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PREFACE

A program to conduct mass concrete temperature rise simulations for

Martins Fork Dam was authorized by DA Form 2544, Intra-~Army Order for

Reimbursable Services, No. 75—141 , dated 29 April 1975, with attachment

and inclosures, from U. S. Army Engineer Distric t , Nashv ille.

The work reported herein was performed during the period May 1975 to

August 1976 at the Concrete Laboratory of the U. S. Army Engineer Waterways

Experiin ent Station (WES) under the direction of Messrs. Bryant Mather ,

Leonard Pepper , and Mrs. Katharine Mather , and under the supervision of

Mr. B. R. Sullivan. Mr. A. A. Bombich was project leader and prepared

this report.

Commander s and Directors of WES dur ing the conduct of this study and

preparation and publication of this report were COL C. H. Hilt , CE , and

COL J. I. Cannon , CE. Technical Director was Mr. F. R. Brown .
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)

UNITS OF MEASUREMENT

U. S. cu4tomary units of measurement used in this report can be converted

to metric (SI) units as follows:

_____ 
Mult ij~1 y By 

_____ 
To Obt a in

feet 0.3048 metres

pound force per square 114.91267 pascal per second
inch per minute

pound (force) per square 6894.757 pascal
inch (psi)

calor ie per gram 4.184 Joule per kilogram

Fahrenheit degrees 5/9 Celsius degrees*

- pounds per cubic yard 0.5932764 kilograms per cubic metre

Btu per hour square 5.678263 watt per square metre
foot degree Fahrenheit Kelvin

Btu inch per hour 20.7688176 watt per metre . Kelvin
square inch . degree F

inch per degree Fahrenheit 0.014111111 metre per Kelvin

pound (mass) per cubic foot 16.01846 kilogram per cubic metre

Btu per pound (mass) . 4186.8 Joule per kilogram Kelvin
degree Fahrenheit

square foot per hour 0.0000258064 square metre per second

* To obtain Celsius (C) temperature readings from Fahrenheit (F) read-
ings, use the following formula: C = (5/9)(F — 32). To obtain Kelvin
(K) readings use: K C + 273.15.

4
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DETERMINA I ION OF MAXIMUM

CONCRETE PLACEMENT_TEMPERATURES

FOR MARTINS FORK DAM

PART I: INTRODUCTION

1. A primary concern during and immediately following comp letion

of mass concrete structures is control of therma l cracking . During

construc t ion heat is produced by the  h y d r a t i o n  of c ement r e s u l t i n g  in  t

temperature rise in the concrete. Subsequent thermal gradients occur

due to rooling by externa l ambient tcmper~it ur’ change. Concrete tempera-

ture change causes proportional volume change that if restra ined internally

or externally will produce therma l strains which if excessive will cause

cracking . This study is concerned with determination of a maximum allow—

able concrete placement temperature that wil l, reduce possible thermal

cracking in Martins Fork Dam .
2. This study was initiated in May 1975 to determine if the maximum

concrete placement temperature of 85°F* designated for Martins Fork Din

was excessive and if so to determine a revised maximum placement tempera-

ture. The results were needed within a month in order to meet the con-

struc tion bid opening date. It was decided that the study would be con-

ducted in two phases in order to meet the deadline requirements. The

first would consist of conducting thermal simulations of construction to

determine the temperature distribution in the structure considering

several construction start dates and maximum placement t emperatures. Peak

temperatures would be obtained from these calculations and used as a guide

in the decision regarding a change in maximum allowable placement temperature.

3. The second phase of the study was to be conducted after the con—

tractor was determined and the quarries selected from which aggregate for

the concrete would be taken. An evaluation of the selected aggregate

would then be made and modifications made to the thermal properties

* A table of factors for converting U. S. customary to metric (SI) units
of measurement is given on page 4.

-
‘
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of the concrete If necessary . Additional temperature simulations would be

run using the maximum placement temperature selected after Phase I and the

modified concrete thermal properties. Thermal stress analysis simulations

would be made at this time . The goal of Phase II would be verification of

the selected maximum placement temperature.

