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PREFACE

The work reported herein was authorized by the Office, Chief of
Engineers, as part of Item CW 612, "Prepakt Concrete and Grouting,” of
the Corps of Engineers Civil Works Investigations program, and completed
under Item CW 550, "Grouting Research - Concrete Dam Frundations.”

The investigation was begun in 1949 and was conducted by the Cou-
crete Division of the Waterways Experiment Station under the supervision
of Mr, V. L. Minear, formerly of the Office, Chief of Enginecers, and
Mr. H. K. Cock, formerly Chief of the Concrete Division. Personnel of
the Waterways Experiment Station actively engaged in vhe work were

T. B. Kennedy, C. H. Willetts, W. O. Crawley, R. L. Curry, B. Mather,

K. Mather, and L. Pepper. This report was prepared by Mr. Cook and
Mr. Kennedy.
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SUMMARY

This investigation of various grout mixtures and grouting pressures
to determine their effe~ts on the grouting of fine fissures was performed
in three stages. In the first stage the lowest water-cement ratio grouts
that could be pumped through cracks of 0.0l-, 0.02-, and 0.03-in. thick-
ness, formed between specially prepared concrete slabs, using 100-psi
pressure were determined. Standard field grouting equipment and methods
were used. The grouts investigated consisted of neat cement, cement plus
fly ach, and cement plus fly ash plus Intrusion Aid. The second stage
provided information on grout penatration and the quality of hardened
grout films obtained at pumping pressures of 25 and 50 psi using the
same grout combinations as in the first stage and an additional cowmbina-
tion of cement plus Intrusion Aid, through crack thicknesses of 0.02 and
0.03 in. Tests were also made on neat-cement grout plus calcium ligno-
sulfonate (RDA) at 25-, 50-, and 100-psi’ and on neat-cement grout plus
Intrusion Aid at 100 pei. In the third stage information was obtained
on the quality of hardened grcut filme and the penetration of 0.03-in.
cracks using a 50-psi pumping presswre and grouts containing various
proportions of cement, cement plus fly ash, cemeat plus RDA, cement plus
fly ash plus RDA, cement plus slag, cement plus pumicite, and cement plus
opaline shale. Tests were also made for consistency,.bleeding, setting
time, and solubility of the hardened grout films in distilled water.

The general conclusions and indications derived from the three
stages of the investigation are contained in the following paragraphs.

The surface condition of the fissure, the ratio of the maximum
grain size of the solids in the grout, the water-cement ratio
of the grout and the pressure at which it is pumped all in-
fluence the width of crack that can be penetrated. The use of
a fine sieve cloth to remove oversized particles from the grout
seems warranted.

Poor bond between grout film and the top of a crack apreared
to be normal because some bleeding almost inevitably occurs

with grouts having water-cement ratios practicable to pump.

Grout films with water-cement ratios of 0.5 or less bled little
and were hard and dense. Setting time increased with increas-
ing water content, and neat grout with a water-cement ratio of
3.8 by weight required ten days to set.
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The use of fluidifiers allowed some reduction in water-cement
ratic that could be forced into a given crack thickness. Their
use increased setting time, decreased bleeding, and had little
effect on the solubility of the grouat film as judged by leach-
ing tests.

An approximately straight-line drop in pressure occurred from
the intake to the exhaust end of the crack when cracks of 0.02-
and 0.03-in. thickness were grouted. With finer fissures the
pressure drop was steeper for the first 12 in. than for the
remaining 36 in. of crack length.

Frequently the solids appeared to have agglomerated in hardened
grout films containing fly ash. The use of ground, water-
quenched blast-furnace slag, pumicite, and opaline shale ap-
peared to reduce bleeding and improve the appearance of
hardened grout films.

Resistance of grout films to leaching increased with age and
with decreasing water-cement ratio. Ground slag and opaline
shale reduced the solubility of grout. The effects of pumicite
and fly ash on solubility were inconclusive.




PRESSURE GROUTING FINE FISSURES

PART I: INTRODUCTION

Purpuse of Investigation

1. It is recognized that the strength and ‘mpermeability of a
grout f£ilm follow the water-cement ratio law as do mixtures of other ma-
terials containing water and cement. Because of this fact it is desir-
able, where important work is concerned, to use grouts containing as low
water contents per unit volume as possible. Since the lower the water
content the thicker the grout, it is also important to determine the
thickest consistencies that will penetrate cracks of various widths at
given pressures.

2. In sealing fine seams, grouts having water contents as high as
20 to 1 (20 cu ft of water per bag of cement) are sometimes used, and
grouts of a consistency as thin as 10 to 1 are not uncommon. The assump-
tion has been that thin grout placed under sufficient pressure to force
out the excess water used to obtain such a consistency will form a hard
durable film. Whether it is always possible to exert enougnh pressure 1o
squeeze out this excess water is questionable, and for this reason 1
knowliedge of the physical nature .f the grout films produced by fairly
high water-cement ratios would be valuable. Such grouts are believed to
be extremely pervious and, in time, susceptible to leaching that will
transform an impervious area into a pervious one.

3. The purpose of the prcgram was to obtain information on the
degree to which the penetration of fine fissures by grout was influenced
by surface texture of specimen, pumping pressure, water-cement ratio,
chemical fluidifiers, and finely divided mineral additives. It was also
desired to determine the effect of these factors on the quality of the
hardened grout films.

Description of Investigation

L. Preliminary tests were conducted to develop the best technique
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for the grouting tests. It was found - 1t the most practical approach
to use in penetrating fine cracks is that used in the field wherein a
very dilute grout is used first and is gradually thickened by addition
of solid materials until refusal results. This procedure was adopted
and enabled the operators to determine the stiffest grout, of any type
tested, that could be pumped througt the three fissure thicknesses se-
lected for investigation at pressures up to 100 psi.

5. The study was conducted in three separate stages. The scope

of each stage was as follows:

a. The first stage furnished data on the lowest water-cement
ratios cf grouts that could be pumped thrcugh fissures of
0.01-, 0.02-, and 0.03-in. thickness at 100-psi pressure,
using standard fizld equipment and methods, under the
following grout conditions: (1) neat cement; (2) cement
plus fly ash; (3) cement plus fly ash plus Intrusion Aid.
A study of consistency, bleeding characteristics, and
setting times of the various grouts was also made, After
the grouting tests were complieted, chemical and petrographic
examinations of bleed water and solid residues from some of
the high water-cement ratio grouts, and further bleeding
tests were made. Results of these supplemental tests are
contained in appendix A.

lor

The second stage provided data on grout penetration obtained
at pumping pressures of 25 and 50 psi using the three grout
corditions of the first stage and the additional condition
of cement plus Intrusion Aid. Tests were also made of neat-
cement grout plus calcium lignosulfonate (RDA) at 25, 50,
and 100 psi, arl of neat-cement grout plus Intrusion Aid
at 1C0 psi.

I

The third stage consisted of: pumping tests through a 0.03-
in.-thick crack at 50 psi using the seven grout conditions
listed below; tests of the grouts themselves for ceonsistency,
bleeding, setting time; and tests to determine the apparent
quality of hardened grout films and their solubility in dis-
tilled water under various leaching conditions.

Grout Ccnditions

(1) Neat ccrent (5) Cerent plus slag
(2) Ccment plus fly ash (6) Cement plus pumicite
(3) Cement plus RDA (7) Ceirent plus opaline shale
(4) Cement plus fly ash
plus RDA

Some of the above materials werce used in various propor-
-ions of one to the other so that o total of 17 different




grout mixtures were pumped. These are described in detail
later in the report. Stage three also included detailed
tests of consistency, bleeding, and setting time of the
fluid grouts, and leaching tests made with distilled water
on the hardened grouts as well as examinations of the
hardened grout tilms for apparent quality. These bleeding
tests and the examination of the hardened grout filme were
in addition to the work described in appendix A and done
in the first stage of the investigation.

6. This report contains the essential information obtained in the
three stages. This information has been grouped so that all data bearing
on one condition are presented together rather than discussed under the

separate stages.
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PART II: MATERIAIS, IQUIPMENT, AND SPECIMENS

Materials

Cement
T, Type II cement was used in all three stages of the investiga-

tion and was obtained from the same mill but in three different ship-

ments. The chemical and physical data for each shipment, designated by

the numbers RC-1u3, RC-186, and RC-233, are shown below:

Stage 1 Stage 2 Stage 3
(RC~183) {(RC-186) {RC-233)

Chenical Properties

Constituents, %

SHON 22.8 22.5 2.2
A1203 b3 5.3 L.8
F6203 3.8 3.2 3.7
Cad 63.2 éh.0 63.9
Mg0 3.3 3.0 3.1
303 1.5 1.5 1.5
Ignition loss 0.55 0.68 0.52
Insoluble residue 0.24 0.18 C.19
oS Na,,0 0.17 0.21 0.13
E 3 K0 0.L48 0.3k 0.51
3 Lotal ~lkalies as Na,0 0.149 0.k 0.50
calculated Compounds, %
c3s L5 4G 50
C.3 32 3C 26
C3A 5 9 6
C\,AF 12 "N 13,
‘ CaSC,, 3 3 3
; % Physical Properties
=’ Normal consistency 25.2 2.2 25.0
Setting time, Gilmore, hr-min:
Initial L:00 3:25 3:15
Final (:20 b:25 L:15

(Continued)




Stage 1 Stage 2 Stage 3
(RC-183) {RC-186) {RC-233

Physical Properties (Continued)

Autoclave expansion, % C.09 0.07 0.10
Adir content cf mortar, % 4.9 7.3 3.5
Ccmpressive stirength of mortar, psi:
3 days 1540 126¢ 16235
T days 2360 2010 2875
28 days 5 Lo2sg 3300 5085
Fineness, cm /g:
Wegner 1805 1720 1840
Blaine 3170 2565 3080
Sisve anedysis, dry:
No. 50 (% retained) 0.2 0.0 0.0
Iic. 100 (% retained) J.1 0.1 0.0
lo. 200 (% retained) 2.4 4.3 1.3

8. The fly zsh used in all three stages came from the Chicago

region tut in different shipments. A\ chemical analysis was rot made of
the fly ash used in stages 1 and 2. T1he chemical analysis of the fiy ash
used in stage 3 is shown in paragrayh 9. The physical characteristics

of the fiy ash usea in the respective stages are listed in the following

tabulation:

Sieve Analysis, Dry

Opening Per Cent Retained
Sieve No. in. Stage 1 Stage 2 Stage 3
50 0.0117 0.4 0.2 0.9
100 0.C059 1.3 i.1 0.9
200 0.0029 6.2 6.0 2.5
- 2
Fineness, cm /g:
Blaine 2795 2795 ————
Fisher ———- -——-- 333°
Specific gravity 2.43 2.43 2.48

Other mineral admixtures

9. The following mineral admixtures were used in stage 3 only:

. Slag, water-quenched, ground, laboratory No. RC-216.

o iIp

. Pumicite, Friant, laboratory No. AD-6.

o

. Opaline shale, calcined, Napa, laboratory No. AD-13.

Data on these materials and on the fly ash used in stage 3 are listea on

the following page: é?‘é;
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Opaline
Fly Ach Slag Pumicite Shale
A2»3 RC%216 A2-6 AD-13
—nr : %
Chemical Properties
Constituents, %
Moisture loss C.20 = eee-- 0.83 1.2
810, 7.2 35.8 68.8 70.1
A1203 19.5 15.8 14.8 1¢.3
Fego3 18.2 1.2 1.4 5.9
Mn203 0.07 0.62 0.05 0.05
P205 0.23 -ew-- 0.02 0.1k
Cal 5.3 35.5 0.65 C.22
Mg0O 1.2 10.4 0.33 0.85
Sulfide sulfur 0.05 = cu--- 0.00 0.00
SO3 2.2 0.1 0.03 0.10
Ignition loss 0.8 0.23 3.9 1.26
Insoluble residue 70.4 0.52 olt.6 86.9
Na.,0 (gravimetric) 0.69  mmeem emmee emcee
K0 {gravimetric) 1.16 emeem emeee mmee-
Total Na,0 (gravimetric) 1.4 eeeee eeee e
' Na,0 (flame) 1.62 0.11 1.38 0.40
: K,0 (flame) 1.98 0.65 4.6 0.61
E Total Na,0 (flame) 2.92 0.54 4,64 0.80
’ CHCl3 sol memeee smmes emmes e
Total carbon 0.43 0.54 0.02 0.07
Physical Properties
Fineness, cm2/g:
Wagner = emeee 3,30 eeeee aeae-
Blaine  eese- 5,795 = ===vee eeee-
| Figher 3,,35 5,470 4,640 15,020
! Specific gravity 2.48 2.85 2.35 2.35
Sieve No., and sieve opening (in.)
50 0.0117 0.9 0.8 0.0 0.1
100 0.0059 0.9 o.k 0.k 0.9
200 0.0029 2.5 1.3 1.5 13.9
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Chemical admixtures

10. Intrusicn Aid from the same shipment was used in stages 1 and
2 of the program and was furnished by the Prepakt Concrete Company,
Cleveland, Ohio. It causes slight expansion of the grout and is pur-
ported to prevent agglomeration of the sulids and aid intrusion of the

grout.

