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Introduction

A. Description

e Definition
e Example Applications

B. Design Methodology

C. Project Objectives
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Green Applications — Animal Crossings
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B. Desigh Methodology

Traditional
Detailed (FEM)
Transition to LRFD
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Traditional Methods- i

Caltrans Pressure E e | -

Envelopes = |
0.042 ksf 0.140 ksf
Loading 1 - £ Loading 2

Condition 1: 2' Cover

A
0.042 ksf 0.140 ksf
Loading 1 o 4 Loading 2

Condition 2: 10' Cover
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1989 Full-Scale Testing

(University of Nebraska )

: 2 ft

CALTRANS High
L — — — — — — - T Envelope
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CALTRANS Low
Envelope
o Measured
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1989 Full-Scale Testing
(University of Nebraska )
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e Have been successfully used for nearly 30 years!
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Finite Element Method (FEM)
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Detailed Methods-
Finite Element Method (FEM)

Advantages of FEM:

e Accounts for Soil-Structure Interaction

e Accounts for Variability of Materials

e Takes into Account Material Non-linearity
e Detailed modeling of Live Load Effects

e Fastl!
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Departure from Traditional- Considerations:

Precedence
Designer’s Confidence
Other (Seismic Design)
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LRFD Adaptation- A Calibration Process:

e (Obtain similar level of confidence to the
Traditional Method

 Fine-tune the modeling parameters &
methodology to meet LRFD requirements
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C. Project Objectives

Review Submittals for specific Culverts
Verify Design Methodology & Conclusions

Develop Recommendations for Streamlining the
Review Process to Expedite Approval
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Seminar

» Two types of Installation Conditions: Trench & Embankment Conditions

» Embankment Installation is Critical compared to Trench Installation.
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SOIL PROPERTIES AZCOM

TABLE 4.4.7.2.2A Elastic Constants of Various Soils
Modified after U.S. Department of the Mavy (1982) and Bowles {1982)

Twpical Range of Values Estimating Es From E., From RO
Poisson’s
Young's Modulus, E Fatio, v E:
Sail Type (ks {cdimy Soil Type (ks
Clan:
Soll sensitive S0-3000 0.4-0.5 Sils, sandy silts, slightly BN
M edinm stiff J00-1,000 {undrained) cohesive mixtures
to sriff |2 (D Clean fine to medium sands 1dM,
Woery stiff amd slightly silty sands
Coarse sands and sands with 20M
little grawvel
Locss J00-1, 200 iy, 1-0.3 Sandy gravel and gravels 24y
il k=Wl 0. 3= 35
Fine sand: Estimating E; From s,
Loose 1 =2 Aib
Medium dense 2402 Hb 0zs
Dense M- Soft sensitive clay Al -1, 000s,,
Sand: MMedium stiff to stff clay L.50Mbs,,-2 . 400s,
Looss 20— 0.2-00.35 Wery stfll clay I WS -4 000,
Medium dense G- 1 000
Dense (W= 1 &0 0. 504 Estimating E, From g%
Gravel:
Loose =1 G0 0.2-0.35 Sandy soils A4,
MMedium dense | =2 D
Dense 2, 00W0=4 000 0, 3-0,4
i = Standard Penetration Test (SPT) resistance,
2N = SPT corrected for depth.
13),, = Undrained shear strength (ksf). . . . .
(4q. = Cone penctration resistance (ksf). Ref: Caltrans Bridge Design Specifications, Nov 2003
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TABLE 4.4.7.2.2A Elastic Constants of Various Soils
Modified after U.S. Department of the Mavy (1982) and Bowles {1982)

