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ABSTRACT

Air conditioning cos·ts are curiently increasing at a

faster rate than the initial costs of a buil�ing, and still,

ener�y conservation is often considered a low priority

objective during the design process. Alternatives in design

are needed to reduce the energy requirements of maintaining

a building. Using the soil as an isolater from the external

environment is an alternative.

This report concerns a graphical I representation of soil

temperatures at a specific location through the use of the

computer, and their use in estimating comfort zone depths.

The soil temperatures and comfort zone depths may later be

used in determining the feasibility of building underground.
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ESTIMATING. SOIL TEMPERATURES FOR

USE IN BUILDING DESIGN

My research concerns developing computer programs to

compute and graphically communicate soil temperatures. This

information may then be applied to an alternative method of

energy conservation in building design, the use of underground

structures.

By estimating soil temperatures at a specific depth

below grade for each day of the year, a range of soil temp­

eratures is obtained. This range may then be compared to

Olgyay's comfort zone (Appendix I). Temperature conditions

falling wit�in the zone indicates a depth at which a person

will "feel comfortable". J.4,t this depth, only minimal heating

and cooling would be needed, an important factor in regards

to the energy conserving requirements of todayts building

design.

The air conditioning costs are inflating at a much faster

rate than the initial costs of a building. The increase in

air conditioning costs, chiefly caused by the increases in

energy costs is a major reason for considering underground

buildings.

The poor link between energy conservation and the

finished design is in the weighing and ranlcing of the owners

objectives. The owner is usually concerned with initial

costs, image, fUnctional �irculation and ortly recently, with
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building orientation, an important factor when considering

energy costs.

Methods of reducing heat gain and heat loss, may include;

the reduction of glazing, application of solar screening ot

isolation of the building from the external environment.

The use of soil as an isolater from climatic condetions

is not a new concept.1 Adobe brick structures and cliff dwel-

lings are known for their thermal ability to retain a

constant temperature by having a high heat lag. The same

advantages may be attained from bermed earth on the side of

a building or to an even greater extent by locating the

structure under the earth's surface.

To determine the feasibility of underground architec­

ture: additional structural cost, psychological impact2, and

sociological acceptance. However, it is an alternate method

of energy conserVation and must be explored ·in depth to

evaluate the possibilities of designing structures for

use underground.

I concentrated my research on obtaining data useful in

determining the effectiveness of underground architecture as an

alternative to air conditioning. Using the Fluker equation,

revised in Moreland's article (Appendix III), soil tempe�atures

may be approximated for any location, depth, land day form the air

1. Labs, Ken, "The Use of Earth Covered Buildings Through
History", Alternatives in Energy Conservation, 1975,
pp. 7-20.

2. Paulus, Paul, "On 'I'h e Psychology of Earth Covered
Buildings", Alternatives in Energy Conservation, 1975,
pp. 65-70.
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temperature. The equation is for flat bare soil; slope,

shad8t or ground cover were not considered. The computer

takes the equation and determines at what depth a range of soil

temperatures, estimated over a years period, will comply

with Olgyay's comfort zone. Further development of the

program located each town on a state map with its correspond­

ing depth.

The program has made one major assumption, that heat

generated within underground buildings does not signifi­

cantly affect the soil temperature. Studying the interaction

of soil temperature and heat sources within the building may

be considered at a future time.

The purpose of the computer programs is not only to

graphically communicate soil temperatures, but also to provide

an overview of the uses of the data. By studying the computed

map (eZM: Comfort Zone Map), it is possible to identify

similar regions where the depth required to attain the

"comfort zone" are equal. Therefore, this map gives possible

clues into the feasibility of underground architecture in

discrete regions.

A graph (SOGRAPH: soil temperature graphs), indicating

soil temperatures at a given depth for a particular location,

displays the method by wh i.ch a depth is computed. By using

the computer program, the user may visually determine at

what depth the desired temperature range is located. By com­

paring the a�erage annual air temperature to the average
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annual soil temperature, it may be noted the cooler the

air temperatures, the less difference there is between the

two temperatures. This is evident in the scattered cases

available. In College Station, Texas, the annual average

air temperature is 20.90C and average annual soil tempera­

ture is 23.7°C, a difference of 2.8°C3. In Normadin,

Quebec, Canada the annual average air temperature is

6.ooC and average annual soil temperature is 5.5°C a

difference of only .5°C4.

