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1. Determine the potential flow rate into the leachate· collection and removal sumps. 

2. Size the flow elements (geonets, pipes, and gravel) and pumps to handle the 
projected flows. 

3 Determine most effective method and pump requirements for run-off flows 

Method: 

1. Identify flow sources. The single largest s~urce of liquid entering the sumps will 
be from infiltration when the cell has been completed but only the 2 foot thick 
select waste layer has been placed. 

2. 'fhe design will assume the 25 year-24 hour storm event occurs just after 
placement of the select waste layer. 

3. An infiltration factor will be selected. 

4. The quantity of run-off will be calculated. Methods for handling run-off (which 
shall be considered hazardous waste) will be ide:Q.tified. .· "" 

The quantity of infiltration, and the resultant flow to the sumps will be ~ J 
The sump flow elements will be sized to handle that flow. Pumps capable of 
evacuating that flow from the ~umps will be identified. 

Summary 

1. 25 Year-~4 Hour storm yields 2 inches of precipitation 

2. Infiltration flow is controlled by unsaturated flow. 

3. The maximum LCRS flow is 2 gallons per minute. 

4. The geonet has insufficient capacity for the maximum infiltration flow and must 
be supplemented by 3 inch diameter slotted pipes (see layout in Figure 3). 

5. In run-off systems must be able to store up to171,000 gallons of water, or be 
capable of pumping up to 100 gpm, if only a nominal impoundment is desired. 

6. The maximum requirement for out of cell capacity is 300,000 ·gallons, assuming 
no measures to reduce contact between precipitation and waste are utilized. 

Analysis: 

Hydrology 

1. The critical period for sizing the leachate collection system (i.e., when the greatest 
flow is likely to occur) is directly. after placement of the 2 foot thick layer of select 
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3. 

LCRS Flow Capacity and Pump Sizing 

waste over the bottpm. The quantity of infiltration reaching the LCRS through 
the waste will be the greatest at this point, although all water touching the waste 

· bf considered leachate. During the construction period precipitation will be 
im o\ded within the cell, removed and discharged to the existing channels. 

Fi i\shows the configuration of Cell 12. Each phase of the cell is indicated 
along nih slope, bottom, and total catchment areas. Cell 12C includes the top 

. deck are ~ere Cell12 adjoins Cell 11. . 

The 25 year 4 hour storm yields 2 inches of precipitation (Reference 1A). The . 
working deck~ assumed to be well compacted by heavy equipment running over 
its swface, yieMmg a relatively high run-off curve number. Since the · 
characteristics o¥\tile waste soil are unknown at this time assume soil group B 
(Reference 1A) a:rli\ an SCS RCN of 85 (Ref 2A). Further assume run-off from 
the slopes (with th~.acrificialliner) is intercepted and directed to run-off 
collection tanks/pon&"{ Table 1, below, shows the distribution for precipitation 
falling on the floor o · 

!&11 

12A 
12B 
12C 

Run-off Cac-
ID. 

0.16 
0.12 
0.10 

Infiltration 
~ 

0.24 
0.18 

<"i!olll' 

0.15 

LCRS Infiltration: 

1. 

2. 

3. 

No allowance is made for evaporation, all infiltration will be routed through 
the LCRS system. This provides a conse tive total volume for the system 

design. ' 

. Sandy soils, assumed to comprise the 2 foot p;cl~ve layer, have a wide range of 
porosities and moisture retention values. Typica1\l ues are taken from the HELP 
model literature (Reference 3A) as being conservaii representations of this soil 
Thevaluesare: \ 

Soil Type SC ' Hydraulic Conductivity 1.2x1Q-4 c 
Porosity 0.398 
Field Capacity 0.244 
Wilting Point 0.136 \ 

For the largest infiltration case, Cell12A, there is 0.24 ac-ft, o:rne ly 80,000 
gallons, of infiltration. It is necessary to determine whether satka or 
unsaturated flow conditions control drainage into the LCRS. It i~ttSS ed that 
the soil layer contains, at most, sufficient moisture.to be at field cap.aci (i.e., no 
gravity drainage is initially occuring within the soil). A 2 foot thick'I~yer of soil 
of unit area therefore has an available pore space of approximately: ' 

2ft3 x7.48~; x(0.398-0.244)= 2·3g%z 

C.8-2 
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" 4. The rate at which the stonfi saturates the soil layer is given by: 

1 gal lday 
0.24ac- ft X X 7.48-

3 
X---='--

2.36ac ft 1440min 

lgal 

1850.m.in 

req1ll.il. re nearly three days of steady rain at this rate to saturate the 2 foot soil 
ass'Qilling no simultaneous drainage occured. Conversely, only 34 percent of the 

space is filled. Therefore unsaturated flow controls drainage from the 
Laminar flow through a porous media is estimated by: 

Q=Kia (1) 

Where: Flow (ft3/min) 
HydraUlic Conductivity {ft/min) 
gnulient · 

area (ft2) 

5. 

6 Unsaturated hydraulic conductivity is estimated by Crump1bei)L's 
(Reference 3B), definitions for the terms are found in the refi~r1ce: 

7. The residual water content, er. is the rumount of water remaining in the 
under infinite capillary suction. Residual water coJ,Jtent is calculated by Ra 
(Reference 3C) as follows: 

0r = 0.014+.25WP;WP~0.04 

C.8-3 
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Where WP is wilting point, which for the designated soil is 0.136>0.04. 
Therefore the equation is applicable. The residual water content is then: 

\ E>r=0.048 

8. ~cussed in rlle reference, residual water content and the pore-size distribution 
inde , A., are constants in the Brooks-Corey equation relating volumetric content 
to rna · potential (capillary pressure and adsorptive forces, Reference 3D): 

9. This equation ~olved assuming the volumetric water content is the field 
capacity, at 0.33 ars of capillary suction, yr. and then the wilting point, at 15 bars 
capillary suction. olving simutaneously yields both the pore size distribution 
index and bubbling ressure. Solving for the values assumed for the site soil 
yields the following: 

Constants: 

E>r 0.048 

~ 0.398 
. h .. 