Twpical Range of Values Estimating Es From E., From RO
Poisson’s
Young's Modulus, E Fatio, v E:
Sail Type (ks {cdimy Soil Type (ks
Clan:
Sofl sensitive Sand: v silts, slightly BN
Pedinm stiff ‘o mixbures
to sriff to medium =ands 1dM,
Wery stiff Loose- E_ 200 - 600 ka rhitly silty sands
Medium Dense:  E= 600 — 1000 ksf | and sands with 20N,
ave
Dense: E= 1000 — 1600 ksf
Locss wel and gravels 24y
il BRI
Fine sand: Estimating E; From s,
Loose 1 =2 Aib
Medium dense 2402 Hb 0zs
Dense -0 Soft sensitive clay Al -1, 000s,,
Sand: MMedium stiff to stff clay L.50Mbs,,-2 . 400s,
Loose 20— 0.2-00.35 Wery stifl clay I WS -4 000,
Medium dense G- 1,000
Dense 0= 1 2000 05004 Estimating E, From g%
ravel:
Loose =1 G0 0.2-0.35 Sandy soils A4,
MMedium dense | =2 D
Dense 2,004 000 0, 3-00.4
i = Standard Penetration Test (SPT) resistance,

2N = SPT corrected for depth.
13),, = Undrained shear strength (ksf). . . . .
(4q. = Cone penctration resistance (ksf). Ref: Caltrans Bridge Design Specifications, Nov 2003

| WBES — 2011 Finite Element Based LRFD Design of Bottomless Culverts |




Western
N Bridge

B Engineers’
ISl Seminar

CRITICAL PARAMETERS FOR ENVELOPING RESULTS AZCOM

> Soil Model

» Simple

Linear Elastic Soil

A

o AE

(3 Input Parameter)

WBES — 2011

Finite Element Based LRFD Design of Bottomless Culverts




oy A=CO
iﬁ EL CRITICAL PARAMETERS FOR ENVELOPING RESULTS M
> Soil Model Vertical 4

stress

> Intermediate T """"""""" p
Chord HML_I-
Mod ulus __.-’“'-,

» Overburden Dependent

————————————

| Vertical strain

(4 Input Parameter)

| WBES — 2011 Finite Element Based LRFD Design of Bottomless Culverts |
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i Seminar

at )W

> Soil Model

t____ lOv-osde _____ ________________
Hyperbola
Deviator | e ... "
stress Actual test
(o4 — o)
» Complex
= Duncan / Duncan - Selig Soil
= Extended Harden Axial strain. €

(12 Input Parameter )
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CRITICAL PARAMETERS FOR ENVELOPING RESULTS

Width on both side of culvert walls

Height above the top slab

¥
£o8s
SHEE
$EPE
Cd =
=== <27

> Structural Backfill Limits

P.. .ﬁ E.J_mw\“_

Finite Element Based LRFD Design of Bottomless Culverts
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o PARAMETRIC STUDY AZCOM

10 Different finite element models are considered to identify
critical soil parameters

FEM MATERIAL TYPES & PROPERTIES

]
1 A

SEI

"o \_.¥§

- Linear Elastic Soil with E = 3000 psi
- Duncan Selig Soll with C = 0 psi (2ft Side Fill)
- Linear Elastic Soil with E = 5000 psi

- Linear Elastic Soil with E = 8000 psi

- Linear Elastic Concrete .

- Concrete Beam Elements

= B

| WBES — 2011 Finite Element Based LRFD Design of Bottomless Culverts |
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FINITE ELEMENT MODEL -1

» In-Situ Soil assigned
with zero density (Affects
trench condition analysis)

» Structural Backfill
assigned with zero cohesion
to meet Caltrans backfill
specifications

» Final Model shall not be
overly conservative, but
design should include
possible uncertainties

WBES — 2011

FEM MATERIAL TYPES & PROPERTIES

|
|
LLL

| |
| | | |
| Y ) Y . . . 11 1) ¢ A 1
CLLLLLLLL Linear Elastic E = 2000 psi REENEE
B R g 1] L] | =] | L]
| S S ) Ll |
|| P10 N
Lo Ll e ) ||| | LI Ll
| 1 I i)
| | il
| L  HLLLLLLL [ 1
| Y i S G O 0 ) L 4
| | | Ll
| | [ LI
1SR I ey e S
..Qib_i?i
OQODOL\OL
OO O _0
il oy
DGODDGDF
@ el o Thedl o el v
DGC}C}G -DG
o_O d

¥ % _ - Linear Elastic Soil with E = 2000 psi

oy - Linear Elastic Soil with E = 5000 psi

- Linear Elastic Soil with E = 8000 psi

- - Linear Elastic Concrete

- - Concrete Beam Elements
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FINITE ELEMENT MODEL -2