11. Calcium lignosulfonate, RDA, was used in stages 2 and 3 and

was furnished by Dewey and Almy Chemical Company, Cambridge, Mass.

M ARG SO RSN s AT e I S

Marasperse C was used in stage 2 only and was furnished by the Marathon
Corporation, Rothschild, Wis. These materials were added for the same

purposes as the Intrusion Aid, except that they do not have the expansion
characteristics of the Intrusion Aid.

Grouting Equipment
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12. The grout pump wz. a single-cylinder, reciprocating 3-3/&- by
2-1/2~ by 5-in. steam pump with rubber piston and valves, air-driven for
these tests. The grout mixer was a paddle-type machine powered by a motor
from an electric drill. A photograph of the grouting assembly, including
a typical specimen, as used in stage 1 of the program is shown on fig. 1.
An important change in the equipment setup was made at the conclusion of
stage 1 and was used throughout the remainder of the program. This change
is shown schematically on fig. 2 and consisted of connecting the delivery
line and a return line with a corresponding control valve irmediately
adjacent to gage A (gage O on fig. 2). It was suspected that the velocity

of flow in the riser of the delivery line would be so low in some cases

as to allow settlement of the coarser particles and thus result in a vari-

able grout passing through the fissure. This supposition was confirmed
by observing the flow of grout through a vertical lucite tube. This dif-
ficulty was largely overcome by opening the valve on the return line, as
shown on fig. 2, sufficiently to insure a relatively constant rate of
grout flow through thL. riser under all grouting conditions. In addition,

three additional gages were installed along the specimen so that varia- 1_
tiors in pressure gradient could be determined during grouting operations.
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Fig. 1. Equipment setup for stage 1 grouting tes.s

GAGE 4 ~GAGE 3 GAGE 2 GAGE | GAGE O
X- { { é’ ”‘VALVES

9 L 3 }-' bt r—"'{.
| X
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SPECIMEN 4
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P A TR
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ti
PUMP > > PRESSURE LINE - h ‘ /.

Fig. 2. Schematic diagram (not to scale) of grouting
equipment setup for test stages 2 and 3




Specimens

13. It had originally been intended to cast prisms of high-strength
concrete 6 in. wide by 7 in. deep by 52 in. long over-all, containing two
3/4-in. pipe nipples 48 in. apart embedded in the same side along the
center line, with the axis of the nipple normal to the side surface and
extending to a point just past the center of the prism. After curing
for approximately seven days, the prisms were to be sawed from end to end,
producing two pieces approximately 3 in. thick by 7 in. wide by 52 in. %
long with the saw cutting off the tip ends of the embedded pipe nipples.
| Then 1/2-in.-wide shimstock of the desired thickness was to have been

piaced between the two halves of the prism to serve as separator gaskets %
around the edges and ends and the halves fitted back together and held g
*

in place with C-clamps, thus forming a fissure 6 in. wide by 48 in. long

between pipes. It was then planned to pump the grout into the pipe nipple
at one end and out the pipe nipple at the other end.

:
;
k 14. This scheme did not prove successful because it was found im- k
E possible to make a perfectly straight cut with the diamond saw. Further-
E wore, the kerf of the saw was quite pronounced leaving a series of ridges E
| and grooves which made a tight seal and control of the crack thickness
| impossible. Consequently, the specimens were cast in two pieces using a rs
sheet of l/h-in. plate glass as a separator in the plane where the saw ff
cut would have been made. Several pieces of glass were measured for .
variation in thickness and none were found to vary over 0.002 in. Sur-
faces cast against the glass were smooth and true. The specimens for
stage 2 and 3 were cast with five 3/h-in. pipe nipples, spaced 12 in.
apart, along the center line of one slab to accommodate pressure gages
and to allow flow of the grout. The specimens for stage 1 contained only
two pipe nipples. The specimens were pumped in a horizontal position

for the following reasons:

a. The most dangerous conditions in grouting under a dam
are caused by extensive open passages such as horizontal
bedding planes. It was desired to learn something about
grout flow and pressure distribution under such conditions.

b.

It was hoped to learn something concerning the validity o1
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the assumption that excess mixing water can be forced out
of the grout by the application of pressure. It was be-
lieved that if this d4id occur a good bond would be made
with the top as well as the bottom half of the specimen;
if not, bleed water would prevent bond with the top half.
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PART III: GROUT PCPING TESTS

General Procedures

Treatment of grout

15. Dry materials were all sieved through a 30-mesh sieve and the
mixed grout was passed through a 30-, 50-, or 100-mesh sieve depending
upon the water-cement ratio. The thinnest grouts were passed through a
100-mesh sieve, thicker grouts through a 50-mesh sieve, and the thickest
grouts through a 30-mesh sieve.

Grout injection

16. Grout injection was started by pumping water through the spec-
imen followed by a thin grout which was gradually thickened by the addi-
tion of solids. The desired pressure was meintained on the specimen by
operating the bypass valve so that only a controlled portion of the total
flow of grout was shunted through the specimen. The pump was operated
at a speed of approximately 72 strokes per minute for the major portion
of the tests. At the lowest water-cement ratio for a given test more
than one hour of pumping was usually required to discharge one cubic foot
of grout through the fissure of a specimen. Grout flow stopped at any
given pressure when the grout became .o thick. In the stage 1 opera-
tions, pressure was maintained on specimens for 10 to 15 min after all
flow had stopped with the valve at B (fig. 1) open at all times. Water
continued to drip very slowly from the discharge line during final ap-
plication of pressure, being squeezed out after separating from the grout
film in the specimen. When gage B assembly was removed the short pipe
nipple cast in the test specimen was invariably found to be full of
hardened grout into which a pencil could only be forced with difficulty.
This was the case regardless of the consistency of the grout being pumped
at the end of the test. 1In stage 2 operations the valves at the entrance
and discharge ends of the specimen were closed as soon as all flow had
stopped and the pressure within the specimen was allowed to equalize in-
sofar as internal conditions would permit. Pumping for stage 3 was in
most instances conducted as in stage 1 although for some tests th valves

were closed on both ends of the specimens as in stage 2.
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Test conditions

17. The major portion of the tests on the various grout mix*‘ures
was performed at pressures of 100, 50, and 25 psi; the grouts were pumped
through cracks of 0.01-, 0.02-, and 0.03-in. thickness. Scme of the
tests, particularly those in stage 3 where the effects of the addition
of several finely divided materials were investigated, w.re conducted
only at a pumping pressure of 50 psi. The test conditions and the com-
position of the grout mixtures investigated in all three stages of the
program are shown in table 1.

18, Observations were made duaring and after pumping for:

&. The effect of specimen surface on the water-cement ratio
and pumpability of the grout (stage 1 only).

b. Lowest water-cement ratio of grout that would penetrate
the three different fissure thicknesses.

¢. Pressure drop along the specimen.

d. Rate of grout flow at a given pressure, water-cenent
ratio, and crack thickness.

€. Relationship between pumping pressure and lowest water-
cement ratio grout that a fissure would take.

f. Relationship of particle size of grout solids to the width
of crack that could be grouted.

g&. Effect of chemicals (Intrusion Aid and RDA) on the pene-
tration qualities of grouts.

h. Quality of hardened grout films, from visual obscrvotion.

i. Strength of grout film as judged by shear tests (for
stage 2 cnly).

Special observaticns and tests were made in stage 3 for
consistency of the grout at cach change in water-ccment
ratio by measuring change in unit weight of the grout and
the torque imparted to a piano-wire consistency meter.

-

Discussion of Pumping Tests

19. Table 1 shows the rajor results of the pumping tests for all
combinations of materials tested. 1In most instances the lowest watcer-

cement ratio shown ‘or a given grout mixture and test condition was the

lowest water-ccment ratio that could be pumped. It is considered, however,
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that the water-cement ratio at which the fiow equals 0.1 cu ft per min
(6 cu ft per hr) is the stiffest grout practical for field pumping.

20. Throughout this report water-cement ratio has been expressed
by weight of water to cement or to cement plus other sclids when mate-
rials such as fly ash were added to the grout.

ffect of surface texture of
specimen on grout penetration

2l1. Pumping tests 2 through 12 were made using specimen surfaces
from which the glaze, due tc casting ageinst the glass, was removed by
light rubbing with a carborundum stone. Tests 13 through the end of the
program were made using specimen surfaces from which the glaze had not
been removed. The effects of type of specimen surface, fineness (maxi-
mum grain size) of the grout, and crack thickness on the water-cement

ratio of the grout are shown on rig. 3 and discussed on the following

page:
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8. The combination of smooth surfaces and grout strained
through a No. 50 sieve permitted the use of lower water-
cement ratios for the 0.03- and 0.02-in. fissures than
for the combination of rubbed surfaces and grout strained
through a No. 30 sieve, for both neat grout and grout
containing flyv ash.

b. The combination of smooth surfaces and grout strained
through a No. 50 sieve permitted the passing of neat grout
with a water-cement ratio of 1.34 by weight through the
0.0l-in. opening as contrasted with a water-cement ratio
of 2.06 with the rubbed surfaces and neat grout strained
through a No. 30 sieve.

c. Grout conta’ning fly ash could not be pumped through the
0.0l1-in. opening regardless of the type of surface or
when strained through the No. 50 sieve even with a water-
cement ratio of 4.30, the highest water-cement ratio used
in the tests. The reason for the poor pumpability of the
fly ash grout is discussed in paragraph 22.

d. The use of Intrusion Aid permitted a slight reduction in
water-cement ratio when grouting the 0.03-in. fissures
with rubbed surfaces as compared to the grout containing
fly ash arnd no Intrusion Aid, but did not help when grout-
ing the 0.02- and 0.0l1-in. fissures with rubbed surfaces.

e. The use of Intrusion Aid permitted a slight reduction in
water-cement ratio when grouting the smooth-surfaced 0.02-
and 0.03-in. fissures but was ineffective in promoting
penetration of the 0.C.-in. fissures.

22. The physical data on the materials used in stage 1 showed the
cement to have a grester specific surface (Blaine 3172 cm2 rer g, 97.3
per cent passing the No. 200 sieve) than the fly ash (Blaine 2795 cme per
g€, 92.1 per cent passing the Nc. 200 sieve), and shcwed that the fly ash
contained somewhat more than 0.4 per cent of material larger than 0.0117
in. {No. 50 sieve). This gzrain size exceeded the 0.0l-in. opening of the
smallest fiss'wre and caused u grid of cversize grains to build up guick-
ly during pumping which blocked the passage of the grout through the fis-
sure regardless of whether or nct the grout conteined Intrusion Aid.

Test 22 seemed to be an exception to the above but since a baa leak de-
veloped under the shim of this specimen 4during the test it ic believed
that the crack thickness was actually greater than C.01 ia., thus vitiat-

ing the results.
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Influence of crack thick- -
ness on grout penetration ' ; 3
23. Fig. 4 1s a bar graph showing the water-cement ratio for each ; f
type of grout at the stage where it just failed to penetrate the three |
fissure widths at the pumping pressurcs used. Grouts of only slightly 3
higher water-cement ratios than those indicated penetrated the fissures. ;
Examination of the figure shows that for neat-cement grout pumped at 25
psi the lowest water-cement ratio that would penetrate an 0.0.-in. crack
exceeded 2.67, when this pressure was increased to 50 psi the water- N
L8
cement ratio exceeded 1.33 but an Increase to 100 psi did not permit any ;
further reduction in water-cement ratio. f
2. Little practical difference was noted between the water-cement .
{
ratios of the neat grouts that would venetrate the 0.02. d 0.03-in. 'i
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exit ends were closed, Juid not always equalize from end to end. This

cracks. Puuwping pressure, within tne range investigated, also had little f”ai

efiect on the ability of grouts of various water-csment ratios toc pere-
trate the 0.02- and 0,03-in. cracks.