(

_ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _  
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PART II: FINITE ELEMENT METHOD COMPUTER PROGRAMS

4. Two each two—dimensional finite element metho l (FEM) computer

programs were used in this study. The first program , d evel oped by

Dr. Edward Wilson of the University of Calif rnia at Berkeley 1 and mod i-

fied at the Waterways Experiment Station (WES), calculates temperatures

within a mass concrete structure. A second program , written by R. S.
7

Sandhu and associates at  Berkeley and modified at WES, calculates the

thermal  stresses and s t r a ins  w i t h i n  the s t r u c t u r e  r e su l t ing  f rom g r a v i t y

and the thermal  loads produced b y the  t empe ra tu r e  c a l c u l a t i o n  progr am.

5. Both programs use the same F~ 4 model of the structure. The

model subd ivides the structure into a grid pattern in which the intersec-

tion points are called nodes and the enclosed areas are elements. Lift

and material interfaces must correspond to an element boundary. A plot

of the model used in this study is shown in Figure 1. Both programs

inc rementally simulate placement of concrete in lift thicknesses arid at

elapsed placement t imes as prescribed by the user.

Le~1~
crature Calculation Program

6. The temperature program calculates temperatur 15 at each node

in the FEM model. Temperature calculations are based upon concrete place-

ment temperature , hydration heat generated , and the thermal properties of

the concrete which govern heat flow within at -id loss or gain from the

structure due to ambient conditions controll~-d by a surface heat transfer

coeffic ient .

The Stress/Strain Calculation Program

7. This program calcula tes the displacements at each node and the

strains and stresses developed in each element in the FEM model due to

thermal and gravity loads. When creep is considered , s t resses at each

analysis t ime step are modified for stress relaxation with no strain for

the interval up to the next analv ;ls t ime. The creep parameters are

7
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stored and the change in stress s tored as re sidual s tress to be included
in the next t ime step anal ysis. When these stored values are appli ed
during the next time step analysis, strains due to creep are eliminated .

8. Since creep removes those stra ins dLe to plast ic cil -formation ,
* the remaining strain should be comp le tel y elastic , in order to determine

if the strains calculated are suffic ient to cause cracking they must be

compared against a crack threshold strain .

9. The cracking threshold used is the ultimate rap id-load tensile

strain capacity .
3 Rap id load strain capacity tests are conduc ted at a

rate of loading (40 psi/mm ) sufficient ly ra pid to not allow si gnificant

plastic strains to occur. Thus, elast ic tensile strains calculated in

the FEM analysis can be compared with tensile strain capacity for th e

age of the concrete in the element under consideration . If the tensile

strain reaches 100 percent of strain capacity , it can be assumed that the

onset of cracking has begun . Discussion of ~;tress analysis results in

Phase Ii will be in terms of percent tensile strain to tensile strain

capacity.

10. The stress program simulates construction in the same manner

as the temperature program for a given problem solution and uses the nodal

temperatures calculated to determine thermal loads. The stress progra:n

requires time—dependent material properties for each unique materia l in

the model.

11. The input value that instructs the program when to app ly tem-

perature changes as volume changes is the stress—free temperature. A

value of stress—free t emperature is determined for each element by the

temperat ure program at 8 hr after placement and is the value of tempera—

ture at which an element is assumed to be stress—free . Subsequent tem-

perature changes produce volume changes proportional to the coefficient

of thermal expansion of an element. When dilferent ial volume changes are

produced , stresses r e su l t .  Stresses and s t ra ins  ca lcula ted  are  also

functions of initial external forces or disp lacemen ts app lied as boundary

conditions.

