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CHAPTER TV

Mass Diagrams

The mass diagram can be considered to be the fourth major drawing
of a road design  project along with the plan, profile and
crogss-sections. Many of  the most proficient designers and most
productive contractors consider the mass diagram to be the most
important diagram from their points of views The mass diagram can be
used as a tool to determine where additional work needs to be done on
the geometric aspects of the design. It is also a very effective
measure of the quality of a design. The generation and analysis of
the mass diagram are very important concepts for the designer to
Master .

The earthwork computations that have been completed to this point
are important because they show the designer the quantity of earth
that must be excavated and how much of that earth will be placed in
the embankments. As will be reviewed shortly the difference, known as

the represents either the excess earth material (waste)

when the excavation exceeds the embankment or the shortage of earth
material (borrow) when the embankment exceeds the available

excavation. The mass ordinate indicates to the designer whether he or

she has too much material or not enough.



At this point a number of very important gQuestions remain to be

answered

i.

ys]

10.

How far must each cubic vyard of excavated
material be hauvled for placement?

Can every excavated cubic vard of earth be
havled to a fill location economically?

It the excavated material cannot be
economically havled to a fi1ll site where will
it be placed? (Waste sites?)

How much material must be wasted?

It there is insufficient excavation to make
an embankment, where will the additioenal
material come from? (Borrow sites?)

How many cubic yvards of material must be
borrowed?

How much will it cost to haul the material?
If some of the excavated material can be used
for surfacing how does this affect the
earthwork data?

What areas need further design effort to
reduvce earthwork and costs?

What areas are economically designed and

should not be altered?

To answer these questions and many others, another drawing is

prepared

and then anlyzed. This is the MASS DIAGRAM. The mass diaqgram

is a plot of the mass ordinate on the vertical scale versus the

-



stationing on the horizontal scale.

Reviewing the concept of the mass ordinate, if between station 4@
A and station B S00 cubic yards are excavated and 300 cubic yards are
placed as fill the mass ordinate at station B is 200 cubic vards I

station A i

3]

the beginning of the project the mass ordinate for the
entire project is also 200 cubic yards. AT station B there 1is an
excess of 200 cubic yards.

Eetween stations B and C 400 cubic yards are excavated and 150
cubic vyards are used as fill. An additional 250 cubic vards of excess
material has been accumulated. The mass ordinate, or the running total
is (200 + 250) or A4S0 cubic yards.

Going one step further, between station C and station D 400 cubic
yards are excavated but 650 cubic yards are needed for Ffill. Now,
there is a shortage of 550 cubic yards between stations C and D. The
450 cubic vyards of excess material accumulated vp to station L (The
mass ordinate at station () can be is vsed to cover part of the
shoratage but an additional 100 cubic yards is needed by station D.
The mass ordinate at station D becomes (-100). Earthwork shortages

(excess embankments) carry a negative sign.

- 3 -



The ™mass ordinates determined to this point can be summarized in

the ftollowing tahle:

STATION MASH ORDINATE
A 0
I 200
C 450
D 100

When this data is plotted the mass diagram resuvlts

608

400

CUBIC YRRLES
g .
Q

~-288

A couple of rules of thumb will assist the designer in
preparing the mass diagram for a project. In the preliminary stages
of the design the horizontal scale for the mass diagram should be the
same as the horizontal scale for the profile. During the analysis of

the wmass diagram it will be easy to compare the mass diagram to the
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profiie if the twoe scales are the same. For long projects this hags the
disadvantage of not providing a compact mass diagram that reflects the
earthwork activity over the entire project. Therefore, for a Ffinal
project mass diagram designers will often select a horizontal scale
that allows the plotting of the entire mass diagram on  oane normal
sized sheet of plan paper.

The second rule of thumb is concerned with selecting the vertical
scale values. Refering back to coordinate computations 1t was noted
that some people start with large initial coordinates in order that
they do not have to deal with negative coordinates. Ry similiar

reasoning some designers start with a Large initial mass ordinate so

that they do not have to deal with pegative mass ordinates. This
procedure has the distinct advantage that the datum Line 1%

eliminated. The datum Line is NOT a valid halance line in most cases
I+ +the datum line is vsed during the plotting of the mass diagram the
designer would be well advised to erase i1t during the analysis of the

mass diagram in order to avoid confusion.



EXAMP LI
For the

ordinates.

Sta

PROMLEM:
earthwork quantities

tion Cutd+)

36

700

37

38

40

360

41

270

42

130

42+80

2

43

210

44

450

540

....()...

given compute

Faill¢-) Ordinate



AO e

630
47

730

48

g20
A9
690
o0
On graph paper using a horizontal scale of 1/2 inch per station

and a vertical scale of 4 inch equals 1000 cubic yards, plot the mMass

diagram.



