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WATER VAPOR TRANSMISSION OF PLAIN CONCERETE

~-R011-01-025

Type C
by

D. F. Griffin, R. L. Henry

OBJECT OF TASK

To measure water vapor permeability of concrete ond relats it to corrosion of
embedded steel; to investigate scit whisker crystcl growth on concrete; end tc mecs-
ure electrical] resistivity of concrete,

ABSTRACT

The effects of waler~cement ratio, relative humidity, oggregate size, concrete
slize positicn, and certain odmixtures such as oleic ocid and sodium chioride on the
permecbility of ploin concrete were investigated. Included is o quarter replicate
statistical experiment for two levels of eoch of six foctors to permit on onalysis of
varicnce of different variables in the permecbility study. Sait whiskar crystal growth
on specimens with sodium chloride as an cdmixture, believed io be reported for the
firet time, is discussed.

Water vepor tronenission values were found to be significantly higher for
higher woter-cement ratios, smoiler oggregcre, end the abtence of sodium chloride.
Concrete slice position, cleic azid, ond relative humidity were found to have no
sionificont effect when compared with experimentol voricbitity,

The dudy demonsitates that woter vopor transmission is not directly proportional
to water \ Spor pressuze differenticls between the erds of the flow poth.

The investioation of water vopor transmission in plain corcrete will continue,
togethar with stodies ¢f the electriccl restivity of concrete ond the relation of water
vapor tronsmission to the corrosion of steel in reinforced concrete,
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. . : In ~=:.. =tion with a ficld s:udy of reinforced coral concrete structures in

7 : tropical [2*~.s; conducted by Professor C. H. Scholss vnder Controct NBy-3171 of
_ * IS Maore: 959, end in conjunction with Task Y-ROO7-25-C:Z. core somples were
) s drilled from these structures in order to determine their water vapor permecbility.
o . Thz wet - - method ez deemed most switcble for this purpose.

1
(

)

v

Twenty-six samples, approximotaly 3.5 inches in diameter and 1.5 inches
thick, were secled in galvanized steel cups by using clternating iayers of plaster }
of Paris and 3M secler (ECE79), as shown in the cross section of a cup in Figure 1. .

[RNPRAY

A A few days after being placed in ¢ 20~porcent svivsiva *nonldity room ot

i 73.4 ¥, several of the specimens showed g fuzzy avwsh on ¥ wccued surfece

(Figure Zj. An X-tuy diifrection onalysis sxvecied this maiesia! 9 te primarily .
Al sodium chloride. A semiquontitctiva spectrogruphic Grulysis indizgtad the principal )
: cation to be No; traces of Ca, Al, }g. 5i, Fe, and Ci were sizc uctected.

= There was no direct comrziction between the orporent guantity of sclt whisker
growth cud the amount of salt present in the concrets. A ciuinica, - aalysis of the
concrety rees3:2d that ol chlarides expresied as a peceentage of Nefl by wsight
of ooniziams ronged from 0. 18 to 1.95. Vigorous whnisker growth as weil os troces
of mhisker g=pwih wise observesd as spacimens sc-tricing hig. o3 w.’l os tow salt .
coatan e, indicaoting that oiker fusters influsncin: whisker growth wzre present, *

-y

The guontitative veives 27 peaneability were incorclusive becouse over
period of fime mony of £:: spacimens were dislodged in the cups by internal pressures
{Figure 3). To im~tigute -4 sheromenon, o mercury monometer was placed on an
vndisturt.ad cup; o3 picwe® i Figure 1. it behaved in g repacteble manner; during .
tha first v .- £ indss 3 mascuTy vocuum pressure developed and during the follow- :
ing six woerc e ositivg grazare of up fo 74 L. A mercurv  joped. It wos
S concluded '-v 1. ~ investiostors Y such pressures cosld  .*dge o specimen from
PR o its seal,
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Figure 2. Scdium chleride whisker crystal growth on coral concrete.

2. mass spectrometric analysis o the gas in the cup indicated that opcroximately
20 percent by volume was hydrogen; no nonatomospheric gos was detected. One pas-
sible explongtion for the presence of hydrogen is that the zinc ond the iron in the
gelvanized steel cup crested an electrolytic couple, cgusing a releass of hydrogen
gas.
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STATEMENT OF THE PROBLEM

As an outgrowth of the above study, it was desired to explore the subject
further. A litereture search revealed that very little information exists about water
voper permeability of portland cement concrete. Therefore, o Laboratory Selected
Research Task was estoblished to determine whether or not <ignificant relationships
exist betweaen the spalling ond cracking of relnforced concrete, the effects of
scdiu chloride incerporated in the concrete, electrical conductivity of concrete,
ond water vopor penmeabllity of the concrete. The corrosion of reinforcing stee:s
assoclated with concrete structures, spalling and crocking of concrete, ond elec-
trical conductivity of concrate will be subjects of separate reports.

APPROACH TO THE PROBLEM

An ineri material was needed to reploce the steel cup; therefere, oerylic
resin tubes ond sheets were chosen as the most economical inert materials for fobri-
cstion of the wet cups.

Concrete cylinders 4 inches in diometer and 8 inches long were cast, from
which 1. 5~inch-thick specimens were cut. Thirty cylinders were cost from each
2.25-cubic-foot baich of concrate mixed in a Lancaster mixer.