8 
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PART I I I :  COMPUTER MODEL ANt ) INPUT DATA

FEM model development

11. The computer  model developed for  t h i s  stud ,’ is r m r e s e n t a t i v e

of the genera l  c r o s s — s ect io n  c o n f i g u r a t i o n  of m o n o l i t h s  M—3 t h r o u g h ‘~i_ 9

f o r  M a r t i n s  Fork Dam . The FEM model was obtained using ~ompuLer graphics

and the WES FEM Pre—Processor Syste~n. The model was developed up to

&- levation 1305 ft. It was assumed that this lower portion of the .stru (-—

ture would he most a f f e c t e d  by th~ maximum placement temperature and

would be the area most likely to be sublect€ d to thermal cracking. ~\

c~omp ij ter  plot of the FEM model is shown in F i g u r e  1. Included is the

lift layout and node and element numbering scheme. The upstream and

downstream faces of the model to a d epth of two elements consist of

exterior concrete with a cement factor of 4.0 bags per cu yd.* The

remainder of the model consists of an interior concrete with a cement

factor of 3.5 bags per cu yd. The foundation is modeled to a depth of

35 ft. All galleries were ignored to expedite the study .

Lift height and placement rate

12. The lift hei ghts specified in the construction schedule pro-

vided by Nashville District were 3 each , 2—1/2—ft lifts to be placed on

the foundation , followed by 5—ft lifts for the remainder of the structure

provided the t ime between lifts is less than 15 days. The placement rate

agreed upon was 4 days between 2—1/2—ft lifts and 6 days between 5—ft

lifts. Ihis is the ~robable fastest rate of construction , and the rate

that would probabl y produce max imum internal temperatures.

Ambient temperatures ,
concrete placement temperatures ,
and construction start dates

13. An annual ambient temperature curve (Figure 2) was derived

from information which represented t in- mean monthl y temperature for the

geograp hic area of the construction site . The ambient temperature for

any day Is the mean temperature for that date; thus , the da i l y varia ti on

iii temperature is not used .

* A “bag” 94 lb.

()
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14. Placement temperatures in the simulations were taken from the

ambient curve for the dates corresponding to  the placement date for any

particular lift. The exception to this procedure was in simulations

where ambient temperature exceeded prescribed maximum placer’ent tempera-

ture. Then p lacement was at the prescribed maximum placement temperature.

15. Table 1 lists the construction start dates and the maximum

concrete placement temperature for all runs conducted in this stud y. Runs

1—3 compared construction start dates of 1 April , 1 Ju ne , and 1 September ,

respectivel y, at a 72°F maximum placement temperature. Run 4 with a

1 June start showed the effects of an 80°F maximum placement temperature.

Th is cor responds to placement of concrete exclusively at ambient tempera-

ture in midsummer. Runs 5—8 were conducted in Phase II of the study.

Run 5, dup licating run 2 with modif ied concrete thermal properties had a

72°F placement limit. Runs 6—8 had 65°F placement limits. This was the

max imum allowable placement temperature agreed upon as a result of Phase I

simulat ions. Runs 6—8 were made to verif y the selected maximum placement

temperature.

Foundation temperatures

16. In order to approximate the foundation temperature the bottom

of the foundation in the model was set equal to 55° F. This temperature

represents the mean annual temperature for the site. It was assumed that

the temperature at the bottom of the foundation will remain constant

throughout the year. Pr ior to the beg inning of construction simulat ion ,

th e surface of the foundation was exposed to ambient temperature and the

simulation began equilibrating foundation temperatures between ambien t

and the constant temperature at the bottom.

-~~~~~~~~ ~~ 
Concret e thermal_pro~~~~~~ s

17. Two concrete mixtures were specified for the structure. These

included exterior and interior mixtures having cementitious materia l con-

ten ts of 4.0 and 3.5 bags per cu yd with 25 and 35 percent pozzolan re-

pla cemen t by solid volume, respectivel y. No tests to determine the therma l

or mec hanical properties of the concrete were authorized for this sLudy .

Thu s, this information had to be obtained from existing data for similar

concrete mixture s . The concrete thermal data used were from tests at WES

10
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f o r  the  Tennessee—Tombigbee tIi~ rcica 1 stud y.
4 Sli ght modifications were made

to account for di f t  e rent  cem ent  it i c - i s  mat ~ r i o  I contents. i~~r Phase I , runs

1—4 , a c o n d u c t i v i ty  e~ 0. 1054 Bt ~~~
. in . /1cr’ in .

