



DEVELOPING THE MASS DIAGRAM


The lab manual for CE 111 and your text describe basic terms used in earthwork analysis and the development of grading estimates for roadway projects.  Read those carefully.  The following is a brief review of selected terms and computations, plus some special considerations for establishing balance points on the mass diagram.

Related Terms
borrow -soil or rock  obtained outside the project to fill areas within the project,
measured in cubic yards or cubic meters

cut –(or excavation)   material taken from embankments in the project, measured in cu. yds. or  
cubic 
meters

fill – (or embankment) volume of earthwork  needed  to build embankment to the desired grade level.  The material may be from within the project or "borrowed" from outside the project.  Measured in cubic yards or cubic meters.

shrinkage - recognition that material excavated from a site will, in most cases, occupy less space in the final compacted embankment than in the original site.. Since a CY of excavation does not occupy the same space when place in an embankment we adjust the “apparent need for Fill.  An “Adjusted Fill” Volume is determined by multiplying the actual fill by the expected shrinkage due to compaction  For example, if 100 cubic yards  of excavation will just  fill an 80 cubic yard “hole”.the apparent fill volume is increased by a shrinkage factor of 1.25 (100/80 =1.25).  I know that is somewhat confusing because we call the factor a shrinkage factor even though we typically multiplying by a factor greater than 1 to increase the fill volume needed.

swell - the opposite of shrinkage in that the final placement may take more space than the original excavation; principal example is stone that is blasted and placed as crushed stone.

haul - distance that material is moved times the volume moved; measured in station-yards,(officially station - CY, but common terminology is Station-yards)  or station - cubic meters

cross haul – volume of materials that is excavated at a station and replaced within the bounds of the same station without  hauling along the project to other stations.  A contractor would be paid for excavating the material, but this material does not accumulate on the ordinated of the mass diagram

free haul distance (FHD) -  distance that material is moved without the contractor receiving additional compensation, ; measured in stations.
overhaul – excavated material that must be moved a greater distance than the limit of free haul). 

 Computed as 

        OH =   *  (distance between centers of mass - free haul
distance, in stations) * (volume) moved, measured in station-yards.


An alternate method of measuring overhaul  is to determine  areas on the mass diagram (discussed later)

Limit of Profitable Haul (LPH)  or Limit of  Economic Haul (LEH) - distance beyond which it is cheaper to waste material at origin site rather than haul it to another fill area.  Computed as:


LEH = free haul distance + ( Unit cost of borrow / unit cost of overhaul); 

 the units of LEH are stations.  Unit costs for borrow and overhaul are $ per CY and $ per Sta-CY, respectively.

Mass diagram - graphical tool  used to calculate overhaul, borrow, and waste and total earthwork costs.  The ordinate of the mass diagram shows the net cumulative cut plus fill (including shrinkage).  The abscissa (x-axis) is stations along the route.

Balance points - location of any two stations between which the cuts will equal the fill requirements.  On a mass diagram this can be found as the beginning and ending station along any horizontal line drawn within a loop of the mass diagram.  The objective is  to identify the optimum balance points that will minimize the grading cost for the project.

MASS DIAGRAM CONCEPTS

The Mass diagram as an analysis tool is used to optimize the earthwork movement on a project.  However, the engineer may consider overall design changes that  optimize a design from a construction grading viewpoinnt.  First, the engineer may consider changes in the centerline grades to reduce the imbalance between fill and cut volumes.  A second approach is to change the cross section of the design to reduce the amount of borrow or  to provide a location to store excess materials rather than  hauling from the site   The contractor may also note that some materials are being moved in an expensive manner.  For example, loads are being hauled up the grade.  The condition may suggest obtaining borrow at the top of a grade and then waste the material that was planned to be hauled to build an embankment.  While each of these are important, the Mass Diagram assessment is the starting point for each of the above refinements.

Mass Diagram rules and procedures for locating Optimum Balance Points

Figure 1 contains a proposed route profile with the ground line and proposed grade line, and a general mass diagram that is used to help determine the optimum plan for moving earth along a project.  Arrows on the top section indicate the direction of earth movement and the locations where borrow or waste may occur.  The lower portion, the mass diagram is used to analyze the optimum direction and distance for hauling material based on cost for excavation, borrow material and overhaul.  The graph was developed after computing the Volumes of Cut and Fill between stations on the project and adjusting the Fill volumes based on the expected shrinkage of the soil  The principles of balance lines and optimum location for balance lines are presented below.
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Figue 1 Mass diagram with generalized grade line/ground line profile

Characteristics of Mass Diagram;

1)  Any horizontal line (e.g.  aa’, bb1b,  cc’) between loops in a mass diagram is a balance line.  Between the end points the these lines, the following relationship is always true:

         Cut Volume = Adjusted fill Volume.

