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Project Description:

The Federal Highway Administration established an Inter-Agency Agreement (IAA) with the Department of Energy’s (DOE) Argonne National Laboratory (ANL) Transportation Analysis Research Computing Center (TRACC) to get access and support for High Performance Computational Fluid Dynamics (CFD) modeling for highway hydraulics research conducted at the Turner-Fairbank Highway Research Center (TFHRC) Hydraulics Laboratory. TRACC was established in October 2006 to serve as a high-performance computing center for use by U.S. Department of Transportation (USDOT) research teams, including those from Argonne and their university partners. The objective of this cooperative project is to:

· Provide research and analysis for a variety of highway hydraulics projects managed or coordinated by State DOTs.
· Provide and maintain a high performance Computational Fluid Dynamics (CFD) computing environment for application to highway hydraulics infrastructure and related projects
· Support and seek to broaden the use of CFD among State Department of Transportation employees.

The work includes:

· Computational Mechanics Research on a Variety of Projects: The TRACC scientific staff in the computational mechanics focus area will perform research, analysis, and parametric computations as required for projects managed or coordinated by State DOTs.
· Computational Mechanics Research Support: The TRACC support team consisting of highly qualified engineers in the CFD focus areas will provide guidance to users of CFD software on an as needed or periodic basis determined by the State DOTs.
· Computing Support: The TRACC team will use the TRACC clusters for work done on projects; The TRACC system administrator will maintain the clusters and work closely with the Argonne system administrator’s community; The TRACC system administrator will also install the latest versions of the STAR-CCM+ CFD software and other software that may be required for accomplishing projects.


	

	

	









	
Progress this Quarter (includes meetings, work plan status, contract status, significant progress, etc.):

1: Computational Mechanics Research on a Variety of Projects
1.1: Rockery Design Guidelines for River and Coastal Environments
Gravity dry-stack rockeries are gaining in popularity as retaining structures in a river environment in locations such as narrow mountain canyons. So far no engineering analysis procedures have been available for evaluating the hydraulic stability of such structures when exposed to the various forces acting upon them. Gravity force, lateral earth pressure, buoyancy, hydrodynamic forces and contact/friction forces are the main forces acting on the rocks in a dry-stack rockery in a river environment. While most of these forces can be determined with well-known geotechnical engineering methods, the estimation of hydrodynamic forces can only be performed in scaled laboratory tests or by using advanced, three-dimensional numerical methods. The CFD analysis covers topics such as: resolve all forces acting upon a dry-stack rockery when constructed to function as a river bank protection; conduct a parametric study to identify the geotechnical and hydraulic factors that govern the stability of rockeries and test them over a large range of values to demonstrate robustness of the numerical analysis; identify the potential failure modes of rockeries in the river environment; develop practical, dimensionless equations that will allow rockeries to be designed and/or evaluated for any given set of geotechnical and hydraulic site conditions.
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Figure 1. Two types of computational domains, for straight channels and channels with sharp bends, used to analyze the driving hydrodynamic forces acting on rockeries.

In addition to an analysis of straight channels, a set of models was built that take into account the influence of sharp bends on the flow. Four values of the channel bend angle were considered, ranging from 0 degrees to 60 degrees. It was found that the relationship between the forces acting on a selected cluster of rocks vs. the angle is approximately linear.
Moreover, a non-dimensional chart was developed for the considered test cases of straight channels, that could serve as a design tool for engineers. It presents a dependency of a lateral force coefficient, Clat, on the geometry of the channel and rockery, and would allow back calculation of the hydrodynamic forces, FHD.
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Figure 2. The wo types of computational domains, for straight channels and channels with sharp bends, used to analyze the driving hydrodynamic forces acting on rockeries.

1.2: 3D CFD local scour calculation methodology
Scour is the erosion of a stream-bed due to hydrodynamic forces. Local scour occurs around objects 
in the path of flow, such as bridge piers and abutments. In order to predict local scour, a new scour modeling technique has been developed by the computational mechanics team at Argonne’s Transportation Research and Analysis Computing Center. The approach uses commercial Computational Fluid Dynamics (CFD) software to compute sediment transport and an in-house Python code to compute displacements of the bed and sand slides.
A multiphase Eulerian hydrodynamic model is used to solve for the flow field using Reynolds Averaged Navier-Stokes (RANS) equations with the high Reynolds number k– epsilon turbulence model. The hydrodynamic model also solves for sediment transport (bed load and suspended sediment transport) and computes sediment entrainment and deposition rates. The Python code computes bed displacements from the entrainment and deposition rate distribution and morphs the bed. A sand slide model for non-cohesive sediment is also included in the Python program to keep scour holes from becoming too steep. Simulations were performed for different flow conditions and for mean sediment diameters from 0.25 mm to 4mm. The model agrees reasonably well with limited experimental data for equilibrium scour shape and size.
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Figure 3. Local scour around a circular pier. Experimental result on the left and computational model on the right.

2: Computational Mechanics Research Support

Argonne Transportation Research and Analysis Computing Center (TRACC) computational mechanics staff ran nationwide videoconferences every other Thursday that were open to state Department of Transportation staff and university researchers supported by the Federal Highway Administration or  state DOTs. The videoconferences provide a venue to discuss approaches and issues related to hydraulics modeling projects. Topics during this reporting period included, but were not limited to:
· new methodologies of scour modeling
· recommendations for rockery analysis and design
· approaches to modeling and mitigating hydroplaning risk 

3: Computing Support

Routine cluster maintenance including software and hardware upgrades, security patching against cyber threats, and development of custom tools to increase users' productivity. Currently working on upgrading existing TRACC cluster to support the latest scientific and engineering software utilizing industry's best practice guidelines in Open Source software and virtualization. 

	
Anticipated work next quarter:

 1: Computational Mechanics Research on a Variety of Projects

· modeling permeable pavements
· hydraulic analysis of a catch basin
· development of a new methodology for river bed scour

2: Computational Mechanics Research Support

This work will continue.

Task 3: Computing Support

This work will continue.



	



	




	
Circumstance affecting project or budget.  (Please describe any challenges encountered or anticipated that 
might affect the completion of the project within the time, scope and fiscal constraints set forth in the 
agreement, along with recommended solutions to those problems).