[s]

25. Grouting of any of the 0.Cl-in. cracks with grouts containing 7
fly ash was found impracticable, regardless of the pressure applied, be- :f'*
cguse of the maximus grain size of the fly ash.

26. The use cf fly ash was of no benefit ia grcuting the 0.02-1in.
crack, since it permitted no practical reduction in water-cement ratio o
over neat grout. Pumping pressure, within the range used, was of little :f%ﬂ: 1
value in improving the penetration of the 0.02-in. crack with a cerent
and fly ash grout. S

27. Grouts of cement and fly ash that would penetrate the 0.03-in. »3; 3 1

crack were of slightly lower water-cement ratio than the neat grouts

that would penetrate cracks of similar width at 25 and 50 psi, but practi-
cally the same at 100 psi.

28. Use of Intrusion Aid in neat-cement grout permitted a sligh’
reduction in water-cement ratic of the grouts that wruld penetrate both
the 0.02- and 0.03-in. cracks at the pressures tested.

29. RDA wes used only at 50-psi pressure on the 0.02-in. crack
with neat cement and with cement plus fly ash; it appears to be as ef-
fective as Intrusion Aid with respect to grout penetration. 2R

30. In the above discussion the effect of maximum grain size, '?Ef”
as indicated in paragraph 22, should be kept in mind as well as the
fact that fig. 4 indicates water-cement ratios at refusal, whereas a
rate of flov of 6 cu ft per hr is the stiffest grout practical for field
pumping.

Pressure drop along the specimen

31. The pressure gradient for the 0.02- and 0.032-in. cracks during

pumping was approximately a straight line withk zero pressure at the exit
cnd of the specimen (gage 4), maximum pressure at the entrance end of
the specimen (gage O), and intermediate pressures at gages 1, 2, and 3.
The static pr. ssure, after pumping was stopped when the grout was thick

(water-cement ratio of less than 0.5) and valves at both entrance and
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ray have toen due to a thixotropic® condition developing in the thick

grout immediately upon cessation of movement, and causing a viocking of

the specimen between gages.

during pumping did not follow a straight line.

For the 0.01-in. crack, ‘*he pressure drop

Fig. 5 is a series of

curves of pressurz gradients that developed when neat grouts were pumped

at various water-cement ratios through a 0.01-in. crack at 25 and 50 psi.

It will be noted that the gradient was fairly uniform along the whole

speciizen length while water was being circulated through it; however, as

+h=

the

grout was thickened flow diminished and the pressure gradient between

first two gages {first 12 in. of length) increased. This would ap-

p.rently indicate that in the very fine seams as the grout thickened and

the flow diminished the hydraulic pressure fe'l off rapidly with distance
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from the intrusion point. Conditions of pressure gradient and static
pressure after pumping are shown on figs. 6-14 for crack thicknesses of
0.02 and 0.03 in.

32. These figures show that in cracks with smcoth walis and thick-
nesses of 0.02 in. or more the conditions of flow und pressure are simi-
lar to those of water. Irregularities in the curves are due to faulty
operation of the wagaes occasioned Ly piugging. Water-cement ratio values
at which the grouts would act like water, relative to pressure distribu-

tion, might be different in nature where fissure walls are rough.

30
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Rate of flow at given
pressure, water-cement
ratio and crack thickness

33. Fig. 15 is a bar graph showing the amount (in cubic feet per
hour) of various grouts, all with a water-cement ratio of 0.5, that could
be pumped through 0.02- and 0.C2-in. cracks at the three pumping pres-
sures employed. Fig. 16 presents the same data in curves, omitting the
data on the 1 cement:1l fly ash plus Intrusion Aid grout, which are anom-
alous and inconclusive.

34, Increasing pressure caused proportionately increasing flow.
Apparently the flow of the 1 cement:l fly ash grout was greater at equiva-
lent pressures and crack ooenings than that of neat grout.

35. The use of Intrusion Aid in the neat grout increased flow at
equivalent pressures and crack thicknesses over plain neat grout and
caused greater flow than did the use of fly ash. Data on the effect of
Intrusion Aid on the 1 cement:1l fly ash grout were inconclusive.

36. The rate of flow provides a realistic measure of the viscosity
of a grout. Figs. 15 and 16 show that the rate at which a grout can be
injected into a crack is influenced by pressure and composition. Rate
of flow is an index to the distance a grout can be puched at a given
pressure before friction causes the flow to cease. Under conditions
dictating the use of low-nressure grouting, greater density of drilling
than ordinary or the use of fluidifiers is indicated.

Relationship between pump-

ing pressure, water-cement
ratio, and crack thickness

37. An examination of fig. 4 shows that the crack thickness had a
great effect on the lowest water-cement ratio grout that could be pumped
through a crack. The pressure had little practical effect, since water-
cement ratios lower than 0.5 are seldom employed.

Relationship between par-

ticle size of grout solids
and width of crack penetrated

38. It will be noted that the lowest water-ccment ratio neat grout

S TR I
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that could be forced through the 0.01 crack (fig. 4) was epproximately
1.33 by weight. This is & dilute material of dubious quality and is
believed to be neither durable nor impermeable. Grout containing fly
ash could not be forced through the 0.0l1-in. crack even at considerably
higher water-cement ratics. Examination of the physical data on the
cement and fly ash shows that the maximum grain size of the cement was
between 0.01 and 0.006 in., corresponding to the 50- and 100-mesh sieves
with_o.l ver cent retained in this size range. The maximum grain size
of the fly ash was sorewhat in excess of 0.01 in. These results indicate
that stoprage of the crack occurs when the crack-opening:grain-size
ratio is 1.7 even with quite dilute grouts, and that with fly ash,

where the maximum grain size exceeds the crack opening, grouting is
impossible regardlcss of the water-cement ratio. The critical crack-
opening:grain-size ratio probably varies with different materials, and

it is believed that a safe value should exceed 3.0.

39. Alfred Machis* found in the grouting of sand that the ratio .‘bf: 1
of pore diameter to grain size necessary to rermit renetration of cement ' -
slurry was at least five. A. F. Taggart,** in his handbook, shows a 1;? y
g.aph that indicates the ratio of filter opening to meximum particle |

diameter for filter-cake formation. The fly ash had a maximum grain .

diamecer somewhat larger than 250 microns. From the curve cited above, = i

# a filter-opening:grain-size ratic somewhat greater than three is indi- . f 3
cated as necessary to prevent formation of a filter cake. The share of ' | g

the orening being grouted should influence the ratio of particle diameter . BB

to thickness. A slot-shaped orening, as used in the tests being rerorted, B g

because of its relatively infinite width and no restricting sides, should .

permit a smaller ratio of rarticle-size diameter to orening to rass grout ,v‘ g

than a square or rounded opening of the same thickness. o [

|4

| * Alfred Machis, "Experimental observations on grouting sand and ¢

; gravels," ASCE, Transactions, vol 113 (Nov 1948), pp 181-2GS5.

#% A. F. Taggart, Handbook of Mineral Dressing, Ores, and Industiial ‘
Minerals, New York, J. Wiley and Sons (1945). g
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Effect of Intrusion Aid
and RDA on penetration
characteristics of grouts

40. Fig. 4 shows that when Intrusion Aid was added to neat grout
vhen grouting a 0.02-in. crack the resulting water-cement ratio was re-
duced 0.03 at 25-psi, 0.08 at 50-psi, and 0.1l7 at 100-psi pumping pres-
sure, or an average reduction of 0.09 for all three pressures. When
o Intrusion Aid was used in 1 cement:1l fly ash grout, no reduction in water-
,)  cement ratio but rather an increase of 0.43 resulted in grouting the
”%' 0.02-in. crack at 25 psi. However, a 0.02 reduction in water-cement

ratio resulted at 50 psi and a 0.09 reduction at 100 psi.

41. The use of Intrusion Aid in grouting the 0.03-in. crack with
neat grout allowed & reduction in water-cement ratio of 0.07 at 25 psi,
0.11 at 50 psi, and an unknown amount at 100 psi since the cement plus
Intrusion Aid grout at this pressure was not thickened to refusal. The
use of Intrusion Aid in grouting the 0.03-in. crack with 1 cement:1 fly
ash grout spparently caused an increased water-cement ratio of 0.C3 at
25 psi, a decrease of 0.01 at 50 psi, and a decrease of 0.03 at 100 psi.

L2, Fig. 4 also shows that the use of RDA in neat grout permitted
a reduction of 0.01 at 25 psi, of 0.12 at 50 psi, and of 0.09 at 100 psi,
or an average reduction of 0.07 in the minimum water-cement ratio that
would penetrate a 0.02-in. crack. In grouting the 0.03-in. crack, the
average reduction in water-cement ratio was 0.04 for the three pumping
pressures used. The usc of RPA in 1 cement:1l fly ash grout appaiently
allowed a reduction of 0.07 at 25 psi, of 0.03 at 50 psi, and an increase
of 0.01 in the water-cement ratic at 100 psi when grouting the 0.02-in.

crack. In grouting the 0.03-in. crack with cement-fly ash grout a slightly
increased water-cement ratio was required for penetration at ull three
pressurecs used.

43. For penetration of a given crack thickness, Intrusion Aid:
seemed to be a little more efficient in lowering the water content cf
grout than RDA. That is, the Intrusion Aid was slightly more effi-ient
than RDA as a fluidifier. However, little appears to be gained from use

of either material except where it might be desirable to injzct low
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water-cement ratio grout under low pressure.

Quality of hardened grout

films from visual observation

L4, Table 2 gives pertinent observations made when the two halves

of the grouted specimen were opened and examined approximately 24 hr

after pumping. The following tabulation summarizes these observations

with the evaluations arranged in order of increasing water-cement ratios

for each type of grout.

Bond Judged
Water-cement from
Type Grout Ratio, wt Appearance Appearance
Neat 0.32-0.38 Good Good to poor
0.L46 Good Fair
0.48 Fair Poor
0.51 Fair Poor
1.33 Poor, stringy Poor
1.34 Poor, stringy Poor
Neat + Intrusion Aid 0.34 Good Good
0.34 Good Fair
0.35 Good Good
0.36 Good Poor
0.4o Good Fair
0.43 Good Fairvr
4,0 Poor, stringy Poor
Neat + RDA 0.36 Good Fair to poor
1:1 (cement:fly ash) 0.36 Good Poor
0.38 Good Poor
0.40 Good Poor
0.4s Fair, stringy Poor
0.hg Good Poor
L.o Poor, stringy Poor
4.3 Poor, stringy Poor
1:1 + Intrusion Aid {cement: 0.33 Good Poor
fly ash + Aid) 0.37 Good Poor
0.bo Good Poor
0.h3 Good Fair
0.43 Fair Poor
3.0 Poor, clumped Poor
L.3 Poor, stringy Poor
1:1 + RDA (cement:fly ash + 0.035 to Good Good to poor
RDA) 0.038
1.5:. (cement:fly ash) 0.45 Fair, stringy Poor
(Continued)
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Bond Judged
Water-cement from

Type Grout Ratio, wt Appearance Appearance
2:1 (cement:fly ash) 0.42 Fair, stringy Fair
1.5:1 (cement:fly ash + RDA) 0.36 Good Good
2:1 (cement:fly ash + RDA) 0.36 Good Good
1:1 (cement:slag) 0.36 Good Poor
1.5:1 (cement:slag) 0.38 Good Poor
2:1 (cement:slag) 0.38 Good Poor
1:1 (cement:pumicite) 0.56 Fair (soft) Fair
1.5:1 (cement:pumicite) 0.50 Good Fair
2:1 (cement:pumicite) 0.50 Good Poor
1:1 (cement:opaline shale) 0.60 Fair (soft) Poor
1.5:1 (cement:opaline shale) 0.55 Good Poor
2:1 (cement:opaline shale) 0.55 Good Poor

45, A grout film designated "good" in the tabulation was one which
was hard to the fingernail, filled the cavity completely, and showed
"none" to a "moderate"” amount of bleeding as evidenced by channels cut
by "bleed water" as it moved under slight residual pressure from the
puzping process, or under gravity, toward points of lesser pressure or
lower elevation. Fig. 17 shows a film designated "good.” A film was
designated 'fair" when the grout could be scratched with the thumbnail

or was traversed by numerous bleeding channels. It was called ''poor”

Fig. 17. Good quality, neat-cement-grout film from test 14, water-

cemert ratio 0.32, crack thickness 0.03 in., at a pumping pressure

of 100 psi. Note white streaks caused by passage of water that was
squeezed from the grout under the shim
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when it was quite soft or when the film occurred in lenses or streaks
and could not be considered a continuous sheet of material. Fig. 18
shows & close-up of a poor-quelity film.