2
’F and spc~ [fir 1 - i t  ot  0 . 2 2  B t u /

Ib’ F were used . Adiaba t  Ic t & ~~- 1 1 1 e c - n t  ‘ c r c  r i s e  cu r v es  nse a r c  s-’~ -~ wn in Figure L

18. Phase 11 simulations were conducted after the Marti r~s Fork

aggregate quarries were selected . Samp les of aggregatec f rem two quarries

w~ re  ob ta ined  and t e s t e d  f o r  the rm -il diffusiv itv (CRD—C 3I ~)~ and modulus

‘ 1  c-l ast ic ity (CRD—C 19).~ The r e - o u t s of these t e s t s  are  d isp l~~ved in

table 2 a l o n g  w i t h  the same prop~~rtie s f e r  t h e  a g g r e g a t e  used In the  * - n—

c ret e  from w h i c h  Pha -c e 11 d a t a  were taken. Since the thermal ‘liffusivi tv

of ~1ar~ ins Fork a g g r e g a t e  was s u b s t a n t i a l ly  l ower , the  d i f f u s i v i t y  of

c o n c r et e  c o n t a i n i n g  t h i s  a g g r e g a t e  would u s e  be lower. Thermal  conduc- —

t i v i t v  is the input  p r o p e r t y  fo r  lceit flow used by the  t e m p e r a t u r e  p r og ram

and is a f u n c t i o n  of d i f f u s i v i t y .  A rev ised  co n c r e t e  d i f f u s i v i tv  w i t h

M a r t  ins  Fork a g g r e g a t e  was n e c e s s a r y .  In t h e  absence of an a c t u al  t h e r m a l

d i f f u s i v i t v  t e s t  of c o n c r e t e  c o ritd i nhcc ~. ‘-i~-irt in s Fm k agcregatc an a n a l - - t  ic~~I

icterminat ion was made.  The as s i c - ~~ t ion was made t h a t  conc re t e  d i f f c s i v i t v

i s  equa l to t h e  sum of t h e  vo l u m e t r i c  d i f f u s iv i t i e s  of t a e  coarse  a g g r e g a t e

and mo rtar c o m p o n e n t s .  S in c e  t1ic - i e g r e c c t e  m d  c o n c r e t e  m i x t u r e  d i f t  u—

S 1V l t i e s  were k nown ~or the existing Tenn—Iom concrete luta , the  unknown

diffusivity of t h e  m o r t a r  was I c t c f l i _I b y t i c ~ v l u m e t r i c  r e la t  ion sh i p of

a g g r e g a te  and mortar d i u f u s i v i r  y to  t i n -  d if I c s  i v i t  v ~~~ the  m i x t u r e .  Once

t h e  d i f l u s l v it v  of the p a s t e  w a s  d e t e r m i n e d , t h e n  the  new aggrega te  d i i —

f u s i v i t y  was su b s t i c  c i t e d  for  t h e  old and the  now m i x t u r c -  d i f f c i s i v i t ’ -  found .

Psi ng this procedure the conc re t e  t h e r m a l d i  f f u s i v i t y  was reduced f r o m
7

0.0375 c 0.0310 f t  / h r  w i t h  M a r t  ins  Fork  a g g r e g a t e .  e revised c o n c r e t e

c o n d u c t i v i t y  was t h e n  c a l c u l a t e d  by t i n -  r e l a t i o n s h ip k = -cc c , where

k = new conductivity

= new t h e r m a l  d i i  f u s i v i ty  o t  concrete

cc c o n c r e te  d e n s i t y  (assumed same)

c = specit ft heat (assumed same)

Time rec iting -o ccd n - t i v l t v  was 0.0875 8rum .in./hr ’in .
2
~ F . Specific heat

used was the -same as i -u Phase I , or 0.22 Bt u/lb ’F .

19. An other FEM temp eratuui rogram input property changed for the

ii
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Phase Ii runs was adiabatic t~ nperature rise . This was due to an increase

in the heat  of hyd ra t ion  of the cement accepted* fo r  Mar t i n s  Fork Dam.