Variables· e 9-E>r/cJr-f>r ('lfb/'Jf)A. 
Field Capacity 0.244 0.56 0.56 
Wilting "Point . 0.136 0.25 0.25 
Solved Values 

'Jfb 0.021 

A. 0.210. 

10. Since only 34 percent of the available pore s e-was filled by infiltration the 
volumetric water content is: 

9. = FC + 0.34(t;- FC) 

e =0.244+0.34(0.398-0.244 

9=0.296 

11. Based on this calculation the unsaturated hydraulic conductt. · ty is calculated 
from the following using Campbell's equation: 

K = 1 x 10-4cm(0.296-0.048)(~o.:10)) 
" sec 0.398-.048 

K,. = 1361 x 10-{j em = 2.68 x 10~ ~ 
sec Dllll 
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Conservativ usi.!ig a unit hydraulic gradient and assuming no evaporation, the 
rate at which th · tration drains from the 2 foot layer into a unit area of the 
LCRS is: 

0)=2.68xiO~ 
2 
fe . 

ft -mm 

Drainage over the entire 2.36 acre cell is then: 

Q=(z.ooxw-s z gal. )c2.36ac)(43,560 2 
- ft -mm ac 

Q; 2.0~gal 
TlQ 

To accomodate this flow into the LCRS the geonet must have a minimum 
perimeter of 2.06/2.24x1Q-3=919 feet. Since providing this much flow capacity 
with geocomposite alone is infeasible a pipe system will be proyjped to improve 
drainage characteristics into the LCRS sumps. 

14. A singie 3 inch diameter corrugated polyethylene pipe (manning n=0.015) at a 
slope of 1 percent has a flow <;apacity of approximately 34 gallons per minute 
(Reference SA). This is more than sufficient to accomodate the maximum LCRS 
flow into the sump. As shown in Figure 3, the pipes will be located in along the 
grade breaks of the bottom with lateral lines located every 100 feet along the 
grade break length. The basis for the layout is described below. 

15. From the manufacturer's literature 3" diameter pipe comes with slots providing 
1.44 in2 (Reference 5B) of flow area per foot. The orifice equation (Reference 
6A) is used to estimate flow into the pipe per foot of length. The orifice equation 
is as follows: 

Q=CA~2gH 

The coefficient C=0.6, g=32.2ft/s2, and His assumed to be 1 inch. The 
calculation is therefore: 

2(32.2ft )(lin)(~) 
sec2 

• · 12m 

. Q = o.ol4ft
3 
(7.483galX60~ec)= 6_2gpm 

sec ft mm · 
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Since this is substantially more than the maximum estimated flow rate, the 
spacing of laterals ~s controlled by the flow capacity of the geocomposite. As 
stated above the geocomposite can accomodate 2.24xio-3 gpm per foot of width. 
Since water percolates into the geocomposite at the rate of 2.00x10-5 gpm per 
square foot the lateral spacing is calculated as follows: 

L=(224xl0-3 gal )( min-fe J 
min- ft 2. oo x w-s gal 

L=lllft 

Use 100 foot spacing for lateral pipes. 

The LCRS sump is configured as shown in Figure 4. Beginning at the 10 percent 
slope the sump is filled with clean 111 diameter (nom.). drain rock. To assure 
unimpeded drainage into the riser the 3 II diameter lines will be continued until 
adjacent to the riser. 

The LCR.S pump must be capable of lifting the leachate vertically approximately 
100 feet, the maximum depth of fill above the sump. Head losses in the discharge 
line are expected to be minimal, allow 5 feet of loss. Minor losses are anticipated 
to be no more than 20 percent of the subtotaled loss, or approximately 21 feet. 
Total estimated dynamic head (1DH) is therefore: · · h• . 

TDH = 100ft+5.ft+2l.ft =126ft 

Using a factor of safety of 4 for the pump capacity yields 8 gallons per minute.· A 
Protec recipricating pump, Model No. RP-2, with variable speed electric control is 
recommended (See Reference 7). 

During the en · period when waste filling· has just started the greatest quantity 
of run-off is gener by Cell 12A. Approximately 0.16 acre.:. feet (53,000 
gallons) ofprecipitatio s off the cell bottom. Since the slopes are covered by 
a sacrificial liner, no infil . ·on occurs at those surfaces and run-off is equal to 
the direct precipitation_. Since ll 12A has the largest slope area it is the 
conservative case. If a gutter sys is not used another 0.19 acre-feet (61,000 
gallons) runs off the slopes. Handliri f run-off is an operational consideration. 
However, two methods are likely 1) direc · g the run-off to a temporary lined 
pond; 2) transferring the liquid to ~ holding 

If run-off is directed to a temporary holding pond it 

(53,000 gal+61,000 gal)(l.5)=171,000 gal 

C.8-6 
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.. 
The value 1.5 is a factor of safety to assure adequate containment capacity. The 
volum of a regrilar type pond (frustrum of a pyramid) is found by the following 
formula: eference SA): 

V = ~ h( A,op + Abot + ~ Au,pAbot) 

of 5 feet, 80 foot sides, and 2:1 slopes yields a volume of 

V =i(5 (80)
2 + (80-20)

2 +~(80)2(80-20)2 ) 

7.48gal) . v = 24,667ft fe = 185,000gal > 171,000gal 

During the initial fill stages th bottom of the cell will slope towards the sump. 
The most likly location for a sto ge pond would be in the adjacent cell area. A 
pump system, as described below, ould be necessary until the sufficient waste 
has been deposited to create the de grade. 

In the event alternative 2 is chosen a sm le pump must be specified. The peak 
flow into the sump, or other run-off collec ·on area, can be est:inl'ated by the SCS 
unit hydrograph method (Reference 2B) wh 

Q _ 484A ' 1'-y-
R 

Total catchment area, A, is shown in Figure 1 to be 3. acres (5.4~x1Q-3 mi2). 
A factor of 484 is used, which is likely conservative give the generally flat 
nature of the catchment slope.TR is the rising time and is c culated by the 
following relationship (Reference 2C): 

The duration of the storm event, D, is 24 hours. The lag time, tp. is fo 
following equation (Reference 2D): 

1o.s(S + l)o.7 
t = --'----::--::--
p 1900y05 

The catchment length, 1, is found from Figure 1 to. be approximately 450 feet 
(Cell12A, east to west). The average catchment slope is 1 percent. The factor S 
is calculated from the SCS curve number, previously identified as 85. The 
relationship is 
(Reference 2E): 

. C.8-7 
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S=C~)-w=(1~)-I0=1.76 

(450)0
"
8 (1 76 + 1)0

"
7 

0.14hrs 
1900(It

5 

the rising time is calculated to be: 

24 
TR =2+0.14=12.14brs 

and the peak flow is the\ · · · 

Q 484(5.45 x 1o(mi
2

) O. 22cfs(449gpm) = 98gpm 
· P . 12.14 \ cfs -

To successfully transfer the accum¢ated water without undo pending, and thus 
greater infiltration into the LCRS, If-small impoundment ( e.g., 10,000-20,000 
gallons) and a high capacity pump (e~. 100 gpm) are required. "The pump must 
be capable of generating sufficient hea to lift the warer out of the cell and into 
the desired holding facility. It is assum the landfill operations staff will size the 
impoundment and select the necessary p if this alternative is selecred. 