3· Fluker, B.J., "Soil Temperatures", Soil Science,
Vol. 86, No.1, July 1958, pp. 35 -�

4. Edey, S.N., and Joynt, lVI.J., "Mechanical and Thermal
Characteristics of the Soil at Selected Agrometeorologi­
cal Stations", Agrometeorology Research and Service,
Chemistry and Biology Research Institute, Canada
Department of Agriculture, Tech. Bull. 84. February
1975.
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SOGRAPH

The purpose of SOGRAPH is to graphically communicate

the method by which soil depths are computed and selected.

'I'h e program used the average annual soil temperature in

estimating the soil temperature at a given depth �nd date.

Temperatures are calculat�d and plotted on every sixth day.

This was convenient for print size, conserving CPU time, and

ample for showing the path of soil temperatures plotted

over the year.

SOGRAPH provides an excellent method for viewing the

affects of depth on soil temperatures and the temperature

lag incurred by the depth of the soil. The ve�sat�lity of

the program allows the user to select a�y series of depths by

inputting the appropriate commands. Temperature ranges and

amplitudes may then be determined from the graphs and used in

selecting the depth that, corresponds to the "comfort zone".

Errors caused in inputting a town's air temperature (card 2)

or temperature increments (card J), result in a statement

reading, "The temperature of tovm X exceeds the range of the

graph
tI

•

General input data and format follows:

Card 1- given

Card 2- columns 1_L� the number of town cards (towns

and information to be used) to

be used for computing output.

columns 5-8 starting depth of computations.

columns 9-12 last depth to be computed.
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columns 13-16 increments of depth.

Card 3 the approximate range and increments of tem-

peratures: one space equals one degree and

increments are by 5 degrees. Degrees are in

Fahrenheit and integer values should be

entered into consecutive sets of four columns,

ending in the last column of each set.

Card 4-{n-l) are the town cards. Each card designates a

town by an index number given in the publi-

cation "Climatological Data"� Other data

needed on this card is the average annual air

temperature and location (longitude and latitude).

The above mentioned publication also provides

this information. 'I'he format is as follows:

columns 1-4 index number (integer)

columns 5-8 annual average air temperature.

(real)

columns 9-12 longitudinal degrees (real)

columns 13-16 longitudinal minutes (real)

columns 17-20 latitude degrees (real)

columns 21-24 latitude minutes (real)

(For further clarification see figure 1)

Observations-

On each proceeding graph the user may determine if the

temperature range complies with the "comfort zone�. Also,

as the depth increases, the temperature lag-becomes obvious

5. "Climatological Data",U.S. Dept. of Commerce, National
Oceanic and Atmospheric Administration, Texas
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and the benefits of the lag may be predicted. During late

spring and early summer the soil is still under the influence

of the cooler winter. The lingering coolness beneath the

surface during the summer months is definitely an advantage

of underground architecture. The converse to this is true

of the winter. The soil, heated by the summer, remains warm

at lower depths most of the winter.
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eZM

The CZM (Comfort Zone Map) computer program locates

towns on a map of their respective state. A letter corre­

sponding to the minimum depth, required for retaining the

"comfort zone", (see Appendix I), is printed at the town's

location. The map may then be used to determine regions of

similar depths and possible sites for underground habitats.

The map is generated from the northern boundary of the

state. Towns are designated by the letter depth calculated

from Moreland's equation (Appendix III) and printed line by

line for the length of one page. An acetate overlay is-used

to show the perimeter of the state.

The required input for the CZM program is as follows:

Card 1- given: letter values corresponding

to depths.

Card 2- "m" is the number of cards used to plot

the state's perimeter. Place the number

to the far left of columns 1-5. (integer)

Card 3- "nil is the total number of cards used to

plot perimeter points. (integer)

Card 4- consists of the vertical and horizontal

ratio, the minimum latitude and the minimum

longitude. The map is given a scale by the

user relating proportionally to the vertical

and horizontal dimension. The varibles

should have a ratio of 10 to 9 if the



output is printed at eight lines per

inch. The vertical figures are punched

in columns 1-5 and horizontal figures in

columns 6-10. The minimum longitude and

the minimum latitude used on the map should

be punched in columns 11-15 and 16-20

respectively. (real)

Cards (5-n)- describe the town; location and

annual average air temperature available

from "Climatalogical Data". . ,
-

(

columns l_L� index number (integer)

5-9 average air temperature (real)

10-14 longitude degrees (real)

15-19 longitude minutes (real)

20-24 latitude degrees (real)

25-29 latitude minutes (real)

(For further clarification see Figure 2)

Observations-

The CZM program prints the computed depths on a

map of the given state. Patterns are defined with respect

to soil depths and air temperatures. The overlays help

interpret the· data, as distinct areas of possible use

for underground building. These areas do not dictate

definite lines or divisions, but only give a rough idea

into the most practical sites.