4L6. Bond was considered "good" when approximately 4O per cent or
more of the film adhered to tihe upper slab when the specimen was opened;
"fair" when the adherence was epproximately 25 to 40 per cent; and "poor"
vhen the adherence was less than approximately 25 per cent.

47. It will be noted that the appearance of all the grouts having

it

a water-cement ratio of 0.6 or less was "gocd" to "fair," and that where
"poor" grout was encountered the ratio was 3.0 or higher. There are no
intermediate values with the water-cement ratios ranging from 0.6 to 3.0,
but it is only logical to assume that the quality of such films would
have been "fair" to "poor." A direct comparison of the quality of dif-
ferent types of grout having the same water-cement ratio is not possible
from the present data. However, judging from the tond evaluations, the
use of Intrusion Aid appeared to be of some slight benefit in increasing
adherence of the film to the top slab; but for grouting a horizontal open-
ing between two nonabsorbent surfaces where @ high-qualitv grout would
be required, which would assuredly adhere to the top as weli as the bottom
cf the cavity, a water-cement ratio not exceeding approximately V.46 and
neat grout should be used. The use of fly ash, Judging from these qual-
itative datu, may have had an adverse c¢ffect on the bond between top and
btottom slab, although the guality of the films, from visual cbservation,
was usually good. There was an apparent tendency toward clumping of the
solids in some cases.

L8. RDA in the ccment-fly ash grouts tended to make them softer
at 2k hr, but appeared to counteract to a large rxtent the tendency to
agglomerate, and improved the bond to the top slab.

49, The use of slag, pumicite, and the opaline shale tendcd to
improve the appearance of the grout films to ¢ marked extent. Visval
cvidence of bleeding wus cntirely locking with all tho pumicite and
opaline shale grouts and with the 1 slag:l cement grout. The 1.5

~

cement:l slag grout shosed slight bleeding wnd the 2 cement:l slag

grout showed moderate blecding. All three slag-grov* films were hard

..
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to the fingernail at 24 hr; however, the 1 cement:l pumicite grout could
be dented by a fingernail at 24 hr and the 1 cement:1l shale grout could
be slightly scratched by a fingernail at 24 hr. Bonding to the top slab
did not seem to be improved by use of slag, pumicite, or opaline shale.
Strength of grout
filos judged by shear tests

50. An attempt was made, during stage 2 of the tests, to measure

the bond strength developed betwccn top slab and the grout by making

shear tests at 120 days age on sections of grouted specimens cut to 10-
in. lengths. Three 0.01-in. cracks were grouted at 50 psi with various
grouts as listed below, all with a water-cement ratio of 0.45 and with

pressure meintained on the specimens for 15 min after pumping:

Type Grout Test No, Remarxs
Neat + Intrusior Aid L6A
Neat 48
1 cement:1l fly ash L9 Came apart in handling
1 cement:l fly ash 5k Came apart in handling
1 cement:1l fly ash + Aid 50 Came apart in handling

51. The following results were obtained:

Speciiren Section Shnear Resistance, psi
46(1) 50
46(2) Came apart in handling
46(3) 180
L6(L) 70
L8(1) 65
48(2) 30
48(3) 50
L8 (L) 60

Test values were quite low for the neat-grout and neat-grout plus Aid

specimens tested, indicating very little bond. Those specimens contain-

ing fly ash did not develop encugh bond to peimit making a test.
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PART IV: TESTS OF GROUT CHARACTERISTICS

Consistency

52. A satisfactory device for measurement of consistency is highly

desirable and would enable the grouting crew to suit the quality and

"pumpability" of the grout to the grouting conditions encountered. Con-

sistency measurements were made on the grout itself by means of a piano-

wire, pendulum-type viscosimeter, fig. 19, by ¢ flow cone, and by a

unit-weight device.

53. The viscosimeter is an instrument
developed by Professor R. E. Davis of the
University of California, Berkeley, and the
Burean of Reclamation., The viscosity or con-
sistency of a slurry is measured by placing a
sample in a shallow metal container mounted on
a motor-driven turntable. A wire spider is
suspended from a piano wire and is submerged
in the sample of grout. A weight holds the
piano wire taut. Torque is imparted to the
spider and piano wire by the turning container
of grout. The number of degrees of torque
varies with the consistency of the sample
being tested.

54. The flow cone is simply, as its
name implies, a cone with a specified orifice
from which a known volumc of liquid flows in
a certain length of time, depending upon its
consistency. The flow cone used was one
developed by the Prepakt Concrete Company and
contained 1725 ml of grout. This amount of
grout was discharged through a pipe orifice,
1-1/2 in. long by 1/2-in. inside diameter,

in the bottom of the cone. Flow was timed

Fig. 19. Piano-vire
viscosimeter

%
£

h
e
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with a stop watch. In some of the tests the discharge pipe was modified
to 6 in. in length and 3/8-in. inside diameter.

55. The unit weight device for consistency determinations was
designed by the Ohic River Division Laboratories for use with neat-
cement grout and consisted of a measure and specially graduated beam
“2r translating unit weight into water-cement ratio. The device is
described in Engineer Bulletin, Civil Works No. 48-4, 18 May 1948.

56. The piano-wire torque meter provided the most satisfactory
means Of measuring consistency in the laboretory. It was calibrated
against the Stormer viscosimeter in connection with another investi-
gation so that the readings obtained could be translated into standard

’ units of viscosity
l" / (poises). This calibra-

tion is shown on fig. 2C.

] Consistency meter read-

. ings at fixed water-

40

cement ratios for grout

ccmbinations used in the

third-stage work are

shown in table 3. For
field work the torque
// meter might pe too deli-

cate since it would re-

\'ﬂ}\\

CONSISTEMNCY . DEGREES OF TORGUW

quire a special indoor

TN

AZ working area free of

vibration.
57. For field work

specially constructed flow

cones with volume and dis-

charge orifice integrated

rook to produce sizablc difter-

! 2 3 . s . ¥
VISCOSITY POISES (STORWER)

ences in readings with

Fig. 20. Correlation between consistency
measurements of torque meter and Stormer

viscosimeter or unit weight measures

small changes in viscosity,
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Fig. 21. Relationship between torque and flow of grouts
through 0.03~in. crack at 50-psi pressure

with the unit weight of the grout expressed in grams per gallon would
probvably be satisfactory.

58. Whatever the method used for measuring viscosity, il should
correlate with pumpability as measured in cubic feet per hour in order
to have any practical meaning. Examination of fig. 21 shows good corre-
lation betwe  torque and pumpability (flow throwsh thz 0.03-in. crack
at relatively constant pressure, approximately 50 psi) for sever:tl com-
binatiors of materials. There appeared to be little correlation between
torque and flow when the grout combinations were considered collectively.
This epparent lack of similarity of pumpability for grouts of equal vis-
cosity through a thin crack is probably due to differences in grain-size

distribution and particle shape of the solids in the grouts.
Bleeding

59. Two series of tests were carried out to determine the extent

of bleeding of the grouts. The first series consisted simply of pouring
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with a stop watch. In some of the tests the discharge pipe was modified
to 6 in. in length and 3/8-in. inside diameter.

55. The unit weight device for consistency determinations was
designed by the Chio River Division Laboratories for use with neat-
cement grout and consisted of a measure and specially graduated beam
for translating unit weight into water-cement ratio. The device is
described in Engineer Bulletin, Civil Works No. 48-4, 18 May 19u8.

56. The piano-wire torque meter provided the most satisfactory
means Of measuring consistency in the laboratory. It was calibrated
against the Stormer viscosimeter in connection with another investi-
gation so that the readings obtained could be translated into standard

' wnits of viscosity
" / (poises). This calibra-
tion is shown on fig. 20.

[ Consistency meter read-

ings at fixed water-

140 1

cement ratios for grout

combinations used in the
‘/ third-stage work are
shown in table 3. For

field work the torque
meter might be too deli-

cate since it would re-
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Fig. 20. Correlation between consistency
measurements of torque meter and Stormer

viscosimeter or unit weight measures

small changes in viscosity,
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Fig. 21. Relationship between torque and flow of grouts

through 0.03-in. crack at 50-psi pressure

with the unit weight of the grout expressed in grams per gallon would
probably be satisfactory.

58. Vhatever the method used for measuring viscosity, it should

correlate with pumpability as measured in cubic feet per hour in order
to have any practical meaning. Examination of fig. 21 shows good corre-
lation between torque and pumpability (flow through the 0.03-in. crack
at relatively constant pressure, approximately 50 psi) for several com-
binations of materials. There appeared to be little correlation between
torque and flow when the grout combinations were considered collectively.
This apparent lack of similarity of pumpability for grouts of equal vis-
cosity through a thin crack is probably due to differences in grain-size

distribution and particle shape of the solids in the grouts.

Bleeding

29. Two series of tests were carried out to determine the extent

of bleeding of the grouts. The first series consisted simply of pouring
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500 ml of grout into a 1000-

ml graduate and observing

the separation of water with
) - ST MU ettt ot 7 passage of time. The water-

e, | CEMENT 1FLY ABM PLUS 1N
INTRUSION AID

cement ratio was varied and

] measurements were made on
1/// neat grouts, 1 cement:1l fly

<////, ash grouts, and 1 cement:
1 fly ash grouts with 1 per

// cent Intrusion Aid. Fig. 2

shows data obtained after
one hour. Most of the bleed-

ing had occurred at the end

b 4o 3. ] of one hour; no additional

bleeding occurred after two
T 777717 7| hours. Use of Intrusion Aid

in cement-fly ash grout ap-

° 0%0 00 ' 30 200 2% 00 3so 400

WATCR CEMENT MATIO OV WORGNT peared to slightly reduce its

0‘ ' Fig. 22. Bleeding of grouts at bleeding below that of neat

3 | one hour and cement-fly ash grouts.
60. The second series of tests was performed according to ASTM C

243-527 insofar as practicable. The material combinations used were:

AN

a. Neat cement g. 1 cement:l slag

b. 1 cement:l fly ash h., 2 cement:l slag

c. 2 cement:l fly ash i. 1 cement:1l pumicite

d. Cement + 0.23% RDA J« 2 cement:l pumicite

e. 1 ccment:1l fly ash + 0.23% RDA k. 1 cement:1 cpaline shale
f. 2 cement:1 fly ash + 0.23% RDA 1. 2 cement:l opaline shale

61. A water-cement ratio of 0.4 was used in all cases except for

Iny e

the grouts containing opaline shale, which were too thick for use at O.k,
so 0.6 was used for these. Placing the grouts on approximately the saue

water-cement ratio basils regardless of solid material composition per-

ke

mitted evaluation of the effects of the constituents, other than wvater,

on their bleeding characteristics. These data are shown in table 3.

62. RDA appeared to decrease sharply the rate and amount of bleeding




when used in neat grout. It appeared to act

grouts with fly ash but to a lesser extent.
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in a similar manner in the

Fly ash itself appeared to

slow down the rate of bleeding but did not affect the total amount of
bleeding. Slag appeared to lessen both the rate and amount of bleeding to

a small extent. Roth the pumicite and opaline shale sharply decreased the

amount of bleeding and, to a somewhat lesser degree, the rate of bleeding.

