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RESEARCH OBJECTIVES & OUTLINERESEARCH OBJECTIVES & OUTLINE

•• ODOT maintains thousands of culverts in OhioODOT maintains thousands of culverts in Ohio
•• InIn--house program house program CMPCMP--ExcelExcel is used for evaluationis used for evaluation

Objectives:Objectives:
•• Review Review ODOTODOT’’ss culvert databaseculvert database

(Parameters: geometry, loading, age, soil depth etc.)(Parameters: geometry, loading, age, soil depth etc.)
•• Perform field testing of 40 culverts in Ohio Perform field testing of 40 culverts in Ohio 
•• Validate and verify Validate and verify CMPCMP--ExcelExcel using test datausing test data
•• Model and analyze culverts (e.g., CANDE, FLAC)Model and analyze culverts (e.g., CANDE, FLAC)
•• Compare the test data with analytical resultsCompare the test data with analytical results
•• Propose new methods/recommendationsPropose new methods/recommendations



DO CULVERTS FAIL? CONSEQUENCESDO CULVERTS FAIL? CONSEQUENCES

Vail, CO

Bakersfield, CA

Cuyahoga Co, Ohio



RESEARCH APPROACHRESEARCH APPROACH
Experimental Research:Experimental Research:
•• Develop a test matrix  Develop a test matrix  
-- Instrumentation: strains and displacementsInstrumentation: strains and displacements
-- Loading: standard loading truck Loading: standard loading truck 
-- Static and dynamic testsStatic and dynamic tests
Analytical Research:Analytical Research:
•• Model and analyze the test culvertsModel and analyze the test culverts

-- use simplified 2use simplified 2--D models (CANDE) D models (CANDE) 
-- equivalent line loading (AASHTO)equivalent line loading (AASHTO)
-- use detailed 3use detailed 3--D models (FLACD models (FLAC--3D)3D)

•• Evaluate the inEvaluate the in--house program, house program, CMPCMP--ExcelExcel



TEST CULVERTSTEST CULVERTS

Number of culverts tested so far: Number of culverts tested so far: 3838

-- Backfill height: 0.9 to 24.5 ftBackfill height: 0.9 to 24.5 ft
-- Span length: 11 to 21 ftSpan length: 11 to 21 ft
-- General appraisal number: 2 to 9General appraisal number: 2 to 9
-- ADT: 580 ADT: 580 -- 12420 12420 
-- Year built: 1938 Year built: 1938 -- 19971997
-- Different test locations in Ohio Different test locations in Ohio 



MarionMarion MorrowMorrow

ClintonClinton

LickingLicking
DelawareDelaware

AdamsAdams

MadisonMadison
FayetteFayette

PickawayPickaway

KnoxKnox

TEST SITE LOCATIONSTEST SITE LOCATIONS

ColumbianaColumbiana

TrumbullTrumbull

NobleNoble

SanduskySandusky

HockingHocking

LakeLake
AshtabulaAshtabula

FranklinFranklin

AllenAllen

DefianceDefiance

JacksonJackson
GalliaGallia



INSTRUMENTATIONINSTRUMENTATION

Direct displacement measurements (inside culvert):Direct displacement measurements (inside culvert):
-- Vertical and diagonal directionsVertical and diagonal directions
-- Displacement sensors attached on an adjustable frameDisplacement sensors attached on an adjustable frame
-- 5 channels (CH 01 5 channels (CH 01 -- CH 05)CH 05)
-- CH06 is used for slippage between culvert platesCH06 is used for slippage between culvert plates

Strain measurements:Strain measurements:
-- Information about strains and stressesInformation about strains and stresses
-- Strain gauges attached on the inside surface of culvertStrain gauges attached on the inside surface of culvert
-- Longitudinal and transverse directionsLongitudinal and transverse directions
-- 14 channels (CH 07 14 channels (CH 07 -- CH 20)CH 20)



Locations of the 5 displacement sensors (CH 01 Locations of the 5 displacement sensors (CH 01 –– CH 05)CH 05)

DISPLACEMENT MEASUREMENTS:DISPLACEMENT MEASUREMENTS:

Adjustable Adjustable 
instrumentation instrumentation 
frameframe



STRAIN MEASUREMENTSSTRAIN MEASUREMENTS

Locations of the 12 strain gages (CH 07 Locations of the 12 strain gages (CH 07 –– CH 18)CH 18)



Gauge locations along culvert lengthGauge locations along culvert length ((plan view): CH 07plan view): CH 07––CH 20CH 20

STRAIN MEASUREMENTSSTRAIN MEASUREMENTS



LOADING TRUCKLOADING TRUCK

Total weight:  54Total weight:  54--89 kips 89 kips 
Steering axle: 12Steering axle: 12--27 kips27 kips
Drive axles:    16Drive axles:    16--31 kips31 kips