Lines that mark drastic changes in depth may be

due to a very obvious change in contour. On the west side
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of the example program, such a case occurs. Regions

of a nominal depth of 8" to 10' are bordered by areas

requiring more that 20' of soil. This may be checked

by looking at a map of the state showing contours.

In this case, the region is mountainous.

The southeastern part of the map is also effected

by a geographical condition. The depths along this border

appear to be subdued, with little change because of lati­

tude difference. The gulf coast is a definite influence.

on thesoil depth.
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2T30.,·L�TITUCE'.,T4�,·PVG. ANN. AIR TE�P.f}
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467C SSe lJ7. ::<0. :::c. 65.1C

4705 SE. ! S. 32. """;Ie::. 63.80._; - .

4<;03 SEe ::2. 2<;. 54. cE.OO

5013 1 01 • 5E. :::: 1 • � . 60.70

5018 9]. 11. :3 1 •
"";l 62.90- .

5048 101 • 34. 2<;. 48. f6.EO

5060 9S. 28. 27. 31. 72.00

5113 99. 46. 29. 44. 65.10

5247 100. i e , 36. 14 • 56.00

5271 94. 56. 3C. 44. 65.40

5341 9 Li • 6.4. �� 2E. cLi.2C
__ c:. •

5410 1 C 1 . 4<;. 33. 42 • Sc;.5C

5424 <; 4 • 4c::. :3 1 • 1 Ll • cf:.CC
� .

5477 '::1 � • 55. <r 57. 67.40
............

561 1 c; E 0 c:: 1 0 ::: 1 • ;:: 0 • 6(-.3C
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�618 94. 21 • ::: 2 • 32. 63.l!C

5766 gE. 37. 33. 12. 64.00

577C 1 ') 0 •
�� �c: 14. 5 e • 1 C
,_ - . � - .

5869 SE. 2<;. -� 1 • 41 . 64.70

58<;0 102. 12. '3 1 • 56. 62.50

�954 cc; -:;� ::2. �c::: 64.30
.-' - . - - . � � .

�<;5E se. 4. 32. 47. 64.EO

6108 95. a. 3.3. 10. 62.�0

6119 S5. 14. 33. 1 1 . 62.90

6135 102. 43. 34 • 14 • 56.1e

6176 94. �g. .3 1 • 36 • E3.EO

6330 102. so. 3 1 . 1 E • 62.70

6757 95. 39. '3 1 . 4.7. 64.SC

6794 gs. 34. -::(. 40. 63.1 0�-.

7028 <;6. 57. 33. 24. 62.7C

7074 102. S0. --:("":C 1 1 • S8.3C
........ - .

7206 101 . 24. 33 • 12. 61 .to

7426 see LL ::: • :: 2 • 28. 64.20

7633 S e • :: E • �3 ? • 6 • 62.90

774 ? 1 J C • �2. 2? • ?7. 63.30



7744 S7. 1 • ::3 1 • 4:3. 66.00
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8201 1 C 2 • 40. "':l') 43. S9.7C
_ L_ •

8274 Sf. 37. 3::3. 3S. 62.40

E523 1 C 1 • 11. 2f. 1 1 • 57.7C

2624- see 12. 32. 17. 64.00

8818 lO! • 49. 3.3. 10. 59.4C

e85! 97. 24. "30 • 5 • 66.00

8910 97. .2 1 • 3 ! • 6 • 66.10

9419 97. 1 .3. .3 1 • "37 • 66.:30

9522 <;6. 51. � 2 • 24. 65.8C

9729 S8. 29. 33. 58. 62.:3C

0 <;<;. 28. 27. .3 1 • O.CO
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K�Y

A = 1 FT. 9 -= 2 FT. C = 3 FT.

0 = 4 FT. E -= 5 Fl. F -= 6 FT.

G = 7 FT. H = e Fl. -= <; FT.

J = 10 FT. K -= 1 1 FT. L -= 12 FT.

fl.1 -= 13 FT. N -= 14 FT. C - 15 FT.

p -= 16 FT. Q -= 1 -; f= 1 • R -= 1 8 FT.

S = 19 FT. T -= 20 FT. X = 21 FT.

