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Foreword

Th~' . paper was prepared for the American Concrete Institute (ACI)

Seminar on Concrete for Nuclear Re'ctors, held at Berlin, Germany, on

4-11 October 1970. The manuscript was reviewed and #,.eared for publice-

tiot, by the Oak Ridge National Laboratory and the Office, Chief of Engi-

neers, U. S. Army.

The study which provided the information and data discussed herein

is being conducted by the U. S. Army Engineer Waterways Experiment Station

(WES), Vicksburg, ..8tes., under the sponsorship of the U. S. Atomic Energy

Commission. This continuing investigation was initiated in 29-6. Staff

members actively involved in the inveaistgation include Mr. Bryant YAther,

Chief of the WEB Concrete Division, !.Ir. T. M. Polatty, Chief of the Magi-

neering *.chanics Branch, Dr. H. G. Geymayer, former Chief of the Struc-

tures Section, and Dr. j. C. Chakrabarti. Mr. James E. McDonald, current

project engineer for this -mvestigaticn, preparpA this ?aper.

Directors of the NES durig- the conduct cf this investigation and

preparation of this paper were CC John R. Oiwalt, Jr., CE; COL Levi A.

Brown, CE; and COL Ernest D. Po.i, otto, CE. Technical Directors were

Mr. J. B. Tiffany and Mx. F. R. Brown.
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In an effort to obtain inforaation regarding the nature of moisture
movement and rate of .ioisture loss in a prestressed concrete reactor vessel
(PCRV), an experimental study of moisture migration in a pie-shaped speci-
men representing the flow path through a cylindrical vail of a PCRV Vas
initiated. After casting o: the test specimen, temperature distribution,
shrinkage, and moisture distribution were monitored for approximately
17 months. After this initial testing, a temperature gradient of 80 F
(14 C * was applied to the specimen, and tle above-mentione6 measurements
are being continued for an additional test period cf one year. Based on
the results obtained to date, it . pears that thei. have been no signifi-
cant changes in the specimen's moisture content.
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AN EXPERIME 'rAL STUDY OF MOISTURE MIGRATION IN CONCRETE

Bacground

1. The use or prestressed concrete in construction cf nuclear reac-

tor pressure vessels is a departure from usual civil engineering practice,

and, as would be expected, many unusual problems arise in the design and

construction of such a vessel. In spite of the tremendous amount of re-

search on the properties of concrete, information regarding certain prop-

erties of concrete under particular conditions is often insufficient. This

appears to be especially true in "ie case of the use of prestressed con-

crete for reactor pressure vessels One of the most important aspects in

the design and safety evaluation of a prestressed concrete reactor vessel

(PCRV) is the time-deendent deformation behavior of concrete in the pres-

ance of varying temperature, moisture, and loading conditions. Conse-

quently, a basic research program formulated and directed by the Oak Ridge

National Laborato-,, for the purpose of developing and imrovi-ng the tech-

noloEr of PCRV's in the United States included a sizable effort directed

toward investigating te time-dependent deformation behavior of concrete

under conditions existing in a PCRV. One of the projects included in this

effort waz a test of the moisture distribution in a PCRV wall performed at

the U. S. Army Engineer Waterways Experiment Station and reported here:-n.

Pmue and Scope of Study

2. Liformation regarding the nature of moisture moveent and rate

of .istur loss iL a concrete rreft.re vessel wmll subjected to a tempera-

ture gradient is of interest in view of the influence of these parameters
on the properties of concrete. Ln an effort to evaluate these effects, an

experimental study of m isture migration in a pie-shaped concrete specim#.n

(fig. 1) representing the flow path or channel through a cylindrical wall

of a PC.rV was init'ated.

3. The test specimen selected waz 9 ft (2.74 m) in length with
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cross-sectional dimensions of 2 by 2 ft (0.61 by 0.61 a) on one end and

2 ft by 2 ft 8 in. (o.61 by 0.81 m) on the other end. The specimen was

sea2 ed against moisture loss on the small end (interior) and along the

lateral surfaces, and exposed to the atmosphere on the other end (exterior).

In addition, the lateral surfaces were heated and insulated to simulate

conditions in a PCRV where uniaxial moisture and heat flow prevail.

4. After casting of the test specimen, the temperature distribution,

shrinkage, and moisture distribution were monitored for approximately

17 montha. After this initial testing, a temperature gradient of 80 F

(44 C) -was avyovied to the specimen and the above-mentioned measurements are

being continued for an additional test period of one year.