None.
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old_wall B=7ft, H=12ft backfill

		PARAMETERS

		geometry		H (m)		4.4				height

				H_exp (m)		3.8				exposed height

				D (m)		0.6				minimum 0.3m

				B(m)		2.137				foot width

				alpha (deg,rad)		82.87		1.45

				psi (deg,rad)		7.13		0.12		back cut angle

				beta (deg,rad)		0.00		0.00

		rocks		g_r (kN/m3)		26.5				rock unit weight; typically assumed 23.5kN/m3, including void space

		retained soil		g_s (kN/m3)		20				soil unit weight; typically between 17.2 and 20.4kN/m3

				phi (deg,rad)		33		0.58

				c		0				assumed conservatively that cohesion is zero

				delta (deg,rad)		22		0.38		interface friction angle, 2/3phi to phi

				mi (-)		0.65

				KA		0.2171544246

		surcharge		qs (kN/m2)=		12		1200		standard AASHTO traffic surcharge; equivalent to 0.6m of additional soil stockpiled above the rockery

		SLIDING

				domain length(m)=		11.1

		hydrodynamic				F_HD		F_HD/1m		y_i		F_Hdi*y_i

		forces		1st layer		6.6		0.59		0.8		0.48

				2nd		24.9		2.24		1.4		3.14

				3rd		13.1		1.18		2.3		2.71

				4th		33.7		3.04		3.2		9.72

				5th		87.4		7.87		4		31.50				ratio of F_HD to F_tot

				sum		165.70		14.93				47.54				22.3%

		retained soil		F_HA (kN/m)		40.63										ratio of F_HD/1m to W_tot/1m

		surcharge load		F_S (kN/m)		11.47										15.7%

		total F_H		sum		67.03										ratio of F_HD/1m to B/1m

																25.7%

		rockery weight		W		buoyancy		W		W_tot/1m		x_i		W_i*x_i		dry W		dry W/1m		W_i*x_i dry

				1st layer		169.84		280.24		25.25		1.1		27.77		399.12		36.28		38.46

				2nd layer		154.40		254.76		22.95		1.3		29.84		362.84		32.99		42.55

				3rd		108.50		179.03		16.13		1.5		24.19		254.98		23.18		35.23

				4th		107.70		177.71		16.01		1.6		25.62		253.10		23.01		40.27

				5th		97.90		161.53		14.55		1.8		26.19		230.06		20.91		41.41

				sum		638.34		1053.259845		94.89				133.61		1500.097355		136.3724868182		197.92

		retained soil		F_VA (kN/m)		10.79

		frictional resistance:				68.63

		factor of safety		fric_res/F_H		1.02		< 1.5

		---------------------------------------

		OVERTURNING

		M_R (kNm/m)		retained soil		25.04

				W_i*x_i		133.61

				sum		158.65

		M_O (kNm/m)		retained soil		59.59

				surcharge		25.22

				F_HD*y_i		47.54

				sum		132.36				0.3591827613

		factor of safety		M_R/M_O		1.20		< 2





Re

		

						d		w		hd

						3.66		3.66		4.88		1.60E+07

								7.2		7.2595041322		2.38E+07

								14.6		9.7510948905		3.20E+07





comp F_HD W=12ft

		

								11.1

		face batter 4:1

						no backfill		backfill		kN/m		W12ft/W24ft		no backfill		backfill		kN/m		W12ft/W24ft		buoyancy		dry weight		no backfill		backfill		kN/m		W12ft/W24ft		buoyancy		dry weight

				B [ft]		7		7						7		7										8		8

				H [ft]		12		12						7		7										12		12										y_i		Frontal area [m2]

				F_HD1 [kN]				2.391		0.2154054054		0.94				2.196		0.1978378378		1.69		168.97		448				3.22		0.2900900901		0.99		196.43		521		0.8		3.88

				F_HD2 [kN]				7.34		0.6612612613		0.92				6.902		0.6218018018		1.69		153.61		407				9.486		0.8545945946		0.91		175.38		465		1.4		9.08

				F_HD3 [kN]				7.032		0.6335135135		0.94				4.759		0.4287387387		1.55		106.60		282				9.266		0.8347747748		0.97		121.38		322		2.3		7.83

				F_HD4 [kN]				7.432		0.6695495495		1.00										104.20		276				9.359		0.8431531532		1.03		118.77		315		3.2		8.44

				F_HD5 [kN]				5.204		0.4688288288		0.96										94.72		251				7.143		0.6435135135		1.00		95.02		252		4		6.74

				sum		0		29.399		2.6485585586				0		13.857		1.2483783784				628		1664		0		38.474		3.4661261261		0.97		707		1873

				ratio of force to dry weight				1.8%								0.8%												2.1%

				average:								0.95								1.65												0.98

				area:						9.6436								5.21												8.86

		face batter 12:1

						no backfill		backfill		kN/m		W12ft/W24ft		no backfill		backfill		kN/m		W12ft/W24ft		buoyancy		dry weight		no backfill		backfill		kN/m		W12ft/W24ft		buoyancy		dry weight

				B [ft]		7		7						7		7										8		8

				H [ft]		12		12						7		7										12		12

				F_HD1 [kN]				1.727		0.1555855856		0.93				1.518		0.1367567568		1.8313427434		174		460				2.2		0.2		1.0		200		530.172826087

				F_HD2 [kN]				5.104		0.4598198198		0.93				4.643		0.4182882883		1.8017074117		160		423				6.2		0.6		1.0		184.06		487.759

				F_HD3 [kN]				5.429		0.4890990991		0.94				3.328		0.2998198198		1.4125636672		123		327				6.5		0.6		1.0		140.4		372.06

				F_HD4 [kN]				6.062		0.5461261261		0.94										132		351				7.7		0.7		0.9		150.91		399.9115

				F_HD5 [kN]				4.811		0.4334234234		0.89										122		323				5.8		0.5		1.0		139		367.91858

				sum				23.13		2.0840540541						9.489		0.8548648649				711		1883				28.3		2.6				814		2157.821906087

				ratio of force to dry weight				1.2%								0.5%												1.3%

				average								0.92								1.68												0.97

				area						8.65								4.92												7.73

																																H12ft, B7ft,b4:1

																																												H12ft, B7ft,b12:1

																																H7ft, B7ft,b4:1														H7ft, B7ft,b12:1

																																H12ft, B8ft,b4:1														H12ft, B8ft,b12:1





comp F_HD W=12ft

		1.848		2.161		0.8289

		5.51		6.364		2.577

		5.796		6.769		2.356

		6.476		8.156		3.2

		5.406		6.049		4



W24ft,H12ft,B7ft,b

W24ft,H12ft,B8ft,b

W24ft,H7ft,B7ft,b

W12ft,H12ft,B7ft,b

W12ft,H12ft,B8ft

W12ft,H7ft,B7ft

F_HD [kN]