Since the sealer used for previocus specimens was incdequate, onother materizl
hod to be found. A sealer was required that would (1) bond to the concrete as well
as the acrylic tube, (2) be inert, (3) be impervious to vapor trensmission, ond (4) be
cble to withttand unpredictable pressures inside the cups, Shell Epcn Resin No. 815
combined with Shell £pon Curing Agent T-1 wos found 1o mest the requirements,
RESEARCH PROGRAM
Phase i

The first study, herecfter referred to as Phase 1, was o3 follows:

1. The first foctor in the experiment to be varied with respect to the
pesmenbllity was strength of concrete — defined by woter~cement ratio. All three
concretes ~— high, medium, ond low strengiks — were designed fer equal water

Lathcalie S ot tad S L N R {111

oy

M-




i
i
£
|
|

[LLTTTS ey

.

cortents and o 3/4~inch maximum oggregate particle size. The strength was varied
by varying the cement content and odjusting the proportions of fine and coarse
oggregate. All concreie mixes were designed for equal consistencies without oddi-
tives or odmixtures; @ 3-inch slump was used os the measure of consistency. See
Table I for the complete mix designs. The cylinders not cut for wet cups wese tested

for compressive strength ofter fourteen days of fog curing at 73.4 F to obtain basic > ]

information obout the standard deviations of compressive strengths.

2. The second factor to bs varied was the absence or presence of sodium
chloride os on edmixture. The Gmount of NaCl to b odded was 1.5 percent by
weight of plastic concrete, based on the NaCl conters of the coral concrete samples.
The NaCl was dissolved in the mixing water bafore the watsr was cddes %o the batch. J

3. The third foctor to be varied wos the ambient conciifian in which the
permeability would be studied. The cups were placed in eithes ¢ 2-percent or @
2)-percent relative humidity (RH) room ot 73.4 F.

4. The fourth foctor to be varied was the jocation of the grocimen (disk) within
the length of the cylinder. On the basis of information abroined informally from the
Waterways Experiment Stction that the upper half of o concrete cylinder as cast is
more permecble thon the lower half, it was decided fo investigate slices tcken Fom
the upper, middle, ond lower portions of the cylinder.

To summarize, all the varichles involved in Phase 1 of this experiment were as
follows:

1. Low (L), medivm (M), or high (H) strength of concrete.
2. Absence {A) or presence {P) of NoCl.
3. 20 percent {L} or 0 percent (M) BH ot 73.4 F.

4. Lower (L), middle (M), or upper (U) slice fmm the test cylindar of concreie.

Thus, there were four foctors, two with two levels and two with three levels, making =
a total of 36 combinatinas in ali. The design varicbles identifisd by batch number =
appeor in Table ii. B
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Teble I. Summary of Concrete Mix Design Dcta

A. Characteristics of Materials

Cement: Victor, Type I .~. :
Aggregate: San Gabriei

Ccarse:  sp gr = 2.66; 24-hr obs = 1.6 percent
Fine: sp gr = 2.63; 24~hr obs = 1.8 percent

Groding:
Pounds Retained on Eoch Sieve .
Sieve 3/4~inch max 3/8~inch m
H M L H i
3/4 7.4 7.8] 6.2 O 0
378 74,1} 75.5} 73.7| ¢© 0 -.a
. 4 46,9 | 44.2 | 45.4] 103.9 { 106.2 -
No.8 | 2.2 28.6| 32.2| 38.3{ 39.8 )
No. 16 | 24.7 | 31.2{ 31.1| 27.0; 31.8
No. 30 2Z.2) 28,6 | 31.3| 23.6 | 23.7 .
No. 0 | 22.2| 23.4 ] 28.6| 18.7 | 24.0
No. 100 124§ 13.0] 14.6] 18.4 ¢ 21.0
Pen 50 72.8] 7.0}] 17.2] 19.2
Total 247.1 12680.1 |270.1 | 247.1 | 265.7 .
Water: Port Hueneme top water ¢t 73.4 F

Chemical analysis (ppn): hydoxide {0.0); carboncte £0.0);
blcarbonate {137.0); chlorides (62.0); caicium (38.0); mag- .
nesium {14.6); sulphate (465.0); sodivm ond potamsk 219.0) .

Stump: 3 in. (without odditives) :
Additives: Sodius chloride, U.S.P. granulor; F.W- = 58.45 (1.5 percent .Y
Ly weight of plastic concrete unless otherwise noted); olelc ocid, N
U.5.7. (0.25 parcent by weight of cement)
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Table l. Summary of Concrete Mix Design Data (Cont*d)

B. Botch of 2,25 cu ft consisted of the following: (Phoses | and I8, large ccorey ste)

Gravel: 3/4~in. max. porticle size
Sand: FM=3.16
- Cemer: Waterd Cement Foctor
x (ib) (1b) (sacks per cu yd)
H 5.9 2%.4 7.62
M 46.25 26.4 5.92
L 7.60 26.4 4.81

C. Batch of 2.25 cu ft consisted of the following: (Phase 1, small oggregcte)

Gravel: 3/8-in. max. particle size
Sand FM=2.98
Mix Cement Wctefgl Cement Foctor
(ib) (id) (socks per cu yd)
H 61.9 Z.5 7.92
L 37.2 7.5 802

AW e

g/The quantity of waier odded ot the mixer wcs comrected for moisture
present in the oggregate and moisture resgired for abserption.
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A batch design sheet was made to include identifications, amounts of
materials, inzluding odmixtures, to be used, ond the mixing procedure. Mixing
instructions on the dasign sheet were os follows:

1. Add gravel, sand, cemen?,

2. Mix dry for 30 szconds.

Add water (73.4 F) in shortest time possible with mixer running.

Mix for 13 seconds, or g tots! of 3 minutes including items 2 ond 2.
Take slump test: designed for 3 inches; octual slump inches,
I slump is too low, odd water and mix for 30 seconds.