X IS 8ET\\EEN 21 FT. At\C 100 Fl.

Z NEVER REtv'AINS fJl T 1--:1 N H-E 6ICCLIfIIATIC ZONE

ALL YEAR GNLESS AIP(ONOI-TIC"ING IS USED OR �LTERNATIVE

SURFACE CONDITIONS ARE ;::FE.sEI\T

37
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SOLTEM

The SOLTEM (Soil Temperature) program is the basic

computer program of the three. The computed information is

used in selecting the depth where the range of temperatures

complies with the comfort zone. The printout includes the

maximum and m1nimum temperatures for a given depth and loca­

tion, and the days they occurred.

The required input for the SOLTEM program is as follows:

Cards 1-{n-1) are the town cards, identical to the

previous cards describing a town's location

and annual average air temperature, -avail­

able from "Climatological Data".

Card n given. (For further clarification see Fig. 3)

Observations-

The output data displays the relation between air

temperature and the estimated soil depth. By using dummy

values with increments of one-halfdegree, the optimum average

air temperature is computed to be between 67.5°p. and 68.5°F.

corresponding to a depth of 8 feet. The temperature range

at this depth was from 65°F. to SOoF., the complete range

of the comf-ort zone.

As the temperature -increased from 68°F. (or decreased),

the temperature amplitude decreased. In the case of cooler

tempera�ures the problem encountered was trying to remain

within the cool end of the comfort zone. Increasing the de�th

solved the problem, however at the expense of a greater soil
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depth. A similar situation occurs with the warmer temperatures,

amplitude decreases as the depth increases. Here the problem

is at the warm end of the zone. The depth must continue

to drop in order to accomodate the increasing air tempera­

ture. At less than 10°, plus or minus from the optimum air

temperature of 6SoP., the amplitude has decreased to one degree

and the depth has increased to over 30 feet. For underground

habitats this is structurally unfeasible, particularly

due to cost. Another varible must be introduced to reduce

the estimated depth.
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CARD 2

1111001\0000000000000 UOOO OOOOOOOOOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOGOOOOOOOOOOOO
I 2 3 4 5 6 7 8 9 10 11 12 13 14 I� 16 17 18 192021 232425 ,G 182930 31 32 33 :�� 353G 37 38 39 �O 41 47 434.1 4J 4,47 48 4£ �J ,I J' 53 5 \ 55 50 o� 58 59 ['06162 Gj 0'; Go &S 6' 58 €9 70 71 7, 73 74 )576 7J 7S 79 80
,

-.

l-I� ?':-;l .1

F .. " ! .. t- r -7

I

.,1 .,1 � � �/

CARD 1

tJoooooooooooooooooooooooooooooooooooooooooooouoooooooo0000000000000000000000000&
n 2 3 4 5 6 1 8 9 10 11 12 13 I� to; 16 17 18 192021 2223242:' to n 2C 23 30 313233 jl 353637383940 41 47 43 q 454" 47 48 49 5� 51 52535455565) 58 596061626364656667 sa 69 70 11 12 73 74 1576 n 18 i9 sc

s i.: 111111111111111111Jl11111111111111111111111111111111111111111111111111111111i

21122222222222222222222222222222222222222222222222222222222222222222222222222227

3 3 3 3 3 3 3 .,1 3 3 3 3 .,! 3 3 � 3 � 3 3 � 3 � 3 3 3 3 � 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 1 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 �

444444J444444444444444444J44444444444444444444444444444444444444444444444444444D

55 n!5 5 5 5 5 5 5 5 n!5 5 5 5 5 5 5 5 5 5 5 5 5 5555555555555555555555555555555 S 55555555555555 5 � 5 5 555 5 �

1 6 6 6 6 -! 6 6 6 6 6 6 6 6 6 6 6 6 6 C G 6 6 6 b 6 6 () 6 {) 6 6 6 6 6 6 6 6 6 6 6 6 6 G 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 5 6 6 6 C b 6 6 6 6 6 6 6 6 6 6 b

71111777777177777777777777177777777i77777771777777/77777777777777777777777777771

B 8 8 8 8 8 8 18 8 8 8 18 3 8 8 .] E 8 8 8 J 8 8 8 8 I 8 8 'R 8 8 8 8 a 8 8 8 0 8 8 8 8 8 B 8 8 8 8 8 8 8 S 8 8 8 8 8 8 8 8 8 S 8 8 8 3 8 8 8 8 8 8 8 8 8 8 8 8

