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Forevord

Ths paper was prepared for the American Concrete Institute (ACI)
Seminar on Concrete for Nuclear Remacrtors, held at Berlin, Germany, on
4.11 October 1970. The manuscript was reviewed and rleared for publice-
tiun 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 bYeing conducted by the U. S. Army Engineer Waterways Experiment Station
(WES), Vicksburg, tes., under the sponsorship of the U. S. Atomic Energy
Commission. This contimuing investigation was initiated in 19%6. Staff
members actively involved in the investigation include Mr. Bryant Mather,
Chief of the WES Concrete Divisicn, 'xr. J. M. Polatty, Chief of the Eugi-
neering Mechanics Branch, Dr. H. G. Geymayer, former Chief of the Struc-
tures Section, and Dr. J. C. Chakxravarti. Mr. James E. McDonald, current
vroject ergineer for this investigaticn, prepares this aper.

Directors of the WES during the conduct cf thie investigation and
preparation of this paper were CCT Jolm R. Oswalt, Jr., CE; COL Levi A,

‘ Brown, CE; and COL Srnest D. Peirotto, CE. Techrical Directors were
Mr. J. B. Tiffany and Mr. P. R. 3rown,
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Susmary

In an effort to obtain information regarding the nature of moisture
movement and rate of noisture 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 wall of a PCRV was
initiated. After casting o the test specimen, temperature distribution,
shrinkage, and moisture distribution ere monitored for appreoximately
17 months. After this initial testing, a temperature gradisnt of 80 F
(4% C was applied to the specimen, and tre above-mentionec measurements
are being continued for an additional test period cf one year. Based on
the results obtained to date, it rppears that ther .: have been no signifi-
cant changes in the specimen’'s moisture content.




AN EXPERIMENTAL STUDY OF MOCISTURE MIGRATION IN CONCRETE

Background

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 tremendcus amount of re-
search on the properties of concrete, information regerding certain prop-
erties of concrete under particuiar conditions is often insufficient. This
appears to be especially true in ‘-e case of the use of prestressed con-
crete for reactor pressure vessels One of the most imporiant aspects in
the design and safety evaluation of a prestressed concrete reactor vessel
(PCRV) is the time-devendent deformation behavior of concrete in the pres-
ence of varying temperature, moisture, and loading conditions. Conse-
guently, a basic research program formulated and directed by the Osk Ridge
National Laboratory for the purpose of developing and improving the tech-
nology of PCRV's in +he United States included a sizable effori directed
toward investigating tl.e time-dependent deformation behavior of concrete
under conditions existing in a PCRV. One of the projects included in ihis
effort was a test of the moisture distribuiion in a PCRV wall verformed at

‘he U. S. Army Engineer Waterways Experiment S*ation and reporied hereirn.

Purvose and Scope of Study

2. Information regarding the nature of moisture movement and rate
of misture loss in a concreie vrez:ire vessel wall sublected to a tempera-
ture gradient is of interest in view of the influence of these paraneters
on the properties of concrete. In an 2ffort tc evaluate these effectis, an
experimental study of mristure migration in a pie-sheped concrete specimen
(fig. 1) representing the flow path or channel through a cylindricel wall
of a PCPV was iniilated,

3. The test specimen selected was 2 £t (2.74 m) in length with
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cross-sectional dimensions of 2 by 2 ft (0.61 by 0.61 m) on one end and
2 ft by 2 £t 8 in. (0.61 by 0.81 m) on the other end. The specimen was
sea’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 months. After this initial testing, a temperature gradient of 80 F
(k4 ) was applied to the specimen and the above-mentioned measurements are
heing continued for an edditional test vericd of one year.