BEefore moving on to analyzing the mass diagram spend come time
studying the diagram from the example problam 1o hecome Familiar with
its characteristics

Ascending mass diagrams (lines going up and to the right)  occur

exceads _ - - . What type of cross-section would

when

you expect this to eccur on? - - 7 S What type of profile would you

expect this to occur on?

Mass diagrams where the lines go down and to the rrght occur when

>

e exceeds e What type of cross-section would you

expect this to occur on? __ . 0On what type of protile would vou
expect this to occur?

A horizontal distance measured on the massg diagram represents a
difference in stationing on the ground or a horizontal distance on the
ground .

A vertical distance measured on the mass dragram represents

A distance measured along the lLine of a mass diagram represents

what?

On the figure below consider only that portion of the diagram

surrounded by the box on the left.



DATUM

s —— G——— e — — — S ommaam .  oee—ew
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MRSS ORDINARTE
CUBIC YARDS

The vertical distance on the mass diagram bhetween statioson A and
T T e S

station B is the yardage of Wr{iﬁﬁ ,,,,,,,, _ generated between the two

sltations.

The vertical distance on the mass diagram between station B and

gtation (C is the yardage of excess “#:;fgfiw“q@nerated betuween the
tWwo stations.

I¥ the excess excavation between stations B oand € 1s egqual to the
shortage of embankment between srtations A and It then the mass diagram

’

s _ :
ohetween stations A and B, That 1s. all of the

is waid to be
excess material excavated betwesn station I and =station O 1s placed as
needed embankment between station A and station B. Since the vardage
values between stations A and B are the same as  the yardage wvalues
between stations B and €, the vertical distance between stations A and

B and stations K and C must be cqual



characteristics of the mass diagram he or she is ready to move on to

the analysis of it. In order to do that the idea of haul must be

vnderstood. Haul is the concept that deals with the «cos?t o+
transporting {not excavation) a cubic vard of soil From tThe

excavation Jlocation to the embankment location  The unirts of haul are
stations~yards (i.e. one cubic yard havled ane station) or mile vyards

(i.e. one cubhic yard hauled one mile ) consider the following diagram.

L .
m
T O
Zy ! MASS DIRGRAM
2 |
o) BALANCE LINE
Al = — — — —DATUM
% m 1+00 2+00
-
i
x STATIONS

The simple analysis of this mass diagram  shows that one cocubic
yard of excess excavation is generated at station 1400 and is placed
where there is a shortage of embankment at station 2+00. There 1g

stations-yvards of havl. Becauvse the vertical axis of the

mass diagram has units of cubic yards and the horizontal axis has
units of stations, the haul could have been detarmined from the area
within the loop. Any mass diagram can be broken down to a series of
rectangles that account for each cubic of excess w01l material . The
area of each rectanqgle is one cubic vard times the distance that that
cubic yard is  transported in  stations. If the area for all of the
individual cubic vards are totaled together, the total havl {foer the
balanced loop wovld be determined. Thus it is considerably easier to

simply measure the area within the loop to determine the total cubic



yards of haul. For example:
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Alternate computational methods of determining the havl are
available. However, they are tedious and are vsvally destined for
computer solution.

The next quegtion that should come to mind is where does the
balance 1line go on the wmass diagram. To answer this gquestion the
concept of LIMIT OF ECONOMIC HAUL (LEH) must be understood. The LEH is
the maximum distance that so0il material caean be havled before 1t 14
more economical  to waste that material and borrow additional vardage
to complete the fill. The limit of economic haul is computed from the
cost of borrow and the cost of havl.

Rorrow cost ($/cubic vard)

Limit of economic hauvl =

Haul cost ($/station-yard)
The limit of economic hauvl is determined then, hy the cost of

borrow in the area of the shortage of embankment not the cost of

borrow in the area of the excess excavation. [+ a borrow area 1% not



conveniently located near the area where the material 14 needed, the
cost of borrow must include both the cost of the borrow material and
the cost of hauvling that material A mass diagram may have several
different LEH valves depending on the nature of the soil wmaterial on
the project. In general, however, a relatively simple computation will
determine the length of the balance line

The analysis of the mass diagram begins by installing the balance
lines on the mass diagram. This is done by taking a straight edge to
the top (or bottom) of each loop as appropriate. Slide the straight
edge down (or up) taking care to keep it horizontal. When the straight
edge spans the distance of the LEH and intersects the mass diagram,

the balance line can bhe drawn in.