Repect slump test. Final slump inches.

Ploce concrete in molds ond vibrote with a 1-inch stud vibrator.
Smooth off tops with wooden float.

Cover with metal glctes ond ploce in fog rocm.

After 24 hours, strip molds, number specimens, ond ploce them in fog
room on shelves,

Although the mix was designed for o 3-inch slump, the NaCl increased the slump to
opproximately 7 inches. After the hardened cylinders were numbered, a toble of
random numbers! was used to Gesignate two cytinders from eoch batch for permecbility
tests,

After 14 days in the fog room at 73.4 F, the 28 cylinders not chosen for the
permeobility experiment were tested in compression. The compressiva strengths as
well as their standesd deviotions were computed and oppear in Table 1l.  Disks were
sawed from the two cylinders chosen rundomly, then ploced in wet cups.

Before being sowed, eoch cylinder was embedded in plaster of Paris to ovoid
chipping the edges of the disk ot the breokthrough of the saw. A 3/4~incn slice
was removed from either end of the embedded cylinder, then o 1-1/2-inch slice wos
cut from each end ond one from the middle of the cylinder. After sawing, the
plaster of Parls wos broken oway from the disk (Figure 4). The disk was then guicaly
prepored for sealing in the cup by washing, surfoce drying, ond stamping with o
identification number.




Figure 4. Ploster of Paris costing around concrete cylinder o
prevent chipping of concrete of breckthrough of
stone saw.

A detaiied description of the plastic cup and component parts (Figure 5) is
given in Appendix A. The cup wos prepored for assembly by cleaning with sthyl
alcohol and checking cll the parts for a right fit. The disk wos then sealed in the
wet cup in the Upright position with respect to the es—cost position, and the cup
was assembled cocording to the procedure described in Appendix 8. After the cup
wos assembled, it wes half filled with distilled water. The water inside the cup
wuas considered to be an infinite source for woter vapor ot 160-percent RH.

A mercury mancmetes was attached fo the top cutlet. Before placina the
mercury, the air inside the cup was washed out with helium in order to eliminate
unknown effects of any active gases that might be prosent. Tygon flexibie plestic
tubing was used on the cup system — a short piece about 2 inches long on the bottom
outlet end g lenger piece ohout 12 inches long connerting the top outlet to the mon-
cmeter (Figure 6). All connections wese wrap-secled with Scotch Plastic Eleciricsl
Tope No. 33 to prevent leakoge, ond o short length of masking tape was applied
over the electrical tope to prevent its own tension from causing it to loosen.

fi}).0g/n gon £24
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Figure 5. Component parts of acrylic wet cup.

The wet cup was then ploced in the opgropricte RH room.  Five fo six hours
elopsed from the timc the disk was sawed fo the time the wet cup was ploced in the
RH room. Another twelve hours or so were allowed for the cup and contents to
reach the 73.4 F temperature of the RH room before the initial weight wos taken
and the mercury in tho manometer was leveled.

meweicupwasmighedintheﬁﬂmmtothenem“n(esrbnatedbthe
neorest half gram).  All cups were weighed weekly, Weight losses in groms versus
time in days were plotted on a groph like the typical one in Figure 7.

After the first day each cup developed a few miliimeters of vocuum, as
indicated on the monometer. The vocuum increased at a different rote for each cup;
ofter o month some cups developed a vacuum of over 200 millimeters of mercury.
The vacuum continued to incresse, but as the mercusy reached its limit of travel,
clomps were plocad on the Tygon tubing and the monometess were removed without
disturbing the interior of the cup. A likely explanaticn for the vocuum in the wet
cups is that the helium hos a diffusion coefficient through most substances graater
than that of the atmosphere; therefore, a drop in intemal pressure developed in
each cup os the helium diffused through the ossembled cup system.
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Figure 6. Acrylic wet cup ossembled with specimen ond manometer.
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. Discussion o, Phase | (Results)

Compi essive Strength.  The curvas in Figure 8 were plotted from Table L.
The top bwe curves, reoresenting compressive sirength plotted with respect to water-
cement rati:, relate concrete without NoCl to concrete with 1.5 percent NaCl by
weight of plastic concrate. These cuives show thet concrete without NaCl has o
higher 14— 5y compressive strength thon concrete with 1.5 percent NaCl. This
relation held true for all the wates—cement ratios used — 0,444, 0.571, and 0.702
for high=, redivm=, ond low-strength concretes, respactively. This relation wos
also verifierd loter in Phases 1l and 11l

The <>ttom two curves of Figure 8, representing standard deviation of
compressive strength versus water-cement ratio, relate concrete with 1.5 percent
NaCl end vithout NaCl. Thz stondard deviation for concrete with 1.5 percent
NeCl is definitely lower than the stondard devigtion for concrete without NaCli.
There also ieems to be a minimum stondord deviction ot o cartoin woter-cement
ratio; i H.use plots the minimum stondard deviction accurs of o waotar-cement ratio
of 0.61 for both concretes. At eoch of these water~cement ratios there is the leost

deviction ¢ variation of compressive strength anong samples.
Pern echility. The equetion, bosed on a form of Fick’s law, thot generally

hos been u-ed fo calculate water vapor permeability (WVP) coefficients for concrete
iss

we -
WP = ——— 1
At AP ()

total weight of vopor tronsmitted, grains (1 gram = 15,43 graias)
length of flow path (or thickness of specimen), inchas

arec of cross section of flow path, square feet

time during which the vopor tronsmission sccurred, hours
difference of vpor pressure between ends of flow path, inches of
mercury (ot 73.4 F: 100-0 percent RH, AP =0.82948; for

100-20 percent &K, AP =0.8 (0.82948) = 0.6£358; for 100-50
percent RH, AP = 0.5 (0.82948) = 0.41474)

permeability coefficient, grain~-inches p2s square foot per hour
per inch of mesrcury vopor pressure difference
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Using Equation 1 to calculate WVP gave higher values for wet cups in she
S0-percent RH room thon for companion cups in the 20-percent RH room. After
examination and comparison, it was decided that such calculated WVP values were
incompatible. For specimens of identical mix design, A was constant and £ was
virtually constent; for equal values of t, W was measured ond found to be necrly

constant; therefore, the only variable thought to be significant was AP, the motivating
force.