Instrumentation

5. Carlson strain meters were embedded as shown in fig. 2 o deter-
mine <he variation in concrete strain and temperature along the center line
£ the specimen. Iron-constantan thermocouples were embedded et five dif-
ferent devths at each of three different sections as shown in fig. 3 <o de-

termine temperature profiles at sections near each end and the center of
+he specimen. Remcvable vlugs in the casting form and insulation along the
top surface of the specimen (fig. L) allowed the use of a surface deck-
scatier nuclear guge to determine moisture content of the concrete at var-
ious siations along the svecimen. Open-wire-line {(OWL) probes were em-
vpeddéed along a laterel surface of the specimen, as shown in fig. 5, to
measure relative dieiectric constants which appear to be sensiiive measure-
ment rarame<ers for moisture content. Wells for Monfore probes were pro-
vicded along <he same surface (fig. 6) for relative humidity measurements.
6. In an effor: to approach the adiabatic boundary conditions essen-
tial “o study %he effect of hydration heat dissipation and to ensure uni-
axial -a2a* and moisture flow, lateral surfaces of the specimen were heated
and insulated. Heeting was accomplished with eight independent resistance
wire heating elemeris wrapped around the specimen. Thesc elements were
actuated tr a series of thermistors ambedded at the center and bounuary
recion at each crogs section indicating temperature differentials between




the core and the boundary of the specimen. When, and ja whatever section,
a temperature differential of 1 F (0.6 C) was indicatel, a relay automati-
cally actuated the pertinent heating element until a uniform temperature
distribution was restoread.

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/b-in. (1.9-cm) maximum size crushed limestone azgregate to have a slump
of 2 +1/2 ir. (5.1 + 1.3 cm) and a compressive strength of 6000 psi
(h22 kg/cma) at 28 days was used in casting the specimen. Mixture pro-
portions were as follows:

Solid Volume Saturated Surface

Moterial 't (m”) 1b

Type II cement 3.473  (0.0983) 681.5 (306.1)
Fine aggregate 8.305 (0.2352) 1381.5 (626.6)
Coarse aggregate 10.569 (0.2993) 1784.k  (809.4)
Wa.er 4.653 (0.1318) 280.86 (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 1b (12.1 kg) of additional water was
added to the vatch to satisfy the absorption of the aggregates. Thus, a
theoretical cibic yard of concrete, air free, included 316.46 1b (143.54 kg)
ol water or 11.72 lb/ft3 (187.7 kg/m3). The air content of the concrete
was about 3 percent. Therefore a cubic foot of actual volume of freshly
mixed concrete of this mixture is calculated to consist of the following:

YVolume .
— —_ weight
Material re3 (m3) b e
Air 0.030 (0.00085) - -
Cement 0.125 (0.0035k) 2L e (11.09)
water (mixing) 0.167 (0.00k73)  10.k0  (L.72)
(Continued)
3




Volume
o3 @) B
water (absorption)*  0.015 (0.00042) 0.96  (0.hh)
Fine aggregate® 0.298 (0.008L44) 49.58 (22.49)
Coarse aggregate® 0.380 (0.01076) 64.03 (29.0h4)

Total 1.000 (0.02832) 148.47 (67.34)

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

8. Upon completion of casting, the top was closed and moisiure-
sealed <0 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
controlied almosphere of 70 + 3 F (21 +1.7¢C ) temperature and 50 e 4 per-
cent relative humidity.

Effects of Concrete Hydration

Temperature

O, Temperature in the freshly placed concrete rose at a continuously
ineressins rate during the first 10 hours afier casting (fig. 8). During
the next IS hours, the ‘emperature rose, but at a contimiously deceleruting
rate, and veaxed st all stations beiween 20 and 98 hours after plecing of
the conerste. Inmner stations recorded higher peak temperatures and e
longer rise <han ithae stations nearer the ends, though all stations, wiih
the excemiion of L and 5 (Carlson gages), recordec about 90 percent of +he
respective maximun Ltemperature rise within about 30 hours after casiing.
This heravior Indioatss that after a relatively shor: initial vperiod febout
30 hours) the rate of heat cissipation (heat flow toward the “wo cool faces
of the specim.n)} was nearly *hie same ac the rate of heai release resulting
from cemeni hydratlon. Within 100 hours, more heat was being dissipated
than wrs btelng relessed In all poriions of the specimen, Due to the rela-
tively facht “Tow o7 eal ‘oward the two cool end faces of the specimen,
temperaturer in the concrele never aporoached the value that would have
teen expecied under adiahatic condi‘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 (3L 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
sbout 060 days after casting.