~13-



EXAMPLE PROELEM: Given the mass diagram froe the previoeus @example
proﬁlem and,
the unit cost of horrow is $3.60 per cubic yard
the unit cost of haul is $0.30 per station-yard.
4. Determine the limit of economic haul.
2 Plet the bhalance line on the mass diagram.
At what stations does the belance line
intersect the mass diagram?
Label the intersect peint (balance
point) on the left as A and the one on

the right as R.

Examining the mass diagram developed to this point, from stations

36+00 to point A (about station Y excess excavation is being

generated Tt is tao far to haul the excess so0il to the other end of

the job (as determined by the LEH,) therefore, the material becomes

From the right hand balance point, I (about station )
to station S0+00 there is a shortage of embankment material. Again the
balance line shows that it is too far to haul the material in from the

other end of the job. In this case the material must be

If vou qo over any completed mass diagram gueny cubic vyard must
be acrcounted for either as waste, borrow, or within a balanced loop.

With the loop now balanced the total amount of haul can be
determined. Again, this is most easily done by simply measvuring the
areca within the leop. This can be doﬁ@ by any of the nethods of

measuring or computing areas discussed undar earthwork computations.

...14....



EXAMPLLE PRORLEM: Determine the haul in both station-yards and

nile—-vards for the example problem above.

The balancing of mass diagrams is not often made up of a series

of single loops. Consider the following example:

CUBIC YRRDS

I+ the mass diagram is balanced as previously discussed the balance
line for loop I will be located at AR and for loop Il at Ch. The
problem that develops is in the area of the mass diagram between O and
E. Since the mass diagram is descending to the right there is a
shortage of excavation between C and B. The balance line for loop I,
line AR, indicated that the material will come from approximately
stations A to E. The balance line for loop 1I, line CP, indicates that
the material will come from approximately stations RBF. The result
would be twice the amount of material required would be delivered
betwsen station C and B. Since this is obviously net a workahle
solution another locaticen for the balance line must be determined. A

general rule results from this situvation.

~-{9 -



Halance lines for adiacent lLoops  on the mass  diaqram  cannot

overlap.

Phen the maess diaaram consisic ¢f two Lloops the question becomes

where does the halance iine fall and why? Consider the following nass

diagram:

STATIONS -

CUBIC YARDS

The balance lines have been locaied such that balance line RC and
balance line A‘E’ are at the limit of econowic haul. That 18 to say
that the final balance line can go no further up than lines AR and BC
and no further down than.lineﬁ ALY and B'CY. The basic logic that
directs where the balance line should go calls for minimizing the cost
of haul. This seans minimizing the haul or the area within the loop.
This Can be done by minimizing the loenges haul distance that any
material must be transported. Toe do this the balance lines should be
positioned such that the distance AR equals the distance BC. This can
best be done graphically wusing a scale. Similar reasoning can be
N number  of

applied to cases where there are Tour, six or any EW

loops. The general rule for EVEN numbers of loops is:

...16...



locating

for balancing is the same, to minimize the cost of haul,

the

Where the placement of Dbalance lines
sn a wmass diagram results in an even
number sf loecps one balance line
should he drawn in such that the total
length of the even numbered loops
equals the total length of the odd
numbered loops.

LY + L3... = L2 + L4. ...

When the mass diagram balances out with three loops the rule

the balance line is changed only slightly. The overall goal

vnder the loops. The rule for balancing a mass diagram with

an 0ODD numher of loops is:

Where the placement of balance lines

on a mass diagram results in an odd

number of loops, one balance line

should be drawn in such that the total
length of the odd numbered loops equals
the total length of the even numbered
loops plus the limit of economic haul.

L + L3 ... =L2 + ... + LEH

Ey now the reader should be well aware of the fact that the datum

iine uszed for drawing the maess diagram may or may

iine.

Again the designer is warned ‘o erase

_..17..
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preparing the mass diagram and bhefore drawing in the balance lines.
Thies will prevent the pessiblie confusioen of the datum line and the
balancoe linag.

Regardless of the nuaber of loops within the balance points and
regardless of whether the loops are above or helow the balance line
the haul can be determined from the area within the closed loops.

fi List of procedures invelved in halancing a mass diagram 1% as
follows:

. Plot the mass diaqram from the earthwork and

mass ardinate infornmation.

2 petermine the limit of economic haul (LEH)D
‘for cach portian of the mass diagran where
there is a shortage o¥ embankment.,

3. Tentatively drafi in the balance lines &t

their maxinum distances but not to exceed
the LEN‘s.

4, Nofing where mulitple loops result,
rebalance the diagram using either the even
loep or odd loop rule as appropriate.

5. Measure the area within the loops to
determine the haul in station—yards.

6. For thess portions of the mass diagram that
fall outside of ihe loops determine whether
each section requires bnrrnwlmaTerial or
gunerates raterial to bo wasted.