The Building Research Advisory Board Report No. 14 to the Federal Housing
AdministrationS hos summarized the current professional thinking oebout the wr- in
which water moves in concrete as follows:

“The Committee (Advisory Committee of BRAB) believes that moisture is
transferred through pertially dry concrete in the cbsorbed or condensed
state by surfoce diffusion and does not move as vopor through concrete.
Also, where good practice has been followsd in the design and curing
of concrete, it is believed that moisiure does not move through the con-
crete by capillarity aos it is usually understood. The transfer process is
considered to be the some where either liquid water or water vapor ore
present directly beneath o slob-on-ground. However, other conditions
being similor, there is believed to be ¢ much slower tronsfer te the
obzorbad state when vapor rather than liquid water is in contoct with

the slob. This results in a slower rote of moisture tronsfer through the
slab where oniy vapor is present.®

Further, "Due to the hygroscopic nature of concrete it is believed
incorrect to consider the rate of moisture transfer proportional t= the
vopor pressure differenticl between a moist and < dry side of a slob,
This is becouse moisture moves through o mature concrete in an cbhsorbed
or condensed state end nct in a vepor phase.  For water moving through
concrete in g condensed state, the driving force is not computed from

the difference between the two pressures but from the ratio between the
two relative humidities. ®

Moreover, “The Committee recommends caainst expressing results in
terms of persmeance cos defined in ASTM Designation: E96-53T,
Appendix Z,  Computation of parmeonce is based on the assumption
that moisiure travels through particlly dry concrete as vepor, wheress,
vnder the cenditions of these teste, it is transferrad in the obsorbed
state by surfoce diffusion, Motive force is proportional to the loga-
rithm of the ratic between the vopor pressure on the moist side and
that o the dry side; it is not equsl to the difference between the two
vopos pressures os assumed in the ASTM definition.™

L TSN
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According fo Babbitt, 4 Fick®s low states that the concentration gradient is
the driving force for diffusion ond, since concentretion is independent of the phys-
ical state of the molecules, Fick's law does not distinguish cbsorbed moisture from
meisture in the gaseous or liquid phases, and therefore is not appliceble to
hygroscopic matericls such o5 concrete.

Babbitt® further points out that "...movement of moisture through porous or
granular solids is o complicated phenomenon that connot be solved completely by
ony single approach.”™ Moreover, "...any satisfoctory explenation of the movement
of moiskie not only must consider the physical state of the water molecules -vithin
the solid but also must includa cll possible modes by which the molecules might
move.® He distinguishes six possible states: vopor, liguid, ice, chemical compound,
abrorbed, ond dissolved; ond odds: "In each of these states, the woter molecules,
vnder certain conditions, are copable of movement, and all six states may contri-
bute to the migration of the moisture.® He then presents g form cf the Stokes-Navier
equation os 3 generalized equation of flow, since "...ony movemont of a fluid must
sbey on equation of iransport of the form of the Stokes-Navier equotion-:

oP
LA, =0
ox A"

In the obsence of a numerical evoluation for concrete of the pressure grodient
6P/5 x, and the resistive force A, the foiiowing expression for water vopor trans-
mission (WVT) was arbitrarily odopted for this study:

- sW @
At

length of flowr poth (or thickness of specimen), inches
weight of vapor fransmlited, greins (1 gram = 15.43 grains)

arec of cross sectlen of flow path, square inches (11,12 square
inches for specimens reported herein)

time during vhich the vapor fransmission eccurred, days (100 days
for this study)

wgter vopor tronsmission, inch gralns per squore inch per day
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Equation 2 can be reduced to the following simple werking form:

WVT = ¢ WC &)

where C=0,13976, and 2 and W cie used in units of inches and groms, respectively.

The weight of water loss for ecch cup for a period of 100 days was interpolated
from the straight-line portion of a groph like the typical one in Figure 7. Substituting
values of W and ¢ from Table 111 into Equation 3, the WVYT vaclues were computed
for sach wet cup. All three cups (top, middle, and bottom slice) of the some design
were avercged because there was no opprecicble difference in their volues (Tabie iifj.

It is interesting to note that the WVT values are clmost aqual for identical
specimens in the different RH rooms. It must be remembered that gll specimens hod
newly egqua’ dimensions; therefore, W is the oniy significant voriabie in Equation 3
for this study. Since meosered values of W were glmost equal for identical speci-
mens, it is opparent that ambient relative humidity hod no significant effect with
reference to WVT. Therefore, ambient relative humidities used in this study seem
to have little or no effect on the transmission of moistie thicugh g concrete disk.
This conditicn con be better understood by examining Figure 9. This figure shows
that the upper two curves representing concrete without NaCl lie very close to each
other, as do the lower two curves for concrete with 1.5 percent NoCl. The WVT
increases with an increcse in water-cement ratio (lower strength concretej.