99999999 \9 199999 1999999999999999999999999999999999999 S 9 9999999999 S 99999999999999
, � 3 4 5 6 1 i 9 10 11 12 13 14 15 16 11 1° 191021 22 23 24,02£ 27 28 29 2� 31 32 3J 3� 353" 37 as 1. �o �I 42 4344454047 484950 51 �2 5354 55:'557 ::8 596061 E2 63 H 6S be 6] f� '·9 70 71 12 13 14 75 76 17 1B 79 80

OD-5061

Figure 3 SOLTEM Cards
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I/$OP�=ONS
C

C COMPUTER PROGRAM SCLTEM

C
c

C APPRCXIfATE 5011 TEMFEBATURES ABE CALCULATED FOR

C EVERY SIXTH DAY 10 CCNSERVE CPO TIME. THE CUTPUT

C INCLUDES THE SCIl TEMPEFATURE MAXIMUM AND MINIMUM

C A�t THE DAYS TEAT THEY CCCURRED AND A1 THE DEPTH
C �HEY CCCURRED ECF EACH TCWN INDEX NUMEER.

C

c
1 II=O
2 W 1'1 'I E (6 , <] 5 )
3 95 FOR�l AT (' 1')
4 �F1TE(6,26)
5 26 FOR�AT{1X,///////J/////I///////////,

2Tn� 'SOIL DEPTHS FOR A'ITAINING

2J�//T13,'THE CCMFCBT ZC�E IN TEXAS')
6 WRITE CE, 95)
7 DC2011=1,5CO

c

C THE TOWN AND ANNUAL AVERAGE TEMPERATURE ARE READ.

24 TE:vJP=AVGSOL-+1�.* (2.71828** (-.134*K» *(SIN(.017*
2 (J-7.828*K-I07 .. ))

c
8 6 READ (S, 100) INDEX,AIR'IEM
9 100 FCRMAT{I4,F5.1)

10 I1=11+8
11 IF(II.GT.56)WBITE(6,95)
12 IF(II.GT.56)II=C

c

C TRAILER CARD
C

13 IF{AIRTEM.EQ.10C.)G0102C3
C

C IF �HE TEMPERATURE IS IN FAHRENHEIT,
C 11 IS CHANGED TC CE�TJGBADE.
c

14 IF(AIRTEM.GT.30.)AIRTEf=(AIETEM-32.)*=./9.
15 AVGSOL=AIRTEM**2*(-.C0168)+1.207*AIFTEM-1.
16 30 K=O
17 �INDAY=O
18 �AXLAY=O

C

C SOIL TEMPEFATUBE� ARE APPRCXIMA'IED FCR THE
C DEP'IH "1<".
c

19 DC 36 K=1,60
20 31 J=O
21 SCIMIN=30.
2 2 SOL �1 A X -= (- 2 0 4 )
23 DC 70 J=1,jS6,6

r­
'-

c "'IErH�1t IS THE scn TH':FEBI\TURE AT A [EPTH OF

C f1K" FE ITO N DAY "J 11
..

'

C

c

C IF TEMFEFATURE EXCEELS CCMFCRT ZONE,
C DEPTH!S INCREMEN1ED.
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c

25
26
27
28

IF { T EM P • LT. 18 ... C P • TE M P • G T .27 ... } G C 1 C 3 6

IF(TErF.IT.SCI�I�) GCTC50·
IF(1EMP.GT.SCIMAX)GCTC60
GOT07C

c

C DETEPMINE INFORMATION
C

29 50 SOLM IN =TEr1P
30 MINDAY=J
31 GOT07C
32 6C �CLMAX=TEMf
33 MAXDAY=J
34 70 CCNTINUE
35 71 KIEPTH=K
36 GCTC149
37 36 CONTINUE
38 GCT0200

C

C CHANGE CENTIGRADE TC FAHRENHEIT.
C

39 149 AIF1EM=AIETE�*g./5.+32.
40 SCLMIN=SOLMIN*S./=.+32.
41 SCLMAX=SOLMAX*S./5.+32.

