al., 2021): 
	•
	•
	•
	Loss of stabilizing effect from burned vegetation.

	•
	•
	Loss of vegetation that prevented rockfall runout.

	•
	•
	Thermal expansion and rock fragmentation in high temperatures.

	•
	•
	Degradation of mitigation measures.

	•
	•
	Inability for chemically altered soil to buttress the slope.


	Though climate change is outside the scope of this research, climate change models may be added separately in addition to the conceptual models or a given transportation agency’s deterioration framework. 
	3.5 Conclusions 
	Four conceptual models are presented in this section: Ditch effectiveness deterioration, and rockfall frequency changing due to time since excavation, rock bolting, and scaling. The ditch effectiveness deterioration conceptual model assumes a constant ditch effectiveness until the ditch fills with rockfall debris so that its angle is horizontal, followed by a linear decrease in ditch effectiveness as a function of material volume in the ditch. The time-since-excavation conceptual model assumes an initial in
	frequency at the time of mitigation, followed by an increase in rockfall activity to the slope’s original rockfall frequency as the mitigation decreases in effectiveness over time.  
	The inputs of the conceptual models may be specific to the given slope’s characteristics, such as age and geometry. Thus, unlike some prior deterioration modeling methods such as Markov models, the future condition or risk of the slope considers the slope’s past rockfall activity and ditch effectiveness. Furthermore, changes in slope condition or risk only reflect changes in variables that are likely to change rather than stay the same throughout time. This would result in a more accurate representation of 
	 4.0 Historical Rates of Rockfall for Colorado Cut Slopes 
	4.1 Introduction 
	Quantifying rockfall frequency of Colorado rock slopes allows for both hazard assessment and initial inputs to estimate physical deterioration. As previously mentioned in Section 3.0, the MCF distribution for a given slope quantifies rockfall frequency for a given volume or larger, and can be derived from a rockfall inventory. 
	This section describes seven cut slopes in Colorado that were monitored with either photogrammetry or terrestrial lidar scanning (TLS) to create rockfall inventories with at least two years of data. These rockfall inventories were used to create a resulting MCF curve for each slope. The data was processed and updated by Cam Phillips, Jacob Hollander, Luke Weidner, and Adam Malsam. The data collection, processing, and results are summarized from Phillips (2024), where they are described in detail.  
	4.2 Studied Slopes 
	Rockfall frequency was quantified for rock slopes named Glenwood Springs (GW), Vail Pass (VP), Idaho Springs (IS), Floyd Hill (FH), Slope E (E), Slope HI (HI), and Manitou Springs (MS), largely after the location of the slope. The location of each slope is shown in Figure 4.1 (Phillips, 2024).   
	Slope characteristics, such as lithology, size, and aspect, may affect the level of rockfall activity at each slope. Slope characteristics are summarized in Table 4-1 after Phillips (2024). 
	Table 4-1. Slope characteristics for each studied Colorado cut slope after Phillips (2024). 
	Slope Characteristic 
	Slope Characteristic 
	Slope Characteristic 
	Slope Characteristic 
	Slope Characteristic 

	GW 
	GW 

	VP 
	VP 

	IS 
	IS 

	FH 
	FH 

	E 
	E 

	HI 
	HI 

	MS 
	MS 



	Lithology 
	Lithology 
	Lithology 
	Lithology 

	Megacrystic granite (Kirkham et al., 2009) 
	Megacrystic granite (Kirkham et al., 2009) 

	Sandstone and mudstone (Kellogg et al., 2011) 
	Sandstone and mudstone (Kellogg et al., 2011) 

	Biotite gneiss (Sims, 1964) 
	Biotite gneiss (Sims, 1964) 

	Biotite gneiss (Sheridan and Marsh, 1976) 
	Biotite gneiss (Sheridan and Marsh, 1976) 

	Granitic gneiss (Scott, 1972)  
	Granitic gneiss (Scott, 1972)  

	Granitic gneiss (Scott, 1972) 
	Granitic gneiss (Scott, 1972) 

	Arkosic sandstone and mudstone (Keller et al., 2003) 
	Arkosic sandstone and mudstone (Keller et al., 2003) 


	Base Width (m) 
	Base Width (m) 
	Base Width (m) 

	180 
	180 

	330 
	330 

	45 
	45 

	370 
	370 

	100 
	100 

	240 
	240 

	150 
	150 


	Height (m) 
	Height (m) 
	Height (m) 

	50 
	50 

	65 
	65 

	20 
	20 

	50 
	50 

	45 
	45 

	17 
	17 

	20 
	20 


	Area (m2) 
	Area (m2) 
	Area (m2) 

	6,355 
	6,355 

	17,725 
	17,725 

	748 
	748 

	17,003 
	17,003 

	3,987 
	3,987 

	4,914 
	4,914 

	2,500 
	2,500 


	Slope Angle (degrees) 
	Slope Angle (degrees) 
	Slope Angle (degrees) 

	65 
	65 

	55 
	55 

	48 
	48 

	72 
	72 

	60 
	60 

	67 
	67 

	75 
	75 


	Aspect 
	Aspect 
	Aspect 

	SE 
	SE 

	W 
	W 

	S 
	S 

	S-SE
	S-SE

	S 
	S 

	S-SW
	S-SW

	S 
	S 


	Elevation (ft) 
	Elevation (ft) 
	Elevation (ft) 

	5,860 
	5,860 

	10,020 
	10,020 

	7,950 
	7,950 

	7,950 
	7,950 

	6,140 
	6,140 

	6,020 
	6,020 

	6,600 
	6,600 




	Figure
	Figure 4.1. Location of each cut slope in Colorado monitored for rockfall in Phillips (2024). Slopes E and HI are separated by approximately 0.5 miles along CO-74.  
	4.3 Data Collection 
	To monitor rockfall and create rockfall inventories, repeated TLS and photogrammetry was used. A five-camera fixed-site photogrammetry was applied at IS (Hollander, 2024) and MS (Walton et al., 2023), while TLS with a FARO Focus Premium was used to obtain point clouds of the rest of the slopes. The temporal and spatial resolution of lidar data varied for each slope, depending on the distance from the Colorado School of Mines campus and the amount of overlap between each scan, respectively. For instance, sit
	Table 4-2. Details of data collection and rockfall inventories for each studied cut slope (after Phillips, 2024). 
	Data Property 
	Data Property 
	Data Property 
	Data Property 
	Data Property 

	GW 
	GW 

	VP 
	VP 

	IS 
	IS 

	FH 
	FH 

	E 
	E 

	HI 
	HI 

	MS 
	MS 



	Location 
	Location 
	Location 
	Location 

	Glen-wood Springs 
	Glen-wood Springs 
	I-70

	Vail Pass 
	Vail Pass 
	I-70

	Idaho Springs I-70 
	Idaho Springs I-70 

	Floyd Hill 
	Floyd Hill 
	I-70

	Morrison 
	Morrison 
	CO-74 

	Morrison 
	Morrison 
	CO-74 

	Manitou Springs US-24 
	Manitou Springs US-24 


	Monitoring Method 
	Monitoring Method 
	Monitoring Method 

	TLS 
	TLS 

	TLS 
	TLS 

	Photo- 
	Photo- 
	gram-metry 

	TLS 
	TLS 

	TLS 
	TLS 

	TLS 
	TLS 

	Photo- 
	Photo- 
	gram-metry 


	Data Collection Interval 
	Data Collection Interval 
	Data Collection Interval 

	6 mo. 
	6 mo. 

	6 mo. 
	6 mo. 

	1 day 
	1 day 

	1 mo. 
	1 mo. 

	1 mo. 
	1 mo. 

	1 mo. 
	1 mo. 

	1 day 
	1 day 


	Dates Included in Analysis 
	Dates Included in Analysis 
	Dates Included in Analysis 

	10/19/17-10/07/22 
	10/19/17-10/07/22 

	12/03/21-10/15/23 
	12/03/21-10/15/23 

	03/13/18-09/15/23 
	03/13/18-09/15/23 

	02/11/16-05/01/22 
	02/11/16-05/01/22 

	02/22/21-10/26-23 
	02/22/21-10/26-23 

	02/22/21-10/26/23 
	02/22/21-10/26/23 

	01/24/20-09/16/23 
	01/24/20-09/16/23 




	4.4 Rockfall Inventory Development 
	To process the point clouds that were collected for each slope, the following general process was completed. A more detailed workflow is described in Phillips (2024), and photogrammetry setups and workflows are described in Hollander (2024) for IS and Walton et al. (2023) for MS.  
	1.
	1.
	1.
	Register new scans to a base or reference point cloud for the slope in CloudCompare(Girardeau-Montaut, 2024) using manual point matching followed by the IterativeClosest Point algorithm (Besl and McKay, 1992).

	2.
	2.
	Remove clutter and noise not representing the rock slope, including the road, roadinfrastructure (e.g., signs and light poles), vegetation, snow, and ice.

	3.
	3.
	Subsample the point cloud to a uniform point spacing.

	4.
	4.
	Compute the forward and reverse Multiscale Model to Model Cloud Comparison (M3C2)change between two subsequent point clouds (Lague et al., 2013).

	5.
	5.
	Merge the forward and reverse change and cluster negative changes that representpotential rockfalls. The cluster method used in this analysis was the Density BasedSpatial Clustering of Applications with Noise (DBSCAN) (Ester et al., 1996).

	6.
	6.
	Manually validate each cluster to identify true and false rockfalls.

	7.
	7.
	Calculate the volume of each true rockfall cluster. The method used in this analysis wasthe iterative AlphaShape approach for surface reconstruction (Bonneau et al., 2019).


	8.
	8.
	8.
	Note the date of each rockfall and the associated volume.