Setting Tiwme

63.
used for the second series of bleeding tests, and made with both 0.4

Setting times of grouts containing the same constituents as

and 0.8 water-cement ratios, were determined. The determinations were

made by use of the l-mm Vicat needle and small samples of grout placed
in shallow wide-mouthed vials. The data obtained are shown in the tabu-

lation below.

Water-cement Ratio

Water-cement Ratio

of 0.4 of 0.8
Setting Time, hr Setting Time, hr
Grout Initial Final¥* Initial Final#*
Neat cement 4 plus Under 18 4 plus Under 19
1 cement:1l fly ash 6 plus Under 22 5 plus Under 21
2 cement:l fly ash 6 plus Under 22 7 plus Under 23
Cement + RDA 7 plus Under 23 6 plus TR
1 cement:1l fly ash + RDA 2o%* Under 46 20 30 to 46
2 cement:1 fly ash + RDA 22K* Under 46 6%+ L8*x
1 cement:l slag E¥# Under 22 8 plus 30
2 cement:l slag 4 plus Under 20 5 plus Under 21
1 cement:l pumicite L plus Under 20 6 plus Under 22
2 cement:l pumicite 4 plus Under 20 5 plus Under 21
1 cement:1 opaline shale Too dry to test 6 plus 30
2 cement:l opaline shale Too dry to test S plus 20M%
Water-cement Ratio
of 0.6t
1 cement:1 opaline shale 3.5 Under 16*
2 cement:l opai.ne shale 6 plus Under 21%
* Exact setting time could not be obtained because of hours-of-work

limitations.
**  Approximate setting time.
t Fluid grouts could not be made at a O.4 water-cement ratio using the
opaline shale. The ratio of 0.6 was tested for information only;

this ratio represents about the lowest ratio for fluld grout with
this material.
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64. Setting time is obviously important when grout is expected to
cut off percolating water. 1In grouting by stages, it also controls the
time that must elapse before holes cen be cleared out and drilling resumed.

65. Setting times could not be determined exactly because of hours-
of-work limitations. RDA appeared to lengthen the setting time by as
much as three times that for the other grouts. The longest final setting
time for any grout without RDA was approximately 30 hr (1 cement:1 opaline
shale at 0.8 water-solids ratio). The longest setting time observed for
the whole series was approximately T2 hr for neat grout with RDA at a 0.8

water-cement ratio.
Solubility

66. Two 50-ml porticns of each of the selected grouts, listed in
the 0.4 and 0.8 water:cement portions of the tabulation in paragraph 63,
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Fig. 23. Total solids and calcium leached from grouts




were placed in stoppered 200-ml flasks and one was cured for 7 days, the
other for 90 days.
with 50 ml of distilled water for periods of 2, 7, 28, and GO days.
water was then tested for pH, total solids, and calcium ion.
of these tests are shown in table 4 with total solids and calcium ex-

pressed both in parts per million found in 200 ml of leach water and as
a percentage based on the amount of solids and calcium in the original
50 ml or grout.

and calcium on fig. 23.

67.

in which the grouts were cured and the alkalies in .he grouts, causing

many to crack after several weeks storage permitting the water to leak

out.

in the cracked flasks.

68.

a.

lo’

(Yo%
L]

Frte

Unfortunately reaction occurred between the Pyrex glass flasks

No test results are plotted on fig. 23 from specimens which were

Conclusions drawn from the unspoiled tests are:
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At the end of the curing age, the gamples were leached
Leach

The results

The results are also shown graphically for total solids

Conclusions

ugrouts exposed to leaching after only 7 days curing ap-
peared to be somewhat more susceptible to leaching than
those cured GO days.

About one-half of the dissolved material that leached out
of the 0.4 water-solids ratio grouts was calcium, whereas
about cnc-third of the dissolved material from the 0.8
water-solids ratio grcuts was calicium.

Increasing the water-solids ratio from 0.4 to 9.8 approx-
imately doubled the amount of calcium and more than doubled
the total solids in the leach water.

RDA did not materially affect the solubility of the grouts
made with a water-solids ratio of O.4. Total solubility
was increased and calcium solubility was decreased for
the RDA grouts at a water-solids ratio of 0.8.

Fly ash did not appear to m:. ...21ly affect solubility of
the 0.4 ratio grouts. Solubility of the 0.8 ratio grouts
seemed to be increased by usc of fly ash.

Behavior of RDA in the fly ash grouts was the same as in
the neat-cement grout.

Slag reduced the solubility of all constituents. The
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f=3

effect on decreasing solubility was more marked at the
higher water-solids ratio and was mcre pronounced for the
2 cement:. slag then for the 1 cement:1l slag grout.

Pumicite appreciably increased the over-all solubility
of the 0.4 ratio grouts, but slightly decreased the solu-
bility of the 0.8 ratio grouts. <Calcium solubility was
appreciably increased in the 0.4 ratio grouts and only
slightly increased in the 0.8 ratio grouts.

The opaline shale materially reduced the solubility of
all constituents. Total solids were reduced by about
50 per cent and calcium by about 40 per cent.




37

PART V: SUMMARY OF RESULTS

69. The reader should keep in mind in evaluating the data that the

investigation described comprises only a single set of tests per condition.

Factors Influencing Penetration or Grouts

Surface texture

70. It was found that the surface condition of the specimens, that
is, whether the surfaczs to be grouted were smooth or roughened, had a
pronounced effect on how thick a grout could be forced through the cracks.
The smoother surfaces permitted *he use of considerably lower water-
cement ratios than did the roughened surfaces for all three crack thick-
nesses tested,

Water-cement ratio

T71. The water-cement ratio influenced the thickness of crack that
could be penetrated at a given pumping pressure. Neat grout with a water-
cement ratio of 0.43 would penetrate the 0.03-in. crack at 25 psi, but
the water-cement ratio had *o be increased to 2.67 before neat grout
would penetrate the 0.0l1-in. crack at the same pressure.

“umping pressure

T72. An approxim: .ely straight-linc pressure drop occurred along
the specinens while the 0.02- and 0.03-in. cracks were being grouted.
The pressure was cither 25, 50, or 100 psi where the grout entecred, and
was U psi where it emerged with intecrmediate pressures measured along
the length of the specimen. The pressure drop was steeper for the first
12 in. of specimen length than for the remaining 36 in. when the 0.0l-in.

crack was being grouted. The steepness of the gradient for the f{irst 12

in. increased as the grout thickened and the fiow decreased.

73. Increascd pumping pressures caused directly proportionate in-

Creases in grout flow. At identical water-cement ratios, pressures, and
crack thicknesses the neat-cement grout had lecast flow, cement-fly ash
grout had more flcw, and neat grout plus Intrusion Aid had still more

flow. However, the flow was not greatest, as might be expected, with
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cement-fly ash grcut plus Intrusion Aid. Data on the cement-ily ash-
Intrusion Ai¢ grout were anomalous and inconclusive,

T4. When the crack width was 0.02 or 0.03 in. the minimum water-
cement ratio (thickness of grout) the crack would accept was little af-
fected by the grouting vressure, however the thickness of the grout that
would penetrate the 0.0l-in. crack depernded somewhat on pressure. At
25 psi, the thickest grout that woull penetrate the 0.0l-in. crack had
a water-cement ratio of 2.67. When the pressurs was increased to 50 psi,
grout with a water-cement ratio of 1.33 would penetrate, but a further
increase in pumping prescsure to 100 psi did not permit use of still

thicker grout.

Grain size

75. The use of a No. 50 sieve cloth for straining the grout seemed
beneficial and probably the : ‘2 of a Mo. 60, or even a No. 100 cloth, if
vibrated, would be practicai in removing oversized particles which cause
trouble in grouting the tightest seams. The fly ash contained grains of
material larger than 0.01 in. and grouts containing fly ash would not
penetrate the 0.0l1-in. fissures. Based on the maximum grain size of the
cement, 0.006-0.01 in., and the iuinnest cracks grouted, 0.0l in., the
ratio of crack thickness to grain size shculd not be less than 1.7, and
probably safer ratios would be 3.0 or more (see paragraphs 38 and 39).

76. The use of fly ash uppears limited to grouting larzer cracks
unlzss a supply of fine material can be obtained, or unlecs fly ash can
be processed, possibly by air separation, to remove the larger granules.
No attempt was made to grout 0.0l-in. cracks with grout containing ground
slag, pumicite, or opaline shale. Difficulty would doubtless have been
encountered with the slag and shale whose grain size exceeded 0.0l in.

77. The use of more finely ground cements, such as high-early
strength cement, o: ordinary cement processed through an air separator
might be feasible.

Chemical fluidifiers

78. The use of Intrusion aid appeared to be a help in reducing the

water ratio of the grout that could be pumped through cracks of 0.03-in.

~hickness with roughened surface, and 0.03- and 0.02-in. thickness with

-
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smootn surfaces. It is believed that the Aid should alsc have promoted
use of iower water-cerent ratio grout for the roughened 0,02-in. crack
but did not in these tests because of surface factors in the specimens.
Intrusicn Aid was of no heip in promoting penetration of 0.0l-in. cracks
at any water ratio tried benause of the limits of penetration placed upon
the grout containing fly ash by the cocarseness of the fly ash. Fenetra-
tion of 0.0l-in. cracks with neat grout containing Intrusion Aid was not
tried. The use of Intrusion Aid appeared to cause a small reduction in
bleedirg and 3 slight expansion in the grouts.

79. Intrusion Aid and RDA appeared to increase the fluidity of
the neat grouts so that a seam of given thickness would pass a greater
amount of such grout than of plain grout having the same water-cement
ratio; conversely, grout with fluidifiers, at a lower water-cement ratio
and at a given pressure, would penetrate a given crack better than grouts
without fluidifiers.

80. Intrusion Aid seemed to be more effective with neat grouts
than with grouts containing fly ash, The cement-fly ash grout with In-
trusion Aid did not penetrate either the 0.02- or the 0.03-in. seams
significantly better than the same grouts without Aid.

Mineral fines

8l. Fly ash appeared to increase the fluidity of the grouts in
which it was used. The ground slag also appeared to increase fluidity,
however this was not conclusive. The pumicite and opaline shale both
creatly stiffened the grouts in which they were used; however, at com-
parable consistency with neat grout, the pumicite and opaline shale
groute pumped better than the neat grout. At equal consistency the fly

ash and slag grouts pumped about the same as neat grout.

Fac.vors Affecting Quality of Grout Films

Water-cement ratio

82. The grout films having water-cement ratios of 0.5 or less

appeared hard and filled the fissures completely with little evident

bleeding. However, the bond of top to bottom half of the grouted specimen -
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vags not considered good except when water-cement ratios were lower than
0.4,

83. Bleeding occurs in grouts having water ratios in excess of
0.50, and becomes more severc the higher the unit water content. A nar-
row band of densz hard grout was always found next to the shim beneath
Which water had escaped. This band of dense grout was always narrow,
never exceeding 3/h in, in width, no matter what the original water con-
tent. It has frequently been hypothesized that the original water con-
tent of a grout is not very important as the excess water is squeezed
out into the pores of the rock and extremely fine seams (too fine to ac-
cept grout) leaving a dense hard material filling the cavity. It was
noct found possible to squeeze this water out with the 100-psi grouting
pressure used, in the 10 to 15 minutes during which pressure was main-
tained, except in a narrow band around the edge of the specimen, even
with the outer edges of the specimens open to the air at O (relative)
pressure.

84, Setting time increased with water content. Neat grout with
a water content as high as 3.8 required ten days to set in the setting-
time tests, and had not set in 13 days when spread into a thin film in
the grouting tests. Such thin grout containing Intrusion Aid did not
set in 14 days in the setting-time tests. These thin grouts can be shown
to be incapable theoretically of developing any compressive strength; see
appendix B. The higher water-solids ratio grouts were also much less
resistant to leaching than those with lower ratios.
Chemical fluidifiers

85. Bonding of the hardened grout films to the top slab was poor
(25 per cent or less of film adhering tu top) for all grouts except those
containing fly ash with RDA where the bond was considered good (4O per
cent or more adhering to top). Bond strength as measured by shear tests
on neat and neat-cement plus Intrusion Aid grouts was relatively low al-
though the use of Intrusion Aid appeared to somewhat increase bonding
between top and bottom halves of the specimen in neat grout. RDA did
not appear to benefit the bond condition of specimens intruded with neat

grout.




b1

. 86. Both Intrusion Aid and RDA prolonged setting time and reduced
%ﬂ bleeding. The solids in the fly ash grouts tended to clump or agglom-

X erate. This tendency appeared to be reduced but not eliminated by the

' fluidifier. Intrusion Aid was not used in the tests for solubility of
grout films, but RDA had little effect on the leaching characteristics
of the grouts tested.