C PRINT OUT
C

c
42 150 v.J?ITE (6, 151) INDEX,AIR"IEti,SOLMIN,MINDAY,SOLt1AX,

2�AXDAY,KtEFTf.
43 151 fORMAT(1X,J/�3X.'�HE TOWN OF ',14,' iITH A MEAN "

2 � AIR',I ,3X, ''IEMfEFATUFE OF', F6. 2, f MAY BE CONSID',
3' EREI FOR ',/,3X,'UNDERGRCUND CCNSTRUCTION. THE .,
41501L TEMPERATURES ',/,3X,'MI�I�UM �AS ',F6.1,
5' ON THE' ,I3,' DAY CF TEE YEAR AND ',/,3X,'THE SOIL',
6'TEMPERATURE MAXIMUM OF ',F6.2,' CCCUERED ON ',I,
73X,'THE ',I'::,' I:AY AT A nEPTIi OF ',12,' FT.')

44 GC1C201
45 200 WRITE(6,202)JNDEX
46 202 FeRMAT (1 X,// ,3X, 'THE TCWN OF', 15,' IS DETER1HNED',

2' TO',1,3X,'BE UNECONCMICAL FOR AN UNDERGRCUN£ "

3'BESIDENCE ',1,3X,'UNLESS ALTERNATIVE MEASURES ARE "

4'1AKEN TC ALTEP'�/,3X,'SCIL TEMPERATURES.')
47 201 CONTINUE
48 203 CCNTINUE
49 WRIT'E{6,95)
50 S'IOP
51 ENt

II$DATA
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SOIL DEPTHS FOE ATTAI�ING

THE COMFCRT 20�E IN TEXAS
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THE TCWN OF 4563 �ITH A �EAN AIR

TEMPERATURE OF 63.60 MAY BE CONSIDERED FOR
UNDERGROUND CCNSTFUCTION. THE SOIL TEMFERATURES
MINIMUM WAS fU.5 ON THE 133 DAY OF THE YEAR AND
THE SOILTEMFERATUFE MAXI�UM CF 70.30 CCCURRED ON
THE 319 DAY AT A LEPTH OF 1= FT.

THE �OWN OF 5271 WITH A MEAN AIR
TEMPERATURE OF 65.40 �AY EE CONSIIEfED FOR
UNDERGROUND CONSTRUCTION. THE SOIL TEMPERATURES
MINIMUM WAS 64.5 eN THE 103 BAY OF THE YEAR AND
THE SOILTEMPERATURE MAXIMUM OF 74.41 OCCURRED ON
THE 283 DAY AT A �EfTH OF 11 FT.

THE TOWN OF 5341 �ITH A �EAN AlB
TEMPERATURE OF 64.20 MAY EE CONSIDEPED FOR
UNDERGROUND CCNSTFUCTIO&. THE SCI1 TEMPEFATURES
MINIMUM WAS 64.8 ON THE 127 DAY OF THE YEAR AND
THE SOILTE�PERATURE �AXI�UM CF 71.40 CCCURRED ON
THE 307 DAY AT A [EPTH OF 14 F1.

THE TCWN OF 5424 WITH A MEAN AIR
TEMPERATUR� OF 66.00 �AY EE CONSI[EEED FCB
UNDERGROUND CONSTRUCTION. 1FE 5011 1EMPEBATURES
MINIMUM WAS 64.5 eN THE 91 DAY OF THE YEAR AND
THE SOILTEMPERATURE MAXIMUM OF �5.E1 OCCURRED ON
THE 277 DAY AT A DEETH Of 10 FT.

THE TOWN OF 5477 �I!H A �EAN AlB
TE�PERATURE OF 67.40 MAY BE CONSIDERED FOR
UNDERGROUND CCNSTFOCTIO�. THE sell TEMPEFATURES
MINIMUM WAS 65.3 ON THE E: DAY OF 1HE YEAR AND
THE SOILTEMPERATDRE MAXIMUM CF 78.22 OCCURRED ON

THE 271 DAY AT A rEP1H OF � FT.

THE TOWN OF 5618 WI1H A MEAN AIR
TEMPERATURE OF 63.40 �AY EE CONSIIEEED FOE

UNDERGROUND CONSTRUCTION. 1HE SOIL TEMPERATUBES
MINIMU� WAS 64.6 eN THE 139 DAY OF THE YEAR AND

THE SOILTEMPEPATU?E MAXIMUM OF 6S.71 OCCURRED ON

THE 325 DAY AT A DEFTH OF 16 FT.