The next tep in  analvzing the mMass diagram 1is sometimes

...18....



confusing to designers with limited experience. Te gain a full
vnderstanding of the procedure and its importance you shovld recall
ihe earthwork computation sheat. After the volume of excavated
material was computed it was multiplied by the shrink/swell factor.
The volume before the multiplication was the volume of soil actually
excavated from between the two cross sections. This was computed
becavse the contractor is paid for the actual amount excavated not for
the expanded or shrunk amount that may result after handling. However,
the mass ordinate, and therefore the mass diagram, is determined from
the moditfied earthwork volumes.

Just as the contractor is paid for the actual excavated quantity
he is alsoe paid to havul the actual excavated quantity, not the shrunk
or expanded amount. There#oré, the haul amount in station-yards must
be converted bhack to the actual excavated yvardage. Thie is done
simply by dividing the total haul by the shrink/swell factor for that
material at the excavation site.

In a.similar way the borrow and waste yardages must be converted
to actual excavated yvardages.

After the mase diagram is completely balanced (but usuvally before
the determination of haul) the designer is in a postioen to vtilize it
as & 4Quide to improve the design. The location of excessive amounts of
waste or borrow can he determined by observation. The designer can
then determine whether additional design effort is justified at those
locations.

One of the osverall ¢oals of design 1is to minimize cost which

panslates into minimizing both excavation and haul. The designer must

- Q-



be extremely leery of redesignang a porrion ot the roadway simply 1o
minimize the area under a loop While the reasaning  behind  this L
simple 1t 1% not always  seen  even by experienced designers. That
reasoning is simply do not desian in a great deal of excavatien Just
to eliminate some haul Tha cubic wards of excavation are nuually
several times more expensive than the mi1le yards  of  hauvl  that are
eliminated. Avoid 1increasing excavation Jus? to decrease haul. A
total cost reduction must be arhieved 1n order to justify the design
changes .

The mass diagrams that have been developed up to this point have
the point of view of the designer . That 1s, the procedure of modifying
the excavated quantity provides the designer with correct volume of
material that will be available tor constructing embankments. The
procedure does have the disadvantage of having to readjust the borrow,
waste, and havl fiqures to determine the volumes that the contractor
will actually be resposible for excavating and bauling.

The mout desirable alternative 15 fo  prepare the mass diagram
based on the earthwork figure«s generated by morifuing the embankment .

As wWwas seen in previous chapters, these computations  are  nn moere

diffricult than tn the Firet CAase. The preparation of the Mass
diagram 1is identical, as has already been discussed. On  any project

where more than one shrink/swell factor is used becavse of chanqging
01l types (the most comaon situation) the designar MUST prepare a
mass diagram based on modifying the excavation. This Firaet mass
diagram shows the designer where cach yard of embankment originates

from, and therefore, what shrink/swell facrtor must be applied to the

~20-



embankment volume at each wtation Whan thoee foactore  have heon
determined at each station, the ear thworlk Figures can bhe recomputred
and the revised mass diagram prepared

The analysis of the raevissd mass diagram 1. much simpler  hecavse
excass excavation, wasta, borrow and haul quantities can bhe
interpreted directly. They do not have 10 have the shraink/cwell
factors adjusted out. fn the practice prablen rhat follows, the
student should note that the final dollar costs come  out 10 he  the
same as in the previous practice problem

The advantages and disadvantages  of modifying ei1ther the
excavation or amhbankment AT € NUMET0UYS ihe major ditierencs 1% that
‘ad justing the embankment has considerably more compotational werk than
adjusting the excavation, although the analysie af the mass diagram 15
much simpler. Either system will result in the same declisions it the
analysis of each i properly carried out.

There are several specialized prohlems  that develop on Mass
diagrams that the designer must he able to harndle These include cross
havl, stockpiles, borrow pits and waste areas (hoth on and off 1ine)
and surfacing spreads.

Cross haul gets its name from the fact that in this situvation the
haul is being made across a halanced loop . Consider for werxample the
following profile and mMass diagrams.

.As shown on the profile between stations R and %, the native
soil condition is a soft bog area. It has been suggested that a heavy
rock #ill be wused in this area th stabilire the hog An adequate

supply of rock exists hetween stations U and UV Hetween srations S and

iy



supply of rock ex1sts between startirons U and V Retween stationa & and
T there is a sandy s1lt material that 15 10 be cut away. Whtile this
sandy wilt 1s an adequate material for the {ill from station T to
station U, it is not acceptable material for the fill from stations R
to 8 In this situation, the so0il materials on the ground force some

special construyction procedures that must Dbe accounted for in  the

design and 1n the cost estimate.
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