5. Construction of the starter berms, buttress fills d cover system will begin once 
waste filling is within 3 feet of the top of the exc vation slope. The maximum 
waste area of (8.9 acres) within the horizontal con olline (Figure 1) is 
potentially exposed to precipitation. As a conservatf e estimate it is assumed no 
exposure reduction measures are implemented, and th aximum run-off volume 
is contact warer (i.e., has contacted waste). 

6. The maximum volume of contact run-off is 198,282 gallons. The three foot 
freeboard around the facility is sufficient to contain this liqui n the surface of 
the fill. Should it be necessary to transfer the water out of the c approximately 
300,000 gallons of capacity is required (with a 50 percent factor safety). 

C.8-8 
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BEATTY RUn-ON CONTROL SYSTEM DESIGN 

' Drainage Area Characteristics: 

1. Drainage aTea = 1.7 sq. mi. 

2. Max. flow length (t) = 21,650 ft. 

3. Avg. land slope (y) = 160;(3.87) (5280) = 0.0078 = 0~78% 

?age 2 of i2 

12e:F- \A 

4. Sandy· soil, barren land. SCS classifies soils as predominantly 
hydrological group B with some group A. Therefore, use soil group B 
and SCS Pasture/Range class with poor hydrologic condition. 

5. Use AMC II for worst case~ . ~ 

6. SCS runoff curve No. (RCN) .= 79 to account for steps 4 and 5 

Compute Time of Concentration (Tc): 

LAG (L) = (t)•8 {5+1)•7 

19oo (Y)· 5-
s = 1000 - 10 = 1000 - 10 = 2.66 

'RCN 19 

L = (21,650)· 8 (3.66)· 7 = 4.35 hrs. 
"1900 (0.78)•5 

Tc = L/0.5 .= 4.35 = 7.25 hrs. 
0.6 

Compute Excess Rainfall (Q): 

f5-yr, 24-hr ~tonn_ ~ 
{From NOAA, Atias 2, Precipitation-Frequency Atlas of the Western 
United States, Volume VII - Nevada) 

Q z 0.52 in. for RCH • 79 

Cqmpute Peak Flow for 25-yr, 24-hr Rainfall: 

Ref: SCS EHGR-20 (Rev. 2) 

PK = {D.A.} (Q} {CSM) 

CSM s'83 for Tc • 6 hrs, T • 0 hrs. 
CSM = 72 for Tc • 7.25 hrstby interpolation 
CSM • 65 for Tc • 8 hrs, Tt • 0 hrs. hf~e 1

• r . . 
PeaK flow z (1.7) (0.52) {72) • 63.65 CFS ou 
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2.4 SYNTHETIC UNIT HYDROGRAPH DEVELOPMENT 105 
-; .... 

HYDROLOGY:· SOLUTION OF RUNOFF EQUATION 0• ~~~g:~ ~12 Pc: 0 to 12. inches 
0=0 lo 8 inches 

RAINFALL (P) IN INCHES 

Maetua, Victor; E.timaling dir•d ruMtf omounfl from alarm roinfall: 

Central Technical Unit, October S55 

' 

.. ·--~"""""""" BOIL CXINSIIZY A.'notf E!B.VICZ ____ ...,... 
FIGURE 2.14 

Graphical solution of rainfall-runoff equation. 

EXAMPLE 2.8 

SCS. UNIT HYDROGRAPH 

For the watershed of Example 2. 7, develop a unit hydrograph using the 
SCS method. The watershed consists of meadows in good condition with 
soil group D. The average slope in the watershed is 100 ft/mi. Assume the 
same duration of rainfall as found in Example 2. 7. Sketch the resulting 
hydrograph. 

SOLUTION 

Equation (2.18) gives the following relationship for tP: 

eo.s (S + l}o.1 

tp 1900y112 

From Table 2.1, the SCS curve number is found to be 78. Therefore, 



ANALYSIS 

er's 

2.4 SYNTHETIC UNIT HYDROGRAPH DEVElOPMENT 

Since this is a small watershed. 

Tb""' 4tp ="""4(8.6) hr 

I Tb ,;, 34.4 hr. I 
And the duration ofrainfall 

D=tp/5.5 
= 8.6/5.5 hr 

I D= 1.6 hr. I 

SCS Method 

The method developed by the Soil Conservation Service (SCS, 1957) is , 
based on a dimensionless hydrograph, developed from a large number of 
unit hydrographs ranging in size and geographic location. The hydro­
graph is represented as a simple triangle (Fig. 2.13), with rainfall duration 
D (hr), time of rise TR (hr), time of fall B(hr), and peak flow QP (cfs). The 
volume of direct runoff is 

Vol= QpTR + QPB 
. . 2 2 ' 

2 Vol 

TR+B 

or 

(2.14) 

From a review of a large number of hydrographs, it was found that 

B= 1.67 TR. 

Therefore, Eq. (2.14) becomes, for 1.0 in. of rainfall excess, 

Q 
= 0.75 Vol 

p TR 

where 

(0. 75)(640)A(I.008) 

TR 
484A 

A= area of basin (sq mi), 

TR =time of rise (hr). 

(2.15) 

(2.16) 

Capece et al. (I 984) found that a factor as low as 10.,..,50 holds for flat, 
hfgh-water-table watersheds rather than the value 484 presented here. 
Thus, care must be used when applying this method. 
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(a) 

~ 

~ 

---8---..+J 

5 

FIGURE 2.13 

(a) SCS triangular unit hydrograph. {b) SCS dimensionless unit hydro­
graph (SCS, 1964). 

From Fig. 2.13 it can be shown that 

TR =D/2 + tP' 

where 

P = rainfall duration (hr), 

tP =lag time from centroid of rainfall to QP (hr). 

72eF zc (2.!7) 
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(2.17) 

2.4 SYNTHETIC UNIT HYDROGRAPH DEVELOPMENT 

~ 

Lag timet Pis estimated from any one of several empirical equations used 
by the SCS, such as 

fD.B(S + 1 )0.7 . 
lp --;ur- z. 0 (2.·18) 

l900y0
•
5 

where 

t P = lag time (hr), 

e =length to divide {ft), 

y =average watershed slope (o/o), 

S= 1000/CN- 10, 

CN =curve number for various soil(land use (see Table 2.1 ). 

The SCS dimensionless unit hydrograph can be used to develop a curved 
hydrograph, using the same t P and QP as the triangular hydrograph in Fig. 
2.13. 