	To derive the MCF distribution, the rockfall inventory for each slope is ranked from the largest rockfall to the smallest rockfall. Cumulative frequency is calculated by dividing the rank by the time constraint of the database (Graber and Santi, 2022). A least squares linear regression is then typically fitted over the ranked data to estimate the power law above a minimum threshold, 𝑥𝑚𝑖𝑛. 𝑥𝑚𝑖𝑛 is applied since the data usually does not follow a power law below a minimum volume and can be found using
	4.5 MCF Distributions 
	The resulting MCF curves are shown in Figures 4.2 and 4.3. Figure 4.3 is normalized by slope area for a more direct comparison between slopes (Janeras et al., 2023), since larger slopes may inherently produce more rockfall. VP produces the highest rate of rockfall, while IS produces the lowest rate of rockfall according to Figure 4.2 (Phillips, 2024). After normalization, it is evident that MS and VP produce the highest rockfall activity per square meter, while FH produces the lowest (Phillips, 2024). 
	Figure
	Figure 4.2. Rockfall MCF curves for the seven monitored cut slopes. Fitted power laws representing the MCF curves are shown in the legend (Phillips, 2024). 
	Figure
	Figure 4.3. Rockfall MCF curves for the seven monitored cut slopes, normalized by slope surface area (Phillips, 2024). The intercept parameter 𝒂 changes as a result of normalization.  
	4.6 Discussion 
	Phillips (2024) identified two major categorical causes for differing MCF curves of the studied Colorado slopes: conditioning and triggering factors due to climate and, more notably, lithology and geological structure. 
	Precipitation or total liquid input (the combination of liquid precipitation and snowmelt) is identified as the main triggering factor for rockfall in Colorado (Phillips, 2024). Precipitation was identified as the main triggering factor for slopes MS and IS rather than freeze-thaw cycles (Hollander, 2024; Malsam, 2022; Walton et al., 2023). Contrastingly, the higher elevation of VP results in longer freezing periods, more freeze-thaw cycles, and more snowmelt than MS. Despite climatic differences, VP and MS
	The climate at the Front Range slopes (IS, FH, E, and HI) is generally the same, though exact 
	liquid input may vary for each of these slopes. GW experiences differences in weather conditions relative to the Front Range slopes since it is west of the continental divide and experiences more freeze-thaw cycles and higher differences in daily temperatures. Climatic differences may explain the timing of rockfalls during the year rather than long-term trends and major differences in rockfall activity (Phillips, 2024). Climatic metrics and their effect on the MCF curves are presented and discussed in furth
	Lithology and geological structure may have a greater influence on differences in rockfall activity between slopes (Phillips, 2024). Phillips (2024) found that generally, blocky crystalline slopes (E, FH, and GW) had lower normalized "a" values and therefore lower rockfall activity than foliated, seamy, crystalline slopes (IS and HI). After identifying the number of discontinuity sets and performing kinematic analyses, Phillips (2024) additionally found that the total number of discontinuities, slope angle,
	4.7 Conclusions  
	Rockfall activity is quantified for seven Colorado cut slopes with varying lithology and structure using MCF distributions. The slopes are repeatedly monitored at certain time intervals using TLS or photogrammetry. The resulting point clouds are used to identify rockfalls and calculate rockfall volumes, which allows for the creation of a rockfall inventory. The MCF distribution is the resulting power law fit of the ranked rockfall inventory.  
	MCF curves differ between slopes; however, VP and MS, which are both interbedded sedimentary slopes, have similar rates of rockfall. Phillips (2024) concluded that climatic differences between slopes control the timing of the rockfalls throughout the year but have limited influence on overall hazard level over longer timescales. Differences in rockfall activity may be more controlled by lithology and geologic structure (i.e., the general rock mass), which allows for preliminary estimates of MCF parameters f
	The MCF curves in Figures 4.2-4.3 can be used to estimate rockfall activity for other Colorado cut slopes with similar lithological and rockmass characteristics, which provides a hazard assessment and an initial input for rockfall frequency in the proposed conceptual models. Physical deterioration may then be predicted using the conceptual models.   
	 5.0 Evaluating a Practical Method for Rockfall Magnitude-Cumulative Frequency Estimation 
	5.1 Introduction 
	Monitoring rockfall along transportation corridors is imperative for understanding rockfall frequency and estimating risk associated with cut slopes (Hungr et al., 1999). A risk value communicates both the hazard of the slope and the potential consequences to roadway users. Rockfall hazard is represented by rockfall magnitude-cumulative frequency (MCF) distributions, which describes how often a certain rockfall volume or larger will occur. Thus, the MCF curve can be used as a key input for estimating cut sl
	As previously mentioned, the MCF distribution is typically derived from a rockfall inventory. Remote sensing methods have the potential to provide a higher temporal and spatial resolution record of rockfall occurrence (Graber and Santi, 2022) and more accurate volume estimations than other methods. However, they often require several years of monitoring to capture infrequent, large events and accurately represent rockfall hazard. Furthermore, transportation agencies in mountainous regions may have hundreds 
	In this study, a rapid, practical method of estimating the MCF curve is tested on six cut slopes in Colorado that have at least two years of remote sensing data. The estimated MCF curves are then compared against the remote sensing-based MCF curves to evaluate the accuracy of the estimation method. Though the remote sensing-based MCF curves are considered to represent the “true” MCF distributions in the context of this study, they have some uncertainty dependent on data resolution and steps in the data proc
	___________________________ 
	Large portions of this section are reproduced from the following conference paper with permission of the American Rock Mechanics Association: Werley, K., Sala, Z, Hille, M., Vessely, M., and Walton, G. Evaluating a Practical Method for Rockfall Magnitude-Cumulative Frequency Estimation. Proceedings of the 58th Rock Mechanics Symposium, paper no. ARMA-24-0147. 
	5.2 Methods 
	The MCF estimation method (Figure 5.1) was developed by BGC Engineering (Sala and Vessely, 2022) to aid in rock slope risk estimation for CDOT, based on previous work by Lato et al. (2016). The method averages the inspector inputs of rockfall frequency proportions with literature values for the chosen rock mass type to produce an MCF curve. To apply the method, the inspector may perform a desktop inspection of the given slope, using Google Earth or other GIS data, or by assessing the slope in the field. 
	Figure
	Figure 5.1. MCF curve estimation method used by CDOT. Literature curves are redistributed if the user believes the slope is not capable of producing block sizes of a certain volume class (i.e., proportion of zero for a volume class).  
	Possible rock mass types include “massive”, “typical”, “fractured”, and “block-in-matrix.” The user estimates proportions of source volumes for five different volume classes according to Table 5-1.  
	Table 5-1. Rockfall source volume classes. 
	Category 
	Category 
	Category 
	Category 
	Category 

	V1
	V1

	V2
	V2

	V3
	V3

	V4
	V4

	V5
	V5



	Volume range (m3) 
	Volume range (m3) 
	Volume range (m3) 
	Volume range (m3) 

	< 1 
	< 1 

	1-10
	1-10

	10-100
	10-100

	100-1000
	100-1000

	>1000
	>1000


	Representative volume (geometric mean) (m3) 
	Representative volume (geometric mean) (m3) 
	Representative volume (geometric mean) (m3) 

	0.3 
	0.3 

	3 
	3 

	32 
	32 

	316 
	316 

	3162 
	3162 




	The MCF estimation method was applied via field inspection at six different cut slopes in Colorado (Tables 4-1, 4-2, and Figure 5.2). Each site has a rockfall inventory derived from TLS or photogrammetry monitoring and therefore a remote sensing-based MCF curve to compare the 
	estimation method against. To compare the variability between users, three inspectors with experience in engineering geology applied the MCF curve estimation to each site, except for Manitou Springs, where only two inspectors were available. To establish consistent practices in applying the method, the inspectors collaborated when first applying the method to slopes E and HI.  
	After user inputs were entered into the algorithm, three sets of MCF curves were obtained for each slope: MCF curves based solely on the user-estimated annual frequency and proportions, the literature MCF curves using redistributed proportions, and the final averaged MCF curves considering redistributed literature and user- estimated proportions. These MCF curves were then compared against each other and the remote sensing-based MCF curves. 
	Figure
	Figure 5.2. Cut slopes used for testing the MCF curve estimation method. A: Vail Pass (Courtesy of Cam Phillips). B: Idaho Springs (Courtesy of Jacob Hollander). C: Floyd Hill (Courtesy of Ellie Longar). D: Slope HI (Courtesy of Luke Weidner). E: Slope E (Courtesy of Luke Weidner). F: Manitou Springs (Google Earth imagery, 2023). 
	5.3 Results  
	The resulting MCF curves for each inspector and slope are shown in Figure 5.3. The selected rock mass type determines the literature MCF values and therefore influences the averaged MCF curve at each site; thus, rock mass types are shown in Table 5-2. The majority of cut slopes are considered “typical,” and a discrepancy between inspectors occurred at the Floyd Hill site. At slope HI, the inspectors decided that the proportions of different rockfall source volume classes varied across the slope enough to ju
	The Root Mean Squared Error (RMSE) of the log-transformed cumulative frequency values was 
	calculated based on comparison of the averaged MCF curves and the remote sensing-based MCF curves (Table 5-2), as the remote sensing-based MCF curves are considered the best approximation of the true MCF curve for each slope. The method performed moderately well with an average RMSE of 0.96 across all slopes and inspectors. Because the RMSE is log-transformed, this equates to an average error that is just under one order of magnitude. The estimation method performed most poorly for Idaho Springs. Furthermor
	Table 5-2. Assigned rock mass type and RSME for log-transformed frequencies for averaged MCF curves. For rock mass type, numbers 1-3 correspond to the individual inspector. 
	Site 
	Site 
	Site 
	Site 
	Site 

	Rock mass type 
	Rock mass type 

	RMSE (Inspector 1, 2, 3) 
	RMSE (Inspector 1, 2, 3) 



	Vail Pass 
	Vail Pass 
	Vail Pass 
	Vail Pass 

	Typical (1,2,3) 
	Typical (1,2,3) 

	0.54, 0.27, 0.28 
	0.54, 0.27, 0.28 


	Idaho Springs 
	Idaho Springs 
	Idaho Springs 

	Typical (1,2,3) 
	Typical (1,2,3) 

	1.88, 1.76, 1.81, 1.82 
	1.88, 1.76, 1.81, 1.82 


	Floyd Hill 
	Floyd Hill 
	Floyd Hill 

	Massive (1,3), Fractured (2) 
	Massive (1,3), Fractured (2) 

	0.69, 0.78, 0.56 
	0.69, 0.78, 0.56 


	E 
	E 
	E 

	Typical (1,2,3) 
	Typical (1,2,3) 

	1.25, 1.25, 1.25 
	1.25, 1.25, 1.25 


	HI-1 
	HI-1 
	HI-1 

	Typical (1,2,3) 
	Typical (1,2,3) 

	1.01, 1.01, 1.21 
	1.01, 1.01, 1.21 


	HI-2 
	HI-2 
	HI-2 

	Typical (1,2,3) 
	Typical (1,2,3) 

	1.00, 0.98, 1.01 
	1.00, 0.98, 1.01 


	Manitou Springs 
	Manitou Springs 
	Manitou Springs 

	Typical (1,2,3) 
	Typical (1,2,3) 