A A RS L Y T AT T

Mineral €ines

87. Hardened grout films containing fly ash showed evidence of
channeling action and apparent agglomeration. This tendency was not
noted when the slag, pumicite, and opaline shale were used. The use of
greuwid slag, pumicite, and opaline shale greatly improved the apparent

guality off the grout film, virtually eliminating evidence of bleeding,

channeling, and agglomeration. Bond between top and bottom halves of
the specimens was not improved by use of the several mineral fines.

88. The use of fly ash had little apparent effect on the solu-
bility of the 0.4 water-ratio grouts, but appeared to inzrvease the solu-
bility of the 0.8 water-ratio grout. Slag reduced the leaching in all
cases with the most pronounced effect in the higher water-ratio grouts.
Pumicite increased the over-all solubility of the 0.4 ratio grout but
slightly decreased the over-all solubility of the 0.8 ratio grout. The
opaline shale greatly reduced the over-all solubility of both the Low-
and high-water-solids raiio grouts in which they were used.

89. Grout films cured for 90 days appeared more resistant to
leaching than those cured 7 days.

Measurement of Consistency
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G0. The measurement of consisterncy was readily accomplished in
the laboratory with the torsion viscosimeter. Changes in consistency

can alsu be detected and controlled readily by means of unit weight meas-

i = 0 rmmtb}&f;@g&; X

urements. The flow cone was not too sensitive to small changes in viscos-
ity although a cone with an orifice restricted enough to require more

time to discharge might prove suitable for field use. The torsion
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~ ' viscosimeter, because it is delicate and requires a quiet, level area
' for operation, would not be as suitable for field as for laboratery use.
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PART VI: CONCLUSIONS

91, The surface texture of a fissure has a distinct influence on
the thickness of grout that can be used to fill it. The smoother the
surface the lower the water-cement ratio of the grout can be and still
penetrate the crack.

92. The maximum grain size of the solids in the grout determines
the minimum crack width that can be grouted. The ratio of crack width
to grain size should probably be three or more.

93. The use of such materials as Intrusion Aid and RDA increases
the fluidity of grouts, to some extent, thereby preomoting penetration of
a given crack width with grouts of a slightly lower water-cement ratio
than could be used successfully without thew. Bleeding can be reduced
somewhat and setting time increased by use of these materials.

ok. It is impracticable to squeeze the excess water from a thin
grout, thereby leaving a dense, hard filler in the cavity, at the pres-
sures used in this program.

95. Bleeding largely prevents bonding of the grouting material to
the upper surface of the fissure.

G6. The use of finely ground mineral admixtures such as granula.ed
blast-furnace slag, pumicite, and opaline shale can reduce the bleeding
of a grout and greatly improve the continuity and aprearance of the
hardened grout film.

97. The solubility of a grout film is influenced by the water-
cement ratio and composition of the film and length of curing. Certain

mineral admixtures can be used to reduce the amount of leaching that a

grout film undergoes.

98. A straight-line pressure gradient occurs along a fissure being

grouted only if the crack is of sufficient width.
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Teble 1

Results of Grout Pumping Tests :
Crack  water- . \
Thick- cement Presswre (psi) ¢
Jeriel Test Stage ness  Ratio Tow §o. Consistency
lig.  _NHo. _Ko. Grou. in._ {by wt) cu ft/hr I 2 Remarks H
1 1 1 heat cemert 0.02 0.4 cere 100 ee o= == O —ee Trisl run u
2 a 1 lieat cement 0.01  3.73 8 100 == > - O - Roughened surfuces on specimen 4
3.34 7 100 =« o= = O —— -3
3.0, 5 100 we o= == O e b
2.7 I 100 e es o= [1] —— i“
2.55 3 100 - e o= 0 onn
2.36 2 100 o o= == O .- .
2.20 1.5 100 == s <= O - &
2.06 0.9 100 o= o= - 0 b
1.93 ° 100 er == = O *
i
4 [ 1 Neat cemeit 2,01 7.6 2 100 o= = == O oo Refused grout. Prelisinary test.
Roughened surfaces on specimen ’
“ A N Neat conernt 0.02 1.08 1% 100 =o o= == [+] ——— Roughened surfaces on specimen .
1.0k 1 100 - == = 9O e )
1.02 0 100 o= == == O P ni‘;'s
Pg =
, 2 1 Neat cement 003  em=-- - e me we e es o= Test voided ’:g
i
4 b 1 Reat cement 2.03  0.58 3 10 == == -~ 0 —e- Repeat of test 2. Roughened surfaces gﬁq
0.55 30 100 e == == O - on specimen pE)
0.53 26 100 o o= o= [+) R *32
0.52 22 100 == == = O 8% A2
0.50 6 100 e e == O 36 gx
713 1 Mest cement 2.03 .70 6 80 oo e == O - b4
0.62 6k 80 e s e [} cee ggg'é .
0.57 62 B9 we e o= 0 - b
0.52 49 3 w= o= = D P e
‘ os 25 80 o= == == O - ik
o2 ' 12 80 == == == 0 - 2:3
0.40 5 90 ae e= == 0 --- ie
0.3v L 100 e ca o= Q —ae EY““
it 18 1 Neat cemeut 0.01  2.0¢ 9 100 == o= <= O — ;
1.9 6 100 == o= == O -
1.76 [ 100 == w o= 0 ———
1. 3 160 o= = o [) awe
1.3k 0 100 o= == - O ——- .
17 1 lemt scrent 2.02  1.01 3t 100 o= == == O - '
G717 25 10 we en @ 0 -
0.73 20 100 == == == 0 ven .
0.5b 15 100 w= == = 0 oe=
6.57 11 100 == = -= O -
0.54 6 40 - -= = O -
0,52 0 100 e= == == 0 e
10 i 1 lieat cemcnt 0.03 0.5 W8 B0 we oo o= O e
0.b% 37 B e ew == 0 £y
2.k1 7 80 owu e «= [+} ———
0.38 25 T8  ea ae o= 0 [,
0.35 12 8) oo we o= [+ -ee
0.32 5 80 wo en == [+ .nw R 3
0.32 0 80 .= o= o= O aee A
11 ) 2 Heat cement 0.03 0.50 b1 100 62 ¥ 32 ] - Pump 80 strokes per ain ;F‘
0.50 (0] 00 5 3 2 O oo Pusp 68 strokes per min 1%
0.45 35 100 66 W 25 0 -——— Pump G8 strokes per min n&}
0.42 Z 10 72 50 88 0 - Puxp 68 strokes per min E;KJ
0.38 19 100 75 b7 28 0O Py Puup 72 strokes per win ["ﬁ
W i~ 2 liost cement 0.00  b.0O [ 5 30 19 9 O --- ?:
3.00 5 0 3017 7 1 eee
2.00 b 5 211 5 © - E b
1.50 3 5 2a 12 5 0 - [ f
1,33 0 % o5 6 & 0 —ae
13 3% 2 Heat cement 0.00 1.3} 25 5 311 21 0 .- f@f :
1.30 2 5 32 2 i 0 e 3
0.92 18 0 3 2 12 ° !
0.71 n 50 3 24 12 O ; !
C.57 [ 0 37 25 13 O ¢ 5
0.k8 [} 50 o= os o= e -am py)
3 ;
1h i . leat cement 0.03 0.8 o so 25 16 & 0 . Refuse grout at initial vater-cemsnt h G :
ratio 4 :
1 14 2 leat cement 0.03 1.20 55 50 135 25 15 © . }',
0.86 uk 0 28 20 12 o . 13
0.67 26 5 2317 9 © -
0.57 $ 6 7 % 1 O =
0.52 & sc 8 6 2 o e
0.46 2 0 8 6 2 0 e
1 ay 2 eat coment 0.03  0.b5 . 50 ec o= =n o= aa Orout not thickened to refusal, shesr
test specimen, static pressure main-
tained 15 min after pusping
17 52 2 Heat cement 0.03 2.0 . 4 0 ko W0 - Orout not thickened to refusal, statie
. pressure applied for approx 1 hr to
attenpt to squeeze water fram grout
{Continued)

* Concistency measured on torque meter (piano-wire viscosimeter) with spider vire of 0.125-in. diameter. .




Table 1 (Contimied)
Crack VWater-
Thick- cement Pressure (psi)
Serisl Test Stage neas Ratio Flov ‘G No. Consistency

No. _Ho. No.. grout in.  (Sy Wt) cu ft/nr m (Torque Deg) Remarxs

18 75 3 Noat cement 0.03 1.00 53 o 28 22 14 [+] 1* Valve & closed and pressure maintained
0.71 30 0 18 15 8 [¢] 2 for 10 min after pumping
0.55 2 50 23 18 9 o 55
0.45 12 5% 21 2 10 0 1z
0.42 8 50 29 2 10 [+ 202
0.38 5 0 28 18 9 [¢] 32k

50 ko 32 25 18 -

19 25 2 Nost cement 0,01  b4.00 b 2k 12 9 3 o0 ——-
3.4k 2 28 12 9 2 o ———
2,67 0.3 25 0 0 0 o0 -

20 26 2 Neat cement 0.02 .71 15 25 18 13 7 0 -
1.34 1k 25 13 12 T 0 -—-
0,52 10 2% 20 13 T © .
0.7 6 2% 19 13 7 0 -—
0.57 2 2% 19 1 7 © -
0.48 1 25 23 17 10 1 ~—-
0.46 < 25 20 14 10 2 ———

21 44 2 Neat cement 2.03 1.00 32 2 18 13 8 o] —— Stati{c pressure mainta..=d approx
.15 24 25 18 13 7 © - 10 min
.60 16 29 1. 13 7 o] .

3.50 P 25 1. 13 7 O .-
0.46 6 2% .3 13 6 0 .
0.43 L 25 13 12 6 0
25 o5 25 5 25 ---
4 10 1 1 cement:l fly ash 0.01 7.6 .- 10C - ae e s) —— Roughened surfaces oo specl u.
Refused grout

3 21 1 1 cement:l fly ash 0.01 k.3 - N . me ew o] - Refused grout

2h 22 1 1 cement:1 fly ash 0.0l L.3 - 100 - m= ee 0 .- Bad leaks between slabs

25 17 1 1 cement:1l fly ash 0.02 1.13 9 100 e 0 - Roughened surfaces on specimen
1.12 5 100 -« - -- 0 -

1.05 e 100 == a= e 0 —e-
1.00 0 100 == s= ma 0 ©=-

26 20 1 1 cement:l fly ash 0.02  0.95 21 100 <= a= = D e
0.719 18 100 mm me e Q -—-

0.70 15 100 == = =- 0 -
0.65 13 100 == o= e 0 ---
0.5y 1 100 == e= - Q -
0.52 6 100 == o= e 0 -
0.51 L 100 = em e 0 ——
0.4y 0 100 == o= e o} .-

27 20-A 1 1 cement:l fly ash 0.02 1.00 5% 100 = v e o} .- Check on 00 and 7
.8 2 100 == == s o -

0.66 0 100 e= e e o .-
0.53 10 100 =~ oe e 0 -
0.48 7 100 = = e o] -—-
0.46 5 100 == 4= e- 0 -
0.k b 100 == < - o -

28 3 1 1 cement:1 rly ssh  0.03 0,64 5 5 eo e as 0 - Rougheted surfaces on spe. 'men.
0.64 7 T8 ce am e fs} .- tatic pressure o speclmen .5 min
0.6h 10 I R 3 .-
0.6k 2 P e -m -e 0 .-

0.63 9 50 = -= .- 0 “--
0.60 5 00  wa - - 0 -——
0.58 L 72 em em ea p -
.58 0 100 .- - - X0 .-