Duncan Selig C = 0 psi

» In-Situ Soil assigned
with zero density (Affects
trench condition analysis)

» Structural Backfill
assigned with zero cohesion
to meet Caltrans backfill

specifications - Duncan Selig Soil with C = 0 psi
ogogc - Linear Elastic Soil with E = 5000 psi

» Final Model s_hall not be "7 - Linear Elastic Soil with E = 8000 psi

overly conservative, but T

design should include - - Linear Elastic Concrete

possible uncertainties
- - Concrete Beam Elements

WBES — 2011
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FINITE ELEMENT MODEL -3

» In-Situ Soil assigned
with zero density (Affects
trench condition analysis)

» Structural Backfill
assigned with zero cohesion
to meet Caltrans backfill
specifications

» Final Model shall not be
overly conservative, but
design should include
possible uncertainties

WBES — 2011

FEM MATERIAL TYPES & PROPERTIES

LR OO OO AT

T 0000 0|

i ' - Linear Elastic Soil with E = 3000 psi

W - Duncan Selig Soil with C = 0 psi

050;| - Linear Elastic Soil with E = 5000 psi
- Linear Elastic Soil with E = 8000 psi

- - Linear Elastic Concrete

- - Concrete Beam Elements
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FINITE ELEMENT MODEL -4

» In-Situ Soil assigned
with zero density (Affects
trench condition analysis)

» Structural Backfill
assigned with zero cohesion
to meet Caltrans backfill
specifications

» Final Model shall not be
overly conservative, but
design should include
possible uncertainties

WBES — 2011

FEM MATERIAL TYPES & PROPERTIES

Ll | | e | Ll
I | | L Mie D L8R la] o 2

Linear Elastic E=3000 psi [ [

el

%
»

IS

o3 ‘:‘...\\

- Linear Elastic Soil with E = 3000 psi

- Duncan Selig Soil with C = 0 psi

ﬁoﬁof - Linear Elastic Soil with E = 5000 psi

- Linear Elastic Soil with E = 8000 psi

- - Linear Elastic Concrete

- - Concrete Beam Elements
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FINITE ELEMENT MODEL -5

» In-Situ Soil assigned
with zero density (Affects
trench condition analysis)

» Structural Backfill
assigned with zero cohesion
to meet Caltrans backfill
specifications

» Final Model shall not be
overly conservative, but
design should include
possible uncertainties

WBES — 2011

FEM MATERIAL TYPES & PROPERTIES

i ) 2 (i P 0 A P o 1
R

s

SR
S5
T
o3
o

oo

o

‘.,w,
e
NS

S
02

2203

S

4

NI

2

| KR

| : _i| - Linear Elastic Soil with E = 2000 psi

- Duncan Selig Soil with C = 0 psi

202 - Linear Elastic Soil with E = 5000 psi

- Linear Elastic Soil with E = 8000 psi

- - Linear Elastic Concrete

- - Concrete Beam Elements
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FINITE ELEMENT MODEL -6

» In-Situ Soil assigned
with zero density (Affects
trench condition analysis)

» Structural Backfill
assigned with zero cohesion
to meet Caltrans backfill
specifications

» Final Model shall not be
overly conservative, but
design should include
possible uncertainties

WBES — 2011

FEM MATERIAL TYPES & PROPERTIES

T R R B A O EE
| L TR0 f (B 14 ok (]
! Ll . . . Ll
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i e s 5 [ N A i 5 (e
i e il 1 I i B il 1 0
[ B T | [ [ [ PR MR KR IR ARG XN | | R ) I I Y
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0,0,0,0.0,0,0.0.0,0,0.0.0.0.0,0.0_0

CCCCCL - Linear Elastic Soil with E = 2000 psi

W - Duncan Selig Soil with C = 0 psi (2ft Side Fill)

?“LDU’ - Linear Elastic Soil with E = 5000 psi

- Linear Elastic Soil with E = 8000 psi

- - Linear Elastic Concrete

- - Concrete Beam Elements
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Linear Elastic E = 3000