Soil Conservation Service ( 1964) runoff estimates assume a relation­
ship between accumulated total storm rainfall P, runoff Q, and Infiltra­
tion plus initial abstraction (F + I a). It is assumed that 

F/S= Q/Pe, (2.19) .... 
whe~e F is infiltration occurring after runoffbegins, Sis potential ab~trac­

. tion, Q is direct runoff in in., and Pe is effective storm runoff (P-I a). 
With F = (Pe- Q) and Pe = (P- I a) = (P- 0.2S)"based on data from 
small watersheds, 

Q 
(P-0.2S)2 

P+0.8S . 
(2.20) 

The SCS method uses the runoff curve number CN, which is related to 
storage by 

CN = 1000/(S + 10), (2.21) 

where potential abstractionS (in.) becomes · 

S = (1000/CN)- 10. (2.22) 

Figure 2.14 presents the SCS solution in graphical form for a range ofCNs 
and rainfall amounts. Runoff curve numbers for selected ·land uses are 
presented in Table 2.1. The hydrologic soil group varies from A for sandy, 
well:drained soils to. D for clayey, poorly drained soils. The SCS report 
Urban Hydrology for Small Watersheds ( 1986) provides a simple graphi­
cal ll:nd tabular procedure for determining peak flows for urban areas. 
~xample 2.8 illustrates the SCS UH method. 
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TABLE 1. DEFAULT LOW DENSITY SOIL CHARACTERISTICS 

• 
Soil Texture Class Total Field Wilting 

Saturated 

Porosity Capacity Point 
Hydraulic 

HELP USDA uses vol/vol vol/vol vol/vol 
Conductivity 

em/sec 

1 CoS SP 0.417 0.045 0.018 l.Oxl0·2 

2 s sw 0.437 0.062 0.024 5.8xl0·3 

3 FS sw 0.457 0.083 0.033 3.1xlo-J 

4 LS SM 0.437 0.105 0.047 1.7xl0-3 

5 LFS SM 0.457· 0.131 0.058 l.Oxl0-3 

6 SL SM 0.453 0.190 0.085 7.2xl04 

---....... 
7 FSL SM 0.473 0.222 0.104 ~;J0-4 

~ 

8 L ML 0.463 0.232 0.116 3. 7x1Q-4 

9 SiL ML 0.501 0.284 0.135 1.9xl04 

l~o,) 0.244 
. hit 

1.2xl04 SCL sc 0.398 0.136 
' 

11 CL CL 0.464 0.310 0.187 6.4xl0"5 

12 SiCL- CL I 0.471 0.342 0.210 4.2x10-s 

13 sc sc 0.430 0.321 0.221 3.3xlo-5 

14 SiC CH 0.479 0.371 0.251 2.5xl0-s 

15 c CH 0.475 0.378 0.251 2.5xw-s 

21 G GP 0.397 0.032 0.013 3.0xlo-1 

a = constant representing the effects of various 
fluid constants and gravity, 21 cm3/sec 

~ = total porosity, vol/vol 

or = residual volumetric water content, vol/vol 

lfb = bubbling pressure, em 

A. = pore-size distribution index, dimensionless 

A more detailed explanation of Equation 11 can be found in Appendix A of the HELP ' 
program Version 3 User's. Guide and the cited references. 

19 
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Saturated Hydraulic Coruluctivity 

Saturated hydraulic conductivity is used to describe flow through porous media where 
the void spaces are filled with a wetting fluid (e.g., water). The saturated hydraulic 
conductivity of each layer is specified in the input. Equations for estimating the· 
hydraulic conductivity for soils and other materials are presented in Appendix A of the 
HELP Program Version 3 User's Guide. 

Unsaturated Hydraulic Conductivity 

Unsaturated hydraulic conductivity is used to describe flow through a layer when the 
void spaces are filled with both wetting and non-wetting fluid (e.g., water and air). The 
HELP program computes the unsaturated hydraulic conductivity of each soil and waste 
layer using the following equation, reported by Campbell (1974): l ~0016 ( 

(5) 

where · hw 

K,. = unsaturated hydraulic conductivity, em/sec 

Ks - saturated hyd,raulic conductivity, em/sec 

e = actual volumetric water content, vollvol 

e, - . residual volumetric water content, vol/vol 

rP = total porosity, vol/vol 

A. = pore-size distribution index, dimensionless 

Residual volumetric water content is the amount of water remaining in a layer under 
·infinite capillary suction. The HELP program uses the following regression equation, 
developed using mean soil texture values from Rawls et al. (1982), to calculate the 
residual volumetric water content: EEJ 

"7Zc:F /!- ~ 
y 

{ 

0:014 + 0.25 lVP for WP ~ 0.04 
e = (~ r 

0.6 WP , for WP < 0.04 

where 

WP = volumetric wilting point, vol/vol 

14 
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The residual volumetric water content and pore-size distribution index are constants in 
the Brooks-Corey equation relating volumetric water content to matrix potential (capillary 
pressure and adsorptive~forces) (Brooks and Corey, 1964): 

_a -a, = (~:)~ 
cp - a, 't' 

where 

ift = capillary pressure, bars 

Ytb - bubbling pressure, bars 

Bubbling pressure is a function of the maximum pore size forming a continuous network . 
of flow channels within the medium {Brooks and Corey, 1964). Brakensiek et al. (1981) 
reported that Equation 7 provided a reasonably accurate representation of water retention 
and matrix potential relationships for tensions greater than 50 em or 0. 05 bars 
(unsaturated conditions). 

The HELP program solves Equation 7 for two different capillary pressures 
simultaneously to determine the bubbling pressure ,and pore-size. <;i,istribution index of 
volumetric moisture content for use in Equation 7. The total porosity,is known from the 
input data. The capillary pressure-volumetric moisture content relationship is knoWn at 
two points· from the input of field capacity and wilting point. Therefore, the field. 
capacity is inserted in Equation 7· as the volumetric moisture content and 0.33 bar is 
inserted as the capillary pressure to yield one equation. Similarly, the wilting point and 
15 bar are inserted in Equation 7 to yield a second equation. Having two equations and 
two unknowns (bubbling pressure and pore-size distribution index), the two equations are 
solved simultaneously to yield the unknowns~ This process is repeated for each layer to 
obtain the parameters for computing moisture retention and unsaturated drainage. 

" 

3.3.3 Saturated Hydraulic Conductivity for Vegetated Materials 

The HELP program adjusts the saturated hydraulic conductivities of soils and waste 
layers in the top half of the evaporative zone whenever those soil characteristics were 
selected from the default list of soil textures. This adjustment, developed for the model 
from changes in runof( characteristics and minimum infiltration rates as function of 
vegetation, is made to account for channeling due to root penetration. These adjustments 
for vegetation are not made for user-specified soil characteristics; they are made only for 
default soil textu~es, . which assumed that the soil hiyer is tinvegetated and free of 
continuous root channels that provide preferential drainage paths. The HELP program 
calculates the vegetated saturated hydraulic conductivity as follows: 

15 
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By: RVH 
Date: 1/19/96 . 