STATIC LOAD POSITIONSSTATIC LOAD POSITIONS



STATIC LOAD POSITIONSSTATIC LOAD POSITIONS



STATIC TESTSSTATIC TESTS

•• Maximum displacement:Maximum displacement: 2.25 mm (0.09 in.)2.25 mm (0.09 in.)
(very shallow culvert (very shallow culvert -- 1 ft deep)1 ft deep)

•• Maximum strain: Maximum strain: 108×10-6

((very low appraisal number, 3)very low appraisal number, 3)



DYNAMIC LOADINGDYNAMIC LOADING

Truck driving over the culvert at speeds:Truck driving over the culvert at speeds:
•• 5 5 -- 10 10 –– 15 15 –– 20 20 –– 25 25 –– 30 mph30 mph
•• Legal speed limit  Legal speed limit  



SAMPLE TEST RESULTSSAMPLE TEST RESULTS

Route 19, SLM 0456, Morrow CountyRoute 19, SLM 0456, Morrow County
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Route 38, SLM 0935, Madison CountyRoute 38, SLM 0935, Madison County
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DEFORMED SHAPES OF TWO CULVERTSDEFORMED SHAPES OF TWO CULVERTS

Route 19, SLM 0456, Route 19, SLM 0456, 
Morrow CountyMorrow County

Route 38, SLM 0935Route 38, SLM 0935
Madison CountyMadison County

Maximum DeflectionMaximum Deflection
Field Test : 0.412 mmField Test : 0.412 mm

Maximum DeflectionMaximum Deflection
Field Test : 0.809 mmField Test : 0.809 mm



Deformation vs. General Appraisal NumberDeformation vs. General Appraisal Number
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EFFECT OF BACKFILL DEPTHEFFECT OF BACKFILL DEPTH

- Deformations seem to decrease with increasing backfill 
- Very deep culverts do not feel the load

0.0

0.5

1.0

1.5

2.0

2.5

0 5 10 15 20 25

Backfill depth (ft)

M
ax

im
um

 d
ef

le
ct

io
n 

(m
m

)

0

20

40

60

80

100

120

0 5 10 15 20 25

Backfill depth (m)
M

ax
im

um
 st

ra
in

 (1
0 

 -6
)



EFFECT OF TOTAL TRUCK WEIGHTEFFECT OF TOTAL TRUCK WEIGHT
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Equivalent Line Load (AASHTO)Equivalent Line Load (AASHTO)

1.75 2W

Qq
H D W

=
+ +

Conversion of total axle Conversion of total axle 
load, load, QQ to line load, to line load, qq::



Effect of Equivalent Line Load (AASHTO)Effect of Equivalent Line Load (AASHTO)
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- Equivalent line load includes the effects of truck 
load and backfill height



DYNAMIC LOAD TESTSDYNAMIC LOAD TESTS
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Maximum Deflection Ratio vs. Truck SpeedMaximum Deflection Ratio vs. Truck Speed
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ANALYTICAL RESEARCHANALYTICAL RESEARCH

22--D Modeling of culverts using CANDE programD Modeling of culverts using CANDE program
PlanePlane--strain analysisstrain analysis
Comparison of analysis results with field test dataComparison of analysis results with field test data

33--D Modeling of culverts using FLAC programD Modeling of culverts using FLAC program
FLAC: Fast FLAC: Fast LagrangianLagrangian Analysis of ContinuaAnalysis of Continua
33--D analysis including the soilD analysis including the soil--structure interactionstructure interaction

Evaluation of Evaluation of ODOTODOT’’ss inin--house spreadsheet, CMPhouse spreadsheet, CMP--ExcelExcel
Load rating evaluation Load rating evaluation program based on AASHTO & NSCSPAprogram based on AASHTO & NSCSPA



22--D CANDE MODELD CANDE MODEL

• Half model because 
of symmetry

• Roller boundary 
conditions on both 
sides

• Hinge boundary 
conditions at the 
bottom



CANDE ANALYSIS RESULTSCANDE ANALYSIS RESULTS

• Silty clayey sand (SC)
• Relative compaction: 100%

Maximum displ.: 15.28 mm

Maximum displacement measured in the field: 0.81 mm

• SC + Silty sand (SM)
• Relative compaction: 100%

Maximum displ.: 9.59 mm

SMSM

SCSC

Magnification = 10Magnification = 10

MADMAD--3838--09350935

Magnification = 10Magnification = 10



0

2

4

6

8

10

12

14

16

18

0 5 10 15 20 25

Backfill height over the crown (ft.)
C

ul
ve

rt
 D

ef
le

ct
io

n 
(m

m
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 5 10 15 20 25

Backfill height over the crown (ft.)