Position in Z direction [m]

face batter 12:1

0.8

0.8

0.8

1.4

1.4

1.4

2.3

2.3

2.3

3.2

3.2

4

4



comp F_HD W=24ft

		0.8		2.534		0.8		1.299		0.8		3.259

		1.4		7.962		1.4		4.074		1.4		10.393

		2.3		7.442		2.3		3.062		2.3		9.516

		3.2		7.447		3.2		3.2		3.2		9.128

		4		5.437		4		4		4		7.174



W24ft,H12ft,B7ft, nb

W24ft,H12ft,B7ft,b

W24ft,H7ft,B7ft,nb

W24ft,H7ft,B7ft,b

W24ft,H12ft,B8ft,nb

W24ft,H12ft,B8ft,b

F_HD

Position in Z direction [m]

face batter 4:1, W=24ft

0.8

0.8

0.8

1.4

1.4

1.4

2.3

2.3

2.3

3.2

3.2

4

4



comp F_HD W=48ft

		2.534		1.299		3.259

		7.962		4.074		10.393

		7.442		3.062		9.516

		7.447		3.2		9.128

		5.437		4		7.174



W24ft,H12ft,B7ft,b

W24ft,H7ft,B7ft,b

W24ft,H12ft,B8ft,b

W12ft,H7ft,B7ft,b

W12ft,H12ft,B7ft,b

W12ft,H12ft,B8ft,b

F_HD [kN]

Position in Z direction [m]

face batter 4:1

0.8

0.8

0.8

1.4

1.4

1.4

2.3

2.3

2.3

3.2

3.2

4

4



W6ft

		0.2282882883		0.2936036036		0.117027027

		0.7172972973		0.9363063063		0.367027027

		0.6704504505		0.8572972973		0.2758558559

		0.6709009009		0.8223423423		3.2

		0.4898198198		0.6463063063		4



W24ft,H12ft,B7ft,b

W24ft,H12ft,B8ft,b

W24ft,H7ft,B7ft,b

W12ft,H12ft,B7ft,b

W12ft,H12ft,B8ft,b

W12ft,H7ft,B7ft,b

F_HD [kN/m]

Position in Z direction [m]

face batter 4:1

0.8

0.8

0.8

1.4

1.4

1.4

2.3

2.3

2.3

3.2

3.2

4

4



W36ft

		0.1664864865		0.1946846847		0.0746756757

		0.4963963964		0.5733333333		0.2321621622

		0.5221621622		0.6098198198		0.2122522523

		0.5834234234		0.7347747748		3.2

		0.487027027		0.544954955		4



W24ft,H12ft,B7ft,b

W24ft,H12ft,B8ft,b

W24ft,H7ft,B7ft,b

W12ft,H12ft,B7ft,b

W12ft,H12ft,B8ft,b

W12ft,H7ft,B7ft,b

F_HD [kN/m]

Position in Z direction [m]

face batter 12:1

0.8

0.8

0.8

1.4

1.4

1.4

2.3

2.3

2.3

3.2

3.2

4

4



W96ft

		



W12ft-b4:1

W12ft-b12:1

Case number

F_HD/W



W60ft

		



W12ft,H12ft,B7ft,b

F_HD [kN/m]



W72ft

		



W12ft,H12ft,B7ft,b

F_HD [kN/m]



W84ft

		



W12ft,H7ft,B7ft,b

F_HD [kN/m]



CL

		



W12ft,H12ft,B8ft,b

F_HD [kN/m]



		



W12ft,H7ft,B7ft,b

F_HD [kN/m]



		



W12ft,H12ft,B8ft,b

F_HD [kN/m]



		

										domain length [m]		11.1								1		2		3		4		5		6																																compare the distribution forces with the height and effective area functions

				face batter 4:1																																																						FHD_i/FrAreaX								FHD_i/FrAreaZ								FHD_i/Vol														FHD_i/FrAreaX				FHD_i/FrAreaZ				FHD_i/Vol

								no backfill		kN/m		backfill		kN/m		no backfill		kN/m		backfill		kN/m		dry weight		buoyancy		kN/m		dry weight		kN/m		no backfill		kN/m		backfill		kN/m		buoyancy		kN/m		dry weight		kN/m										no backfill		backfill		no backfill		backfill		no backfill		backfill		no backfill		backfill		no backfill		backfill		no backfill		backfill								no backfill		backfill		no backfill		backfill		no backfill		backfill

						B [ft]		7				7				7				7				kN/m										8				8																batter 4:1, B7ft				7		7		7		7		7		7		7		7		7		7		7		7		looking in X dir		looking in Z direction				8		8		8		8		8		8

						H [ft]		12				12				7				7														12				12												y_i		Frontal area X [m2]		Frontal area Z [m2]		AZ/AX		12		12		7		7		12		12		7		7		12		12		7		7		Frontal area X [m2]		Frontal area Z [m2]		AZ/AX		12		12		12		12		12		12

						F_HD1 [kN]						2.534		0.228						1.299		0.117		40.339		168.97		15.22		447.77		40.339						3.259		0.294		196.43		17.70		520.53		46.89		0.8		3.88		23.23		5.99		0		0.6530927835		0		0.3347938144		0		0.1090830822		0		0.0559190702		0		0.0149968515		0		0.0076878098		3.88		26.4		6.80		0		0.8399484536		0		0.1234469697		0		0.0165915237

						F_HD2 [kN]						7.962		0.717						4.074		0.367		36.672		153.61		13.84		407.06		36.672						10.393		0.936		175.38		15.80		464.76		41.87		1.4		9.08		22.5		2.48		0		0.8768722467		0		0.4486784141		0		0.3538666667		0		0.1810666667		0		0.0518332379		0		0.0265220561		9.1		25.66		2.82		0		1.1446035242		0		0.4050272798		0		0.0592598928