	NA, 0.47, 0.28 
	NA, 0.47, 0.28 




	Figure
	Figure 5.3. Redistributed literature, estimated, and averaged MCF curves for each cut slope for Inspectors 1-3. Remote sensing-based MCF curves shown for comparison. The domain of the remote sensing-based curves reflects the observed range of volumes in the rockfall inventory for the slope. The domain of the literature, estimated, and averaged MCF curves from the estimation method reflects the rockfall magnitude classes deemed kinematically possible by the inspector.  
	Figure 5.4 depicts the variability of MCF curves across all slopes. The remote sensing-based MCF curves show greater variability in rockfall frequency between slopes than the MCF curves produced from the estimation method, indicating that the estimation method outputs limited variability in MCF curves regardless of user input. The variability in MCF curves across slopes is further reduced when the estimated proportions are averaged with the literature proportions (compare Figure 5.4A to Figure 5.4B). 
	Figure
	Figure 5.4. Variability in MCF curves across all slopes. A: MCF curves from estimated source volume proportions with remote sensing-based MCF curves for comparison. FH, E, and HI-2 overlap exactly with some curves and are not visible. B: Averaged MCF curves with remote sensing-based MCF curves for comparison. 
	5.4 Discussion 
	The MCF curve estimation performs moderately well when compared to the remote sensing-based MCF curves, with RSME values in log space ranging from 0.36-1.82 (Figure A.3). However, for most sites, the method overestimates rockfall frequency. Idaho Springs has the greatest overestimation of rockfall frequency and is also the smallest of the study sites in terms of slope area. Conversely, Vail Pass has the greatest underestimation of rockfall frequency and is the largest slope in terms of slope area. Thus, som
	Some discrepancy between averaged and remote sensing-based MCF curves additionally may be due to the use of literature curves that do not represent Colorado cut slopes very well, as the averaged MCF curves were more weighted towards the redistributed literature proportions on the logarithmic scale. Figure A.3 indicates that when the estimated proportions are averaged with the 
	redistributed literature proportions, the average favors whichever curve is higher, which tends to be the literature proportions. This occurs since the arithmetic mean is calculated on a logarithmic scale rather than the geometric mean. 
	Figure 5.4 indicates little variability in estimated MCF curves across slopes. This may have occurred due to identifying all slopes but one as a “typical” rock mass. The “typical” rock mass type may be described in a general manner to the point where it applies to too many slopes which, in reality, have different rockfall frequencies. Additionally, the term “typical” may indicate a middle ground choice for inspectors. The tendency for inspectors to default to “typical” may be reduced by development of more 
	The MCF curve estimation method allows for rockfall risk assessment in the absence of rockfall inventories and remote sensing-based monitoring. Thus, it can be used to estimate rockfall frequency and risk for an entire slope inventory in the context of slope asset management. Risk assessments allow for informed decision-making and proper allocation of resources for mitigation and maintenance measures by the transportation agency. The discrepancy between the estimated MCF curves and the remote sensing-based 
	5.5 Conclusions 
	The MCF curve estimation method performs moderately well based on the remote sensing-based curves, with average RSME values in log space ranging from approximately 0.36-1.82. However, none of the estimated curves matched the remote sensing-based curves completely, and the method overestimated rockfall frequency for all sites but Vail Pass. Some inaccuracy may be due to a scaling effect, as inspectors may not conceptualize rockfall frequency for a very small or very large slope area. One solution to countera
	Other sources of inaccuracy in the estimation method may include inspector tendency to estimate similar source volume proportions at different slopes, literature values that don’t represent Colorado cut slopes well, or an inspector bias towards choosing a “typical” rock mass. Ongoing research includes informing or replacing literature curves with remote sensing MCF curves, such as the ones used in this study, to provide inputs that are more region or geology specific.  
	The performance of the MCF curve estimation method is critical for accurate rockfall risk assessment, particularly in the absence of rockfall inventories and the need to assess large slope inventories. The estimation method must be accurate to the point where slopes are assigned the appropriate risk level, despite any discrepancies with the remote sensing-based MCF curves. Risk assessments ultimately allow informed decision making and resource allocation by transportation agencies.  
	 6.0 Evaluating Physical and Slope Performance Deterioration of Cut Slopes Through Time 
	6.1 Introduction  
	Rockfall activity of a cut slope may change over time as the slope ages. This directly impacts physical deterioration and performance deterioration of the slope. If a slope experiences increasing rockfall activity through time, the risk of the slope increases and the transportation agency must manage the slope appropriately, taking risk mitigation measures as appropriate. In some cases, slope stabilization or hazard mitigation will be implemented, such as scaling or rock bolting. 
	Though literature suggests that rockfall activity and geotechnical strength parameters change due to excavation (Huisman et al., 2006; Tating et al., 2013; Ersöz and Topal, 2018a; Chen et al., 2022), the specific change in the magnitude-cumulative frequency (MCF) curve representing rockfall is more uncertain. The conceptual models presented in Section 3 predict changes in the MCF curve and therefore physical deterioration of the slope over time. The time-since-excavation conceptual model predicts increasing
	In this section, changes in rockfall activity and slope performance were evaluated through time using data from the Washington Department of Transportation (WSDOT) Unstable Slope Management System (USMS). The effects of mitigation were also considered. The results of these analyses were compared to the conceptual models for time-since-excavation, the influence of scaling, and the influence of bolting.  
	6.2 Methods  
	6.2.1 Description of Data and Characterization of Slopes 
	The WSDOT USMS provides a systematic way of maintaining a slope inventory and prioritizing slopes for mitigation and maintenance (Ho and Norton, 1991). A numerical rating is assigned to the slope after an inspection by geotechnical personnel, which represents slope performance. The inspection is typically carried out in the field but can be performed remotely. The slope rating is determined from the sum of several factors related to hazard and consequence of slope failure, such as the typical volume of rock
	Rating subcomponents related to rockfall hazard include failure frequency and problem type. Failure frequency represents how often significant rockfall (generally 5 yd3 or larger) occurs that 
	reaches the highway. The WSDOT geotechnical office commonly receives this information from maintenance crews that clear rockfall debris from the highway; therefore, there is some variation on what maintenance considers a failure (S. Johnston, personal communication, April 23, 2024). The problem type subcomponent first identifies if the problem is a soil or rockfall event. If the event is related to rockfall, the score assesses how well the catchment performs in containing the rockfall event, which is relate
	A list of all known 720 rock slopes in the WSDOT USMS was provided for this analysis, including the location, all past ratings with associated dates of inspection, the slope status, year of mitigation work if applicable, and estimated age of the slope as of 2019. Slopes are not distinguished between natural or cut, and the number of ratings varies for each slope. Known cut slopes that were cut back or resloped were assigned an age based on the date of resloping. For instance, a cut slope that was resloped i
	Detailed data was received for 72 slopes out of the inventory of 720. The exact data varied for each slope but included the slope rating form for all inspections so the score of each rating subcomponent could be digitized. Other documentation for each slope may have included the following: 
	•
	•
	•
	 Photos of the slope on different dates. 

	•
	•
	 Conceptual mitigation designs (designs of recommended mitigation measures); conceptual designs often included descriptions of the rock mass and geology. 

	•
	•
	 Construction/mitigation records, including photos, email correspondences, daily site visit reports during construction, and geotechnical reports.  

	•
	•
	 Records of notable rockfall events, including photos, site visit reports, email correspondences, and notes in the summary USMS page for the given slope.  

	•
	•
	 GIS files and numerical modeling files for rockfall analyses. 

	•
	•
	 Digitized or scans of field notes from any site visits.  

	•
	•
	 Maintenance records for cleaning the highway of rockfall debris. 