C
ul

ve
rt

 D
ef

le
ct

io
n 

(m
m

)

Analytical vs. Experimental ResultsAnalytical vs. Experimental Results

• Calculated deflections are much larger than measured deflections.
• Trend is similar.

CANDECANDEField testsField tests



FLACFLAC--3D MODELING PROGRESS3D MODELING PROGRESS

• 3-Dimensional model
• Soil-structure interaction
• Static as well as dynamic analysis
• Nonlinear material behavior
• User defined material properties

• 3-Dimensional model
• Soil-structure interaction
• Static as well as dynamic analysis
• Nonlinear material behavior
• User defined material properties



PRELIMINARY RESULTSPRELIMINARY RESULTS

• Elastic analysis of LIC-79-2276
• Maximum calculated deflection = 3.16 mm
• Maximum measured deflection = 0.23 mm

• Elastic analysis of LIC-79-2276
• Maximum calculated deflection = 3.16 mm
• Maximum measured deflection = 0.23 mm



Evaluation of Evaluation of ODOTODOT’’ss CMPCMP--Excel ProgramExcel Program

• Used for evaluation of corrugated steel culverts
• Provides a “Load rating (LR)” factor (smaller of):

-- Rating Factor based on wall strength (RFW)Rating Factor based on wall strength (RFW)
-- Rating Factor based on minimum cover (RFC)Rating Factor based on minimum cover (RFC)

For shallow culverts, RFW does not affect LR 
because RFC is very small. Thus,
-- Material type does not matterMaterial type does not matter
-- Magnitude of wall thrust does not matterMagnitude of wall thrust does not matter
-- External loads do not matterExternal loads do not matter

A better method is needed to evaluate the relation 
between RFW and RFC



Current Work: Evaluation of CMPCurrent Work: Evaluation of CMP--ExcelExcel

Using test data, evaluate CMPUsing test data, evaluate CMP--Excel:Excel:

•• Compare the culvert response with load rating factorsCompare the culvert response with load rating factors::
-- Use measured deflections, and moments and thrust Use measured deflections, and moments and thrust 
forces calculated from measured strains  forces calculated from measured strains  

•• Evaluate the effectiveness and significance of each Evaluate the effectiveness and significance of each 
parameter in CMPparameter in CMP--Excel: Excel: 
-- Rating Factor based on wall thrustRating Factor based on wall thrust
-- Rating Factor based on minimum coverRating Factor based on minimum cover



Experimental Research:Experimental Research:
•• 38 culverts have been tested 38 culverts have been tested 
•• Test data and critical parameters have been evaluatedTest data and critical parameters have been evaluated

Analytical Research:Analytical Research:
•• CANDE: Modeling and analysis completedCANDE: Modeling and analysis completed
•• FLAC: Modeling and preliminary analysis completedFLAC: Modeling and preliminary analysis completed
•• CMPCMP--Excel: A better method is neededExcel: A better method is needed

SUMMARYSUMMARY



Experimental Research:Experimental Research:
•• Culvert deflections decrease nonlinearly with increasing Culvert deflections decrease nonlinearly with increasing 
soil backfill heightsoil backfill height

•• MMaximum deflections are close to zero for deep culverts aximum deflections are close to zero for deep culverts 
(backfill height > 13 ft or 4 m)(backfill height > 13 ft or 4 m)

•• Substantial increase in strains and deflections in shallow Substantial increase in strains and deflections in shallow 
culverts (backfill height culverts (backfill height ≤≤ 8 ft or 2.5 m)8 ft or 2.5 m) ))

•• It is difficult to predict the deflections in shallow culverIt is difficult to predict the deflections in shallow culvertsts
(age, soil type, condition may be as important as backfill (age, soil type, condition may be as important as backfill 
and loading) and loading) 

•• Maximum dynamic deflections are 10Maximum dynamic deflections are 10--30% less than30% less than
maximum static deflectionsmaximum static deflections

CONCLUSIONSCONCLUSIONS



Analytical Research:Analytical Research:

•• CANDE: Predicted deflections are too largeCANDE: Predicted deflections are too large

•• FLAC: More analyses with refined models are neededFLAC: More analyses with refined models are needed

•• CMPCMP--Excel: Better/simplified methods are neededExcel: Better/simplified methods are needed

CONCLUSIONSCONCLUSIONS



THANK YOUTHANK YOU

•• QUESTIONS? QUESTIONS? 

•• COMMENTS?COMMENTS?



Load rating factor in CMPLoad rating factor in CMP--ExcelExcel
Operating Load Rating FactorOperating Load Rating Factor
a. Rating factor based on wall strength

where, 
= thrust capacity of the wall
= pipe wall thrust due to earth cover
= pipe wall thrust due to live load plus impact

b.  Rating factor based on minimum cover requirement

where,
= backfill height
= the AASHTO minimum cover
= 
= span length
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