Environmental Solutions, Inc. 
Subject: Beatty Landfill-Cell 12 Checked By: Ec 
American Ecology Corporation Checked On: 7 r W 'f <:: 

I 

. LOS Flow Capacity (Action Leakage Rate) and Pump Sizing 

Figure 1 

~----- 2' Operations Layer 

r----- Double Sided Geocomposite 
(fexnetllf3002/1125) 

r-~-100 mil.HDPE FML 
(Gundline HD1) 

Double Sided Geocomposite 
(fexnet11{3002/1125) 

1-..._ ____________ lllllflll_-t } Leak Detectio~ System 

~-+- 80 mil HDPE FML 
(Gundline HD1) 

'---GCL 
(Claymax Shearpro) 

~--9" Prepared Subgrade 

"'---Unmodified Sub grade 

2. The sump locations are shown on Figure 2 (Atta~hed). There ar~·tlrree sumps 
proposed for Celll2. The typical geometry is shown in Figure 3 (Attached). 

Flow Capacities 

1. The following flow elements will be used in the LDS 

2. 

3. 

Double sided geocomposite (Texnet 1N3002/1125) 
Geonet (Polynet PN3000)-used in the sump areas if additional flow 
capacity is required. 

• Gravel (clean, poorly graded, nominal3/4" diameter)-used in the sump 
proper only. 

The double sided geocomposite is used in the. slope linerLDS as well as in the 
bottom liner as shown in Figure 1. A continuous strip of geocomposite will be 
used for each system. Therefore fJ.ow within the LDS will be controlled by the 
minimum bottom slope. ~ 

Flow within the geosynthetics is calculated using Darcy's Equation (which 
assumes laminar flow within the net) as follows (Reference 2A): 

C.8-24 

Project No. 95-284 
March 8, 1996 
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Environmental Solutions, Inc. 
By: RVH 
Date: 1/19/96 

Subject: Beatty Landfill-Cell 12 Checked By: E C 
American Ecology Corporation Checked On: ?., italq G 

LOS Flow Capacity (Action Leakage Rate) and Pump Sizing 

• q= eefi (1) 

Where: 

q = flow per unit width 

e elf = effective transmissivity 

i = hydraulic gradient 

Flow within the gravel also uses Darcy's formula, however, transmissivity is 
replaced with hydraulic conductivity and the thickness of the flow area. 

I I 

4. Effective transmissivity for the geosynthetics is calculated by applying several 
safety factors to the published transmissivity value. The following formu.J.a 
(Reference 2B) is used for that calculation, definitions are provided in the . 
attached reference: 

5. 

e 
(2) 

The following table shows the unit flow capacity for the geosynthetic elements 
and the gravel based on the applicable transmissivity, or hydraulic conductivities, 
hydraulic gradients, and safety factors: 

I.able 1 
Flow Element Q· FScR FSIN FScc FSBc · Qerr1 q q 

Units m2/s NA NA NA NA , rD2/s NA m3/m-s gal/ft-day 
TN3002/1125 2.20E-04 1.4 . 1.5 15 1.5 4.66E-05 0.01 4.66E-07 3.24 
PN3000 2.00E-03 1.4 15 15 1.5 4.23E-04 0.01 4.23E-06 29.45 
1N3002/1125 220E-04 1.4 1.5 15 1.5 4.66E-05 0.1 4.66E-06 32.39 
PN3000 2.00E-03 1.4 1.5 1.5 1.5 4.23E-04 0.1 4.23E-05 294.47 

Transmissivity values are provided by the manufacturer (Reference 3A and 3B). 
Safety factors are taken from the literature and are attached (Reference 2C). Flow 
capacities are shown at hydraulic gradients of 1 percent and 10 percent for the 
nominal cell bottom slope and the minimum sump slope, respectively. Since the 
gravel is used only within the minimum sump boundaries around the riser pipes, 
flow capacities are caJculated for the geosynthethics only. 

Controlling Section 

1. As shown in Figure 3 there are two potentially controlling sections: 1) the 7'x7' 
LDS perimeter; and 2) the perimeter at the grade break between the 1 and 10 
percent slopes. In the controlling sections multiple layers of geocomposite or 
geonet alone may be used to provide sufficient flow capacity. 

lThe effective transmissivity of the geocomposite (using the factors of safety listed in Table 1) still exceros 
the minimum transmissivity requirement (3xi0-5 m2/s) of 40 CFR § 264.301(c)(3)(ii). 

· Project No. 95-284 

C.8-25 

March 8, 1996 
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(: ! e ~· 4)) TABLE 7 

CffiCULA.R PIPE FLOW CAPACITY 
Full Flow (C?uhic feet per second) 

Mannings "n"= 0.015 

l 
Dia. *Conv. %Slope (fe~t per 100 feet) 

(in.) Factor 0.02 0.05 0.10 0.20 0.35 0.50 0.75 1.00 1.25 1.50 1.75 z.o 2.5 5~0 10.0 20.0 

(c.f.s.) 

C[) 0.766 0.011 0.017 0.024 0,034 0.045 0 .05.4 o.066 CQ.o~.086 0.09 o. 10 0.11 0.12 0.17 0.24 0,34 
4 1.649 0.023 0.037 0.052 0.074 0.098 0.117 0.143 0.165 0.184 0.20 0.22 0.23 0.26 0.87 0.52 0.74 
5 2.991 . 0.042 0.067 0.095 0.134 0.177 0.211 0.259 0.299 0.334 0.37 0.40 0.42 0.47 0.67 0.95 1.34 
6 4.863 0.069 0.109 0.154 0.217 0.288 0.344 0.421 0.486 0.544 0.60 0.641 0.69 0.77 1.09 L54 2.1'1 
8 10.473 0.148 0.234 0.331 0.468 0.620 0.741 0.907 1.047 1.171 1.28 1.39 1.48 1.66 2.34 3.:H 4.63 

10 . 18.99 0.27 0.42 0.60 0.85 1.12 1.34 L64 1.90 2.12 2.33 2.51 2.69 3.00 4.25 a.oo 8.49 
' 12 30.88 0.44 0.69 0.98 1.38 1.83 2.18 2.67 3.09 3.45 3.78 4.08 4.37 .4.88 6.90 9.76 13.81 

15 55.98 0.79 1.25 1.77 2.50 3.31 3.96 4\,85 5.60 6.26 6.86 7.41 7.92 8.85 12.52 17.70 25.04 