	Notable characteristics for each of the 72 slopes were summarized using the above information and are included in Appendix D of Werley (2024). For instance, slopes were distinguished between natural and cut using photos. All slopes were considered cut except Slope 1979.  
	Mitigation measures and dates of mitigation installation were recorded. The most common types of mitigation included scaling, rock bolts, dowels, and/or anchors. Other mitigation measures included wire mesh, resloping, shotcrete, rockfall fences, gabion walls, jersey barriers, horizontal drains, and ecology blocks. For the purposes of this study, resloping or cutting back is considered intense scaling or additional blasting that changes the grade of the slope and/or pushes the slope back further from the hi
	6.2.2 General Trends of Slope Performance through Time  
	To discern any trends of slope performance through time, the slope ratings from the entire 
	database of 720 slopes were examined. First, the average change in slope rating per year was plotted against the mean slope age for each slope. Mean slope age was found by calculating the age of the slope at the time of each inspection since the age of the slope as of 2019 and the date of inspection are known. The average change in slope rating per year was found by fitting a linear regression to the ages and associated slope ratings for each slope. 
	Secondly, the most recent slope rating for each slope was plotted against the age of the slope at the time of the most recent inspection. For both plots, only inspections conducted between 2000 and 2019 were used. As previously mentioned, only geotechnical personnel conducted inspections starting in 2000. Furthermore, the slope rating form was updated in 2019 with the addition of the movement magnitude category; however, since the individual rating subcomponents are not included for all 720 slopes, the move
	Finally, to examine how rating subcomponents most related to hazard change over time, these two plots were recreated for an unmitigated subset of the 72 slopes. The average changes in slope rating, failure frequency, and the problem type score per year were plotted against the mean slope age. The most recent slope rating, failure frequency, and problem type score were also plotted against the age of the slope at the time of the most recent inspection. Slopes included in this analysis did not have any mitiga
	6.2.3 Influence of Scaling, Bolting, and Resloping on Slope Performance through Time  
	To consider the effects of scaling, bolting, and resloping, subsets of the 72 slopes with detailed data were used. All ratings after 01-January-2000 were considered, and the movement magnitude score was subtracted out of each slope rating so that ratings before and after 2019 were comparable. 
	For the scaling analysis, slopes that had only experienced scaling and no rock bolting or resloping were included. To observe the general influence of scaling on slope performance through time, average change in overall slope rating, failure frequency, and problem type score was plotted against the mean slope age.  
	To evaluate the change in slope performance due to scaling, ratings were compared before and after scaling. For each slope that was scaled and had at least one inspection before and after scaling, the average slope rating, average failure frequency, and average problem type score were calculated for all inspections before scaling and then all inspections that took place after scaling. The difference between the before and after averages was then calculated for the overall ratings and subcomponent scores. Ad
	This analysis was repeated for slopes with rock bolting and slopes that were resloped or cut back. Slopes that had bolts, dowels, and/or anchors installed, regardless of any additional mitigation, were included in the bolting analysis. Henceforth, the term “rock bolt” will be used as a general 
	term to refer to bolts, dowels, and/or anchors. Similarly, any slopes that were resloped or cut back, regardless of any mitigation measures installed before or after resloping, were included in the resloping analysis. 
	6.3 Results  
	6.3.1 General Trends of Slope Performance through Time  
	Figure 6.1 displays the average change in slope rating vs. mean slope age and the most recent rating vs. age considering all 720 slopes in the USMS inventory. Because only ratings from 2000-2018 were used and resloped slopes were removed, 577 slopes were included in the analysis. The average change in slope rating per year is additionally constrained to show changes with a magnitude less than 150 to avoid outliers skewing the visualization. 
	Figure 6.1A depicts no definitive trend; however, many slopes show average changes in slope rating per year that are zero or close to zero. As mean age increases to 50-100 years, some slopes reflect an improvement in slope rating over time, indicated by a negative change in rating.  
	Figure 6.1B indicates no strong correlations that can be identified visually. Older slopes (greater than 60 years) appear to have a similar range in slope rating as relatively younger slopes (less than 60 years). 
	Figure
	Figure 6.1. Slope performance through time using a subset of the 720 slopes in the USMS dataset. 
	Figure 6.2 presents the same results but for the unmitigated subset of the 72 slopes, which includes 29 slopes. In addition to the overall slope rating, the failure frequency and problem type score are shown to indicate how the hazard components of the rating may change over time. Figure 6.3A-C show the average rating change per year vs. the mean slope age, while Figure 
	6.3D-F show the most recent rating vs. the age of the slope at the time of the most recent inspection.  
	Figure
	Figure 6.2. Change in overall slope ratings and rating hazard components over time since excavation. 
	Similar to Figure 6.1, there are no distinct trends in Figure 6.2. Most unmitigated slopes have an average change in slope rating per year within a magnitude of five points, regardless of age. Most slopes also indicate no change in the failure frequency and problem type score regardless of age, meaning that the frequency of rockfall events reaching the roadway and the performance of the catchment does not change. More slopes improve in rating, failure frequency, and problem type score than worsen, regardles
	Figure 6.2D shows that older slopes generally appear to have slightly higher total ratings. 
	However, considering the lack of trend in Figure 6.2A, these older slopes may have had higher slope ratings and worse performance throughout their entire lifespan, meaning slope rating does not necessarily increase with slope age. Hazard components of the overall rating do not show any clear trend with slope age. 
	6.3.2 Influence of Scaling, Bolting, and Resloping on Slope Performance through Time  
	Seventeen out of 72 slopes experienced varying extents of scaling and no rock bolting or resloping. Slope details are summarized in Werley (2024). When plotting the average change in slope rating and hazard components per year against mean slope age (Figure 6.3), the ratings appear to improve with age. Furthermore, the amount of improvement in rating and hazard scores increases with older slopes. With that being said, for most of the slopes, the failure frequency and problem type scores do not change (Figur
	Figure
	Figure 6.3. Average change in slope rating and rating hazard components per year vs. mean age of the slope for slopes that have been scaled. 
	Figure 6.4 shows a more direct comparison of the effects of scaling, where the difference is taken between the average of the ratings assigned before scaling and the average of the ratings assigned after scaling. Note that some inspections have occurred up to 12 years after scaling, and changes in rating may depend on how long after scaling the next inspection took place. Most slopes show an improvement in the overall rating, although some slopes maintain the same average rating or even an increased rating.
	Figure
	Figure 6.4. Change in average rating and rating hazard components after scaling. 
	Sixteen out of 72 slopes had rock bolts, dowels, and/or anchors installed. Several slopes have additional mitigation measures, such as scaling or even resloping. Figure 6.5 shows the average changes in slope rating, failure frequency, and problem type score per year vs. the mean age of the slope. Unlike the slopes that have been scaled, ratings and hazard component scores do not appear to increasingly improve with mean slope age. The overall slope rating may increase, indicating decline in slope performance
	Figure
	Figure 6.5. Average change in slope rating and rating hazard components per year vs. mean age of the slope for slopes that have been bolted. 
	Figure 6.6 depicts the depicts the differences between the averages of the ratings assigned before bolting and the average of the ratings assigned after bolting. Most slopes have a decreased or improved slope rating after bolting, although three slopes retain approximately the same rating, and four slopes have ratings that worsen on average (Figure 6.6A). The same general trends occur in the failure frequency scores (Figure 6.6B); however, most slopes retain approximately the same problem type score, and th
	Figure
	Figure 6.6. Change in average rating and rating hazard components after bolting. 
	Seven slopes out of 72 were resloped or cut back, and four of these slopes were also included in 
	the bolting subset. Figure 6.7 depicts the average changes in overall slope rating, failure frequency, and problem type scores per year vs. mean age of the slope. The mean ages of the slope are not directly comparable as they are in the scaled slopes and most of the bolted slopes. The calculated age of the slope would be negative if the inspection took place before resloping, and zero at the time of resloping. Therefore, Figure 6.7 is not necessarily helpful for discerning any trends of slope performance wi
	Figure
	Figure 6.7. Average change in slope rating and rating hazard components per year vs. mean age of the slope for slopes that have been resloped. 
	Figure 6.8 indicates that most slopes improve in average slope rating, failure frequency, and problem type score after resloping, while others retain approximately the same average rating 
	after resloping.  
	Figure
	Figure 6.8. Change in average rating and rating hazard components after resloping. 
	6.4 Discussion  
	6.4.1 General Trends of Slope Performance through Time  
	There are no clear, consistent trends of slope performance, represented by the WSDOT slope rating, as a function of time or slope age. However, most slopes from WSDOT’s USMS and most unmitigated slopes from the USMS either maintained or improved their slope rating through time (Figure 6.1A). Since the slope ratings involve factors relating to both consequence and hazard, these results do not strictly communicate how the hazard of the slope changes as a function of slope age. Therefore, the unmitigated slope
	The results are not inconsistent with the time-since-excavation conceptual model. There is no strong evidence for mitigated or unmitigated slopes experiencing physical deterioration or performance deterioration through time, indicating that slopes may be fully weathered by 20 years after excavation. 
	6.4.2 Scaling 
	In general, scaled slopes improved in slope rating, failure frequency, and problem type score with mean age. However, scaling did produce variable responses in slopes, which can be observed when looking at ratings through time for individual slopes (Appendix D of Werley, 2024).  
	Responses to scaling include combinations of slope ratings staying the same, increasing (slope performance worsening), or decreasing (slope performance improving), while failure frequency and problem type scores stayed the same or decrease (improve). In all cases in which slope rating increased after scaling, corresponding to a worsening slope performance, factors related to consequence were the cause. The problem type score rarely increased, which corresponds to a decrease in rockfall staying within the ca
	Figure
	Figure 6.9. Distribution of time between scaling and the very next inspection, in which a new rating is assigned to the slope. Most slopes had an inspection within a year of scaling; however, likely not enough time had passed to assess the results of scaling, as the failure frequency score remained the same as before scaling. 
	The failure frequency score may have remained the same after scaling for several reasons. In the cases with inspections within 1-2 years after scaling, likely not enough time has passed to assess the effects of scaling, especially because the lowest point categories correspond to one failure or less in five years. In the cases that failure frequency stayed constant even up to 15 years after scaling, scaling may not have been effective, the effectiveness of scaling declined before the data was collected, or 
	Scaling small, unstable sections of the slope may have prevented major failures but did not keep the slope from producing rockfall in other areas, particularly following adverse weather (e.g., intense precipitation). This may have especially occurred in slopes that were large in surface area, such as Slope 183, or slopes that were scaled around areas of major rockfall and not the entire slope, such as Slope 2586. Additionally, weaker, more disintegrated rock masses with overlying colluvium, such as Slope 31
	The problem type score is not considered to capture the effects of scaling as much as the failure frequency score since the performance of the catchment should be more dependent on the catchment geometry. Furthermore, most slopes did not have a change in average problem type score after scaling, indicating that problem type score is more independent of scaling. Therefore, a decrease or no change in the problem type score following scaling does not necessarily discount the effectiveness of scaling. However, 