						F_HD3 [kN]						7.442		0.670						3.062		0.276		25.450		106.60		9.60		282.49		25.450						9.516		0.857		121.38		10.94		321.66		28.98		2.3		7.83		17.79		2.27		0		0.9504469987		0		0.3910600255		0		0.4183249016		0		0.1721191681		0		0.0698123827		0		0.0287242026		7.83		20.29		2.59		0		1.2153256705		0		0.4689995071		0		0.0783984182

						F_HD4 [kN]						7.447		0.671												104.20		9.39		276.13		24.877						9.128		0.822		118.77		10.70		314.74		28.36		3.2		8.44		16.19		1.92		0		0.8823459716		0		0		0		0.4599752934		0		0		0		0.0714683301		0		0		8.44		18.46		2.19		0		1.0815165877		0		0.4944745395		0		0.0768544245

						F_HD5 [kN]						5.437		0.490												94.72		8.53		251.00		22.613						7.174		0.646		95.02		8.56		251.79		22.68		4		6.74		14.38		2.13		0		0.8066765579		0		0		0		0.3780945758		0		0		0		0.0574020934		0		0		6.74		16.39		2.43		0		1.0643916914		0		0.4377059182		0		0.0755030732

						sum						30.822		2.777						8.435		0.760		102.461		628.09		56.59		1664.45		149.951						39.47		3.556		706.97		63.69		1873.47		168.78

						ratio of force to dry weight						1.9%		1.85%								0.7%																2.1%		2.1%

						average:						6.164		0.555						1.687		0.152		20.492		125.619		11.317		332.890		29.990						7.894		0.711		141.394		12.738		374.695		33.756

						ratio:								1.85%

						inlet area [m2]:						16.245								9.0514																		15.4632

												9.6436								5.21																		8.86

												1.6845368949								1.7373128599																		1.745282167

				face batter 12:1

								no backfill				backfill		kN/m		no backfill				backfill		kN/m		weight		buoyancy		kN/m		dry weight		kN/m		no backfill				backfill		kN/m		buoyancy		dry weight

						B [ft]		7				7				7				7				kN/m										8				8												batter 4:1, B7ft						batter 4:1, B8ft

						H [ft]		12				12				7				7														12				12										Frontal area X [m2]		Frontal area Z [m2]		AZ/AX		Frontal area X [m2]		Frontal area Z [m2]		AZ/AX

						F_HD1 [kN]						1.848		0.166						0.8289		0.0746756757		41.42		174		15.63		459.78		41.42						2.161		0.1946846847		200		530.172826087		47.7633176655		3.88		23.21		5.98		3.88		26.4		6.80

						F_HD2 [kN]						5.510		0.496						2.577		0.2321621622		38.11		160		14.38		422.99		38.11						6.364		0.5733333333		184.06		487.759		43.9422522523		9.08		23.4		2.58		9.1		26.94		2.96

						F_HD3 [kN]						5.796		0.522						2.356		0.2122522523		29.44		123		11.11		326.77		29.44						6.769		0.6098198198		140.4		372.06		33.5189189189		7.83		20.56		2.63		7.84		23.44		2.99

						F_HD4 [kN]						6.476		0.583												132		11.93		350.86		31.61						8.156		0.7347747748		150.91		399.9115		36.0280630631		8.44		20.58		2.44		8.44		23.47		2.78																																										full volume

						F_HD5 [kN]						5.406		0.487												122		10.97		322.79		29.08						6.049		0.544954955		139		367.91858		33.145818018		6.74		21.07		3.13		6.75		23.62		3.50																																										how about only the volume in water?

						sum						25.04		2.255								0.5190900901		108.9675225225		710.64		64.02		1883.1907		169.66						29.499		2.6575675676		814		2157.821906087		194.3983699177

						ratio of force to dry weight								1.3%								0.5%																15.2%		1.4%																		H=12ft, B=7ft, b=4:1														H=7ft,B=7ft, b=4:1												H=12ft, B=8ft, b=4:1

						inlet area [m2]:						15.262								8.7673																		14.35

												8.65								4.92																		7.73

												1.7643930636								1.7819715447																		1.8564036223

																																																										H=12ft, B=7tf, b=12:1														H=7ft,B=7ft, b=12:1												H=12ft, B=8ft, b=12:1

				BATTER 4:1

								layer 3		1		2		3		4		5		6		7		8		9		10		11

								FX				1087.8		273.4		337.7		560.1		414.6		1227.5		332.4		322.5		606.8

								FZ				24271.3		6401.9		4440		5092.2		13440.6		23955.8		6340.5		4354		4958.3

								frontalAreaZ [m2]				3.66		1.21		0.95		0.95		2.12		3.66		1.21		0.95		0.95

								frontalAreaX				1.6		0.53		0.34		0.41		1.03		1.6		0.53		0.34		0.41

								FX/fAZ				297.2131147541		225.9504132231		355.4736842105		589.5789473684		195.5660377358		335.3825136612		274.7107438017		339.4736842105		638.7368421053

								FX/fAX				679.875		515.8490566038		993.2352941176		1366.0975609756		402.5242718447		767.1875		627.1698113208		948.5294117647		1480

				v_app [m/s]				FX/FZ				0.0448183657		0.0427060716		0.0760585586		0.1099917521		0.0308468372		0.0512402007		0.0524248876		0.0740698209		0.1223806547

				4.27				CD				0.0748011301		0.0567546864		0.1092776208		0.1503006308		0.0442864797		0.084407416		0.0690024058		0.1043589953		0.162832392

				have to be summed up				F_X [N]:		1		2		3		4		5		6		7		8		9		10		11

								layer 1

								layer 2		906.2		811.4		1040.1		942.1		962.4		1240.2		66.8										973

								layer 3		366.9		1087.8		273.4		337.7		560.1		414.6		1227.5		332.4		322.5		606.8		12.9		379.8

								layer 4		118		1046.9		1332.1		289.2		1118.9		1360.2		290.52										408.52

								layer 5

								Buoyancy [N]:				(for real, I checked twice)

								layer 1

								layer 2		25498		27262		23225.4		27138.2		27261.1		23223.3		1752.4										27250.4

								layer 3		11116.9		23766.4		6429		4123.7		5049.9		13759.9		23761.5		6428.8		4123.6		5049.4		3014.4		14131.3

								layer 4		3025.2		20838.4		20827.8		9902.7		20839.8		20830.5		7940										10965.2

								layer 5

						changed to kN:

								F_X [kN]:

								layer 1

								layer 2		0.9062		0.8114		1.0401		0.9421		0.9624		1.2402		0.0668		0		0		0		0		0.973

								layer 3		0.3669		1.0878		0.2734		0.3377		0.5601		0.4146		1.2275		0.3324		0.3225		0.6068		0.0129		0.3798

								layer 4		0.118		1.0469		1.3321		0.2892		1.1189		1.3602		0.29052		0		0		0		0		0.40852

								layer 5

								Buoyancy [kN]:

								layer 1

								layer 2		25.498		27.262		23.2254		27.1382		27.2611		23.2233		1.7524		0		0		0		0		27.2504

								layer 3		11.1169		23.7664		6.429		4.1237		5.0499		13.7599		23.7615		6.4288		4.1236		5.0494		3.0144		14.1313

								layer 4		3.0252		20.8384		20.8278		9.9027		20.8398		20.8305		7.94		0		0		0		0		10.9652

								layer 5

								F_X/W

								layer 1

								layer 2		1.3%		1.1%		1.7%		1.3%		1.3%		2.0%		1.4%										1.3%

								layer 3		1.2%		1.7%		1.6%		3.1%		4.2%		1.1%		1.9%		2.0%		3.0%		4.5%		0.2%		1.0%

								layer 4		1.5%		1.9%		2.4%		1.1%		2.0%		2.5%		1.4%										1.4%

								layer 5

						RATIO OF TOTAL F_HD TO TOTAL DRY WEIGHT:

								1		2		3						1		2		3

						b4:1		H12ftB7ft		H7ftB7ft		H12ftB8ft				b12:1		H12ftB7ft		H7ftB7ft		H12ftB8ft

				12		W12ft		1.8%		0.8%		2.1%				W12ft		1.2%		0.5%		1.3%

				24		W24ft		1.9%		0.7%		2.1%				W24ft		1.3%		0.5%		1.4%

				48		W48ft		1.1%		0.2%		1.3%				W48ft		0.53%		0.15%		0.44%

								60.9%		32.0%		61.9%

								104.8%		89.1%		102.6%





		



H12ft,B7ft,b

H7ft,B7ft,b

H12ft,B8ft,b

F_HD [kN/m]

Position in Z direction [m]

batter 12:1



		



H12ft,B7ft,b

H7ft,B7ft,b

H12ft,B8ft,b

F_HD/A

Position in Z direction [m]

FHD_i/FrAreaX



		



H12ft,B7ft,b

H7ft,B7ft,b

H12ft,B8ft,b

F_HD/A

Position in Z direction [m]

FHD_i/FrAreaZ



		



H12ft,B7ft,b

H7ft,B7ft,b

H12ft,B8ft,b

F_HD/Vol

Position in Z direction [m]

FHD_i/Vol



		



H12ft,B7ft,b4:1

H12ft,B8ft,b4:1

H7ft,B7ft,b4:1

H12ft,B7ft,b12:1

H12ft,B8ft,b12:1

H7ft,B7ft,b12:1

F_HD [kN/m]

Position in Z direction [m]

batter 4:1 vs. 12:1



		0.0176628843		0.0122839392						0.0112685825		0.0053133228

		0.0083252692		0.0050387887						0.0023713529		0.0015309124

		0.0205361723		0.0131201745						0.0130404747		0.0044188077



W12ft-b4:1

W12ft-b12:1

W24ft-b4:1

W24ft-b12:1

W48ft-b4:1

W48ft-b12:1

Case number

F_HD/W



		





		





		





		





		





		





		



layer 2

layer 3

layer 4

Buoyancy [kN]

F_HD [kN]



		



H12ft,B7ft,b

H7ft,B7ft,b

H12ft,B8ft,b

F_HD [kN/m]

Position in Z direction [m]

batter 4:1



		



layer 2

layer 3

layer 4

Rock number [-]

F_HD [kN]



		



layer 2

layer 3

layer 4

Rock number [-]

F_HD/W



		



C1b4:1

C1b12:1



		



C2b4:1

C2b12:1



		



C3b4:1

C3b12:1



		



H=12ft,B=7ft,W=24ft,b=4:1

F_HD [kN/m]



		



H12ft,B7ft,b12:1

F_HD [kN/m]



		



0.5 W

b

B

Hwater

H7ft,B7ft,b

F_HD [kN/m]

H12ft,B8ft,b

F_HD [kN/m]



		



H7ft,B7ft,b

F_HD [kN/m]



		



H12ft,B8ft,b

F_HD [kN/m]



		

								domain length:		11.1

								batter:		4

								W		48

						face batter 4:1

										no backfill		backfill		kN/m		W48ft/W24ft		no backfill		backfill		kN/m		buoyancy		dry weight		no backfill		backfill		kN/m		buoyancy		dry weight

								B [ft]		7		7						7		7								8		8

								H [ft]		12		12						7		7								12		12								y_i		Frontal area [m2]

								F_HD1 [kN]				1.535		0.1382882883		1.65081				0.616		0.0554954955		168.97		448				2.045		0.1842342342		196.43		521		0.8		3.88

								F_HD2 [kN]				4.836		0.4356756757		1.64640				1.939		0.1746846847		153.61		407				6.356		0.5726126126		175.38		465		1.4		9.08

								F_HD3 [kN]				4.495		0.404954955		1.65562				1.392		0.1254054054		106.60		282				5.88		0.5297297297		121.38		322		2.3		7.83

								F_HD4 [kN]				4.5		0.4054054054		1.65489								104.20		276				5.422		0.4884684685		118.77		315		3.2		8.44

								F_HD5 [kN]				3.39		0.3054054054		1.60383								94.72		251				4.728		0.4259459459		95.02		252		4		6.74

								sum		0		18.756						0		3.947				628		1664		0		24.431				707		1873

								ratio of force to dry weight				1.1%								0.2%										1.3%

								area:				29.23																		28.43

								wetted perimeter:				21.8215901261

								Re=				4.27*

						face batter 12:1

										no backfill		backfill		kN/m		W48ft/W24ft		no backfill		backfill				buoyancy		dry weight		no backfill		backfill		kN/m		buoyancy		dry weight