FINITE ELEMENT MODEL -7 |

S o = JES: N
w0
[
|
[
{
[
[
I
[

Ll
(I |
=)
15 | ) e ] I L
P ) 0 ol P [
LI I =] Y ] 5 o ey Lol | . [ L1 I Loy :
UL A -
55 O N ) e R O [ N (5 4,:1 _I_I____I_I___I I
Lol L L1 I '54,: : : : : |
- - - || | L ] ] |
» In-Situ Soil assigned CCCCCCCCCC g <
LLLLLLLLLLLLEA _|_|____:_|___|__
- 3 1 o ] 10 L ) ) (0 B 5] W N S I e
with zero density (Affects | CUCCCL |
| EESE s 1
L} = L

trench condition analysis)

» Structural Backfill
assigned with zero cohesion

to meet Caltrans backfill
Specifications "L - Linear Elastic Soil with E = 3000 psi

- Duncan Selig Soil with C = 0 psi (2ft Side Fill)

» Final Model shall not be 53 - Linear Elastic Soil with E = 5000 psi
overly conservative, but
design should include
possible uncertainties

- Linear Elastic Soil with E = 8000 psi

- - Linear Elastic Concrete

- - Concrete Beam Elements

WBES — 2011
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FINITE ELEMENT MODEL -8

» In-Situ Soil assigned
with zero density (Affects
trench condition analysis)

» Structural Backfill
assigned with zero cohesion
to meet Caltrans backfill
specifications

» Final Model shall not be
overly conservative, but
design should include
possible uncertainties

WBES — 2011

FEM MATERIAL TYPES & PROPERTIES

|

| |
L_L I I Y
L1 _ o ey
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(EEES | - Linear Elastic Soil with E = 3000 psi

W - Duncan Selig Soil with C = 0 psi

gogoo| - Linear Elastic Soil with E = 5000 psi

- Linear Elastic Soil with E = 8000 psi

- - Linear Elastic Concrete

- - Concrete Beam Elements
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FEM MATERIAL TYPES & PROPERTIES

FINITE ELEMENT MODEL -9
> In-Situ Soil assigned uE :
with zero density (Affects RRRREN e

BD _JGDODDD O _JGC} DDQG
UD.OC}OOO( OO OOOD
b PoYor ot C Valaobal
& Jhell o Bl & yeli e L0 o
) D_OEIOEOO{r.aU_Q‘_JQ,“;’Q,Lfo"fofio‘;‘foﬁo?of’o'ﬁ"lognfcﬁ_o{
» Structural Backfill N -
assigned with zero cohesion “rizpz; nearFlastic E=4000psi oo
to meet Caltrans backfill -
SpECifiC&tiOﬂS LI I - Linear Elastic Soil with E = 2000 psi
- Duncan Selig Soil with C = 0 psi (2ft Side Fill)
» Final Model S_ha“ not be Jogo] - Linear Elastic Soil with E = 2000 psi
overly conservative, but
design should include ] -Linear Elastic Soil with E = 4000 psi
possible uncertainties

- - Linear Elastic Concrete

- - Concrete Beam Elements
WBES — 2011
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FINITE ELEMENT MODEL - 10

» In-Situ Soil assigned
with zero density (Affects
trench condition analysis)

» Structural Backfill
assigned with zero cohesion

to meet Caltrans backfill
specifications ~__ ] -Linear Elastic Soil with E =2000 psi

e ; ; Linear Elastic E =5000 psi -

- Duncan Selig Soil with C = 0 psi (2ft Side Fill)

» Final Model S_ha“ not be 57079 - Linear Elastic Soil with E = 2500 psi
overly conservative, but
design should include 77 - Linear Elastic Soil with E = 5000 psi

possible uncertainties

- - Linear Elastic Concrete

- - Concrete Beam Elements

WBES — 2011
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LIVE LOAD ON CULVERTS A=COM

NN C .
Ml Seminar

8.0 KIP 320 KIP 320 KIP 25.0KIP  25.0 KIP
]
(] L1 i il i [ 4
L 4-0" | W-0" 10 3040 4-0
Design Truck Design Tandem
i \
y Pressure patch tire slsJat:ing : Pressure patch
(tire) ' Py P, (tire)
| | h
I |
W - W
30° | | 30°