2 15 1 1 cement:! fly ash 0.0} N -8 TS e e e o .
Uy T2 16 em e - 3 -
0.52 62 70 em e - S .-
0.47 18 L -
0.h% 16 P .e e e b —-
o.k2 13 T “--
0.k0 10 O ee am ae 0 -
v.38 5 I YO .
0.3 0 S .-

x 16 H 1 cement:l fly sah 0.03 a.b’ L. TH  me e - ¢ - Duplication of test 1%
Q.00 - 79 =m ee a- o ---

D052 » L 0 -
.47 A R ¢ .-
0k 22 P o B N .-
PR i I g -
0.4 17 A —--
2.38 ik L R .-
.37 ] S I —--
0. ¥ 0 100 e - e- v ---

3l X1 2 1 cemwnt:l fly ash 0.02 1.50 ] SO 3% 2L 0 ——-
0.75 16 LI R AR | 4 -—-
0.%0 6 PO TR N | 2 ——
G.h3 2 w3 X1y . .-
.80 1 W w213 N -

(Cart {oumd )
* Coneistency msasured oo torque meter vwith spider vire dlemeter increased to 2.562% 1in,
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%0 64 2 1 cement:l fly ash 0.03 0.5

[53 ™ 3 1.5 eemnt:l fly 0.03 1.00
ash

u2 T8 3 2 coment:l fly ash 0.03 1™

¥ 83 3 1 cement:lslag 0.03 .00

LRER WRYYS BR3R

Lh 8k 3 1.5 cement:l slag  0.03 1.00

55 8 3 2 comsmt:l slag 0.03 1l.00

173 86 3 1 cemsnt:l 0.03 1.00
pmicite 0.71
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Tabdle 1 {Continued)

Creck Water-

Thick- cemmnt Pressure (psi)

Serial Test Jtage ness Ratio Flow Cage No, Consistency
¥, Xo. _No. Grout in,  (by wt) cuft/nr OA] 1 2 (B] (Torque Deg) Rensarks
1%4 o7 3 1.5 cement:l 0.03 2.0 62 S50 32 22 13 O 15%

pumicite 1.20 60 S0 30 18 12 © 20
0.86 50 50 32 20 12 1] 36
0.66 29 5 32 18 10 © 76
0.60 20 50 32 12 8 0 17
0.55 13 50 3 12 10 0 161
0.50 T 50 24 12 10 O 316
18 88 3 2 cemenmt:l 0.03  2.00 EO 50 30 18 10 C .-
pumicite 1.20 3 sn 23 12 8 0 -
0.86 32 s0 23 1y 8 [*) .
0.66 21 so 26 4 8 0 ——-
0.60 15 50 28 4 8 0 -—-
0.55 9 0 29 & 9 0 ——-
Q.50 K 50 32 3 9 O -
49 89 3 1 cement:l opal- 0.03 2,00 64 50 36 2b 1b [} -——
ipe shale 1.20 61 50 32 22 12 O .-
0.86 32 50 35 22 11 0 ———
0.66 9 §0 32 18 11 0 ——-
0.60 3 50 26 17T 11 © e
50 90 3 1.5 cement:l opal- 0,03  2.00 60 s0 34 20 1k O -
ine shale ) 1.20 56 50 32 20 13 [¢]
0.86 35 0 31 20 1 O
0.66 15 50 22 1n o
0.60 10 50 32 2 11 ¢ ———
0.55 4 50 31 22 12 O -
51 91 k} 2 cement:l opal- 0.03 2.00 68 50 35 20 12 O L
ine shale 1.20 64 50 32 20 11 O 11
0.86 b3 50 33 20 1 0 36
0.66 20 50 32 20 10 0 96
0.60 12 50 31 20 10 0 182
0.55 6 50 31 20 10 O ——-
52 L6 2 1 cement + 1% 0.02 1.9 40 100 66 42 25 O na-
Intrusion Aid 0.64 27 100 T0 48 25 [} —e—
0.50 17 100 70 48 25 © ———
0.43 9 100 67 k5 25 © -
0.39 7 100 65 30 25 [} ———
0.37 6 mo 65 30 18 2 -
0.34 3 100 62 27 16 0O -
53 u7 2 1 cement + 1% 0.03 0.64 u5 100 L 27 15 O -
Intrusion Ald 0.50 33 100 46 32 17 0 ——-
0.41 100 58 ko 22 2 -
0.36 16 100 66 k5 2h 2 .-
0.34 15 100 68 = 2 -
sh ish 2 1 cement + 1% 0.2 1.00 2k 50 32 2k 15 0 .
Intrusfon Ald 0.67 1% 50 36 25 15 O —--
0.55 -] 50 36 24 1k © -
0.46 5 so 36 24 1h 1} ——-
0.4 3 33 23 W 2 -
0.40 2 50 33 23 13 2 ——-
55 38 2 1 cement + 1% 0.03 0.60 36 50 37 26 16 [¢] -——
Intrusion Ald 0.52 24 50 35 25 14 0 -—-
0.46 15 50 36 25 W 0 .-
0.1 9 s0 36 2b 1 O ———
0.39 T s0 36 24 1 O —-
0.37 5 50 36 25 15 1 ---
0.35 3 50 3 23 15 2 -
56 38-A 2 1 cement + 1% 0.03 0.50 - 50 es w= == e- ——— Sand plucged specimen
Intrusion Aid +
1.5¢% sand pass-
ing No. 50
sieve
57  46-A 2 1 cement + 1% 0.03  0.45 - 50 e= o= ~= - - Ghear test specimen
Intrusion Aid
58 31 2 1 cement + 1% 0.00 k.0 1} 2% ©0 6 0 0 -—— Refused grout
Intrusion Afd
59 32 2 1 cement + 1% 0.02 1.50 9 25 17 1 9 V] ——- Frothy grout. Pressure increased and
‘truston Aid 1.00 6 25 17T 1 9 O --- static pressure maintained on speci-
0.75 b 25 17 13 8 0 -—- men approx 10 min after pumping
0.60 2 25 7 13 9 O -
0,50 1 25 17 13 9 O -
0.43 1 25 19 13 9 O -
41 32 23 30 20
60 33 2 1 cement + 1% 0.03 1.00 25 25 17 12 17 [} ——— Grout from test 33 used in test 33-A
Intrusion Aid 0.75 18 25 18 122 7 © -
0.60 12 25 18 15 7 © -
0.46 6 25 =20 1 9 0O -
0.40 L 25 19 1 5 O e=
0.38 2 25 18 1 8 o -
0.36 2 25 18 ik 9 [¢] -
(Continued)

»

®»  Consistency messured on torque meter with spider vire dismeter increased to 0.5625 in.




Teble 1 (Continued)

Crack Water-

Thick- cement Pressure (psl)
gerial Test Stage ness Ratio Flov [+] No. Consistency
N Moo Mo _ Grom e Gyw) evfoihe ST T F 3 WEL (Terywe Deg) Reparks
61 33-A 2 1 cement « 1% 0.03  0.36 2 2% 1 1 5 0 .- Crack in specimen. Turned verticslly,
Intrusion Ald long axis horizontal
62 65 2 1 cement + 0.153% C.00 2.0 7 100 8 57 46 O -e- Grout passed through No. 100 sieve
RDA 1.38 5 100 8 58 48 o0 e
1,06 2 100 82 3} -
0.95 0 car e me = me .
63 62 2 1 cement ¢ 0.153% 0.02 1.20 37 100 75 W1 27 [} om-
ROA 0.75 26 w0 66 k2 25 O -
0.60 18 100 68 W 26 O ° o=
0.55 15 100 T1L k6 26 O o=
0.50 1 100 68 k5 26 O ———
0.46 8 100 66 b3 25 O e
0.h3 6 100 €8 43 26 [} ———
0.ko0 1Y 100 68 45 26 [} an- 3
N - . kS
[ 63 2 1 cepent + 0.153%  0.03  1.20 &k 15 55 WO 25 O - Could not get pressure up to 100 psi ¥
RDA 0.86 bl 4 32 22 13 © ——- at first 7.
0.67 Lo 66 41 27 16 o0 ‘
0.54 26 100 TU 85 27 [} v——
0.50 20 100 175 50 21 O ——-
0.k43 14 100 T3 46 26 [} - ,
0.k0 1 100 73 W 26 O -
65 67 2 1 cement + 0.153% 0.03 0.83 55 42 33 24 17 [ -—— Specimen split longitudinally, test
RDA 0.62 by 62 29 20 O ve- void 5
0.50 bk 85 s2 W 21 © e—
0.38 36 100 52 W 28 O e §
0.36 25 100 56 40 28 b —=a
0.33 7 100 ¥ 31 19 H .- B
6 93 2 1 cemert + 0.153% 0.01 2.00 - 50 e= e= == == o= Test void, specimen leaked at shims
K]
67 51 2 1 cement + 0,153% 0.02 C.46 8 s0 36 2¢ 18 1 an ¥
RDA 0.43 6 50 38 24 15 I n-
0,41 5 50 36 24 13 1 -
0.4%0 b 50 36 24 13 1 o
0.36 2 50 36 °b 13 2 vom
68 60 2 1 copent + 20,1538  0.02  2.00 k) ! 50 3B 25 15 0 ve- Static pressure maintained approx 10
RDA 1.00 24 0 37 28 15 © - min
0.75 16 50 25 15 O -
0.60 10 s0 37T 25 15 o -an
0,50 6 s0 38 25 15 O .
0.kt 1 S0 38 25 15 O -
50 50 50 W7 k2
63 61 2 1 cement + 0.153% .03 1,00 50 50 33 2 13 [} wen Static pressurc meintained approx 10
RDA 0.86 b6 50 3k 23 14 0 —om ain
0.67 3% 50 3 23 13 O .-
0.55 P2 s0 35 23 12 O —-
0.6 13 50 136 23 12 0 -
c.h3 9 50 35 2 12 0 ———
0.k40 [ 50 33 24 12 [} -—-
50 S0 S0 50 X0 Lad
70 T 2 1 cement + 0.00% .03 1.00 b3 50 32 W 12 o 10 gtutic pressure paintained spprox 10
RDA 0.71 36 50 32 35 12 0O 21 ala
0.5% 24 50 32 3 1 O '
0.4y 1 0 32 36 1 0 ]
0,42 1% 50 32 38 12 O 135
0.38 T 50 36 39 12 0 217
0.36 3 50 3% W 13 0 %6
50 47 50 3 8
(83 56 2 1 cement + 0.20% 0.0 2.00 6 25 ae e= «= 0
RDA 1.3 b 25 v == == O
1.11 o 05 es wm == O iy
$)
72 5T 2 1 cement + 0.20% 0.02 1.1} 1% 25 18 13 17 O vae Used grout from test 56. Ststic N
RDA .91 12 29 17 13 7 o ——— pressure maintained approx 10 min i
Q.77 8 2% 19 12 7 o] ven :
Q.67 [ 25 19 12 7 O .- :
0.63 5 25 18 13 1 © - :
¢.56 b 2% 1y 13 1 ¢ “n- o
0.50 b 26 1 13 7T © . -
2.b5 1 26 19 13 7 [ -——
26 025 2% 0 20 —-
13 58 2 1 cement + 20% .03 1.0 3R 25 1v 1« 8 0 -—- Static pressure saintained spprox 10
RDA 0.83 26 25 18 13 7 0 -m- min
0.71 20 2 18 13 7 O om
0.63 15 25 19 13 7 O -
0.56 10 25 1 13 7 O I
0.50 7 2% 1y 13 7 O =
0.h5 ) 25 19 13 7 O -
Q.43 3 25 19 13 7 O e
25 25 2% 20 17 :
Th 12 1 1 cement:1 fly 0.01 k.30 [») 100  en wm ee o] - Roughened surfaces on specimen.
ash + 1% Intru- Refused grout
sion Ald
{Continued}

* (Consistency meesured On torque meter with spider wire diameter tncreased 1o 0,5625 in.