THE TOWN OF 5954 �ITH � �EAN AlE

TEM?EBATUPE OF 64.3C MAY BE CONSlrERED FOR

UNDERGROUND CC�STRUCTION. THE SCIl TEMFEFATUBES
MINIMUM WAS E40U ON THE 11� DAY OF THE YEAR AND

THE SOILTE��ESATUR? MAXI�ur CF 72�OO CCCUFRED ON

THE 301 DAY AT A fEP1H Of 1� FT.
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1HE TOWN OF 61C8 �ITH A fEA1 AlE

TEMPEFATTIRE Of 62.50 MAY BE CONSIDERED FOR

UNDERGROUND CC�STEUCTION. THE serl TEMFERATURES

MINIMUM WAS �4.5 ON THE 1E3 DAY OF 1HE YEAR AND
THE SOILTEMPERA1URE MAXI�UM CF 67.84 CCCURRED ON

THE 349 DAY AT A [EPTf, OF 19 FT.

THE TOWN OF 6119 WITH A MEAN AlB

TEMPERATURE OF 62.90 �AY BE CO�SI[EEED FOE

U�DERGROUND CONSTRUCT10N. THE SOIL TEMPERATURES
MINIMUM WAS 64.7 eN THE 157 DAY OF THE YEAR AND
THE SOIL7EMPEPATUPE MAxrMU� GF 6C.54 OCCURRED ON
THE 343 DAY AT A DEETH Cf 18 FT.

THE TOWN OF 6176 WITH A �EAN AlB
TEMPERATURE OF 63.60 MAY BE CONSIDERED FCR
UNDERGROUND CG�STFUCTION. THE sell TEMFEFATURES
�INIMUM WAS 64.5 ON THE 133 DAY OF tHE YEAR AND
THE SOILTEMPERATURE MAXIMUM CF 70.30 OCCURRED ON
THE 319 DAY AT A LEPTH OF 15 FT.

THE TOWN OF 67�7 WITH A MEAN AIR
TEMPERATURE OF 64.90 MAY EE CONSIrEEED FOE
UNDERGROUNr CONS�RUCTION. THE SOIL TEMPERATU�ES
eINIMUM WAS 64.6 GN THE 109 DAY OF THE YEAR AND
THE SOILTEMPERATURE MAXIMUM OF 7�.22 OCCURRED ON
THE 295 DAY AT A DEFTH CF 12 FT.
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CONCLUSION

In this study of soil temperatures, the situation

involved searching for the depth at which the ideal

temperature gange occurs. Rather than using corrective

measures t6 alter the climatic conditions, soil was used

as an isolater from the external environment.

Numerous assumptions have been made and many

varibles disregarded in computing the soil depths. A-com­

bination of corrective measures and soil is a more prac­

tical solution. Olgyay's bioclimatic chart offers possible

altethatives that should be considered in attaining

the comfort zone, for a particular location.

Further development into the feasibility of under­

ground architecture should be the next steps taken.

In thi� particular study the variblesJ groundcover,

soil moisture, contours, and generated heat, should

be incorporated into the programs, offering the user

alternatives to greater soil depths or energy consuming

devices. Other assumptions or varibles divert a qualitative

answer to the practical applicability of building under­

ground. However, reducing air conditioning costs through

going underground, needs to be considered as a possible

solution.
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APPENDIX I

OLGYAY' S BIOCLIUL:\'rrC CHARI'

Olgyay' s "bioclimatic zone
II

displays methods for

altering uncomfortable climate conditions to a "comfort

zone". 'The "comfort zone" indicates thermal condi tions

in which a person will feel comfortable. When plotted

values of temperatures and relative humidity fall outside

the comfort zone, corrective measures; air movement,

sunshine, or moisture, can produce comfortable conditions.

These may be achieved by landscaping, structure openings,

and orientation where as others may require mechanical

air conditioning,

Use of the comfort zone may be illustrated by an

example. The overlay indicates a tempeJCature and humi.d i ty

relationship for a typical year in Miami Florida. this hot

humid location generally has high relative humidity condi­

tions with moderate temperature variations. The chart indi�

cates shading and air movement are needed most of the year

to achieve a comfortable environment.

, I (i· i .!. \. � .;'! t :, I \' i
,
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APP.2NDIX II

Sufficient data in most cases is not readily avail-

able to determine the average annual soil temperatures.

Therefore, acurve was plotted to the function of soil

temperatures and air temperatures. These pretained primarily

to College Station, Texas and locations in Canada.6 The curve

fits the equation;

AVERAGE ,SOIL (AIR TEMPERATURE)2 x (-.00168) +

TElVIPERATURES
=

(1.207 x AIR TEMPERliTURE) + 1.
I

The equation evolved from Tables 9.21 and 9.22 in Ketter's

and Prawel's, Modern Methods of Engineering Computation.?
When average annual air temperature is used, the

equation will estimate the average annual soil temperature.