								B [ft]		7		7						7		7								8		8

								H [ft]		12		12						7		7								12		12

								F_HD1 [kN]				0.691		0.0622522523		2.67				0.485		0.0436936937		174		460				0.721		0.06		200		530.172826087

								F_HD2 [kN]				2.12		0.190990991		2.60				1.434		0.1291891892		160		423				2.012		0.18		184.06		487.759

								F_HD3 [kN]				2.182		0.1965765766		2.66				0.964		0.0868468468		123		327				1.956		0.18		140.4		372.06

								F_HD4 [kN]				2.619		0.2359459459		2.47								132		351				2.756		0.25		150.91		399.9115

								F_HD5 [kN]				2.394		0.2156756757		2.26								122		323				2.090		0.19		139		367.91858

								sum				10.01		0.9014414414		2.50				2.883				711		1883				9.535		0.86		814		2157.821906087

								ratio of force to dry weight				0.53%								0.15%										0.44%

																																																										H12ft, B7ft,b4:1														H12ft, B7ft,b12:1

								inlet area:				W48:		28.23																27.32

												W24:		15.262		1.8496920456

												W12:		8.65		1.7643930636

																																																										H7ft, B7ft,b4:1														H7ft, B7ft,b12:1

																																																										H12ft, B8ft,b4:1

																																																																								H12ft, B8ft,b12:1





		



W48ft-b4:1

W48ft-b12:1

Case number

F_HD/W



		0.1679279279		0.2154054054		0.2282882883		0.19				0.1068468468		0.069009009

		0.4944144144		0.6612612613		0.7172972973		0.5924324324				0.3335135135		0.2001801802

		0.5274774775		0.6335135135		0.6704504505		0.5591891892				0.3095495495		0.183963964

		0.5746846847		0.6695495495		0.6709009009		0.5475675676				0.3228828829		0.1913513514

		0.3877477477		0.4688288288		0.4898198198		0.4125225225				0.2455855856		0.1335135135



W6ft,H12ft,B7ft,b

W12ft,H12ft,B7ft,b

W24ft,H12ft,B7ft,b

W36ft,H12ft,B7ft,b

W48ft,H12ft,B7ft,b

W60ft,H12ft,B7ft,b

W96ft,H12ft,B7ft,b

F_HD [kN/m]

Position in Z direction [m]

face batter 4:1

0.8

0.8

1.4

1.4

2.3

2.3

3.2

3.2

4

4



		0.1555855856		0.1664864865

		0.4598198198		0.4963963964

		0.4890990991		0.5221621622

		0.5461261261		0.5834234234

		0.4334234234		0.487027027



W12ft,H12ft,B7ft,b

W24ft,H12ft,B7ft,b

W48ft,H12ft,B7ft,b

F_HD [kN/m]

Position in Z direction [m]

face batter 12:1

0.8

0.8

1.4

1.4

2.3

2.3

3.2

3.2

4

4



		0.2900900901		0.2936036036

		0.8545945946		0.9363063063

		0.8347747748		0.8572972973

		0.8431531532		0.8223423423

		0.6435135135		0.6463063063



W12ft,H12ft,B8ft,b

W24ft,H12ft,B8ft,b

W48ft,H12ft,B8ft,b

F_HD [kN/m]

Position in Z direction [m]

face batter 4:1

0.8

0.8

1.4

1.4

2.3

2.3

3.2

3.2

4

4



		0.220990991		0.1978378378		0.117027027				0.0734234234

		0.649009009		0.6218018018		0.367027027				0.2332432432

		0.4420720721		0.4287387387		0.2758558559				0.1687387387

						3.2

						4



W6ft,H7ft,B7ft,b

W12ft,H7ft,B7ft,b

W24ft,H7ft,B7ft,b

W48ft,H7ft,B7ft,b

W36ft,H7ft,B7ft,b

F_HD [kN/m]

Position in Z direction [m]

face batter 4:1

0.8

0.8

1.4

1.4

2.3

2.3



		0.1367567568		0.0746756757

		0.4182882883		0.2321621622

		0.2998198198		0.2122522523

				3.2

				4



W12ft,H7ft,B7ft,b

W24ft,H7ft,B7ft,b

W48ft,H7ft,B7ft,b

F_HD [kN/m]

Position in Z direction [m]

face batter 12:1

0.8

0.8

1.4

1.4

2.3

2.3



		0.1962162162		0.1946846847

		0.5576576577		0.5733333333

		0.5862162162		0.6098198198

		0.6910810811		0.7347747748

		0.5193693694		0.544954955



W12ft,H12ft,B8ft,b

W24ft,H12ft,B8ft,b

W48ft,H12ft,B8ft,b

F_HD [kN/m]

Position in Z direction [m]

face batter 12:1

0.8

0.8

1.4

1.4

2.3

2.3

3.2

3.2

4

4



		



W48ft,H12ft,B7ft,b

F_HD [kN/m]



		



W48ft,H12ft,B7ft,b

F_HD [kN/m]



		



W48ft,H7ft,B7ft,b

F_HD [kN/m]



		



W48ft,H12ft,B8ft,b

F_HD [kN/m]



		



W48ft,H7ft,B7ft,b

F_HD [kN/m]



		



W48ft,H12ft,B8ft,b

F_HD [kN/m]



		0.8		0.8		0.8				0.8

		1.4		1.4		1.4				1.4

		2.3		2.3		2.3				2.3

		3.2		3.2		3.2				3.2

		4		4		4				4



W12ft,H12ft,B7ft,b

W24ft,H12ft,B7ft,b

W36ft,H12ft,B7ft,b

W48ft,H12ft,B7ft,b

W96ft,H12ft,B7ft,b

Z coordinate [m]