It is most importent to note that the WVT for concrete without NaCl is about
twice thet for concrete with 1.5 percent NoCl. The following is o summary of the
effect of 1.5 percent NoCl in concrete with a high water-cement rotio:

1, The slump is increased from 3 inches to 7 inches,
2. NaCl whiskers develop on the wet cup specimens.
3. The compressive strength ic reduced,

4. The WVT is reduced.

A faint growth of whiskers was first detected ofter the low=~strength specimens
cotaizing NaCl were in the RH room for three days; the higher the concrete strength
(the lower the water-cement ratio), the longer the time that was required for the
initial growth of whiskers to begin. A discussion oppears later in this report under
the heading “Sodium Chloride Whisker Crystals. ®
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O—@ 2 porcst RH, 73.4 7
O=we =) 50 petcant RH, 73.4 F

Lorge Agyregote, Helivm, each poirg is avg for 3 tests

0.86
0.70
.
0.40 AY
0.0 percent No Q3

b

3

WYT (inah « grains per oq In. per day)

1.5 percent NeCl

a.10
c4

|
k

[ X7 0.6 0.7
Weter - Con sn? Ratio

Figure 9. Water vepor fransmi: sion versus woter-cament

ratio = Phase |.
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Phose 1l wos initiated to consider hwe odditional focioss, I commection wifh

the Lobosstory®s "Hydrophobic Cement® Tosk No. Y-ROG7-05-028, alelc oid is
used cs an oddiiive to moke cement resistont ¥ sack-haydenlng, porticuixly in
tropical locatiens; therefore, it was decidad ko include olelc ozid os @ varichle.
Iy odition, the effect of modmuss oogregale size w of Inferast. | woe dacided
from the rewsits of Phose | thot the modlum sirength of concrete and the middle dise
from the fest cylindsy wers not necessary in the Phoss 1 study, The wasictive
invclved in Phase 1l of this expariment wers os follows:

1. low (1) or high {H) strength o conerete,

2. 3/B~-inch {S) or 3/4~inch (L) xoximus cggressis size.

3. Absence (Aj or presence P) of M3,

4, Absence (A) or prezence {F) of alale scid,

S. lower (L} or vpper (U} dics fise the test cyiinder of concrate.
6. 20 percent {i} o7 30 perzent (&9 B2t 72,4 ¥,

Thus there were tvo lovals of eoch of six faclor, making o total of 64
combincticns In cll. A cuarter replicote axperiment o shay i, one having 15
combingtions — was used o Phase B, This chose bad more woricbias thon Phose |
but took less than half the number of wet cups, clthough it dic not revea! the shopes
of the trend cwrves o« Gefined by Sweoe points. The daddn vazichies identified by
batch number oppecy in Tobiz V.

The procedurss For Phase 1} wose the soxme os those for Phose | except that
nitrogen gas was wsed in plece of helium g B avsid development of o vosum.
Oleic ocid and dry cement wore mixed in o pebble mill {(withou? the sebbies) fos
25,000 revolstions.

After o wet cup wos cssambled, i was plgcad in its designeled RH room and
pesiodic welght ond manometer readings wers tokan o5 in Phase I The merewsy
Rezmeters raveaied little or ro vasvum, Aler six wesks it wos decided that the
moncneters wers ef no further conssguance ond they weore ramoved from olf the
wek cupe,

The NoCl whiskers developed, os previcusly describad, on olt thoss specinens
which contgined 1.3 porcant NaCl,

21
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To cscertain if the cup assembly system wos impervious to moisture, three
types of control cups were assembled s follows:

1. in ploce of a concrete disk, an acrylic disk was cemented to the top of
the cup, the cup half-filled with water, the air flushed out with helium,
and the small occess tubes clamped tight.

2. Some as (1), but tlushad out with nitrogen.

3. A cup with o concicie ditk weos sealed ocross the top with a 1/4-inch
layer of epoxy.

One of eoch of the chove assembiies was ploced in the S0-percent RH room
ond one ench woe ploced i5 thg 20-peicent RH room. Affer six months there was no
detectable waight loss, thus showing thei the system was impervious to moisture.

Discussicn of Fhaose I (Kesults)

The curves for small ond lorge oggregate with ond without NoCl were plotted
from Table 1V and oppear as the top four curves in Figure 10. Here ogain, it is
shown that the presence of 1.5 percent NoCl in concrete iowers the compressive
strength. Figute 10 also relctes the effect of oggregate size and strength. With
and without NaCl, the concrete containing small oggregate hod g higher conpressive
strength than the concrete containirg largs oggregate. (The designation of 3/4~inch
cggregate s "lerge oggregate® is a relative term within this experiment.)

Figure 10 olso contains curves for standord devigtion of compressive strength
versus water-cement ratio for concrete containing small as well as lorge oggresais
with and without NaCl. Here ogain, the standard deviution for concrete with
1.5 percant NaCl is less thon concrete without NaCl.  For some unexplainable sea-
son the sprecd of the curves is greater for lerge ogaregate with and without NeCl
than for smoll oggregate with ond without NoCl. The NoCl seemed %o hove slightly
less effect on the small thon o0 the large opgregate concrate.