	In the cases that slope rating and/or failure frequency improved, there was no evidence found that explains the improvement other than scaling. Thus, when slope performance and/or failure frequency improves, scaling is assumed to be the cause.  
	Since scaling is seen to improve or not affect rockfall frequency and therefore rates of physical deterioration, the results are not inconsistent with the conceptual model for scaling. The conceptual model indicates that rockfall frequency will return to its original state as the effects of scaling decline through time. No scaled slopes from the WSDOT dataset experience an increased failure frequency score after first declining; likely, not enough time has passed after scaling to capture this effect, or the
	6.4.3 Bolting  
	The 16 out of 72 slopes that were bolted reflect different changes in slope rating and hazard components per year (Figure 6.5) than the scaled slopes. For each slope, the effect of bolting is not isolated. All 16 slopes had additional mitigation such as wire mesh, horizontal drains, shotcrete, rockfall fences, scaling, or even resloping. 
	The variable responses from bolting are also evident when examining the individual slope ratings through time and slope summaries. Based on the results in Figures 6.5 and 6.6, failure frequency is more controlled by bolting than the overall slope rating and problem type score. For instance, for some slopes, slope rating increased, corresponding to a worsening slope performance, while failure frequency decreases. Thus, consequence components of the rating that are independent of the effects of bolting were m
	In all cases, the failure frequency score either remained the same or decreased after bolting; it did not increase. Out of the slopes that had a new rating assigned within a year of bolting, none had a 
	decrease in failure frequency after that inspection. Thus, it is unlikely that the installation of bolts and other mitigation biased inspectors to artificially lower failure frequency. The distribution of how much time has passed between bolting and the very next inspection is shown in Figure 6.10. 
	Figure
	Figure 6.10. Distribution of time between bolting and the very next inspection, in which a new rating is assigned to the slope. 
	In some cases, the failure frequency score remained constant after bolting, even though there are ratings from 5-20 years after bolting. Some of these slopes, such as Slope 3045, may have bolting installed in small sections relative to the size of the entire slope area, and therefore the bolting may not have been effective enough to change the failure frequency. Alternatively, even with bolting in large sections relative to surface area, there may have been a reduction in failure frequency, but frequency wa
	In other cases, failure frequency decreased after bolting. There is no evidence that disproves the effectiveness of bolting or the combined effect of other mitigation measures in these cases. For Slopes 1729, 1758, and 1759, the failure frequency remained constant after bolting until approximately 15-20 years later when it decreased. This is most likely due to variability in assessments due to different inspectors.   
	Since bolting either improves or does not affect rockfall frequency and therefore rates of physical deterioration, the results are broadly consistent with the bolting conceptual model. Bolts have not reached the end of their service life in the WSDOT slopes; thus, rockfall frequency has not increased after bolting. 
	6.4.4 Resloping  
	Four out of the seven resloped slopes had ratings before and after mitigation. Three slopes had a decrease in average failure frequency and problem type, while one slope had no change in failure frequency or problem type score (Figure 6.8). Out of the seven resloped slopes, Slope 223, 1311, 1864, and 1867 were also bolted. 
	Ratings through time for individual slopes also reveal that failure frequency does not increase after resloping. No ratings were assigned immediately after resloping (Figure 6.11); thus, enough time is considered to have passed to assess the effects of resloping. Any elevated amount of rockfall as a result of resloping and exposing fresh surfaces to the external environment may have occurred within five years of resloping; however, no inspections were conducted in this timeframe. 
	Slopes that were resloped or cut back can be considered analogous to slopes that are excavated for the first time. An increase in rockfall activity was expected immediately after resloping; however, ratings may have been taken too soon or late after resloping to experience this change in the failure frequency score. More likely, since the failure frequency score reflects major events that reach the roadway, the failure frequency score is unlikely to capture the changing rockfall activity as a result of resl
	Figure
	Figure 6.11. Distribution of time between resloping and the very next inspection, in which a new rating is assigned to the slope. 
	6.4.5 Data Limitations  
	Though the failure frequency score is used to represent rockfall frequency in this analysis, the true rockfall frequency is better represented with an MCF curve. Four scoring categories (3, 9, 27, and 81 points) with the highest failure frequency of more than one event per year is a 
	relatively coarse categorization. The interpretation of “failure” is also variable and depends on what maintenance reports to WSDOT’s geotechnical office. A sizeable rockfall event may occur, but if it is contained in the ditch, it is less likely to be noted. Furthermore, the effects of scaling, bolting, and resloping on smaller rockfall events, such as volumes 1 m3 or less, are unknown. 
	The nature of a semi-quantitative rating system may explain the lack of clear trends between slope rating and time since excavation or mitigation found in the different sub-analyses. Ratings are dependent on the inspector’s interpretation of rating components, which may be variable between inspectors. The purpose of the USMS and the WSDOT rating system is to prioritize slopes for maintenance and identify slopes that would benefit from mitigation, not necessarily to analyze rockfall frequency and overall slo
	6.5 Conclusions  
	In this section, slope performance and rockfall frequency were evaluated over time since excavation of the cut slope, considering both unmitigated slopes and the effect of mitigation measures. The results of the analyses were ultimately compared to the conceptual models predicting rockfall frequency as a function of time since excavation, scaling, and bolting.  
	The analyses were conducted using data from WSDOT’s USMS, which contained slope ratings through time and more extensive documentation for 72 slopes. Slope performance and rockfall frequency were found to be relatively constant over time, and failure frequency stayed the same or decreased after mitigation on average. Based on the findings, cut slopes generally do not experience physical deterioration or significant performance deterioration through time beyond a certain age, which is reflected in the concept
	 7.0 Relating Physical Slope Deterioration to Slope Performance Deterioration 
	The conceptual models developed in Section 3 predict changes in ditch effectiveness over time and rockfall frequency over time due to excavation of the cut slope, scaling, or rock bolting. Ditch effectiveness and rockfall frequency are typical inputs to slope risk assessments and slope performance deterioration modeling, which forecasts changes in risk throughout time. 
	To relate physical slope deterioration to slope performance deterioration, the proposed conceptual models are applied within the CDOT slope risk assessment framework developed by BGC Engineering. Furthermore, slope performance deterioration predicted by the conceptual models are compared to slope performance deterioration predicted by the current CDOT hazard deterioration models using six cut slopes monitored with remote sensing. Slope performance is represented with Annual Risk Exposure (ARE), which consid
	The current CDOT hazard deterioration models apply a continual decrease in ditch effectiveness and increase in rockfall frequency each year independent of the specific slope conditions. In contrast, the conceptual models predict changing ditch effectiveness and rockfall frequency that are dependent on the slope’s geometry and age; thus, the predicted rate of slope performance deterioration may be more reliable (and lower) than the CDOT models.  
	7.1 CDOT Slope Risk Assessment Framework 
	In this analysis, the slope risk assessment framework developed for CDOT by BGC Engineering is used to compare ARE forecasted by the hazard deterioration models within the slope risk assessment framework and the proposed conceptual models. ARE is determined considering both hazards and consequences. Hazard considers rockfall frequency, the spatial probability of rockfall reaching the roadway, ditch effectiveness, and mitigation effectiveness (Sala and Vessely, 2022). Consequences consider the cost of a stat
	Slopes are assessed through a desktop or an in-person inspection, which serve as inputs to the ARE calculation. Ditch effectiveness can be directly estimated by the inspector, or dimensions of the ditch are compared to the Rockfall Catchment Area Design Guide (Pierson et al., 2001) to estimate ditch effectiveness. Non-cumulative rockfall frequency is estimated for five rockfall volume classes (Table 5-1). The method of estimating rockfall frequency in the absence of a pre-existing magnitude-cumulative frequ
	The slope risk assessment framework also includes deterioration modeling that was developed by BGC Engineering. ARE is forecasted for any point in time by applying two hazard deterioration models (rockfall frequency, which represents physical deterioration, and ditch effectiveness) and cost inflation. If the slope asset is a cut slope as opposed to a natural slope, rockfall frequency increases by 1.5% each year for each volume class. For natural slopes, the rockfall frequency remains constant. If the slope 
	7.2 Methods  
	To compare the changes in ARE forecasted by CDOT’s current deterioration models and the conceptual models, these deterioration models were applied to six cut slopes in the Front Range region of Colorado that are monitored with remote sensing. Each slope has a rockfall inventory with at least two years of data, which has been used to develop a corresponding MCF curve (Figure 4.2). These slopes are named Vail Pass (VP), Idaho Springs (IS), Floyd Hill (FH), E, HI, and Manitou Springs (MS), with characteristics
	Slopes HI and Manitou Springs have concrete Jersey barriers between the ditch and road shoulder, and therefore the slope risk assessment framework applies mitigation effectiveness for volume classes V1 and V2 for these slopes. Slopes E and HI have rock bolts installed, but the effect of rock bolts was not considered when inputting rockfall frequency into the CDOT slope risk assessment. Likewise, though Slopes E, HI, and Floyd Hill have had scaling performed in the past, the effects of actual scaling efforts
	For each case, ARE was forecasted for 5, 10, 15, 20, 30, 40 and 50 years into the future with 0% cost inflations and 0% increase in average annual daily traffic. In other words, the “consequence” component of risk for each slope was held constant to isolate the influence of changing hazard per the considered deterioration models. The CDOT deterioration models were first applied to each cut slope. In terms of physical deterioration, the CDOT models apply a 1.5% increase in rockfall frequency and 3% decrease 
	Two scenarios of the time-since-excavation conceptual model were applied while still using CDOT’s ditch effectiveness deterioration: one that assumed each cut slope had just been excavated at the present time, and one that assumed each cut slope was 50 years in age and fully weathered (the latter being more reflective of the actual slope conditions, given the estimated ages of the slopes in question). In the first scenario, the remote sensing MCF parameters were used to represent rockfall frequency after th
	without any other proposed conceptual model, the time-since-excavation conceptual model was also applied with the ditch effectiveness deterioration conceptual model for both scenarios. Lastly, the scaling conceptual model was applied with the second time-since-excavation scenario. In other words, the scaling conceptual model used the remote sensing MCF parameters for 𝑎0 and 𝑏0 and assumed that the slope was already fully weathered. 
	When calculating ditch-filling rates for application of the ditch effectiveness deterioration conceptual model, MCF parameters were assumed to be constant for simplicity, even though rockfall activity may be increasing according to the CDOT deterioration model or the time-since-excavation conceptual model. All slopes were also assigned an initial ditch effectiveness of 0.75. 
	Furthermore, unlike the CDOT deterioration model, the ditch effectiveness was applied to Vmax,d calculated from Equation 3.13, which represents the maximum volume the ditch can be expected to retain, and the maximum volume considered in ditch effectiveness deterioration. With that in mind, Vail Pass, HI, and Manitou Springs had ditch effectiveness applied in classes V1-V3, while the rest of the slopes had ditch effectiveness applied to classes V1-V2. The same value of ditch effectiveness was applied to each
	Table 7-1 displays the parameters used in each of the conceptual models. Initial rockfall frequencies for each volume class were found by first normalizing the MCF "a" intercept parameter in terms of a 0.1-mile length, meaning the original a was divided by the slope length and multiplied by 0.1 mile. This was done to allow for a more direct comparison between slopes and because the slope risk assessment framework assigns risk values for 0.1-mile-long segments of slopes. The cumulative frequencies were then 
	Table 7-1. Parameters used in the conceptual models.  
	Model 
	Model 
	Model 
	Model 
	Model 