The increase was from 70 to 73 cal/g at 7 days age or ar~ increase of abou t

4 percent. The adiabatic temperature rise curves shown in figure 3 were

in cr eased by the add it ional percentage of heat production in Phase 11 runs .

Concrete mechanical proper t ies
20. At the tim e that Phase It was conducted , during February—

August 1976, the Bay Springs Loc k and Dam thermal study** was also be ing
conduc ted at WES. Material properties such as Young ’s mod ulus , creep,
and s t r a in  capaci ty  versus t ime were being obtained fo r  the Bay Spr ings

stud y .  The concrete mix tu res  for  Bay Springs and M a r t i n s  Fork were basi-

cally the same except for the aggregate. Thus, once the aggregate source

was known for  Mar t ins Fork concr ete , it wa-s possible as a minimum verifi-

cat ion to compare the elastic modulus of the aggregate used in the Bay

Springs study with that of the Martins Fork Dam aggregate. As noted earlier ,

comparative values are found in Table 2.

21. The comparative values of modulus between Martins Fork aggre-

gate (8 x 10
6 
psi) and the Bay Spri ngs study aggrega te (11 x 106 p si ) were

not thought substant ial enough to attempt a modification of concrete

mat er ial prop er ties for  Phase II of this stud y. Since in fact the moduli

fo r Martins Fork aggregate were lower , it wa-s believed that the calculated

thermal strain evaluations may tend to be conservative. This is based

upon the apparen t relationship tha t ultimate strain capacity is inversely

proport iona l to the elastic modulus of the aggregate. Thus, any compari-

son of strain to strain capacity in the simulation should be conservative.

The decision was made to use the Bay Spr ings stud y concrete materia l

* Type II cement with heat—of—hydration option invoked was specified.
This requires the heat—of—hydration to be not greater than 70 and
80 cal/g at 7 and 28 day8, respectively. Some cement was accepted

• - 
t hat had a 7—day heat of hydration of 73 cal/g. Accordingly, it was
requested that Phase II be conducted using this value even though
only a small amount of cement having a determined 7—day heat of
hydration in excess of 70 cal/g was actually used.

* ** Letter report from U. S. Army Engineer Waterways Experiment Station
to U. S. Army Engineer District , Nashville, subject and date:
Thermal Study — Bay Springs Lock and Dam, 20 May 1976.
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properties for Phase II of this study without modification.

22 .  The curves representing the time—dependent Young ’s modulus

and rapid—load strain—capacity are shown in Figures 4 and 5, rec~pectivel y.
The form in which creep data are input to the FEM stre’c-~ progr.-cm is
represen ted by McHenry ’s equa tion6’ ~

‘

r (o , t , T) = o .~~1 A .(T) (1_e
_mi(t T))

where cc  = creep strain

= t i m e  a f t e r  p lacement

T = age at load lag

= st r e s s .

N = 2 was found to give a s at i s f a c ’c orv f i t  wi th experimental data. Vaijes

of c r eep  c o e f f i c i e n t s  and A 2 ve r su s t i n e  are  g iven in F igu re  6.

Values  of m
1 

= 0.36 and m 2 
= 0 .0145  were  used . Cons tan t  va lues  fo r

c o e f f i c i e n t  of thermal  expansion to  5 .64  x io
_6 

in .~~F and Poisson ’ s r a t i o
— — of ~~~ . 174 were use~ . - — ——  — -~~~~~~~ -— -  - _ _--~~~~~~~~~- - - - -- — 

Foundat ion U~ P e r t e s

23. Founda t ion  p r o p e r t i e s  were  der ived  f r o m  i n f o r m a t i o n  provided

by t h e  N a sh v i l l e  D i s t r i c t .  The f o l l o w i n g  t h e r m a l  and m e c h a n i c a l  p r o p e r t i e s

were used as input  v a l u e s  to  t h e  f I ~ 1 p rograms .
7

thermal conductivity (wet) — 0.0925 Btu’in./hr ’in. •F

specific heat (wet) — 0 . 3 5  Btu/lb ’F

density (wet) — 166 l b / f t 3

e las t ic  modulus  (maximum) — 0 .7 56  x io6 psi

Poisson ’s ratio — 0.38

coefficient of thermal expansion — 5.5 x io 6 L n . / F
— -p

‘3

~

- - - - 
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PART IV: PHASE I COMPUTER SIMULATIONS