As in Phase | the weight of vapor loss for o period of 100 days was tcken from
ire siroignt fine portion of the weight=time graphs for eoch cup. Computed velues
of water vopor tronsmission oppeor in Table V.
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These values of WVT were plotted with respect to water-cement ratio for
small and lorge oggregate with and without NaCl (Figure 11). The shcpes of these
two-point curves were based on the three-point curves of Figure 10. Again the
foct that the presence of 1.5 percent NoCl lowers the WVT value is demonstrated.
The top two curves, representing concrete without NaCl, clearly show that the
snoll aggregate concrete has g higher WVT value thon the lorge oggregare woncrete.
Unfortunsicly, becousz of a condition referred to as a “rondom devicte™ by
statisticians, the curves representing small and large oggregate concrete with
1.3 percent NaCl in: 2rsect, ond therefore do not allow any direct conclusion to be
drawn, without benefit of analysis of varionce. The “expected® rates of WVT,
plotted on Figure 11, demonstrate the probable relationships. These two curves,
identified by o triangular symbol, help to explain these vorigbles in that they follow
the some pattern as the other comperative curves., Al the curves show that higher
wgter-cement-ratio concrete has @ much higher WVT value thon iow watercement-
rolio concrete.

It may be noted on Figure 11 that there is an cpparent inconsistency in date
sources for embient RH, NaoCl, end oggregate curves. Becouse of the quorter repli-
cate chosen to b2 investigated, there was neither o specimen with small oggregate
and without NaCl in the S0-percent RH room nor a specimen with lorge oggregate
ond without NaCl i the 20-percent RH room. The opposite situation existed for
specimens with 1.5 percent NoCl. But since it has been concluded that RH has no
significant effect on WVT, the curves cen be compared on a sound basis.

The resulting values of WVT, os found in Tchle V, were subjected to an
analysis of varionce. Results of this onalysis are presented in Appendix C. Water
vepor tronsmission volues were found to be significantly higher for highet waier-
cement ratios (lower concrete strengths), the obsence of NaCl, end, %o ¢ leser
extent, the smalles oggregate size. Concrete slice pusition, ofeic ocid, ond RH
were found to have no signiiicant effect.

Comparison of Phose | ond Phase il

Phases | ond 1 were similarly conducted except for the gas used to flush the
inside of the wet cups and the kind and number of veridbles shedied. The curves
in Figure 12 represent WVYT volues frem both phaoses plotted with respect to water-
cement ratio for nitrcgen ond helivm gases for concretes with and without NaCl.
The top two curves, representing concrete without NaCl, show the effect of nitrogen
relctive to helium to give o higher WVT. The same relation holds true for concrete
with 1.5 percent NaCl. This is shown further by the following example. By toking
the WVT value for o wet cup containing helium from Phcse 1 end odding to it the
correction foctor taken from Figure 12 (The ordinate volue between two curves with
similor variables), it was found that the new point falls on or very necr the curve
representing o wet cup with similor varicbles containing nitrogen from Phase 11, The
effect of different gases wos not intended to be a varicble in this experiment, but
interesting developments hgve come from their use,
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Sodium Chloride Study

Apart from Phoses | and 1], but as on outgrowth of the effect of NaCl on the
compressive strength of the concrete of those studies; on investigation wes conducted
varying the perceat of NaCl in the concrete. Additicncl specimens were mode
following the same procedure as n Phase 1 but varying the perceat NaCl between
0 ond 1.5, The design variables, compressive strengths, ond standerd deviations
oppear in Toble V1. Scme specimens from Fhases | ond 1l are listed in Table Vi for
comparison and convenience,

R . 1]

A groph of compressive strength plotted with respect to percent NcCl {focte Vi)
cppame @ the top curve in Figure 13. Note that with on increase of NaCi from
0 to 0.6 percent there is an increase of compressivz drength; with odditional salt
the compressive strength decreases o the limit of the experiment. Thz bottom cwrve,
though inconclusive, represents the standaxd deviction of compressive strength
(Table VI) also plotted with respact to perceat NaCl. Bo™ <urves in Figure 13 cre A
for low-strength ~oncrete {water-cement ratio, 0.702). Table Vii summarizes the
NaCl study dodo and is included for informational and comparative purposes.

As snali an amount of sodium chioride os 0.075 percent by weight of plastic
concrete 1ncrzused the slump from 3 to 6 inches. Increasing the amounts of salt up
to 1.5 percent further increased the slump to 7 inches. The dato in Figure 13 ore
for a constant water-cement rotio of 0.702. If the waoter~cement ratios were reduced
to provide equal consistencies (slumps), the curve chould shew significantly higher
coenpressive strength volues.

Nothing was foung in the literature to cither verify or nullify the finding of en
optimum salt content for moximum strength; however, Kleinlogel® reporied that experi-
ments mace by the building department of the city of Berlin-Charlottenburg ond by
Dieckmann resviied in on increase in strength in most cases when sodiumn chloside
wos added to concrete. He further odded that American publicotions reporied g loss
in strengin of frum 7 tc 40 percent when 1 to 20 pescent sodium chioride solutions
were oddcs to the concrele mix. He gl made the following interesting observasions:
Soditm chioride may ccuse effloresence;* it will cause reinforcing steel to rust; and j
cor.cratz mrvde with chloride ebsorbs much moisture from the qir. -

Tae results of the present study point ou? the need for further investigation

abast the effects of NoCl on concrete. At present o detailed investigation of sait- ;
waiss concrete is being conducted under Tatk Number ¥-R007-05-012, |

* this may have been sa:t whisker crystals.
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Sodium Chloride Whisker Crystals

.. Whisker crystal growth on portiond cement concrete incorporating sodium N
- chloride is believed to have been first reported in this skudy. Within three days N i
: B f - aofter being placed in either of the test environments, the high vataracamant ratic -
’ ' ; or low-strength concrete containing NoCl developed visible whiskers. The rate of

. growth oppeared to be somewhat more rapid in 20 percent than in 50 percent RH;
; in general, however, the ultimate omount of growth over three or four months .
oppeared to be chout the same. .