Py = 2P,/ (1 + SIW + 2tan(30")H/W)

" PO PR PR Y PO Y PN PR PR I PR PR PR 5.V

- S + W + 2tan(30°)H >

AASHTO LRFD two-wheel load distribution along axis of culvert. CANDE 2007 Solution Method Figure 8.1.3-1

WBES — 2011 Finite Element Based LRFD Design of Bottomless Culverts




‘88 LoAD FACTORS & COMBINATIONS A=COM

» COMBINATION-1: Critical for culvert corner (EH-Max + EV-Max)
» COMBINATION-2: Critical for wall span moment (EH-Max + EV-Min)
» COMBINATION-3: Critical for culvert top slab (EH-Min + EV-Max)

> COMBINATION-4: Service load Combination for Crack Control

LOAD STEPS COMB-1 COMB-2 COMB-3 COMB-4

Load Step — 1 ( For In-Situ Soil) 0 0 0 0

Load Step — 2 - 5 (For Side Soil) - EH 1.5 1.5 0.9 1.0
Load Step - 5 (For Soil over top slab) - EV 1.3 1.0 1.3 1.0
Load Step- 12-XX (Live Load) - LL 1.75 0 1.75 1.0

WBES — 2011
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INTERFACE ELEMENTS A=COM

» Types: Fully Bonded/ Partially Bonded/ Frictionless

> Transfer normal & shear forces based on friction coefficient value of element

100

.80

.60

.40

.20

Y

.00

25 30 35

-0.20

*

I >
N

+
|
»

-0.40

FRICTION COEFFICIENT
(TANGENT FORCE/NORMAL FORCE)

-0.60

-0.80

A D

—

'l\
@
O

-1.00

CULVERT DEVELOPED LENGTH (NODES)

——No Interface ——with interface
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B8 INTERFACE VSNO INTERFACE  ASCOM

A B C D A B C D
2000 T T 40000 T T
i A i i i
1 1 30000 i -
1500 : : H /)\\ i
i /i \ I 20000 : ;'/ \ :
— 1 = 1 1
1000 /-. / \‘: £ 10000 ! ] \ :
z ! : ] i
Tg ‘3,/ :\ / \: » = 10000 - 5 110 15 20 25! aﬁ 35
g 0 : : 7 2 \ |/ \ 1
o « i / O -20000 S —
- C 5 i |10 1 20 25 30/ 3k s | /' '\ P
< 500 ; 2 -30000 — —
a | L7 | : 7 Y,
: Ay Z 40000 i L
-1000 1 1 = & 1 ;‘ \ 1
H \ J - -50000 - -
11500 ! i B c ] i
| / SHEAR ' 60000 T MOMENT g
-2000 t - -70000 } '
CULVERT DEVELOPED LENGTH {NODES) A D CULVERT DEVELOPED LENGTH {NODES)
——No Interface —=— withinterface ——No Interface —=— withinterface

» Model with interface elements produces more realistic results

» Accuracy gained appears to be very minor and does not justify
the additional effort required

WBES — 2011 Finite Element Based LRFD Design of Bottomless Culverts
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0.0

-10.2

SAMPLE RESULT OUTPUT

Normal pressure(psi): Load steps 1,2,3,4,5,6,7,8,9,10,11,

AZCOM

3

=307

-40.9

WBES — 2011

Beam Node Number

20ft Fill

S = 16ft

Normal
pressure(psi)
Load Step 1

MNomal

Load Step 2

[]

Mormal

. pressure|psiy

Load Step 4
Load Step

]

Narmal
pressure(psi)
Load Step 7

-

W
B
[]
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Normal pressure(psi)

SAMPLE RESULT OUTPUT AZCOM

Normal pressure(psi): Load steps 1,2,3,4,5,6,7,8,9,1

at )W

! i
oo ettty g v . 2 A P
° e =aaE D B NS ' % 40 [
3 Load Step 1
=
-10.2 \ D
Mormal
o . . :ri:csu:?ls)s;}
Final Load Step s
-20.4 // \ . t.,.‘:;:...
]
Mormal
. Wl e
20ft Fill
S = 16ft BN
-40.9
B
H = 10ft
A