24. Runs 1—4 made in Phase I of this study were conducted to help

provide the basis for a revision of the maximum allowable concrete place-

ment tempera ture. A summary of these runs is found in Table 1. Runs 1—3

were conducted to determine the temperature distribution in the structure

af ter construction starts of 1 April , 1 June , and 1 Sep t ember , respect ivel y.
Figures 7—10 are isotherm plot s of the structure at 5 days after placement

of the 14th lift for runs 1—4 , respectively. Figures 7—9 clearly show

the influence of the season during which construction took place since all
concrete was p laced at ambient temperature except where ambient tempera-

t ure exceeded 72°F. The lower lifts of rum 1 and the higher lifts of run 3

were placed at lower temperatures. All lifts of run 2 with a 1 June start

were pla ced be tween 70°F and 72 °F. Run 2 clearly shows much h igher t empera-
tures throughout the structure. Run 4 also with a 1 June start was made

to show the maximum temperatures that should be achieved if no placement

controls were made. The maximum placemen t tempera ture of any lif t was 80° F.

25. The difference between peak temperature and mean annual tempera-

tu re of 55°F or the eventual temperature drop of the structure was 49°F

and 53°F for  runs 2 and 4 , respec tively . Temperature drop has been used

as a measure of cracking potential. It was thought that this drop should

n c ) t  exceed 45°F for this project. A maximum placement temperature of 70°F

or lower was recommended by WES to Nashville District. Consequently, a

maximum placement temperature of 60°F for concrete without pozzolan replace-

ment and 65°F with -u pozzolan replacement was specif ied by Nashville Distric t

for Mart ins Fork Dam .

- ----- p
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PART V: PHASE I i COMPUTER SIMULATIONS

26. The primary purpose of this part of the stud y was to verify the

selected maximum allowable placement temperature. This was accomplished
by conduct ing  t e m p e r a t u r e  and t h e r m a l  s t ress  s i m u l a t i o n s  us ing  up da ted

input  da ta  and app ly in g the  new maximum placement  temp . r a t u r e .  Al l  runs

were conducted with 1 June construction start dates.

27. Prior to conducting the verification s i m u l a t i o n  several tem-

perature simulations were conducted to evaluate the effects of the therma l

propert ies changes noted earlier.

28. Ruin 5 was the same as run 2 except that both the reduced thermal

conductivity and rev i sed adiabatic temperature rise were used to reflect

those  a c t u a l l y  used . Peak t empe ra tu r e  incr eased  2 . 4 ° F to 106.7° F. Run 6

was the same as run 5 except that the maximum placement temperature was

reduced from 72°F to 65°F. Peak temperature was reduced by 3.9°F to 102.8’F.

Run  7 was c o n d u c t e d  to see the  e f f e c t  of the therma ’~ c o n d u c t i v i t y  change .

Th i s  run was the same as run  6 except tha t  the  o r i g i n a l  concre te  thermal

conductivity was used . Results showed that peak temperature was reduced

by 0.8° F. A review of t e m p e r a t u r e  runs  5—7 f o l l o w s .

29.  A 7° F drop in maximum placement temperature from 72°F to 65°F

produces  a 3.9 ° F drop in peak temperature . Therefore a 1—degree change

in maximum placement temperature produces a c hange of 0.55°F in peak

temperature.

30. The revised thermal conductivity (18 percent lower) resulting

f rom t e s t s  of M a r t i n s  Fork aggregate  increased peak tempera ture  by 0 .8°F.

Th is is p r i m a r i ly due to a reduction in the amount of heat moving out of

p the structure between lifts.
- -

31 . The Increase in heat of hydration limit from 70 to 73 cal/g

at 7 days for Mart ins Fork cement will result In a 1.6°F increase in peak

t empera tu re .