F_HD/1m [kN/m]

face batter 4:1

0.2154054054

0.2282882883

0.19

0.069009009

0.6612612613

0.7172972973

0.5924324324

0.2001801802

0.6335135135

0.6704504505

0.5591891892

0.183963964

0.6695495495

0.6709009009

0.5475675676

0.1913513514

0.4688288288

0.4898198198

0.4125225225

0.1335135135



								domain length [m]		11.1

		face batter 4:1

						kN		kN/m		kN		kN/m

				B [ft]		7				7

				H [ft]		12				7

				F_HD1 [kN]		1.864		0.168		2.453		0.220990991

				F_HD2 [kN]		5.488		0.494		7.204		0.649009009

				F_HD3 [kN]		5.855		0.527		4.907		0.4420720721

				F_HD4 [kN]		6.379		0.575

				F_HD5 [kN]		4.304		0.388

				sum





		

								domain length:		11.1

								batter:		4

								W		36

						face batter 4:1

										backfill		kN/m		kN		kN/m

								B [ft]		7				7

								H [ft]		12				7

								F_HD1 [kN]		2.109		0.19		0.815		0.0734234234

								F_HD2 [kN]		6.576		0.5924324324		2.589		0.2332432432

								F_HD3 [kN]		6.207		0.5591891892		1.873		0.1687387387

								F_HD4 [kN]		6.078		0.5475675676

								F_HD5 [kN]		4.579		0.4125225225

								sum		25.549

								ratio of force to dry weight





		

								domain length:		11.1

								batter:		4

								W		96

										backfill

								B [ft]		7

								H [ft]		12

								F_HD1 [kN]		0.766		0.069009009

								F_HD2 [kN]		2.222		0.2001801802

								F_HD3 [kN]		2.042		0.183963964

								F_HD4 [kN]		2.124		0.1913513514

								F_HD5 [kN]		1.482		0.1335135135

								sum		8.636

								ratio of force to dry weight





								domain length [m]		11.1

		face batter 4:1

						backfill		kN/m

				B [ft]		7

				H [ft]		12

				F_HD1 [kN]		1.186		0.107

				F_HD2 [kN]		3.702		0.334

				F_HD3 [kN]		3.436		0.310

				F_HD4 [kN]		3.584		0.323

				F_HD5 [kN]		2.726		0.246

				sum





								domain length [m]		11.1

		face batter 4:1

						backfill		kN/m

				B [ft]		7

				H [ft]		12

				F_HD1 [kN]		0.898		0.081

				F_HD2 [kN]		2.797		0.252

				F_HD3 [kN]		2.516		0.227

				F_HD4 [kN]		2.68		0.241

				F_HD5 [kN]		1.953		0.176

				sum





								domain length [m]		11.1

		face batter 4:1

						backfill		kN/m

				B [ft]		7

				H [ft]		12

				F_HD1 [kN]		0.761		0.0685585586

				F_HD2 [kN]		2.378		0.2142342342

				F_HD3 [kN]		2.122		0.1911711712

				F_HD4 [kN]		2.248		0.2025225225

				F_HD5 [kN]		1.573		0.1417117117

				sum





		H12ft		W		6		12		24		36		48		60		72		84		96				h=		0.9		m

		b=4:1				1.8288		3.6576		7.3152		10.9728		14.6304		18.288		21.9456		25.6032		29.2608

				W/H		0.5		1		2		3		4		5		6		7		8

				W/h		2.032		4.064		8.128		12.192		16.256		20.32		24.384		28.448		32.512

				d1		3.634		3.973		5.095		6.543		8.146		9.829		11.556		13.310		15.081

				d2		3.067		3.505		4.801		6.364		8.040		9.771		11.532		13.312		15.103

				d3		2.588		3.138		4.600		6.258		7.991		9.759		11.546		13.344		15.150

				d4		2.015		2.761		4.445		6.212		8.006		9.813		11.627		13.445		15.266

				d5		1.774		2.668		4.481		6.303		8.128		9.955		11.782		13.609		15.437

				d1/h		4.038		4.415		5.661		7.270		9.052		10.921		12.839		14.788		16.757

				d2/h		3.408		3.894		5.334		7.071		8.934		10.857		12.814		14.791		16.781

				d3/h		2.875		3.486		5.111		6.953		8.879		10.843		12.829		14.827		16.833

				d4/h		2.239		3.067		4.939		6.902		8.896		10.904		12.919		14.939		16.962

				d5/h		1.972		2.965		4.979		7.003		9.031		11.061		13.091		15.121		17.152

		layer		z[m]		W=6ft		12		24		36		48		60		72		84		96

		1		0.15		0.168		0.215		0.228		0.190		0.138		0.107		0.081		0.069		0.069

		2		0.8		0.494		0.661		0.717		0.592		0.436		0.334		0.252		0.214		0.200

		3		1.4		0.527		0.634		0.670		0.559		0.405		0.310		0.227		0.191		0.184

		4		2.3		0.575		0.670		0.671		0.548		0.405		0.323		0.241		0.203		0.191

		5		3.2		0.388		0.469		0.490		0.413		0.305		0.246		0.176		0.142		0.134

				F2-4ave		0.532		0.655		0.686		0.566		0.415		0.322		0.240		0.203		0.192

				F1/Fave		0.32		0.33		0.33		0.34		0.33		0.33		0.34		0.34		0.36

				F5/Fave		0.73		0.72		0.71		0.73		0.74		0.76		0.73		0.70		0.70

				vel		3.17		3.96		4.86		5.36		5.68		5.91		6.08		6.21		6.31

				CL1		0.0370		0.0305		0.0215		0.0147		0.0095		0.0068		0.0049		0.0040		0.0039

				CL2		0.1090		0.0937		0.0675		0.0458		0.0300		0.0212		0.0152		0.0124		0.0112

				CL3		0.1163		0.0898		0.0631		0.0433		0.0279		0.0197		0.0136		0.0110		0.0103

				CL4		0.1267		0.0949		0.0631		0.0424		0.0279		0.0205		0.0145		0.0117		0.0107

				CL5		0.0855		0.0664		0.0461		0.0319		0.0210		0.0156		0.0106		0.0082		0.0075

				Ave CL2-4		0.1173		0.0928		0.0646		0.0438		0.0286		0.0205		0.0144		0.0117		0.0107

				CL1/Clave		0.32		0.33		0.33		0.34		0.33		0.33		0.34		0.34		0.36

				CL5/CLave		0.73		0.72		0.71		0.73		0.74		0.76		0.73		0.70		0.70

		H7ft

		b=4:1

				d1		2.2001778496		2.7235536804		4.1938565748		5.8692538001		7.6155673623		9.3933280157		11.1875544714		12.9914263178		14.8014174784

				d2		1.7379229902		2.4278629286		4.0816132497		5.8406877951		7.6326089904		9.4386876715		11.2521086379		13.0698160477		14.8902401969

				d3		1.550524092		2.4924070615		4.4745463413		6.4876101116		8.5096799564		10.535571601		12.5634363516		14.5924516432		16.6221961533

				d1/h		2.4446420551		3.026170756		4.6598406387		6.5213931112		8.4617415137		10.4370311285		12.4306160793		14.4349181309		16.4460194204

				d2/h		1.9310255447		2.6976254762		4.535125833		6.4896531057		8.480676656		10.4874307461		12.502342931		14.5220178307		16.5447113298

				d3/h		1.7228045467		2.7693411794		4.9717181569		7.2084556795		9.4551999515		11.7061906678		13.959373724		16.2138351591		18.469106837

		layer		z[m]