Instrumentation

5. Carlson strain meters were embedded as shown in fig. 2 to deter-

Ine the variation in concrete strain and temperature along the center line

of the specimen. Iron-constantan thermocouples were embedded at five dif-

ferent depths at each of three different sections as shown in fig. 3 to de-

termine temperature profiles at sections near each end and the center of

the specimen. Removable plugs in the casting form and insulation along the

top surface of the specimen (fig. 4) allowed the use of a surface back-Iscatter nuclear ghge to determine moisture content of the concrete at var-

ious stations along the specimen. Open-ire-line (O"^) probes were em-

bedded along a lateral surface of the specimen, as shown !M fig. 5, to

measure relative dielectric constants which appear to be 3ensitive measure-

ment -aremeters for moisture content. Wells for Monfore probes were pro-

vided a2onwg the same surface (fig. 6) for relative humidity measurements.

6. In an effort to approach the adiabatic boundary conditions essen-

tial to study the effect of hydration heat dissipation and to ensure un-

axial '-eat and moisture flow, lateral surfaces of the specimen were heated

and insv lated. H".eating was accomplished with eight independent resistance

wire heating elements wrapped around the specimen. These elements were

actuated t:r a series of thermistors 3mbedded at the center and boundary

region at each cross section indicating temperature differentials between

2



the core and the boundary of the specimen. When, and i'u whatever section,

a temperature differential of 1 F (0.6 C) was indicate.1, a relay automati-

cally actuated the pertinent heating element until a uniform temperature

distribution was restored.

Test Specimen

7. The casting form for the moisture migration specimen with in-

strumentation, insulation, and moisture barrier in place is shown in fig. 7

immediately prior to casting. A concrete mixture proportioned with

3/-in. (1.9-cm) maximum size crushed limestone a3gregate to have a slump

of 2 + 1/2 ii. (5.1 + 1.3 cm) and a compressive strength of 6000 psi

(422 kg/cm2 ) at 28 days was used in casting the specimen. Mixture pro-

portions were as follows:

Solid Volume Saturated Surface
Dry Batch Weigt

Mterial ft 3  lb (k)

Type II cement 3.473 (0.0983) 681.5 (309.1)
fine aggregate 8.305 (0.2352) 1381.5 (626.6)
Coarse aggregate 10.569 (0.2993) 1784.4 (809.4)
Wau-r 4.653 (0.1318) 289.86 (131.48)

The foregoing quantities are theoretical proportions for 1 yd3 (0.7645 m3 )
of concrete having no air content and aggregate without absorption. The

aggregates were batched dry and 26.6 lb (12.1 kg) of additional water was

added to the oatch to satisfy the absorption of the aggregates. Thus, a

theoretical cjbic yard of concrete, air free, included 316.46 lb (143.54 kg)

of water or 11.72 lb/ft 3 (187.7 kg/m 3 ). The air content of the concrete

was about 3 percent. Therefore a cubic foat of actual volume of freshly

mixed concrete of this mixture is calculated to consist of the following:

Volume We

Material ft 3  m3 ) lb (kg)

Air 0.030 (0.00085)
Cement 0.125 (0o0035h) 24.46 (11.09)
Water (mixing) 0.167 (0.00473) 1o.40 (4.72)

(Continued)
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Volue

Water (absorption)* 0.015 (0.00042) 0.96 (O.4)
Fine aggregate* 0.298 (0.00844) 49.58 (22.49)
Coarse aggregate* 0.380 (0-O7T6) 64.03 (29.04)

Total 1.000 (0.0832) 148.47 (67.34)

'Water added to satisfy aggregate absorption not in-
cluded in total; aggregate volme and weight include
absorbed water.

8. Upon completion of casting, the top was closed and moisture-

sealed to the remainder of the form. At seven days age, the plywood forms

were removed from the ends of the specimen, exposing the open end to the

controlled atmosphere of 70 : 3 F (21 --- 1.7 C) temperature and 50 +4 per-

cent relative humidity.

Effects of Concrete ydration

Temerature

9. Uemperatare in the freshly placed concrete rose at a continusly

incre s!~ rate during the first 10 hours after casting (fig. 8). During

the next .5 hours, the temperature rose, but at a continraously decelerbting

rate, wid peaZed at all stations between 29 and 96 hours after placing of

-e concrete. :nner stations recorded higher peak te-*epratures and a

longer rise thar. the stations nearer the ends, though all stations, with

the excmtion of L and 5 (Carlson gages), recorded about 90 percent of the

resiective naximu= tfeprature rise within about 30 hours after casting.