32. The total effect of revising the thermal properties in Phase II

is an increase in peak temperature of 2.4°F over that of Phase I. In order

to equate the effects to produc e the same peak temperature as Phase I the

max imum placement temperature would need to be reduced by 4 .5°F. Therefore

15
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if peak temperature was the only criteria , the selected maximum allowable

placement temperature would need to be further reduced by nearly 5°F.

33. However , this is not necessar ily the case since the ac tual
strains produced as a result of thermal grad ients are t h e  final guide
for early time considerations. Run 6 was the temperature simulation in

wh ich the upda ted thermal properties and 65°F maximum placement tempera—

ture specified for concrete with pozzolan replacement were app lied.

Temperature histories of run 6 were used as input to a thermal stress

simulat ion. Maximum tensile strains were found to be represented by the

pr inci pal strains and were or iented along the exposed hor i zontal and
vertical surfaces of the simulated structure at all stages of construction .

Maximum ratios of tensile strains to tensile strain capacity occurred on

the surfaces of each new lift beg inning 2—3 days after placement and

reached peak values as the next lift was placed .

34. Figure 11 depicts the areas in which the tensile st ra in to
strain capacity ratio was greatest. Although the entire exposed hori-

zontal surface of all lifts above lift 4 eventually experienced tensile

strains , the maximum horizontal tensile strains reached 34 perc ent of

strain capacity In the vicinity of point A . Maximum vertically oriented

tensile strains reached 28 percent of strain capacity at point B. These

values were reached on upper lifts of the simulated structure and the

areas denoted were typically the points of maximum strains on all lifts

except 1—4. The actual maximum values of tensile strain corrected for

creep were 18—22 millionths.

35. The results of run 6 simulations indicate that midsuiTmier

cons truct ion with 65° F maximum placement temperature will not produce

excessive thermal strains in late summer or fall if exposed to normal

daily ambient temperature. However , this is a condition that rarely

occurs. Cold fronts or temperatures unseasonabl y below normal are common.

36. Therefore, although not specifically requested in this study

one add itional simulation was conducted in which the structure was sub-

jected to a simulated severe cold front. Run 8 duplicated run 6 except

for the cold front that was simulated by a drop in mean daily ambient

temperature of 30°F. The ambient temperature curve includ ing the

16
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temperature drop is shown In Figure 12. Although a dro n in ambient

temperature of 30°F is common , a 30°F drop E n daily mean temperature

sustained for several days is a severe deviation. The temperature drop

occurred over a period of 2 days arid was sustained for 4 days before

ret urning to normal and coinc ided with placement of liF t 11 . !n this case

all freshly placed concrete surfaces of lift 11 are suh~ ected to the tem-

perature drop as well as the vertical surfaces of the older concrete.

Exposure of the top lift to this ambient condition may very well be worse

if the concrete were several days old before the condition began. How-

ever , the onset of the ambient drop was selected to fall within the lift

placement schedule used in run 6 for comparison purposes; thus , onl y

6 days of lift exposure were possible.

37. A thermal stress simulation was conducted us ing the temperature

histories of run 8. Tensile strains were compared with strain capacity

as for run 6. Horizontal tensile strains reached 95 percent of tensile

strain capacity along the top sur ’ace of lift 11 while vertical strains

reached 70 percent of strain capacity on the lower vertical surfaces c-f

l ift 11. These values were reach’ d 1 day after the 30°F ambient tempera-

ture drop was achieved . Tensile strains occurred along the vertical sur-

faces of older li f ts vary ing fr om 67 percent of strain capacity on the

surface of lift 10 to 5 percent of strain capacity on lift 2. Horizontal

tensile strains were also observed in lifts 1—3 extending from the up-

stream to the downstream faces and reached a maximum of 15 percent of

strain capacity at the mid point between the faces.

38. Maximum tensile strains used in determination of the strain

to strain capacity ratios were as follows . Maximum ver t ical tensile

strains of 41—43 millionths occurred along the vertical surfaces of

lif ts 8 through 10. Horizontal tensile strains of 61 millionths were

reached on the top of lift 11 in the vicinity of point \ of Figure 11 .