	Parameter 
	Parameter 

	Value 
	Value 



	Ditch effectiveness 
	Ditch effectiveness 
	Ditch effectiveness 
	Ditch effectiveness 

	DE0 
	DE0 

	0.75 
	0.75 


	Ditch effectiveness 
	Ditch effectiveness 
	Ditch effectiveness 

	φ 
	φ 

	35 degrees 
	35 degrees 


	Ditch effectiveness 
	Ditch effectiveness 
	Ditch effectiveness 

	Vmin,d 
	Vmin,d 

	0.001 m3 
	0.001 m3 


	Ditch effectiveness 
	Ditch effectiveness 
	Ditch effectiveness 

	fw 
	fw 

	1.85 
	1.85 


	Ditch effectiveness 
	Ditch effectiveness 
	Ditch effectiveness 

	𝑓𝐵 
	𝑓𝐵 

	1.3 
	1.3 


	Time-since-excavation 
	Time-since-excavation 
	Time-since-excavation 

	∆t 
	∆t 

	20 years 
	20 years 


	Time-since-excavation 
	Time-since-excavation 
	Time-since-excavation 

	t1 
	t1 

	0 years 
	0 years 


	Time-since-excavation 
	Time-since-excavation 
	Time-since-excavation 

	k0 
	k0 

	1.5 
	1.5 


	Time-since-excavation 
	Time-since-excavation 
	Time-since-excavation 

	kf 
	kf 

	1.5 
	1.5 


	Time-since-excavation 
	Time-since-excavation 
	Time-since-excavation 

	c 
	c 

	0.3 
	0.3 


	Scaling 
	Scaling 
	Scaling 

	Vmin 
	Vmin 

	1 m3 
	1 m3 


	Scaling 
	Scaling 
	Scaling 

	Vmax 
	Vmax 

	100 m3 
	100 m3 


	Scaling 
	Scaling 
	Scaling 

	∆t 
	∆t 

	15 
	15 


	Scaling 
	Scaling 
	Scaling 

	t1 
	t1 

	0 years 
	0 years 


	Scaling 
	Scaling 
	Scaling 

	k 
	k 

	0.75 
	0.75 


	Scaling 
	Scaling 
	Scaling 

	c 
	c 

	0.3 
	0.3 




	7.3 Results  
	The resulting ARE comparisons are shown in Figures 7.1-7.3, which indicate that the current CDOT hazard deterioration generally outputs the highest risk in terms of ARE. Rates of deterioration in all cases are dependent on the given slope. ARE values differ at time 0 in the cases that the ditch effectiveness deterioration conceptual model has been applied; this occurs because the ditch effectiveness conceptual model, unlike the CDOT ditch effectiveness deterioration, does not apply a factor of 0.5 to ditch 
	Likewise, the scaling and time-since-excavation conceptual models have different ARE values at time 0 in Figure 7.3. Scaling is set to occur at time 0 in Figure 7.3, causing an immediate decrease in rockfall frequency at time 0, while rockfall frequency is constant in the time-since-excavation conceptual model for the fully weathered slope case. 
	Figure 7.1 compares the ARE between different combinations of deterioration models with the assumption that slopes were recently excavated at time 0. The time-since-excavation conceptual model outputs a higher ARE than the CDOT hazard deterioration models until the slope reaches equilibrium and is fully weathered. Similarly, the ditch effectiveness deterioration conceptual model outputs a lower ARE than the time-since-excavation conceptual model and the combined ditch effectiveness deterioration and time-si
	Figure
	Figure 7.1. ARE comparison between different combinations of deterioration models. The “time-since-excavation” conceptual model assumes that slopes were recently excavated at time 0. The “ditch effectiveness” deterioration conceptual model is applied with the CDOT model for rockfall frequency increase, and the “time-since-excavation” conceptual model is applied with the CDOT ditch effectiveness deterioration model. 
	The time-since-excavation conceptual model applied in Figure 7.2 assumes that the slopes are already fully weathered; this scenario outputs a lower ARE than the CDOT hazard deterioration models at all points in time after time 0 since rockfall is no longer increasing. The combined ditch effectiveness deterioration and time-since-excavation conceptual models consistently output the lowest ARE in Figure 7.2. 
	Figure 7.3 provides an illustrative example of how scaling might temporarily improve the ARE by decreasing rockfall frequency. Scaling is assumed to be effective for 15 years in this example; after 15 years, ARE returns to the same value as predicted by the time-since-excavation conceptual model, assuming that slopes are fully weathered and have constant rockfall frequency. 
	Figure
	Figure 7.2. ARE comparison between different combinations of deterioration models. The time-since-excavation conceptual model assumes that slopes are fully weathered. The “ditch effectiveness” deterioration conceptual model is applied with the CDOT model for rockfall frequency increase, and the “time-since-excavation” conceptual model is applied with the CDOT ditch effectiveness deterioration model.   
	Figure
	Figure 7.3. ARE comparison between scaling conceptual model and time-since-excavation conceptual model, assuming fully weathered slopes. The “time-since-excavation” and “scaling” conceptual models are applied with the CDOT ditch effectiveness deterioration model. 
	7.4 Discussion  
	Figures 7.1-7.3 indicate that the conceptual models generally produce lower ARE values than the current CDOT hazard deterioration models across all slopes. Thus, the CDOT hazard deterioration models are more conservative by applying both a 1.5% increase in rockfall frequency and a 3% decrease in ditch effectiveness each year.  
	The CDOT hazard deterioration models may be conservative relative to the ditch effectiveness deterioration conceptual model because the conceptual model considers more inputs that are slope-specific, such as the MCF curve and ditch geometry. The ditch effectiveness deterioration conceptual model predicts that ditch effectiveness will remain constant until a talus pile forms to the point where the ditch is filled to the horizontal. If the slope has a lower rockfall frequency, such as Idaho Springs or Floyd H
	Furthermore, in the CDOT model, a ditch effectiveness of zero is applied for rockfall volume classes V3-V5, and the ditch effectiveness is half as effective for class V2. In the conceptual model, the ditch effectiveness is applied to a volume class depending on the largest rockfall volume that the ditch may retain, which is dependent on ditch geometry.  
	The CDOT hazard deterioration models are conservative relative to the time-since-excavation conceptual model if the slope is fully weathered, or if the total amount of rockfall frequency increase due to excavation is small relative to CDOT’s annual 1.5% increase in rockfall frequency. The time-since-excavation conceptual model predicts that rockfall frequency will remain constant once the slope fully weathers, thereby resulting in a decreasing rate of performance deterioration. Contrastingly, the rockfall f
	When the ditch effectiveness deterioration conceptual model is coupled with the time-since-excavation conceptual model, ARE values decrease further, particularly if the slope is fully weathered. Rates of performance deterioration are higher for Vail Pass and Manitou Springs than the rest of the cut slopes since the ditch effectiveness deteriorates at a faster rate for these slopes.  
	The scaling conceptual model illustrates how scaling may further reduce ARE values (Figure 7.7). When scaling is no longer effective after t1 + ∆t, scaling may be applied again at a slope if resources allow. 
	7.5 Conclusions  
	In this section, forecasted ARE at different points of time was compared between the current CDOT hazard deterioration models and the proposed conceptual models. The CDOT hazard deterioration models consist of a 3% decrease in ditch effectiveness each year, and a 1.5% increase in rockfall frequency each year. The conceptual models applied in the analysis include the ditch effectiveness deterioration, time-since-excavation, and scaling conceptual models. 
	The results of the ARE comparison between different deterioration models using the baseline cases indicate that the current CDOT hazard deterioration models are generally conservative relative to the conceptual models. Each conceptual model and combination of conceptual models predict lower ARE values throughout time than the CDOT models, except in the case that the slopes are not yet fully weathered. However, once the slopes are fully weathered, the predicted ARE is lower than the CDOT models. 
	Using conceptual models that are evidence-based with parameters specific to a cut slope, the rate of predicted slope performance deterioration may be lower than what is predicted by a “one-size-fits-all” approach. This typically results in lower predicted ARE, thereby allowing for more distinct prioritization of slope management activities.  
	 8.0 Conclusions and Recommendations  
	8.1 Research Summary  
	Deterioration modeling used to forecast changes in risk in cut slopes and other geotechnical assets is in its early stages of implementation. Therefore, existing deterioration models such as Markov models or a constant physical deterioration rate may not be the best approach for forecasting changes in cut slope risk. This research proposes a new deterioration framework using conceptual models that provide evidence-based predictions of how ditch effectiveness and rockfall frequency change through time. The c
	Rockfall activity was quantified using MCF curves for seven cut slopes in Colorado using remote sensing-based rockfall inventories. These MCF curves can be used for hazard assessments as well as critical inputs for initial rockfall frequency in the conceptual models. The conceptual models ultimately predict physical deterioration, or changing rockfall activity through time. In the absence of a remote sensing, the MCF curve may be estimated. An estimation method developed by BGC Engineering was tested and co
	Slope performance over time and the time-since-excavation conceptual model were evaluated using a dataset of slope ratings over time from the WSDOT USMS. This evaluation led to preliminary guidance for estimating parameters in the conceptual model. Lastly, physical deterioration was linked to performance deterioration using the CDOT slope risk assessment framework and forecasting risk values at different points in time for six Colorado cut slopes.  
	8.2 Conclusions  
	From the work described above, the following main conclusions were reached: 
	•
	•
	•
	 The ditch effectiveness deterioration conceptual model is based on the principle that ditch effectiveness remains constant until the ditch is filled with rockfall debris so that its angle is horizontal. Then the ditch effectiveness decreases linearly as a function of the cross-sectional area of the talus pile forming in the ditch from rockfall debris. Once the talus pile in the ditch reaches its angle of repose, the ditch effectiveness can be considered zero. The ditch effectiveness deterioration rate decr

	•
	•
	 The time-since-excavation conceptual model predicts that rockfall frequency will increase at the time of excavation. Then rockfall frequency increases at a decreasing rate as the slope reaches a new hazard equilibrium, meaning a consistent weathering front 


	exists within the slope. After the slope fully weathers, the underlying rockfall hazard 
	exists within the slope. After the slope fully weathers, the underlying rockfall hazard 
	exists within the slope. After the slope fully weathers, the underlying rockfall hazard 
	remains approximately constant.  

	•
	•
	 The scaling conceptual model predicts that rockfall frequency will decrease at the time of scaling, ignoring any short-term increases in rockfall frequency immediately after scaling. As scaling loses its effectiveness, rockfall frequency will increase until it reaches its former frequency before scaling. The rock bolting conceptual model predicts the same trends, although rock bolts are expected to be effective for much longer than scaling. Both scaling and rock bolting are effective for a certain rockfall

	•
	•
	 The conceptual models do not consider the effects of climate change and seasonal fluctuations of the MCF curve. Climate change may alter physical deterioration rates, but consideration of such an influence is outside the scope of this research. 

	•
	•
	 Historical levels of rockfall activity for seven Colorado cut slopes are quantified with MCF curves. Differences in MCF distributions are mainly a result of lithology and geological structure.  

	•
	•
	 The BGC Engineering MCF curve estimation method exhibits up to one order of magnitude of error and some potential improvements are suggested in Section 5. 

	•
	•
	 Based on analysis of the WSDOT data, physical deterioration may cease by 15-25 years after excavation of the cut, although the exact amount of time likely depends on lithology. Slope performance deterioration also appears be negligible after approximately 20 years (i.e., risk remains constant when cost inflation and average annual daily traffic increases are not considered).  

	•
	•
	 The proposed conceptual models may be used to link physical deterioration to performance deterioration within the CDOT slope risk assessment framework. Overall, the proposed conceptual models tend to predict less slope performance deterioration than the current CDOT hazard deterioration models, especially for existing slopes.  

	•
	•
	 The amount that rockfall frequency changes as a result of excavation or scaling (k0/kf and k, respectively) will have a large influence on the forecasted risk values. These parameters also have the largest uncertainty in terms of what their recommended values should be.  


	8.3 Recommendations for Implementation   
	The conceptual models predicting ditch effectiveness deterioration and changes in rockfall frequency through time are evidence-based and forecasted less performance deterioration than predicted by an example of current hazard deterioration models. Therefore, the conceptual models are recommended to be incorporated into the current deterioration modeling and slope risk assessment framework developed by BGC Engineering for CDOT. The models should be incorporated in such a way that the user only needs to input
	The user may choose to apply the rockfall frequency conceptual models separately or couple the rockfall frequency models. For instance, scaling and rock bolting can be applied to reflect a greater reduction in rockfall frequency but assuming the slope is fully weathered. Alternatively, the scaling and bolting models can be applied with the time-since-excavation model that assumes the slope is still weathering. 
	Stronger parameter guidance for the time-since-excavation, scaling, and bolting conceptual models is needed and may be a topic for future research. A range of plausible k0/kf and k values for the time-since-excavation, scaling, and bolting conceptual models has the most uncertainty. Ideal datasets to determine ranges of k0/kf and k would use remote sensing to repeatedly monitor rockfall frequency 5-10 years after a cut slope was excavated, scaled, or bolted. Using such data, the change in the MCF curve coul
	The analyses in Section 6 provide preliminary guidance for how long after excavation the slope may weather until a point of rockfall hazard equilibrium is reached (i.e., up to ~15-25 years). Additionally, literature provides values for how long scaling may be effective and for the service life of rock bolts. However, the parameter ∆t may also be better constrained for specific rock mass and geology types in each of the rockfall frequency conceptual models. 
	8.4 Adaptation of Findings to Other Geohazards  
	The physical deterioration modeling framework may be adapted to suit other geohazards, such as debris flows. In the case of debris flows, a similar approach is recommended, which involves the identification of variables used to calculate hazard that may change over time. For instance, magnitude-frequency or MCF relationships of debris flows are also used for hazard assessment (Liu et al., 2007; Hungr et al., 2008; Jakob and Nolde, 2024), which may change over time. Furthermore, inverse power laws may be use
	The magnitude of debris flows may depend on the following (Jakob, 2005): 
	•
	•
	•
	 Volume of initiating failure  

	•
	•
	 Volume entrained along the transport channel  

	•
	•
	 Volumes deposited along the transport channel 


	If a valley has experienced multiple prior debris flows, the volume of the initiating failure may decrease over time as the basin transitions from transport-limited to weathering-limited, thereby changing the slope or valley’s MCF distribution. For instance, Bovis and Jakob (1999) found that a multiple regression model used to predict debris flow frequency improved when categorizing basins into weathering- and transport-limited, and frequency prediction for weathering-limited basins was more prone to error.
	The time-since-excavation conceptual model may be modified to represent debris flow frequency as a function of time since the first known initiated debris flow, or the cumulative volume removed in past events, and the magnitude of the event.  
	Mitigation for debris flows that reduce the frequency of debris flows may include diversion structures or berms, which would have analogous impacts as rockfall mitigation measures on rockfall MCF curves, such as scaling and bolting.   
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	Appendix A: Numerical Evaluation of the Ditch Effectiveness Deterioration Conceptual Model 
	A.1 Introduction 
	To evaluate the validity of the proposed ditch effectiveness deterioration conceptual model, numerical modeling was performed with various combinations of cut slope and ditch geometries according to the procedure outlined in Figure A.1 and detailed in the following sections.   
	Figure
	Figure A.1. Workflow for evaluation of conceptual model using numerical simulations. 
	A.2 Methods  
	Numerical modeling was performed in RocFall2 (Rocscience, 2023) using a lumped mass analysis. All model geometries were constructed to be consistent with Pierson et al. (2001). First, 24 models were used for calibration to Pierson et al.’s (2001) design guidelines. Ditch-filling and talus pile formation was then simulated with each cut slope angle and height and by approximating the talus pile as a triangle. The talus pile angle was increased incrementally until the angle of repose was reached, and the simu
	The 24 models used for calibration had geometries according to Table A-1 and were constructed using Pierson et al.’s (2001) design guidelines. Ditch effectiveness was measured as the proportion of rockfall that did not reach the road. Cut slopes were defined using coordinates with 0.1 m vertical spacing. A 0.45 m horizontal offset was included in the center of cut slopes if the corresponding cut slope in Pierson et al.’s (2001) field testing included that offset for presplit blasting. 
	Calibrated parameters are shown in Table A-2. The standard deviation applied to the model coordinates was calibrated to represent macroscopic slope roughness and varies depending on cut slope angle and height. Note that the standard deviation was only applied to the rock slope 
	coordinates; in all models, the ditch geometry (including talus pile geometries discussed later) was treated as fully deterministic. 
	Table A-1. Calibration geometries. 
	Cut slope angle 
	Cut slope angle 
	Cut slope angle 
	Cut slope angle 
	Cut slope angle 

	 Cut slope height (m) 
	 Cut slope height (m) 

	Ditch slope 
	Ditch slope 

	Ditch width (m) 
	Ditch width (m) 

	Target proportion rockfall retained 
	Target proportion rockfall retained 

	Case no. 
	Case no. 