This behavior irncater that after a relatively &,ort initial period (about

30 hours the rate of heat dissipation (heat flow toward the two cool faces

of the snecim.n) was nearly the same a- the rate of heat release resulting

from cem.ent hydraC.-on. Within 100 hours, more heat was being dissipated

than was beir released in all portions of the specimen. )ue to the rela-

tkv ev fact _ow o" '-eat toward the tw cool end faces of the specimen,

tempnerat,-er i- 'the concrete never approached the va:ue that would have

been ex ectet -=ner adiabatic condil.ions.
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10. The highest temperature recorded, near the midsection of the

specimen, was 168 F (76 C), a rise of 93 F (52 C). The lowest peak re-

corded was 127 F (53 C), a rise of 56 F (3I C), occurring at the gage

nearest the open end. After reaching the peak values, temperatures started

falling at a very gradual rate (fig. 9), stabilizing near room temperature

about 60 days after casting.

11. Iron-constantan thermocouples were u.;ed to monitor temperatures

at five different depths in each of three sections, two at the two ends and

one at the center. Temperatures monitored by thermocouplea 1-10, 12, and

14 were recorded on a strip-chart recorder; thermocouples Ul, 13, and 15

were read manually. Temperatures were fairly constant at different depths

within a section (fig. lO), but varied between sections, the highest tem-

perature being at the midsection and the lowest near the open end.

Moistire

12. Moisture in the concrete, as indicated by the nuclear surface

moisture gage, was fairly constant in all the sections except the two ends,

particularly the open end. The gage indicated a fairly uniform decrease in

water content of the concrete at station 10 (nearest the open end) during

the first week after casting. Apparent decreases of approximately 1 Lb/ft 3

(16 kg/m3 ) at each end coincided with removal of the plywood forms at each

end seven days after casting. At this time, the water content in each end

tended to level out between U1 and 12 lb/ft3 (176 and 192 kg/m3 ). Th' max-

imum moisture content appeared to be approximately 13.5 lb/ft3 (216 kg/m3 )

at the interior sections (fig. Ul).

13. The maximum indicated water content of 13.5 lb/ft3 (216 kg/m3)

is somewhat higher than the theo.-etical water content of 11.36 lb/ft3 (182

kg/m3) computed previously for this mixture. It is possible that moisture

collecting on top of the specimen immediately under the moisture barrier as

a result of the concrete bleeding would cause the surface backscatter gage,

which penetrates only the top few inches and reflects the moisture content

of a parabolic section (the greater area being on the surface), to indicate

moisture content higher than that actually present near the center of the

specimen. In addition, the tops of concrete surfaces normally have an in-

creased amount of mortar, and consequently a higher moiz7ture content.

5
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14. The OWL probes indicated variations in relative dielectric con-

stant with time in each of the sections. Data from typical probes are

shown in fig. 12. It was apparent that the null frequencies and, conse-

quently, the relative dielectric constant were affected not only by the
moisture content in the concrete but also by the temperature and maturity

of the concrete. The influences of these two parameters are presently

being evaluated in a separate study.

15. These probes appeared to function properly for approximately

12 months after casting. At that time, readings from several gages became

quite erratic, and in some cases, it was extremely difficult to obtain null

frequencies which would yield realistic moisture contents. Developers of

this gage indicate that the gage may have corroded even though it was

silver-plated prior to embedment.

16. The Monfore relative humidity probes furnished limited useful

information about the moisture content in the conecrete during this phase

because the temperature of the concrete during hydration exceeded the oper-

ational range of this probe. As the temperature dropped to within the

probe limits, all wells indicated relative humidities close to 100 percent,

as expected. As the concrete temperature approached room temperature, the

Monfore probes stabilized within the range 96 + 2 percent relative humidit,.

Strains

17. Variations of total concrete strain with time are indicated in

fig. 13. The maximum value of indicated strain 'as about 500 microstrains

at an inner section, while the minimum peaks recorded were about 300 micro-

strains near the ends. After reaching the peak values, strains at each sta-

tion began to decrease at a gradual rate (fig. 14), stabilizing at values

less than 100 microstrains expansion about 60 days after casting. In an

effort to determine any nonthermal strains present in the specimen, total

strains were corrected for thermal effects, assuming a linear coefficient

of thermal expansion of 5.0 x iO-6 (9.0 x 10x6 Y. Results for typical gages

are shown in fig. 15.