2)  Any ordinate between two balance lines is a measure of volume of earth between the 

stations at the end of the balance lines

3)  The highest point in a concave loop indicates a change from cut to fill;  the lowest point in a convex loop indicates a change from fill to cut

4)  The area under the curve in the diagram  is a measure of Haul.  The units are  

Sta-Yds. or Station - cubic meters.    If the area between the curve and the balance lines is divided by the maximum ordinate in the loop, the  average haul distance in stations is obtained.

5)  Hauling material within the limits of the  free haul distance is not paid for separately, but hauling material beyond (longer than) the free-haul distance length is charged an overhaul cost.

6)  If a second horizontal line is drawn in a loop, where  the new line  is longer than the Free Haul Distance line, See Figure 2, we must pay for hauling the material that lies between the  stations from the end of the longer loop to the Free Haul Distance Station. 
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   Figure 2  Mass diagram loop with free haul and limit of profitable haul

The longer line in Figure 2 is a special line in that it represents the “Limit of Profitable Haul” or the “Limit of Economic Haul, which will be discussed in more detail later. The cross-hatched area represents the overhaul, and can be computed by finding the center of mass of the soil to be moved and determining the distance to center mass of the location where the soil is to be placed.  We assume the earth is a rectangular block for each segment and that the center of gravity is at the midpoint of that block. (In Figure 2, the center of materials to the left of the FHD line and the LPH line appears to be station 1.   This material would be moved to build an embankment (fill) the project between Station 4 and 5. The center of mass for this block of deposited soil would be at Station 4.5.  Note that the center of mass is not computed based on the triangular shape of the mass diagram in this area.  The total Haul distance for this earth would be (4.5 – 1.0) = 3.5 stations. One strategy for computing the overhaul (OH) in  Station-Yards) is 

     OH = (Haul Distance – FHD) * Volume 

The Volume moved is found as the difference in the Y axis (ordinate) between the two balance lines.  In this case, 400 CY.  From the graph, the freehaul distance apparently is 2.5 stations.

    OH  = (3.5 – 2.5)Stat * 400 CY =   400 Station – CY  or 400 Station-Yds.

7)  The overhaul can also be calculated as the area between the FHD and LPH distance lines and outside the Free Haul distance block, ie, the cross-hatched areas in Figure 2. The area can be  calculated or  measured with a planimeter, although it is usually calculated from coordinates.  In Figure 2 

the left side area is:

  A = ½ bh = ½ (1.5-.5)*(500-100) =  200 sta- yds

The right side cross-hatched area is:

  A = ½ bh = ½(5-4)*(500 -100)  = 200 sta – yds

Total OH =  200 + 200 = 400. Sta-yds  ( or Station- CY)   

Note that the Area strategy produced the same result center of mass strategy.

 For, generally smooth lines, the overhaul can be estimated by drawing a horizontal line across the loop midway between the two balance lines ( midway between LEH and FHD in this example).  The distance from left to right is measured and the free haul distance is subtracted from this length.  The resulting length is multiplied by  difference in ordinates between the balance lines.

Rules for placing optimum balance lines
The optimum position of the balance lines is dependent on the cost of borrowing (translate as buying) fill material from off-site versus the cost of hauling material through the project.

1)  The maximum balance line length in any single loop should be the Limit of
 
Economic Haul (LEH)   Examine all individual large loops and analyze any loop which is wider than the LEH as an individual loop.   These loops would have a Free Haul balance line and a Limit of Economic Haul balance line.  See Figure 1, lines aa’ and cc’ are in loops in which the LEH controls.  Overhaul occurs in those loops, although the FHD lines are not drawn in the diagram.

2)  If loops are narrower than the Limit of Economic haul we can consider drawing balance lines which cut across multiple loops in the mass diagram.

Case 1:   If a balance line cuts an even number of loops, the length across the convex  loops should equal the length across the concave loops.  No length should exceed the LEH in a single loop.  In Figure 1, line bb1 = line b1b’ represents this condition.  While any number of balance line locations would produce the same amount of borrow or waste in this area, the equal distance position minimizes the amount of overhaul.

Case 2:   If a balance  line crosses an odd number of loops on the mass diagram  the sum of the lengths cutting convex loops minus the sum of the lengths cutting concave loops should equal the LEH.  No line should exceed the LEH.  If the concave loops are the longer loops, the concept is the same, just reverse the signs.  Line dd1d2d’ represents this condition.

Figure 1 identifies locations where borrow and waste would occur.  
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