The results of this simulation indicate that thermal cracking was

narrowly averted . However , changes in any one of several propertf~~s

used In this simulation could cause strain t o  exceed strain capacit y

because of the severe exposure condition.

1 
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39. The scope of this study did not Includ e evaluation of other

thermal strain control measures besides maximum placement temperature.

It should be stressed that insulation of exposed surfaces would eliminate

virtuall y all dangerous thermal strains due to severe ambient exposure.

it is suggested that the cement contents of 3.5 and 4.0 bags per cu yd

used in this study be reduced if possible , since the ad iabatic tempera-

ture rise associated with such mixtures appears high for grav i ty dam

construct ion.

18 
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PART VI: CONCLUSIONS AND RECOMMENDATIONS

40. As a result  of the peak temperatures calculated from FEM

temperature simulations conducted in Phase I of this stud y,  the maximum

placement temperatures allowed in Martins Fork Dam were reduced from

85°F to 65°F for concrete with pozzolan rep lacement and 60°F without
pozzolan. Construction beginning in early summer produced tempera-

ture distributions most likely to produce thermal cracking.

41. In Phase II of this stud y two changes in concrete thermal

properties were made. After the aggregate was selected for Martins Fork ,

it was tested for thermal diffusivity. Consequently, the thermal con-

ductivity of the concrete was reduced by 18 percent with respect to that

used in Phase I. Cement accepted for Martins Fork produced more than
4 percent additional heat than orig inally specified and simulated in
Phase I.

42. A thermal stress run was made to simulate exposure to a severe

cold f r o n t .  The simulated cold f r o n t  represented a 2—day drop in mean

dai ly tempera ture of 30°F ~ustained for 4 days. Maximum tensile strain

compared to tens i le  s t ra in  c a p a c i t y  was 95 percent  on exposed hor izonta l

s u r f a c e s  and 70 percent on the up r - ream and downstream ver tical faces .

Lower ing the 65°F maximum allowable placement temperature could not be
justified based on these results espec ially since the input concrete

prope r t i e s  were not derived f rom t es t s  of Mar t ins  Fork concrete .

43. It Is recommended , however , that in addition to observing the

max imum placement tempera tures speci f ied , consideration also be given

to insulating exposed surfaces to protect against the thermal shock effects

of cold f r o n t s .  Insulation would also assist in reducing thermal strains

that occur when la te  summer and f a l l  temperatures  remain below normal fo r

extended periods of t ime . The r a t e  at which the surface  temperature drops

during exposure to  a cold f r o n t  can be reduced by 60 to 80 percen t8 b y

app l icat ion of insu la t ion  wi th  a conductance of 0 .5 B t u f hr f t 2
~ F. If so

in su l a t ed , thermal  s t r a i n s  observed in run 8 would be reduced by at least

30 percent . The 65°F maximum p lacement tempera ture  should then be

ac c e pt a b l e .
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lable 2

omparative 
- 

A re~ at e  Pr~ p~~~t_i~~~

Therma l Young ’ s Ce - Ip ~ ess Ive
flit toe IV I ~y ~h ,~~1j  I US St I I  U Poisson ’s

A&~S_e~ ate Proje (-t/Souree ti /hr_ 10~ psi iO p~~ Rat io

Bay S p r i n g s  t h e r m a l  s u l l y  0.053 11.0 20.0 — —

C al e r a , , \ l a l ~. I m - l

~~i r t i n s  Fork  Dam 0 .03 1 15.7 0 .20
Sout Iit -a- - t e r~ - Quarry
I-w i ng ,  \‘i rg in i  i

M a r t i n s  1-ork  Dam 0 .030 8 .3  21.0 0 . 2 5
Uen t t o - k y — V i r g i n i a  Q u a r r y
E w i n g ,  V i r g i n i a
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In accordance with ~~ 70-2-3, paragraph 6c(l)(b),
dated 15 February 1973, a facaimile cataloS card
in Library of Congreas format is reproduced below .
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