One of the authors (Griffin) observed the same type of growth in en air- :

conditioned building on Midway, where the external temperature ranged between N

70 and 108 F and the relative humidity ranged between 100 and 50 percent. On :

6 July 1960, in on cir-conditioned room inside the building the tempercture was
i 69 F ond the RH was 51 percent. In a non cir~conditioned rocm, where whiskers ! :
. were cleo growing, the temperature was 83 F ond the RH was 54.5. These whiskers !
emerged through o layer of paint ond the surfoce of the walls hod floked off to o :
depth of 1/32 inch. The whiskers were fine enough o move chout in the room on ; :
gir currents end thus damoge the large amount of eleckonic equipment that wes
houssd in the building. It is not known whether the whiskers hod the some ultimate . ,
deteriorating effect on this equipment as do metal whiskers thot develop short circuits
on microministure electronic devices.

C e e W ameeme ae

Many crticles about whisker crystals have appeared in various journais ond
maogczines in recent years. Reference 6, en outhoritative and comprehensive single
volume deaiing with the growth ond perfection of crystals, describes whiskess of
meny substonces, including sodium chloride. The description of these whiskers cor-
responds very closely with observations made by the authors in this study.

On some of the Laboretory's specimens the whiskers wer  like lamb*s wool, )
on cthers they ware stubby ond coarse. Figure 14 shows the whisker growih on low- 2 4
strength concrete cfter 5 months, Figuze 15 shows growths mognified 15 times. .
Individual whiskers were cbserved to be as 'ong as 4 centimeters ond o3 small s N
0.025 rsillimeter in diameter. Geometric configurations on a single concrete disk
= included spirals, helices, ond noncurvilinear shapes. in oddition to individuai
whiiess, dense mats of closely packed porallel whiskers emerged, usually separsted
- from each other necr the tips. Individucl whiskers were stricted longitudinally ond ,
had the appecronce of having been extruded trom a die os they continued te grow -
from just under the sixface of the concrete, They definitely appeared to have grovm B
from the base. In foct, if viewed ct the proper time under ¢ low-powered microscope, .
they may be cbserved breaking through g crust in the matrix that has been fiffed cbove )
v its originc! position by the formation of the whiskers. - i
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FINDINGS

"(WHMW\

Water Vepor Permecbility

1

1. The form of Fick*s law which is commenly used to determine water vapor
permeability for concrete was not verified.

WNSE HTROTIRT U Y

2. An equation for & WVT (water vopor transmission) quantity equal to Vi
is more suitable for the observed phenomenan than Fick®s law. At

Strength st Concrete

. There is an epiimum concentration of NoCl for maximum compressive
strength of concrete with: o given high water~cement rotio.

2. Concrere with 1,3 percent NaCl kos less sirength than concrete without
NaCl, other foctors being equal.

3. Concrete containing snall oggregate is sirenger than concrete contoining
lorge aggregate for identical water-cement rotios.

Water Vapor Transmission

1. WVT increases with cn increcse in water-cement ratio.
2. WIVT increases with a decrecse in moximum porticle size of oggregcte.
3. WVT decressss with the presence of 1.5 percent NaCl in the concreta.
W VT decreases with the presence of helium inside wet cups.
WVT is independent of the location of segments in a concrete cylinder.
WVYT is independent of the presence or absence of oleic acid.
WVT :cte oppecss to increase slightly in a majority of cases o3 ambient
RH dacreases {partial vapor pressure increases), but for the range of the

tests, 20 and S percent RH at 73.4 F, the trend is not significent when
compared with the experimental variability.
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Gereral

1. Salt whisker crystal gr jeteriorates the surfgee of the concrete where
the whiskers form.

R T e R ]

Acrylic cups, which are Inert, proved to te impervious to vapor leck as
indiceted by the control cup tests.

The results of Phase il {quarter replicate) were verified by results of
Phose 1 (full replicate]}.

CONCLUSIONS

1. Acrylic cups, as used in this investigcticn, are completely sctisfoctory

2, A froctional foctorial design for estimeting WVT for severcl voriobles is
not only reliotie but aiso i, econoc..cal.

3. A well-founded mathemstical expression is ye! to be established for
predicting WVT for g given concrete. In the meontime, straight-line
portions of the weight=loss~time curve provide a proctical solution.

FUTURE PLANS

All the wet cups will continue to be weighed for on indsfinite time, and
odditional information will be sought,

A Phase ] study is plonned to investigate the effect of water vapor trensmission
on steel embedded in concrete disks ploced in é-inch~diameter wet cups. This will
provide ¢! legst 48 odditional wet cups from which water vopor transmission ond the
effect of specimen size can be studicd. It is clso plonned to study the elecirica!
resistivity of concrete.
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Appendix A
PLASTIC WET CUP DESCRIPTION

The following is o detailed description cf the plastic wet cup and compenent
ports. Refereace shouid e mode to Figures 5 ond 6 in the main text of the report.

The main body of the cup, which is cut from Codeo poliched colorless end
- transparent cost-aerylic-resin tubing, is 5-1/2 inches long, with a S5-inch ouride

- - diometer ond g 4~1/2-inch inside dicmeter. Th= fubing is machined smooth on both T
ends, cut with three circumferentiol goging grooves on the inside near the top within
the dimensicn of the thickness of the specimen, aond drilled for the occess tubes.

The purpose of the grooves is o cffer the maximum secl with the epoxy.

The top ring is cut ond mochined to size from 1/4-inch Plexiglas "G™ sheets.
The cutside dioneter is 5 inches ond the inside diometer is 3-3/4 inches +1/64 inch.