	4V:1H 
	4V:1H 
	4V:1H 
	4V:1H 

	12.2 
	12.2 

	1V:4H 
	1V:4H 

	2.7 
	2.7 

	0.90 
	0.90 

	4.1 
	4.1 


	4V:1H 
	4V:1H 
	4V:1H 

	12.2 
	12.2 

	1V:4H 
	1V:4H 

	4.8 
	4.8 

	0.99 
	0.99 

	4.2 
	4.2 


	4V:1H 
	4V:1H 
	4V:1H 

	12.2 
	12.2 

	1V:6H 
	1V:6H 

	2.9 
	2.9 

	0.90 
	0.90 

	4.3 
	4.3 


	4V:1H 
	4V:1H 
	4V:1H 

	12.2 
	12.2 

	1V:6H 
	1V:6H 

	4.9 
	4.9 

	0.99 
	0.99 

	4.4 
	4.4 


	4V:1H 
	4V:1H 
	4V:1H 

	24.4 
	24.4 

	1V:4H 
	1V:4H 

	6.8 
	6.8 

	0.90 
	0.90 

	4.5 
	4.5 


	4V:1H 
	4V:1H 
	4V:1H 

	24.4 
	24.4 

	1V:4H 
	1V:4H 

	12.3 
	12.3 

	0.99 
	0.99 

	4.6 
	4.6 


	4V:1H 
	4V:1H 
	4V:1H 

	24.4 
	24.4 

	1V:6H 
	1V:6H 

	9.4 
	9.4 

	0.90 
	0.90 

	4.7 
	4.7 


	4V:1H 
	4V:1H 
	4V:1H 

	24.4 
	24.4 

	1V:6H 
	1V:6H 

	14.8 
	14.8 

	0.99 
	0.99 

	4.8 
	4.8 


	2V:1H 
	2V:1H 
	2V:1H 

	12.2 
	12.2 

	1V:4H 
	1V:4H 

	3.5 
	3.5 

	0.90 
	0.90 

	2.1 
	2.1 


	2V:1H 
	2V:1H 
	2V:1H 

	12.2 
	12.2 

	1V:4H 
	1V:4H 

	4.9 
	4.9 

	0.99 
	0.99 

	2.2 
	2.2 


	2V:1H 
	2V:1H 
	2V:1H 

	12.2 
	12.2 

	1V:6H 
	1V:6H 

	5.2 
	5.2 

	0.90 
	0.90 

	2.3 
	2.3 


	2V:1H 
	2V:1H 
	2V:1H 

	12.2 
	12.2 

	1V:6H 
	1V:6H 

	7.3 
	7.3 

	0.99 
	0.99 

	2.4 
	2.4 


	2V:1H 
	2V:1H 
	2V:1H 

	24.4 
	24.4 

	1V:4H 
	1V:4H 

	5.7 
	5.7 

	0.90 
	0.90 

	2.5 
	2.5 


	2V:1H 
	2V:1H 
	2V:1H 

	24.4 
	24.4 

	1V:4H 
	1V:4H 

	8.1 
	8.1 

	0.99 
	0.99 

	2.6 
	2.6 


	2V:1H 
	2V:1H 
	2V:1H 

	24.4 
	24.4 

	1V:6H 
	1V:6H 

	6.9 
	6.9 

	0.90 
	0.90 

	2.7 
	2.7 


	2V:1H 
	2V:1H 
	2V:1H 

	24.4 
	24.4 

	1V:6H 
	1V:6H 

	10.5 
	10.5 

	0.99 
	0.99 

	2.8 
	2.8 


	1V:1H 
	1V:1H 
	1V:1H 

	12.2 
	12.2 

	1V:4H 
	1V:4H 

	3.7 
	3.7 

	0.90 
	0.90 

	1.1 
	1.1 


	1V:1H 
	1V:1H 
	1V:1H 

	12.2 
	12.2 

	1V:4H 
	1V:4H 

	4.9 
	4.9 

	0.99 
	0.99 

	1.2 
	1.2 


	1V:1H 
	1V:1H 
	1V:1H 

	12.2 
	12.2 

	1V:6H 
	1V:6H 

	6.7 
	6.7 

	0.90 
	0.90 

	1.3 
	1.3 


	1V:1H 
	1V:1H 
	1V:1H 

	12.2 
	12.2 

	1V:6H 
	1V:6H 

	9.8 
	9.8 

	0.99 
	0.99 

	1.4 
	1.4 


	1V:1H 
	1V:1H 
	1V:1H 

	24.4 
	24.4 

	1V:4H 
	1V:4H 

	7.1 
	7.1 

	0.90 
	0.90 

	1.5 
	1.5 


	1V:1H 
	1V:1H 
	1V:1H 

	24.4 
	24.4 

	1V:4H 
	1V:4H 

	11 
	11 

	0.99 
	0.99 

	1.6 
	1.6 


	1V:1H 
	1V:1H 
	1V:1H 

	24.4 
	24.4 

	1V:6H 
	1V:6H 

	10.5 
	10.5 

	0.90 
	0.90 

	1.7 
	1.7 


	1V:1H 
	1V:1H 
	1V:1H 

	24.4 
	24.4 

	1V:6H 
	1V:6H 

	15 
	15 

	0.99 
	0.99 

	1.8 
	1.8 




	Intact weathered bedrock, gravel road, and asphalt properties from the default material library in RocFall were initially used to represent the cut slope, ditch, and road shoulder, respectively. The coefficients of normal and tangential restitution were altered for the ditch material to fine tune ditch effectiveness results following adjustments to the slope coordinate standard deviation values. The bedrock friction angle and coefficients of normal and tangential restitution were not substantially modified,
	Three rockfall groups were used in a lumped mass analysis, with masses calculated based on a density of 2650 kg/m3 and the measured diameters from Pierson et al.’s (2001) field testing. 
	Consistent with the field testing, 40%, 30%, and 30% of rockfalls had diameters of 0.3, 0.6, and 0.9 m, respectively. Five thousand spherical rockfalls were simulated with no initial velocity. All models but Case 2.1 (Table A-1) were calibrated within ±0.05 of the target ditch effectiveness. 
	Table A-2. Calibrated model parameters.   
	Property  
	Property  
	Property  
	Property  
	Property  

	Model 
	Model 

	Value (m) 
	Value (m) 



	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 

	4V:1H, 12.2 m cut slopes 
	4V:1H, 12.2 m cut slopes 

	0.0015 
	0.0015 


	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 

	4V:1H, 24.4 m cut slopes 
	4V:1H, 24.4 m cut slopes 

	0.0030 
	0.0030 


	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 

	2V:1H, 12.2 m and 24.4 m cut slopes 
	2V:1H, 12.2 m and 24.4 m cut slopes 

	0.0021 
	0.0021 


	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 

	1V:1H, 12.2 m cut slope, 1V:4H ditch slope 
	1V:1H, 12.2 m cut slope, 1V:4H ditch slope 

	0.0065 
	0.0065 


	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 

	1V:1H, 12.2 m cut slope, 1V:6H ditch slope 
	1V:1H, 12.2 m cut slope, 1V:6H ditch slope 

	0.0075 
	0.0075 


	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 
	X and Y slope coordinate std. dev. 

	1V:1H, 24.4 m cut slopes 
	1V:1H, 24.4 m cut slopes 

	0.0075 
	0.0075 


	Material  
	Material  
	Material  

	Parameter  
	Parameter  

	Value  
	Value  


	Ditch 
	Ditch 
	Ditch 

	Normal restitution 
	Normal restitution 

	0.43 
	0.43 


	Ditch 
	Ditch 
	Ditch 

	Normal restitution, std. dev. 
	Normal restitution, std. dev. 

	0.10 
	0.10 


	Ditch 
	Ditch 
	Ditch 

	Tangential restitution 
	Tangential restitution 

	0.93 
	0.93 


	Ditch 
	Ditch 
	Ditch 

	Tangential restitution, std. dev. 
	Tangential restitution, std. dev. 

	0.01 
	0.01 


	Ditch 
	Ditch 
	Ditch 

	Friction angle (deg) 
	Friction angle (deg) 

	10.0 
	10.0 


	Bedrock 
	Bedrock 
	Bedrock 

	Normal restitution 
	Normal restitution 

	0.36 
	0.36 


	Bedrock 
	Bedrock 
	Bedrock 

	Normal restitution, std. dev. 
	Normal restitution, std. dev. 

	0.04 
	0.04 


	Bedrock 
	Bedrock 
	Bedrock 

	Tangential restitution 
	Tangential restitution 

	0.86 
	0.86 


	Bedrock 
	Bedrock 
	Bedrock 

	Tangential restitution, std. dev. 
	Tangential restitution, std. dev. 