		1		0.15		0.220990991		0.1978378378		0.117027027		0.0734234234		0.0554954955

		2		0.8		0.649009009		0.6218018018		0.367027027		0.2332432432		0.1746846847														d/h		1.9310255447		2.6976254762		3.408008926		3.8939502302		5.3341383096		7.0711570918		8.9335066871		10.8568811746		12.8138301827		14.7910333331		16.7813330273

		3		1.4		0.4420720721		0.4287387387		0.2758558559		0.1687387387		0.1254054054														CL		0.2078483506		0.1306910875		0.1089980109		0.0937066032		0.0674860706		0.0458243942		0.03000918		0.0212245925		0.0151644193		0.0123626928		0.0111724866

				vel		2.6341822232		3.2515972323		3.8491715096		4.1442846854		4.3208088014		4.4383869356		4.5223552662		4.5853355218		4.6343279606								0.2108483506		0.1336910875		0.1119980109		0.0967066032		0.0704860706		0.0488243942		0.03300918		0.0242245925		0.0181644193		0.0153626928		0.0141724866

				CL1		0.0708		0.0416		0.0176		0.0095		0.0066		0		0		0		0

				CL2		0.2078		0.1307		0.0550		0.0302		0.0208

				CL3		0.1416		0.0901		0.0414		0.0218		0.0149

		H12ft		W		6		12		24		36		48		60		72		84		96

		b=12:1				1.8288		3.6576		7.3152		10.9728		14.6304		18.288		21.9456		25.6032		29.2608

				W/H		0.5		1		2		3		4		5		6		7		8

				W/h		2.032		4.064		8.128		12.192		16.256		20.32		24.384		28.448		32.512

				d1		3.628		3.962		5.077		6.522		8.124		9.805		11.532		13.285		15.057								vmax/d

				d2		3.021		3.429		4.694		6.245		7.916		9.644		11.403		13.182		14.972

				d3		2.482		2.980		4.398		6.041		7.767		9.532		11.317		13.114		14.919

				d4		1.751		2.434		4.082		5.838		7.629		9.434		11.247		13.064		14.884

				d5		1.267		2.145		3.951		5.771		7.596		9.422		11.249		13.076		14.904

				d1/h		4.031		4.402		5.641		7.247		9.027		10.895		12.813		14.762		16.730

				d2/h		3.357		3.810		5.216		6.939		8.795		10.715		12.670		14.646		16.636

				d3/h		2.758		3.311		4.887		6.712		8.630		10.591		12.574		14.571		16.577

				d4/h		1.946		2.705		4.535		6.487		8.476		10.482		12.496		14.516		16.538

				d5/h		1.407		2.383		4.390		6.412		8.440		10.469		12.499		14.529		16.560

		layer		z[m]		W=6ft		12		24		36		48		60		72		84		96

		1		0.15				0.156		0.166				0.062

		2		0.8				0.460		0.496				0.191

		3		1.4				0.489		0.522				0.197

		4		2.3				0.546		0.583				0.236

		5		3.2				0.433		0.487				0.216

				F2-4ave				0.482		0.522				0.210

				F1/Fave				0.323		0.319				0.297

				vel		2.72		3.65		4.66		5.21		5.57		5.81		6.00		6.13		6.25

				CL1				0.0260		0.0171				0.0045

				CL2				0.0769		0.0509				0.0137

				CL3				0.0818		0.0535				0.0141

				CL4				0.0913		0.0598				0.0169

				CL5				0.1035		0.0713				0.0221

		H7ft

		b=12:1

				d1		2.1894776934		2.7064838167		4.1718464701		5.8457309355		7.5914330828		9.3688932756		11.1629514489		12.9667200082		14.7766433729

				d2		1.65559076		2.3176028228		3.9558376059		5.7109577449		7.5013628391		9.3067109875		11.1197263116		12.9371857822		14.7574475288

				d3		1.265411961		2.0791848189		3.8449002368		5.6508871013		7.4679857466		9.2896779315		11.1137050488		12.9390796671		14.7653020366

				d1/h		2.4327529927		3.0072042408		4.6353849668		6.495256595		8.4349256475		10.4098814174		12.4032793876		14.4074666757		16.4184926366

				d2/h		1.8395452888		2.5751142476		4.3953751177		6.3455086055		8.334847599		10.3407899861		12.3552514573		14.3746508692		16.3971639209

				d3/h		1.40601329		2.3102053543		4.2721113742		6.2787634458		8.2977619406		10.3218643683		12.3485611653		14.3767551856		16.4058911517

		layer		z[m]

		1		0.15				0.1367567568		0.0746756757				0.0436936937

		2		0.8				0.4182882883		0.2321621622				0.1291891892

		3		1.4				0.2998198198		0.2122522523				0.0868468468

				vel		2.6341822232		3.2515972323		3.8491715096		4.1442846854		4.3208088014		4.4383869356		4.5223552662		4.5853355218		4.6343279606

				CL1				0.0287		0.0112				0.0052		0		0		0		0

				CL2				0.0879		0.0348				0.0154

				CL3				0.0630		0.0318				0.0103





		0.1679279279		0.2154054054		0.2282882883		0.19		0.1382882883		0.1068468468		0.069009009

		0.4944144144		0.6612612613		0.7172972973		0.5924324324		0.4356756757		0.3335135135		0.2001801802

		0.5274774775		0.6335135135		0.6704504505		0.5591891892		0.404954955		0.3095495495		0.183963964

		0.5746846847		0.6695495495		0.6709009009		0.5475675676		0.4054054054		0.3228828829		0.1913513514

		0.3877477477		0.4688288288		0.4898198198		0.4125225225		0.3054054054		0.2455855856		0.1335135135
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