Further clarification of soil temperatures is available in

the Fluker paper.

6. Edey, S.N., and Joynt, M.J.

7. Ketter, Robert L.,and Prawel, Sherwood P., Modern

.:'1-: Methods of Engineering ComDutation, New York: McGraw-

Hill, Inc., 1969, pp. 212-213.
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APp��I>mIX III

SOIL TEI,IPZRAj�UR�: ESrrnlNrION

The source for the equation to estimate soil tempera­

tures is Moreland's revision of Fluker's equation.8
Moreland gave credit to Mr. Peter Sharr of the University

of Texas Medical Research Center for much of the development.

The equation for soil temperature given in Moreland's

article is:

G(x,t) = Ao + A1 e-kx sin w(t--- Dx - Q)

where:

A = average annual earth temperatureo

A1 = temperature amplitude @ 2" depth

k =� = relaxation distance

w =

diffusitivity; a soil property
combining thermal conductivity,
specific heat, and density.
2n
Jb4 radians per day; a factor

relating time in days from
Dec. 31 to angular measure­

ment.

c =

y5 =
2Qn
36L� where Q == the number of

days from Dec. 31 to the
time ·when the bare ground
equals its annual average.

x ::: depth in feet

t = time in days

D ::: ---L. the delay term, in days
-{2;;; per foot.

Fluker's data was collected at College Station, Texas.

The soil profile in the test area ranged from a sandy clay
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at the surface to a high dry strength clay,at 10 feet.

For this �oil, without groundcover, or shade, he deter-

mined the following;

A ::::: 2J.7°C.
°

A1 ::::: 12oC.

k ::::: .134 ft.-1
?

C ::::: �48 ft.-/day

Q ::::: 107 days

Without knowledge of sbil specifications from a locatfun,

only the average annual soil temperatures, of the above

figures is manipulated. A1 is a constant 120 provided

"k "; "c", or "Q" are not changed, because the sine curve

retains the same function at 2" depths regardless of soil

temperatures.

Of the other varibles "k", lie", and "QIt, "k " is

directly related to"c" and"c" may be used as an estimate

for diffusitivity across the state. "Q" is the number

of days from December 31 to the first day the soil tempera-

ture reaches the amnual average. This figure also may be

used satisfactorily, as the day seldom varies by more than

five days for any location.

8. Moreland, Frank, "Appendix IV", Alternatives in Energy
Conservation, 1975, pp . 203 - 20 L



52

LI'I'ERARY R�VL�d

Alternatives in Energv Conservation; Irhe Use of Earth
Covered Duildin,q:s. Proceedings and Notes of a Con­
ference Held in Fort Aorth, 'I'e xa s , July 9-12, 1975.
These proceedings describe the conference held at the

University of Texas in Arlington on the use of earth
covered buildings to provide energy efficient buildings'
as well as a better physical environment. The poten­
tial for energy conservation by underground construc-
�tion is great because of the need for fuel conser­
vation due to depleting resources, and an increase in

. ·fuel consumption. Topics include: Historical Perspe c-o ,.

tives; Economics; Environmental Psychology; Energy
and Mat e r-i a.l.s r Examples of Earth Covered Buildings;
City Patterns; Political and Legal Considerations;
Technical Considerations. In addition, an extensive
Bibliography on earth covered buildings is,presented.

Edey, S. N. and Joynt, M. J., "Mechanical and Thermal
Characteristics of the Soil at Selected Agrometeoro-
logical Stations" .

This report presents the results of an analysis of
soil samples taken at seven agrometeorological sta­
tions.Mechanical and thermal characteristics of the
soil surrounding the temperature sensolts at the

particular installations,was the major concern of
the study.

Fluker, B. J., "Soil Temperatures"
The purpose of this paper is to describe the measure­

ment of natural soil temperatures at a specific site
and to present and discuss the soil temperature data
obtained in the 5-year period 1951-1955, inclusive.
This paper was an excellent source for developing
the computer programs. Any questions as to the soil
temperature equation, may be answered in the article.
The charts and graphs also provide visual material
in patterns of soil temperature data.

Geiger,R., The Climate Near,.�the Ground,.
Thi s book concerns the climate and the factors', } " -". Ii

influencing the climate near the ground. Subjects
include the influence of soil tillage, soil moisture,
rain, snow , type and condi 'ti on of the so i L; , and tem­

perature affects in different kinds of soil. The
book will be of particular help in continuing the
research.
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