Effects of a Temperature Gradient

18. Strain, temperature, and moisture in the concrete were in

6



essentially steady states prior to application of the temperature gradient

of 80 F (44-C)-co) the specimen approximately 17 months after casting.' A

series of heat lamps (fig. 16) is being used to maintain the required tem-

perature on the simulated interior vessel face. Since application of the

temperature gradie-nt, data regarding changes in temperature, moisture, and

strain have been obtained regularly and are discussed briefly in the fol-

lowing paragraphs.

Temperature

.. The variation in concrete teperature alor- the spec-men's

center 1ine is beir determined by mevans of Carlson strain meters embedded

as previously chown (fi-. 2). As a result of the temperature gradient,

* concrete temperaturez ' .,ith.- the srec-rnen continue to increase but at a de-

creasing rate as' showr in fig. 17. .- expected, temperature incr-eases in

the ealy stages after apnlication of heat were confined to that half of

spe specimen nearer tc heat. fter aroximately one v.-eek, relatively

"w..form increases in temperature were noted throu-hout the snecimen. '- -

~rti-evariations ;. tine for tyialzs-na ge- n re show-n.i

"|n2. > t ...- .. uz..... (.27 d-nys af!ter h va'nc are

•sen .... the same - those at . cavz.

, Temteratres nonitcred by t7r co- ...._ a t -%_'-: different depths

zn 2acL f three sections were f... conztt rit diffeent dep -- .in a.
section but var ied h etzeen sections the hi~>est tcm. eratre beirn near the

heated tcrmradr -- + ..

ated end ad the nen-_ t" o e. end . t...e.a ur rofile (fig.

1 2C. of the section :learcot the heat in, ates that the tem.tcerature differ-
onti~ >eteen t.he. Lnt-i or 3,n x-xericr of on- 'ecimrcn i ihn2

_t e et on ... 1

22.. : bac;-cater ..- ,- r-e. u :sed to ds-,,er'ine con-

c --- n,;----, atcins l onr te tor urface of the

' " :.- ....-n-:-i--e -s of m-isture content determined in

t..i.......- 2C'*' .icate n.o s,,.ficant c::nmges I. the srec-men s
i .-moist'r- snton .... _rZcation of '- =' ""... ... r ... tur e :rdient.
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in apparent increases in the relative dielectric constant as shown in

fig. 21. However, as the temperature tended to stabilize, output from the

OUL probes attained an essentially steady state, indicating no change in

the specimen's moisture content.

23. Prior to application of heat, the Monfore relative humidity

probes indicated that the relative humidities in each we:li were in an

essentially steady state at approximately 96 percent. Upon applicr tion of

heat, the indicated relative humidity in those wells nearest the heat in-

creased rapidly to 100 percent, and within 21 days, all wells, with the ex-

ception of the three nearest the open end, were at 100 pe.eent relative

humidity. The three wells nearest the open end continue to indicate rel-
ative h=Jidities ranging from 90 to 97 percent.

Strains

24. V;riations in concrete strain along the specimen's center line

as a result of applying a temperature gradient ire presented in fig. 22.

The highest indicated strain is about 340 microstrains at the station

nearest the heat. From this maximm, indicated strains decrease in a gen-

erally linear manner to less than 25 microstrains near the open end.

Strain variations with time at typical stations are shown in fig. 23. As
expected, these curves are of the same general shape as those of tempera-

ture versus time. Wh.en the tota. strains are corrected for thermta. exIni-

sion of the specimen (fig. 2L), it is obvious that the specimen remains -n

Pn essentiall steatdy-state strain condition wi-th n si.r.ificant changes as

a result of ap2.-ying the temperature gradient.

Di4scussion

.9. The fairlyo -ni form tem-peratres at different depths within a

-ection 9=4 the relatively fast f.ow of heat toward the two -ool_ faoes of

t b e speciMen dVriW cement hydration indicate that the bounday conditions

a.e sufficient to si-rmate the flow -ath through a cylndrica2 w2. of a

Fc? C -V.ere uniaxcial mcist re and heat flow prevail.
2 . Z-nce application of the temp rature gr dient, d)ata regqerd4ir

_ zhanges in te mperature. moisture, and ztrain have been obtained re-ular:y



for approximately one-third the anticipated one-year test period. Based on

the results obtained to date, it appears that there have been no signifi-

cant changes in the specimen's moisture content since application of the

temperature gradient. Consequently, it may be tentatively assumed that the

moisture movement and rate of moisture loss in a PCRV wall subjected to a

temperature gradient are such that these parameters should not affect the
properties of the concrete. However, it is emphasized that this test is

incomplete at present, and the nature of moisture movement and rate of

moisture loss could change drastically as the experiment continues.

I
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