18 91.04 1.29 2.04 2.88 4.07 5.39 6.44 7.88 9.10 10.18 11.15 12.04 12.87 14.39 20.36 28.79 40.71 
21 137.32 1.94 3.07 4.34 6.14 8.12 9.71 11.89 13.73 15.35 16.82 18.17 19.42 21.71 30.71 43.43 61;41 
24 196.06 2.77 -_ 4.38 6.20 8.77 11.60 13.86 16.98 19.61 21.92 24.01 25.94 27.73 31.00 43.84 62.00 87.60 

27 268.41 3.80 6.00 8.49 12.00 15.88 18.98 23.24 26.84 30.01 32.87 35.51 37.96 42.44 60.0 84.9 120.0 
30 355.48 5.03 .7 .95 11.24 15.90 21.03 25.14 30.79 35.55 39.74 43.54 47.03 50.27 56.21 . 79.5 112.41 159.0 
36 578.05 8.17 12.93 18.28 25.85 34.20 40.87 50.06 57;.81 64.63 70.80 76.47 81.75 91.40 129.3 182.8 258.5 

42 872.0 12.33 19.50 27.57 38.99 51.6 61.7 75.5 87.2 97.5 106.8 115.3 123.3 137.9 195.o 275.7 389.9 
48 1244.9 17.61 27.-84 39.37 55.67 73.6 88.0 107.8 124.5 139.2 152.5 164.7 176.1 196.8 278.4 393.7 556.7 

* Conveyance Factor = (1.486 x R2/3 x A) I n ~~ 
~ 
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ADVANCED DRAINAGE SYSTEMS, INC. 

"FACT SHEET" 
STANDARD PIPE PERFORATIONS ;.-----,. 

3-24 .. I. D. SINGLE WALL PIPE I l ---.)/ 
Nominal Water 

Nominal Perforation Slot-Length or Slot Width Inlet Area Perforation 
I. D. Type Diameter (Max.) (Max.) (Sq. ln./Ft.) Configuration ;, 

Ci) Slot 1.25 0.125 ~ AF 

4 Slot 1.25 0.125 2.01 AH 

5 Slot 1.57 0.125 2.01 AH 

6 Slot 1.88 0.125 2.01 AH 

8 Slot 2.50 0.125 1.57 AD 

10 Slot 2.50 0.125 1.26 AD 

12 Slot 2.50 0.125 3.38 H 

15 Slot 2.50 0.125 1.58 H 

18 Circular 0.375 1.58 H 

24 Circular 0.375 1.58 11" Centers 

( 

PERFORATION CONFIGURATIONS 
,I hilt 

A B c D 
I _, 45° 

~ 
i 

E8 ~ ~ ~~.~ :~~ "-. 

None 3 at 120° 
(90°froffi B) 

E 

~ 
G H 

t-soo k goo ~..._6~ 

& - -ffiL* '\ I ........-,.....____, 
t 4at90° · t t 

3 at 120° 4at90° 6 at 60° 
(60° from D) · (45°from F) 

NOTE1 
ADS pipe. is perforated for wat~r entry with slots or circular perforations. The perforations are uniformly spaced 
along the length and-circumference of the pipe. 

C= ~~!';s 2otherwise specified, ADS pipe is manufactured to comply with the perforation requirements specified in 
the following industry standards: ASTM F405, ASTM F667, AASHTO M252, AASHTO M294, and SCS Code 606. 

Issued: March 15, 1991 
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·8 
Globe Valve, Open 

& 
Angle Valve, Open 

Close Return Bend 

Long Sweep Elbow or 
run of Standard Tee 

·Gate Valve 
~Oosed 

~Oosed 
l40osed 
Fully Open 

Example: The dotted line shows that 
the resistance of a t>-inch Standard El­
bow is equi\·alent to approximately 10 
feet of t>-inch Standard Pipe. 
Note: For sudden enlargements nr sud­
den contractions, use the smaller diame­
ter, d, on the pipe si:e scale. 
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Sudden Contr.octio:.. 
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FlGURE 17 Resistance of valves and fittings to flow of fluid. 

ORIFICES 

25. High Head. When the head is relatively large, as compared with the size 
of the orifice, the following equation will apply: 

Q = CAv5ifi (37) 

2..18 
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Sha 
of disc 
of Col 
by ope 
higher 
varyin; 

J---<-) 
,.· 

26. L 
with the 

with dim 
may bet 
and coeff 
capacity 
more full 

27. Cr 
·Of gravity 
expressed 
celeration 
implicit pl 



-.1 

PROTEC® 
RECIF! PUMP 

\. -- . GROUNDWATER & LEACHATE RECOVERY .PUMPS 

j'nuu• ••••-••------··-••••m•a•ul 
r R-·n. 



( 
"\/.PROTEC. 

ENVIRONMENTAL EQUIPMENT 
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A COMPLETE LINE OF GROUNDWATER REMEDIATION . 
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p. TEC RECIP PUMP CURVES 

·. 
o~~-L~--~~~~~~~~~~ 

4 4.5 5 55 6 .. 6:5 7. 7.5 8 8.5 9 9.5 10 

STROKE LENGTH (INCHES) 