Beam Node Number
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“E FINITE ELEMENT MODEL 1-10 RESULTS A=COM

Seminar

20ft Fill
b S = 16ft
!
i A D
BENDING MOMENT :
1
1
—+|-CASC-1 —=—CASC-2 —+—CABC-3 —+—CASC-4 —»—CASC-5 —o—CASC-6 —~— CASC-7 — CASLHS —— CASCO ——CASC10
80000 : .
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T A-COM
d Sohnar RECOMMENDED MODEL

G

Linear Elastic , Density = 140 pcf,
E = 2000 psi, Poisson’s Ratio = 0.3 Duncan Selig, Cohesion = 0 psi, Density =
Embankment 140 pcf, Initial Friction Angle = 34 deg,

L L LLLL L L L LT Magnitude of Initial Tangent Modulus =
L .
|

I
I A A L L 400
e LLLLLLLLLLLL L LI Magnitude of Tangent Bulk Modulus = 42.8
VS )y )y ey
N ) ) | L1 . LI
X 77RR R
RN MR 127 o titch CCCCCCCCCCD
. I
I Y I I I
L

Linear Elastic, Density = 150 pcf, Poisson’s
— | Ratio =0.17, (Concrete)

AN ) ) A
AL L LLLLLU (For 95% Compaction Level)
REREERRRERRL %757 KRR IKR ISR, . .
_I___LI__LI___I_I_
.||.||..||.

I A A

Lk il E =33 x Wcl3 xsqrt (fc)
O A | L|
I T A B P L|
A B I L L
N Y I B Ll L L |
LLLLLLLLL] LLLLLL LLL| L LI
O 0000 0-.0_0_0_0_0O-0-0_0_0_0_-0.0~
DGDGDODODODODDQDDDDGDGDODOQODODDQDDD Linear Elastic , Density = 0 pcf,
00,0 0.0, 0. 0.0 _0C_ 0.0 _0_0.0_0_0_0_0 ., .
O, 0 0 0 00 OO0, 0,000 0_ 0 &bf=0 E = 2500 psi, Poisson’s Ratio = 0.3
00,0 0.0, 0 0.0 _0C_ 0. 0_0.0,0_0-0-0-0 . .
QAL 0,0,0,0,0,0,0, 0,0, 0,0,0.0 (E Can be higher for prepared bed soil)
09090959090%6%0909%09096%095959:90°95°
’_‘Q’T‘Q.FQ.’T‘.O.’?.O’?.OW.Df."‘.Q’."‘.QT‘.QFQF{.}.’?O.@D.T‘GWQT.Qﬁ.Q
T T e
T ) Ry Linear Elastic, Density = 0 pcf,
e e P e s E = 5000 psi, Poisson’s Ratio = 0.3
e e e e e e e e e e e e e e e e e e e e (E Can be higher for prepared bed soil)
e Il | gl e ] [ I [ e
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j Lo RECOMENDED MINIMUM LIVE LOAD APPLICATION

at )W

Pl P2 P3

I:)tandem
1
I:)truck
LOCATION CRITICAL EFFECTS
P1 Shear in Top Slab
P2 Maximum Top Slab Span Moment
P3 Maximum Culvert Corner Moment
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Trench Condition

RECOMENDED MopeL A=COM

Embankment Condition
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ORIGINAL MODEL
(REVIEW PROBBLEM)
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o i ORIGINAL MODEL VS RECOMENDED MODEL
20 % Difference - ==« 0RIGINAL MODEL
’o“" Q\
e N s RECOMMENDED MODEL
20000 (4 )
£ %
3
.
= 0
é ¢ \ 5 10 15 20 25 30,’ 35
: 30% Difference "
Z \ /
= -20000 \ !
g \‘ 'I
C) P '
- ‘\ .. 'I
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S -40000 \ 'l \‘ /
L L Y V4
\ \) p
A\ ) \ /
\g \Y;
-60000 Z 1 d
10% Difference
-80000
DEVELOPED CULVERT LENGTH (ft)
FOR LOAD COMBINATION -1
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