The annulor ring with the counterbore is cut ond mechined from 3/8-inch
texiglas to fit tightly inside the main tubing body. The oulside diometer is approxi-
mately 4-1/2 inches ond the inside diometer is 3-3/4 inches £1/64 inch; the
courterbore is 4 inches +1/16 inch in Giceneter and 3/16 inch deep. ¥ is importont
that this ring fits tightly in order to have a perfect seal.

The bottom plate is cut ond machined to size from 3/8-inch Plexigles, with
a diameter of 5 inches £1/32 inch. A shoulder 1/8 inch deep ond approximately
1/4 inch wide is mochined to fit the bottem of ecch section of the main tubina.

The aoccess tubes are cut 1-1/2 inches long frem extruded ocrylic tubing with \
& 3/8-inch cuter dicmeter ond 6 1/4-inch inner diometer. The fubes and holes in B
the main body are tcpered slightly to provide o tight fit.
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Apperdix B
'WET CUP ASSEMBLY

The following is o detailed description of the step-by-step procedure for
assembling the wet cup. Refererce should be mode to Figures 4, S5, and 6 in the
main body of the text.

1. Meaosure the thickness of the concrete disk in four different places with o
micrarv=i<s ond record the gverage thickness.

2. Clean ol plastic ports of cup with ethyl cleohol and allow to dry.

3. Fit counterbore of annular ring onto bottom of concrete disk.

4. Mix the desired quantity of epoxy in the proportion of four poarts Shell
Epon Resin 815 with one part Shell Curing Agent T-1 by weight ond thicken to
consistency of paste with a thickening ogent, *Cob-0-Sil, ® ond seqd the ring to

the disk by comstructing a fillet of paste on the top surface of the ring odjocent to
the concrete.

5. Ploce the main body of the cup {(4-1/2-inch id tubing) over the inverted
disk~ring component and press it down so that the concrete disk is flush with the top
of the plastic main body in the inverted position.

6. Seal the disk-ring component in the mgin body with Codco~94 Genesc!
Furpose Acrylic Cement (consistency of water). At the some time, secl the occess
tibes in plece. Allow to dry 15 minules.

7. Mix the desirad quontity of epoxy in the same proportions os in step 4
without thickener. Set the cup upright on a level surface ond fil! the cnnulor space.

8. Allow the epoxy io se! until hardened. This may toke os much as five
hours.

9. Secl the top ring onto the cup with o thin loyer of epoxy. Ploce a pressure

plete and weight (12-15 pounds) on top of the ring to hold it in position. Allow to
set,
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10. Seal the bottom plate to the cup with a thick acrylic cement. Plece o
pressure plate and weight (12-15 pounds) on top of the cup to hold it in plece.
Allow 30 to 45 minutes to sat.

11. Attach a 2-inch length of Tygon flexible plastic tubing (Formulaiion
R-3403; 2/R-inch id, 1/2-inch od) securely to the bottom cccess tube.

The cup ossembly is now completed and the cup is ready to b= filled with
water, woshed with gos, and to have the monometer cdoched 8o the upper aocess
tube, if one is desired. If o monometer is not required the upper access tube is not
needed.
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Water vopor transmizsion values were found to be significantly higher for the

[P
'

Lo, high wates—cement ratio, the absenze cf sedium chloride, end, to a lesser extent, -
' the emcller oggregate size. Czncrete slice position, oleic acid, and reistive humid-

i i*- were factors found to hove no significont effects.

It is interesting to note thot the small residuc! ecror indicctes that much of the
vorigbility hes been cccounted for in the experimental procedures and in this
onaiysis.

Implied in the above enclysis is this linecs statistica! model for the "expected”
rate of the water vapor transmissicn:

“Expected” rate = 0.401 - 0.127A + 0.0178 - 0.052C - 0.101D + 0.003E - 0.004F

The following tctle shows the experimental design, the resulting observations
of the rctes of water vopor tranemission for the indicated combination of factors, the
“expected® rate os computed above, ond a check column to show thats

T {cbserved - “expected”) =0




Experimental Design and Resviting Observed and "Expected®

Retes of Water Vopor Trensmission

Factor Facter Levels Observed  “"Expected® {Chbserved-
Comdination A B T D E F  Rae¥ Rate®/  “Expected®)
S 1 -1 -1 -1 -1 -1 -} 0.714 0.685 0.049
s 2 + 41 #1 -1 +1 -] 0.292 0.347 -0.055
S 3 +#1 +1 -1 +1 -1 +1 0.274 0.235 0.03¢%
S 4 =1 =1 #1 +i 41 +i 0.329 0.357 -0.028
$ 5 +1 -1 +#1 #1 -1 -1 0.185 0.105 0.030
S 6 +1 «1 -1 -1 41 # 0.381 0.409 -0.028
S 7 -1 +1 # -1 -1 +i 0.558 0.587 -0.029
S 8 -1 # -1 #1 +#1 -] 0.443 0.503 -0.050
S 9 +1 31 -1 -7 -1 - 0.389 0.445 -0.056
S1o0 =1 -1 #1 -1 +1 -} 0.581 0.567 0.014
SH -1 -1 -1 #1 -1 # 0.376 0.455 -0.079
S12 +1 +1 41 +1 41 41 0.i60 0.137 0.023
S1i3 +#1 -1 +1 -1 -1 + 0.281 0.299 -0.018
Si4 +1 -1 -1 4+ # 4 0.222 0.215 0.013
S15 -1 +1 #1 +1 -1 -] 0.408 0.393 0.015
Sié6 -1 41 -1 -1 #1 # 0.817 0.697 0.120

E{cbserved - "expactes®) = 0.000

oy Inch-greins per square inch per day.
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