.... 23 SP.M --35 SPM -- 69 SPM I· 
MAXIMUM SETTING DEPTH 200 t=r.:•-· · ··•~-- · .·.- ~- ·. ·- ·.· 

· 114o RPM MTR = 23 SPM.'·17so RPM MTR~,:;,:3s;sPM ~~~.::'~f. 
,: 3450 RPM MTR:= 69 SPM'~APPROX ·:1 HP~-:: '; •. ., ·:~: t . ."<t;;k~v.:.. .. . ' ...•. - .. ;..... , .... ~ .. •av:.·~·-.. ! .... 

~~~--r--r--~~--~~~r--r--~~~~~=;1 
~ :.····'· .. ::: ... 
..._\_~-.;;~: 2. F--+--t--+'7""+-''-'-1--t--t---t--t---1 ·:·~ ~;::.; 

·aL-~--~~--~~--~~--~~~ 

4 4.5 5. 5.5 6 6.5 7 7.5 ·8-. 8.5 . 9 . 
.. .- : ...... ,- ·. STROKE LENGTH \.':~ . · · · · • 

• ••• 23 SPM 

~PROTEC 
• ,. · 7136 S. Yale, Suite 200 • Tulsa, OK' 74136 • 918-493-6101 

1111118. ···--------··----··-·-·······111 
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I ELECTRIC DRIVE 

SURFACE DRIVE·ASSY. APPROX. DIMENSIONS 
ELEC~IC DRIVE: 55" H x 24 .. W x· 12." D 

AIR DRIVE: 51• H x 8 .. W x B"' D 
LOW. PROFILE DRIVES ALSO AV A,ILABLE 
WH.EN THERE ARE HEIGHT UMITATIONS 

AIR DRIVE 

1-4"'-'--- llll CTLIIIDfR 

. 
A 
r·. .. : : . ) A 

•••• 

THE RECIP PUMP SYSTEM 

·. 

The RECIP PUMP is a surface driven (air drive or electric drive) down-hole 
reciprc.:ating pump. The down-hole pomp assembly is anchored. by a string of 
statiolla!)' pipe (Hold·Down Pipe). The pump piston is attached to the bottom of 
a slrlng of reciprocating wbing (Recip Tub1ng)JVhlch is run·inside lhe Hold-OO'Iln 
Pipe. The surface drive assembly alternately lilts and lowers the Recip Tubing 
w~ich gi>les the dawn-hole pump its reciprocating motion. The sut:face drive 
~bly can be either Air Olivo or Electric Drive. The Air Drive unit utilizes a 
dual sdlng air c;yfindet The Bectric Drive unit utmzes an electric motor.(TEFC 
or X-ProoQ ~upled to a gealbolt and cam assembly. 
The RECIP PUMP is 11 positive displacement piston pump with pumping rate 
(GPM) cflteclly proportional to strokes per minute (SPMJ and stroke length (SL). 
On· the Electric Ddve unll Sl is adjusled manuaUy by changing lhe position of 
lhe drive rod connection 10 lhe cam and SPM depends on lhe motor RPM 
selected (it40, 1750 or 3450 RPM). An optional electronic VSD (Variable Speed 
D.rive) is also available to give variable SPM capability to the Electric Drive uniL 
The Air Drive unit comos standard as a.variable speed device since lhe pump 
speed (SPM) can be controUed by the pressure regulator on. the drive unit. The 
Rrelp Pump Is currently available in four sizes: APt, RP2, RP3 and RPS. Pump 
rates range lrom fractional GPM 10 16 GPM. 

.Down-hole pump materials of construction are stainless steel and Teflon for ser· 
vice in highly corrosive Duid&. RECIP PUMP can run dry wllhout causing 
damage lo the pump. Pump operation is easJly l~terfaced with down-hole level 
controls. lank lever conltols, safely shut-downs, timers. etc. 10 meellhe ol>eraling 
requir.ements.of.any particular &il9. 

APPLICATIONS 
The RECIP PUMP Is an e!liclenlloW-mainlenance system lor imaallatlon In eJC· 
. traction wens and. uench sumps a~ocialed with groundwater· recovaiy and · 
. leachate collection projec!s. RECIP PUMP is also useful as a dedicated sampUng 
pump f~ groundwater. monitoring. · 
Noli~ lhstlhe Model RP1 can pump up to 6 GPM from well~ with 2• casing. 
This means"lhal ollan existing monitoring wells can be uuliz.ed for continuous 

• recavery When a prolecl'advances from the sampling slaga to the r.emecflill 
pump &nd treat stage. And when new recovery weDs must be drilled il is less ex-
pensive 10 drill and equip 2" wells than larger diameter well!.. · ·-

IN SUMMARY · 
High volumetric pump elliciency and low power requirements make the RECIP 
PUMP a highly elliciunl pumping system: Simple dosign, rugged consiruction .. 
and low Qperatlng speeds result in long operating life and law mainteoance. 
Other features are: low no~!!. small size, quick installation and an moving pans 
tully enclosed. · 

l ~4. •• •• ,·: • •• ,. -. ,., ""~ ~. -~·--• •• ·£"•: 
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PUMP MODEL RP1 RP2 RP3 RPS 
PUMP OUTSIDE DIAMETER ' 1.90-IN. 2.375 IN. 2.875 IN. 4.50 IN. 

. STANDARD MOTOR HP1 1.0 HP 1.5 HP 2·.0 HP 3.0 HP 
PUMP SETTING DEPTH: , -200FT. 1 • 200FT. ~ -·200FT. 1 - 200 FT. 
GPM RANGE 

1. FIXED SPEED ELECfRIC 
ADJUSTABLE SL2.-- . 

DEPENDS ON MafOR RPM: 
WITH 1140 RPM MOTOR3 0.8-2.1 GPM 1.4-3.2 GPM 2.2-4.9 GPM 5-10 GPM 
WITH 1750 RPM MOTOR · · 1.2·3.1 GPM 2.1-4.8 GPM 3.2·7.3 GPM 8·_16.GPM 
WITH_ 3450 RPM MOTOR 2.5-6.2 GPM 4.2·8.5 GPM 6.5-13~0 GPM N/A 

2. VARIABLE SPEED ELECTRIC 
ADJUSTABLE SL &= $PM4 

USE ELECTRIC.VSD:> 0.1-6.2 GPJVI 1.4-8.5 GPM 2.2-13.0 GPM 5-16 GPM 

3. VARIABLE SPEED AIR-
0.1-6.2 GPM 1 ADJUSTABLE· s·PM . 1,4-8.5 GPM 2.4·13.0 GPM 5-16" GPM 

' Motor HP- i:an vary depending on operating con~fltions. 
"- SL: Strokes length. 
~ 1140 RPM motors available in 3-Pha.se only. 
• SPM: Strokes Per Minute. 
.s V~D: Variable. Speed Drive. 

NOTE: Abov(! data is· in accordanc~ with ttie pump curves on the back cover. ,. 
'( 

i 

~IR-PRIVE: /PUMPS ELEeTRIC_ DRIVE ~ 

i 

. :;: 

o.' .... ._,-- ---· •• • ~"'- •• • -. -· • ~ ,_- • --IJII•IIII·~-•. • • ~ ~ 1111111 . · ..... .. 

:~·. . .· . . . 
. . . 
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... ~ PROTEC RECIP PUMP v. PJUCE UST 
(FOR~TING PURPOSES) 

November 1994 

Thc.follow~g are estimated prices for~rompietc ~ing unim including down-hole pump, Sl!Iface 