11. Iron-constantan thermocouples were used 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 thermocouples 1-10, 12, and
14 were recorded on & strip-chart recorcer; thermocouples 11, 13, and 15
were read manually. Temperatures were fairly constant at different depths
within a section (fig. 10), but varied between sections, the highest tem-

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

Moistvrre

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 ib/ft3
(16 kg/h3) 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 11 and 12 1b/ft3 (176 and 192 kg/m3). Th- max~
inmum moisture content appeared to be approximately 13.5 lb/ft3 (216 kg/m)
at the interior sections (fig. 11).

13. The maximum indicated water content of 13.5 lb/ft3 (216 kg/ﬁs)
is somewhat higher than the theoretical water content of 11,36 lb/ft3 (182
kg/h3) computed previcusly for this mixture. It is possible that moisture
collecting on top of the specimen imrediately under the moisture barrier as
a result of the concrete bleeding would cause the surface backscatter gage,
which penetruates only the top few inches and reflects the moisture content
of a parsbolic section (the greater area being on the surface), to indicate
moisture content higher than that actually present near the center of the
specimen. In eddition, the tops of concrete surfaces normally have an in-

creased amount of mortar, and consequently a higher moisture content.
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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 nmull
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 connrete 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 st 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 & linear coefficient

of thermal expansion of 239 x 107 (239 X 10'6). Results for typical gages
¥ C

are shown in fig. 15.

Effects of a Temperature Gradient

18, Strain, temperature, and moisture in the concrete were in
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essentially steady states prior to application of the temperature gradient
of 80 F (44 C) w» the specimen approximately 17 months after casting. ' A

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

DPerature on the simulated interior vessel face. Since application of the
temperature gradient, data regerding changes in temperature, moisture, and
strain have been obtained regularly and are discussed briefly in the fol-
lowing péragraphs.
Temgeréture

192. The varia*tior in concrete itemrerature along the specimen's
center line iz veing determined by means of Carlcon sirain meters embedded
2z previously chown (£iz. 2 a resuli of the temperature gradient,
concrete temperatures within +the specimen continue to increase but at a de-
creasing rate as shown in fig. 17. ‘.z expected, temperature incraases in
he early stages after auplicatibn of neat were confined +o +that half of

nz heat. After approximately one vweek, relatively

{
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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
OLL 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 well were in an
essentially steady state at approximately 96 percent. Upon applicetion 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 tbz ex-
ception of the three nearest the open end, were at 100 pe.cent relative
humidity. The three wells nearest the open end continue to indicate rel-
ative hunidities ranging from 90 to 97 percent.

Strains

2:. Variations in concrete strain along the specimen's center line
as a result of applying a temperature gradient are presented in fig. 22.
The nighes? indicated strain is about 340 microstrains at ke station
negrest the heat. From this maximumm, indicated strains decrease in a gen-

1y Zinear manner <o less then 25 microstrains near “he open end.
Strain variations with time at typical stations are shown in %g. 23. As
expected, these curves are of the same general shape as +hose of ‘empera-
“ure versus time., VWhen the total strains are corracies for +hermal °'?21—
sion of the specimen (fig. 2L), it is obvious that “he specimen remains *n
an essentlally sieady-state sirain condiiion with nc simnifican* chenges ac

a restit of arrlying ‘e tempera‘ure gradient.
Jiscussion

27+ The falrly wniform “emperatures at different devihs wiihin e
cection ani <he relatively fast Slow 0F heat ‘oward ‘he two c0al faces of
the specimen during cement hydratiorn indicate thai “he boundary conditions
are sullicient w similate the fZow dath through a cylindrical wol of o

FCE whera unlaxial moisture ané heat Slow prevail.

L

)

~.  Jince applicatiIon o the tempirasure gradient, dute regarding

changes In temperature, moisture, ané s4rain have heen obizined reswlarly




for approximately one-third the anticlipated 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.
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