	0.04 
	0.04 


	Bedrock 
	Bedrock 
	Bedrock 

	Friction angle (deg) 
	Friction angle (deg) 

	25.0 
	25.0 




	The initial geometries used for simulating ditch-filling and talus pile formation include the following, each with the 1V:4H ditch slope, 0.99 ditch effectiveness case: 
	•
	•
	•
	 4V:1H, 12.2 m cut slope  

	•
	•
	 4V:1H, 24.4 m cut slope 

	•
	•
	 2V:1H, 12.2 m cut slope 

	•
	•
	 2V:1H, 24.4 m cut slope 

	•
	•
	 1V:1H, 12.2 m cut slope 

	•
	•
	 1V:1H, 24.4 m cut slope 


	To simulate talus pile formation, a talus pile was approximated as a triangle and extended from the point the ditch met the road to the cut slope. For simplicity, the simulation of talus pile growth assumes that rockfall debris is deposited across the entire ditch width, with more material accumulating closer to the slope than far away.   
	The talus pile angle was increased incrementally according to Table A-3 until the angle of repose was reached. In this case, the angle of repose was set to 35 degrees, or 7V:10H (Turner, 1996; Ehrlich et al., 2021). Negative angles represent a talus pile that has not yet filled the ditch to the horizontal. A negative talus pile angle equivalent to the ditch slope corresponds to an empty ditch. 
	Table A-3. Talus pile angles. 
	Talus pile angle 
	Talus pile angle 
	Talus pile angle 
	Talus pile angle 
	Talus pile angle 

	Talus pile angle (deg) 
	Talus pile angle (deg) 



	-1V:4H 
	-1V:4H 
	-1V:4H 
	-1V:4H 

	-14.0 
	-14.0 


	-1V:8H 
	-1V:8H 
	-1V:8H 

	-7.13 
	-7.13 


	Flat 
	Flat 
	Flat 

	0.00 
	0.00 


	1V:8H 
	1V:8H 
	1V:8H 

	7.13 
	7.13 


	1V:4H 
	1V:4H 
	1V:4H 

	14.0 
	14.0 


	1V:2H 
	1V:2H 
	1V:2H 

	26.6 
	26.6 


	7V:10H 
	7V:10H 
	7V:10H 

	35.0 
	35.0 




	The initial ditch slope geometry uses the original calibration parameters for the ditch material for the 0.99 ditch effectiveness cases. However, after the initial geometry, the material parameters for the ditch were changed to a bare talus pile from RocFall’s material library with a friction angle of 35 degrees (Table A-4). This means that in all cases other than the initial geometry, rocks are impacting talus rather than gravel of an empty ditch; thus, a change in parameters was required to better represe
	After running a model for each cut slope geometry and talus pile angle, the proportion of rockfall that did not reach the road was recorded as ditch effectiveness. 
	Table A-4. Talus pile parameters. 
	Coefficient of normal restitution 
	Coefficient of normal restitution 
	Coefficient of normal restitution 
	Coefficient of normal restitution 
	Coefficient of normal restitution 

	Coefficient of tangential restitution 
	Coefficient of tangential restitution 

	Std dev for coefficients 
	Std dev for coefficients 

	Friction angle (deg) 
	Friction angle (deg) 



	0.32 
	0.32 
	0.32 
	0.32 

	0.82 
	0.82 

	0.04 
	0.04 

	35 
	35 




	A.3 Results  
	Numerical modeling results (Figure A.2) reflect a deterioration in ditch effectiveness with increasing talus pile angle, which corresponds to an increase in cross-sectional area of the talus pile. To match the conceptual model, ditch effectiveness as a function of cross-sectional area of the talus pile should be linear once the area is greater than 0 m. Recall that negative areas 
	represent the empty space between the top of the talus pile and horizontal. Talus pile cross-sectional area was additionally normalized by ditch width to allow for more direct comparison of models with varying ditch widths.  
	The 4V:1H model results can be reasonably approximated as a linear trend, which agrees with the conceptual model in Figure 3.1. Recall that a slightly convex ditch effectiveness deterioration as a function of talus pile angle corresponds with a linear ditch effectiveness deterioration as a function of talus pile area. 
	Numerical model results deviate from the conceptual model for the shallower cut slopes: 2V:1H and 1V:1H. Both models show a slower rate of ditch effectiveness deterioration than expected. In the 2V:1H model, the slow rate of deterioration is followed by a relatively abrupt decrease of ditch effectiveness to zero for the 12.2 m cut slope height and to 0.24 for the 24.4 m height. 
	Figure
	Figure A.2. Ditch effectiveness deterioration as a function of talus pile angle (left) and talus pile volume normalized by slope length and ditch width (right) for numerical modeling results and conceptual model. 
	A.4 Discussion  
	A.4.1 Influence of Cut Slope Angle on Numerical Modeling Results and Numerical Limitations  
	The steeper, 4V:1H cut slope numerical model was found to reasonably agree with the conceptual model for forecasting ditch effectiveness deterioration. Similar to the conceptual model, Figure A.2 shows that initial ditch effectiveness is retained for the 4V:1H cut slope until the talus pile angle is positive, meaning above the horizontal; this is attributed to the small increases in angle over this range being offset by a lower coefficient of restitution due to the loose debris, particularly since a slope d
	Numerical models exhibit similar ditch effectiveness trends across different cut slope heights, but ditch effectiveness deterioration differs substantially depending on cut slope angle. As cut slope angles become shallower, ditch effectiveness deterioration deviates from the conceptual model, and the conceptual model is conservative relative to the numerical modeling results for shallower cut slope angles.  
	The results of the shallower cut slopes are considered unreasonable due to limitations in the numerical modeling (Figure A.3). For example, RocFall2 cannot simulate the specific talus pile mechanics and lacks consideration of clast-to-clast interactions. The talus pile is represented as a continuous material, but in reality, a pile contains interlocking blocks of varying sizes and exhibits the potential for dislodging of previously deposited rockfall debris from the talus pile. As a talus pile approaches it
	Furthermore, in Figure A.2, it is observed that the normalized talus pile area increases at a faster rate with talus pile angle for the 1V:1H cut slope, and to a lesser extent, the 2V:1H cut slope, due to shallower cut slope angle. Thus, relative to steeper cut slopes, shallower cut slopes produce taller talus piles when the talus pile width is assumed to span the entire ditch width. In the numerical models, rockfall motion transitions from bouncing-dominated to rolling-dominated as the cut slope angle decr
	Figure
	Figure A.3. Comparison of rockfall motion in the numerical models (A and C) vs. field conditions (B and D). Bouncing and falling rockfall motions are more present in steeper cut slopes (A and B), while rolling motions are more present in shallower cut slopes (C and D). However, because the talus pile is represented as a continuous, solid material, clast-to-clast interactions which may affect ditch effectiveness are not considered. For instance, rockfall may dislodge previous rockfall debris from the talus p
	A.4.2 Possible Deviations from the Conceptual Model in Field Conditions  
	In field conditions, deviations may occur from the conceptual model for shallower cut slopes due to possible different talus pile formation processes dependent on the cut slope angle. For instance, in the case of steeper slopes, more bouncing will cause variable positions where rockfall debris is deposited, causing the talus pile angle to build over time (Figure A.4). However, in shallower cut slopes, rolling motion may result in a talus pile concentrated at the base of the slope which expands in width and 
	With a different talus pile formation process for shallow cut slopes (and what was simulated in the numerical modeling), the underlying assumption of the conceptual model as described in Section 3.3.1 would not be expected to hold, meaning the initial ditch effectiveness may be retained even after the talus pile angle reaches zero. If the talus pile angle is at its angle of repose 
	but does not span across the entire ditch width, the ditch effectiveness may be retained until the talus pile width is approximately equivalent to the ditch width. Recommendations on how the conceptual model may be modified to reflect this scenario are discussed previously in Section 3.3. 
	Figure
	Figure A.4. Different talus pile formation processes. The talus pile formation process simulated in the numerical modeling (A) may apply more to steeper cut slopes, while the alternative talus pile formation process (B) may apply to shallower cut slopes which have rolling-dominated rockfall motion. 
	A.5 Conclusions  
	To evaluate the ditch effectiveness deterioration conceptual model, 2D rockfall trajectories and runout were simulated in RocFall2 with cut slope and ditch geometries calibrated to Pierson et al. (2001). The talus pile geometry was represented as a continuous triangle, and the talus pile angle was increased incrementally until the angle of repose was reached, which was predicted to result in a ditch effectiveness of zero. The numerical rockfall modeling results for the 4V:1H cut slope can be considered to r
	The numerical modeling results for the shallower cut slope angles did not reflect ditch effectiveness deterioration as the conceptual model proposes. This is attributed to limitations in the numerical modeling, as well as the assumed talus pile formation process. Specifically, in the case of shallow cut slopes where rockfall motion is dominated by rolling, talus piles may initially form at their angle of repose and increase in width over time. Thus, ditch effectiveness would not begin to decrease until the 
	Appendix B: Supplemental Material for Comparison of Slope Performance Deterioration Using the CDOT Hazard Models and the Proposed Conceptual Models 
	Table B-1. Remote sensing MCF parameters for each slope used in the sensitivity analysis. Intercept parameter, a, normalized by slope area is used for ditch effectiveness deterioration, while a normalized by 0.1 mile is used in the time since excavation and scaling models.   
	Slope 
	Slope 
	Slope 
	Slope 
	Slope 

	a (events/yr/m2) 
	a (events/yr/m2) 

	a (events/yr/0.1 mile) 
	a (events/yr/0.1 mile) 

	b 
	b 



	Vail Pass 
	Vail Pass 
	Vail Pass 
	Vail Pass 

	9.00x10-4 
	9.00x10-4 

	7.600 
	7.600 

	0.855 
	0.855 


	Idaho Springs  
	Idaho Springs  
	Idaho Springs  

	1.27x10-4 
	1.27x10-4 

	0.158 
	0.158 

	0.971 
	0.971 


	Floyd Hill 
	Floyd Hill 
	Floyd Hill 

	4.42x10-5 
	4.42x10-5 

	0.341 
	0.341 

	0.734 
	0.734 


	E 
	E 
	E 

	1.22x10-4 
	1.22x10-4 

	0.808 
	0.808 

	0.749 
	0.749 


	HI 
	HI 
	HI 

	2.02x10-4 
	2.02x10-4 

	0.994 
	0.994 

	0.922 
	0.922 


	Manitou Springs 
	Manitou Springs 
	Manitou Springs 

	9.00x10-4 
	9.00x10-4 

	3.713 
	3.713 

	0.683 
	0.683 




	Table B-2. Ditch effectiveness deterioration model inputs. 
	Slope 
	Slope 
	Slope 
	Slope 
	Slope 

	w (m) 
	w (m) 

	δ (deg) 
	δ (deg) 

	α (deg) 
	α (deg) 

	lb (m) 
	lb (m) 



	Vail Pass 
	Vail Pass 
	Vail Pass 
	Vail Pass 

	5.00 
	5.00 

	15 
	15 

	70 
	70 

	60.66 
	60.66 


	Idaho Springs  
	Idaho Springs  
	Idaho Springs  

	2.50 
	2.50 

	15 
	15 

	80 
	80 

	18.12 
	18.12 


	Floyd Hill 
	Floyd Hill 
	Floyd Hill 

	2.00 
	2.00 

	10 
	10 

	72 
	72 

	44.77 
	44.77 


	E 
	E 
	E 

	2.75 
	2.75 

	10 
	10 

	80 
	80 

	46.09 
	46.09 


	HI 
	HI 
	HI 

	4.00 
	4.00 

	15 
	15 

	80 
	80 

	30.14 
	30.14 


	Manitou Springs 
	Manitou Springs 
	Manitou Springs 

	6.00 
	6.00 

	0 
	0 

	75 
	75 

	27.68 
	27.68 
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