drive assembly and 4 feet. of cross-linked -polyethylene discharge hose. On Electric Drive imits for 
variable SPM (Strokes Per Minute) add VSD (Variable Speed Drive). Air Drive price mcludes 

pn~umatic controls and Air Drive units are inherently variable SPM. 

PUMP. 
·MODEL 

RPt 
RP2 
RPl 
RPS 

AD. . ~ \ (. J1XED SPM 
DRIVE 5.. 5 T.EFC MOTOR 

2..700.00 ~ 2.975.00 
2,900.00 ~\::.'!> 3.175.00 
3,100.00 3.,315.00 
3,700.00 3,975.00 . 

nmDSPM 
X-PR.~Jl' MOIOR . 

3,175.00 
3.42S.OO 
3,625.00 
4,225.00 

V8D ADD-ON . 
NKMA lR. PANEL · ·NE;MA.3R PANEL 
roa um wrm JI'Oil VBB 'M'ID.'mi'C o.a 
rEnnx~ MOTOR. x..n.ocw A.C MOTOR. 

875.00 1,075.00 
1,025.00 1,175.00 

N/A 1,275.00 . 
NIA 1,.325.00 . 

ACCESSOBIES 

' · LEVEL CON'DlOti Dual Probe Level COnttoL---·---· .. ··-..286.00 
~ · - ' Dual ~at~ o»ltroJ .... u ........... " 305.00 

Level Olntrol Sisnat Wire._,_.:... •.. - ....• _ .. -..O.SOIFT 

l 
(22 Gauge, Teflon Jad:eted) 
Pneumatic Level Control-.------·~---.275.00 
Pneuma~ UC Tube. (318" Teflon).--.. --.:Z.SOIFT 
StrOke Counter~--··•· .. -········ .. ·----·-·· .... 100.00 
Pneumatic- Dual Timer ........ ~······· ................. .275.00 

I .•. 

. wm:J.. 'IUBT.JLA.RB 
. . . 

. 1. FORU~IN2~CASING(RP10~LY): I 

. RECIP TUBING : 1.12" c.c:; T&C.-................................................ ....,. ••• 1.23JF1' 
. l/2" ·-30455 T&C. ...... , ................. -; ......... _._ ........ 5.22/F'I' . 

HOlD-DOWN PIPE: 1" CS T&C. ............................ - ....... .., ..... ~ ..... ._ ••• 1.81JFT 
1" 304-ss -r&c.: ................................... ___ ;. ...... s~ 

2. FOR USE IN 3M AND LARGER CASINO ( RPS 6" AND LARGER CASING): 
RF..CIP TUBING ( ~1. 2, 3-) ·: 3/4~ cs·T&C.. ............ :.--···--·--................. - .... -.1.55/FT . 

. 3l4" 304SS.T&C ... -·-··-~-····-------·----... - .... .».6'}JFT- 1\~~ ~5 ~o 
( RP5 ONL )" -): · 1" CS T&.C. .................................................... - ..... 1.81/FT · ..t . . 

. _1" 304 ss T&C. .. - ....................................... -._·~----.8.36jF"f- .......... ""T 1:1~ .; \.C s . 5 I 

llOl.D-DOWN PIPE ( RPl, 2. 3 ): 1l14" CS T&C ......... .; .. ____ , ............ :... ...................... .2.43/fT 
. . · 1ll4" 304 SS T&C. ..... , .... .;_ ........................... - ......... 10...53./F'P ~ ·. 

( RPS ONLY)~ T ·. C:S T &C. ........ , ..... ~ ....................... _, ................... .2.961Ff· 
. - . · · · 211 ·304 SS T&:C... ....... __ ,.,; ......... ~ ......... ----~-13.86.11"r.' 

•ss P~CES. CAN FLUCllJAffi.SIGNIFICANILY.OVER TIME. 

WElL BEAD P'lTI'INGB& S~d~d ~n SteeL ......... --~--................. ___ ,150.00 
· Stainle.u SteeL .. ---;..-... ~ ..... ; ..... prlce on request 

TOP. LOADING INLET,JAcx:£r. (l'U1dP CAN): Carbon-steel._. ... --..... ~~----150.00 ·. . .. 

_CO~PL l"ANELS • -~EMA 3R Enclo&ure ( Contactor, Adjus_table Thennal Overload, ~OA. Does not i:nclude. · 
· p~ disconnect _oc short circuit pi:otection.) · 

FIXED SPM: TI:IRU 10 HP. 1-PHASE OR 3-PHASE..--,_ ........... _. ______ ........ -.250.00 
FOR VARIABLESPM: PANEL PRICE INCLUDE.l) IN VSD PRICBABOVE. CONI'ROLPANELS CAN 
ALSQ BE 0JSTOM BUILT PER CUSTOMER REQlllREMENTS. . . . 

HOUSTON. TX. .· .·; SA~Sa 918-4-93~610I .. TULSA.--~~ 

-~~::.. -.:-... . : : · ....... ~. 
~ Q 'l7 . . 
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l"yram ~d 

CRC Standard Mathematical Tables 

Mensuration Formulas 

S of regular pyramid = ~(perimeter of base) x (slant height) 

V = ! (area of base) x (altitude)· 

:Frustum of Pyramid 

Let 8 1 ~ a rea of lower base, 8 2 = a rea of upper base:, h = altitude:. 

S of regular figure = ~(sum of perimeters of bases) .x (slant height) 

V = !lr(81 + 82 + V8182) 

Prismaloid 

A prismaroid is a polyhedron having for bases two polygons in parallel planes, and 
for lateral faces triangles or trapezoids with one side lying in ore base, and the opposite 
vertex or side lying in the other base, of the polyhedron. Let 8 1 = area of lower base, 
M = area of midsection, 8 2 = area of upper base, h = altitude. 

V ~1,Jr(8 1 + 4M + 8 2 ) (theprismoidalformula) 

Nou: Since cubes, rectangular parallelepipeds, prisms, pyramids, and frustums of 
pyramids are all examples of prismatoids, the formula for the volume of a prismatoid 
subsumes most of the above volume formulae. 

Regular Polyhedra 

Let v = number of vertices, e = number of edges, f = number of faces, a - each 
dihedral angle. a = length of e.ach edge, r = radius of the inscribed-sphere, R • radius 
of the circumscribed sphere. A = area of each face, T ~ total area, V =; volume. 

v - e + f = 2 (the Euler-Descarles formula-actually holds for any convex polyhedron) 
T =fA 
V = jrfA = irT 

Name Nature of Surface T v 

Tetrahedron 4 equilateral triangles 1.73205a2 0.11785a3 

Hexahedron (cube) 6 squares 6.00000a1 1.00000a3 

Octahedron 8 equilateral triangles 3.46410a2 0.47140a3 

Dodecahedron 12 regular pentagons 20.64573a2 7.66312a' 
Icosahedron 20 equilateral triangles &.66025a2 2.18169a' 

Name v e f a a r 

Tetrahedron 4 6 4 70" 32' 1.633R 0.333R 
Hexahedron 8 12 6 90" USSR 0.577R 
Octahedron 6 12 8 109" 28' 1.414R 0.577R 
Dodecahedron 20 30 12 116" 34' 0.714R 0.795R 
Icosahedron 12 30 20 138" II' I.OSIR 0.795R 

f 
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