Sroat _
ll 1 3 cement:l fly
ash ¢+ 1% intru-
sion Ald
75 8 1 1 cement:l fly Q.02 1.17 o 100 = es - o S Roughened surfaces on specime: .
ash + 1% Intru- Refused drout
rinn Ald
71 23 1 1 cement:i Tly 0.02 1.27 16 99 e= e == o] - Static pressure malntainel approx 1o
ash + 1% Intri- 1.3 18 R = = - ) --- nin
sion Ald 0.82 17 10¢ == ee - ) .=
.72 1€ 100 -- == -- 0 —--
c.ul 1k - o
Q.51 10 80 R I
008 7 8o e e e 0
Dl 6 30 - - s}
0.2 5 100 = e e- 0
0,40 4 100 - == -- v --=
2 100 -= ae == 5} ---
78 S 1 1 cement:1l fly .03 Q. 24 50 ww ee e 2 s Roughened surtaces on speclmern
ash + i¥ Intru- 0 15 58  -e - -- [ 3%
sion Ald 0 13 [ I 2 i3
3. 6 W mm e e 3 31
o, 5 100 == ee e N 53
D o 190 —— e == v -
T3 13 1 1 cement:l fly 0.03 [RIR/'N 2L 100 =m ae - G
ash + .% Intru- G-l 17 o o
sion Aid 2.3 iz 190 w= e e b —--
2.39 7 1 R ) —a=
.33 4 X e ee e 0 -
-« ho-A 2 1 cemernt:l fly 2.0 2.k 2 5 3 1 12 ol ——— A1d added t° srout from test 45,
ash + 1% Intru- 0.38 M tr 33 w2 Q -— Gruut thickened %o J.33 waterw
ston Ald cersnt ratic, did not refuse,
grout oily lookirg
a1 s} pd 1 cemont:l Uiy .03 C.l 17 50 3k 3 12 0
ash + if Intru- Sk T 50 20 Ll 7 Q
Afd Lk © s o217 81 1 -
3T 3 50 2+ 20 1l 2 - '
az ho-A 2 1 cement:: fly a.27 ~.50 - €0 == e me -~ ——— Test inccnclusive. Fly ash dry
ach + 1% Intru- RO sieved through No. 10 sieve
sion Ald betore using -
43 50 z 1 coment:l fly 003 Tohh -- R - Grout not thickrened to refusal, shear
ash + 1f Intru- test specimen. Pressure maintalned B
sion Al 15 min efter pumping 0
sl L 2 1 coment:. fly DI 1.0 - 29 PR s} - Refused erout R
ash + 1% Intru- .
sion Ald
85 Lo 2 1 cement:l fiy 2,00 3.00 3k 2 17 12 b 9 -
ash + i% Intru- 1,950 1 29 1 7 98 ol ———
sion Afd ow 3 oy 8 1w 7 o - B
0.8 0 . k
B0 L3 R 1 cement:l iy 0.03 380 2 25 17 L 6 o - e
ash + 1T Intru- Gl 13 25 17 11 ¢ 0 -——— B
slon Ald 0.5k 7 25 17 1 b 0 - Coe
G.46 o 25 17 1w H b - L
RS 3 0 2 W 5 0 - ‘
ed 7h Loecement:l fly ARl 14 0 28 1w 8 0 .
ash T4 RDA 1w o0 a0 12 6 G J
& w1 o . !
3 10 2> 1 b 0 -
a3 A o 1 cemert:l fly 203 7 0 PR TS Y 2 Specimen cracked near entrance end for
aph + 0..0f RDA Yo 100 TN W8 27 2 grout. Grout film thickness may P
b 0 RO 5 3R 0 . nave exceeded 0.03 in. S
3h 10 80 %y 1 2 --- N
) 100 8% 51 28 0 -
14 e 77 S5t 2 G -~
8 0c 78 51 8 3 -
3R} 3 2 1 ocement L fly 103 10 ol 0 70 32 3 0 --- .
nehoo L 0F RDA IS 5 L] 0 b 30 Q -—-
CL0 ¥ 100 L0 3y Q0
2.90 ol wo W8 33 1y 0
[CR"R) 17 100 6H b 0 -
VR 13 w08 - By 0 - -
B3l 3 120 G W20 0 o
0.5 n 100 55 ko 03 o -
* 54 2 1 cement:] 1y [PRAM 3.0 2 o0 @7 o1 b 0 - Static pressure apirox 10 min after
ash + 0.0 RDA Plooo o 50 3L 21 13 0 - pumping
Rt . %0 35 2k b 4] ———
Q.50 o 5 36 05 1% 0 - .
ARX) 3 50 a2y 1Y "] --- .
R 2 50 W o7 Wb 0 - Yoo
u.o3 i o0 b 30 o 0 - )
5y 30 317 .-
(Continyed) - :
(plano-wire viscosimeter) with spider wire of 0.125-1n, diameter

*  Conststency measured on torque meter




Table 1 (Continued)

Crack  VWater-

Thick- cement Pressure (pei)
Serial Test Stage ness Ratio Ylov No. Consistency
No. _No. _Xo. Grout in. (by Wt) cu ft/hr ﬁm {Torque Deg) Remearks
91 53 2 1 cement:l fly 0,02 3.00 29 5 33 23 15 ° -—— Karesperse "C" brand calcium ligno-
ash + 0.20% 1.00 23 50 34 24 1k [} ——— sulfonate used instead of RDA in
Marasperse “C" 0.60 1n 50 32 22 13 [«] ——- this tost, Static pressure for
0,50 7 50 3 23 15 O - approx 10 min
0.53 5 S 3% 23 15 © -—-
0.40 3 56 36 23 15 O -m-
0.38 ] 0 3 23 15 O -—
0.35 1 0 -=- 2315 0 m—-
50 == 50 AT O
g2 n 2 ' 1 cement:l fly - 0.03  1.00 56 50 3 25 15 O e Etatic pressure for approx 10 min
ash + 0.20% RDA 0,75 38 50 36 2k 13 0 ae-
0.60 Fed 50 37 26 1 0 -
0.50 13 %0 38 26 15 O ——
0.ks 9 50 K 29 16 0 .
0.43 Y s0 37 28 15 0 ———
0.40 1 5G4 29 16 0 -
50 48 k1 29 13 -—-
93 8¢ 3 1 cement:1l fly 0.03  1.00 59 32 o 15 o g%
ash + 0.20% RDA 0.71 W% s 26 3B 12 0 15
0.55 17 % 13 23 b o0 30
0,45 3 50 13 s 0 51
0.k2 b 6 9 23 2 © T
0.38 3 50 11 2b W O 92
9h 69 2 1 cemsnt:l fly 0.02 1.50 16 8 20 15 7 9] ——- Static pressure for approx 10 min
ash + 0.20% RDA 1.00 1 25 23 15 8 o] com
0.75 8 25 22 15 T O ——-
0.67 6 25 23 16 8 o0 -
0.60 5 25 23 16 8 O -
0.56 4 25 23 16 8 0 —-—
0.50 2 25 2 16 8 O ———
0.ks 2 25 23 15 8 © -
0.43 ] 25 oo a= == O -
25 23 16 19 15
95 T0 2 1 cement:1 fly 0.03 1.00 35 25 171 12 6 a9 e Static pressure for approx 10 mim
ash + 0.20% HMA 0.75 23 2 16 10 5 O .-
0.67 20 25 17T 11 5 0O PO
0.60 15 25 17 11 5 O .
0.56 11 25 17T 11 6 [} -
0.50 8 25 17 11 6 0 -
0.ks 4 25 17T 11 6 o -—
0.k3 2 25 17 1 &6 0 ——-
25 28 25 23 13 -
96 81 3 1.5 cement:1 fly 0.03 1.00 58 so 3% 27 ik [} ag*
ash + 0.20% RDA 0.T1 50 50 31 23 11 O 16
0.55 33 $0 3 23 11 0 30
0.45 20 S0 32 24 1. © 62
0.42 1 50 33 26 12 O 85
c.38 8 0 26 21 10 O 322
0.36 [ 50 29 20 11 0 145 5
97 82 3 2.0 cement:l fly 0.03 1.00 58 0 28 20 19 O Vad Gtetie pressure for approx 10 min ;‘?
asit + 0.20% RDA 0.7L uk 5 2k 16 17 O 16 i
0.55 30 50 28 20 18 O 37 >
0.h5 i7 S0 30 z1 18 0 k) s g2
o.k2 12 56 28 2 18 o0 116 13
0.38 8 S0 28 20 18 © 208
0.36 2 50 18 16 18 O 354 e
S0 17 28 24 0O .

0 AN

RN

i

Hote: Test 1 saved surfaces on specimen. Tests 2 through 12, surfaces of specirsns lightly rubded dy carborundum stone. All other tests

conducted with specimen surfaces amooth, as cast against plate glaes.
« Consistency measured on torque meter with spider vire diameter increased to 0.5625 in.
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!
- Tal e o«
hesulis of lesching 1ests on Grouts
frout ____Water-cemcnt ha'io T.h dater-cement katic 0.7
Age Total Sol Ca ion Total [o) Ca fon
Specimnen Days oH ppm 5 ppm % _pi ppm ¢ PPm ¥
Neat Cement
Flask 1 9 12.0 320 0.26 121 0.08 12.0 1354 n.59 180 0.17
14 11.7 650 0.18 189 0.12 11.5 772 0.3k ~3h c.23
35 11.6 888 0.25 170 0.11 11.6 752 0.33 177 0.17 .
97 11.3% 702 0.20 33 0.02 11.0% 202 0.09 22 0.02
Flask 2 92 11.5% 880 0.25 103 0.06 11.7% 1278 0.56 8L 0.08
97 1.4 628 C.18 150 0.11 11.2 176 0.08 48 0.05
118 11.5 766 0.22 105 0.10 11.1 152 0.07 15 0.01
180 11.6 838 0.2U 146 0.09 11.5 80 C.32 191 0.15
Cement + RDA ,
Flask 1 9 11.7 756 0.22 150 0.09 11.8 1192 0.57 137 0.1k -
1k 11.6 712 0.20 193 0.12 11.6 900 0.43 193 0.20 ‘
35 11.6 1030 c.30 189 0.12 11.6 %66 0.k6 159 0.17
97 11,3% 430 0.12 29 0.02 11.6 840 0.50 188 0.20
Flask 2 7] 1.k €48 0.10 100 0.06 11.5 1008 0.48 75 0.09
97 11.k4 630 0.20 167 0.11 11.6 905 U.h3 156 0.16
118 11.6% 876 0.25 156 0.10 11.6 920 DLk 170 0.19
180 11.6 338 0.28 113 0.07 11.7 1022 a.bg 216 0.23
1 Cement:l Fly Ach
Flask 1 9 11.5 TSk 0.23 75 0.08 11.6 126 0.57 104 0.17
. 1k 11.5 634 0.19 126 0.1k 11.6 780 0.36 172 0.29
- i 35 10, o= 130 0.0k 12 0,01  11.3 654  0.30 95 0.16 e
: : 97 10.2 202 0.0 7 0.01 11.0% 382 0.1/ 1 0.02 HEN
Flask 2 92 Discarded 11.3% 680 0.31 1 0.02
97 Discarded 16.9 156 0,07 2 0.0k
118 Discarded 10.9 126 2.06 18 0.03
180 Discarded 10.L4 188 V.09 13 0.02
£ Cemcul.. Fiy ASn e
Flask 1 9 11.4 810 0.23 112 0.09 11.6 1524 0.69 149 0.20 .
14 1.4 620 0.18 157 0.13 11.6 €60 0.30 170 0.23
35 11, ke 61k 0.18 118 0.10 11 L 670 0.30 110 0.15
97 10.2 70 0.02 11 0.01 11.3 k70 0.21 5k a7
Flask 2 oA 11.2% 30% 0.09 43 0.0k 11.3% gkn 0.42 48 0.¥0
q7 11.0 120 0.03 33 0.03 10.0 20 0.01 11 0.01
118 1l.1 214 0.06 36 0.03 10.0 34 0.02 6 0.01
Flask dry
180 10.9 322 0.09 3% 0.03 9.9 5 0.03 9 0.0l .
1 Cement:1l Fly Ash + RDA
Flask 1 9 11.7 M 0.24 82 0.09 11.8 137k 0.63 78 0.i3 "‘
14 11.5 €26 0.1 104 0.1 1l.5 760 0.35 115  0.19
35 11.3% 530 0.16 32 0.0h  11.5 93 0.42 63 0.1l e
a7 10.5 13k 0.04 T 0.01 11.3 738 0.3k S 0.02 %
Flask 2 92 10.g* 156 0.05 11 0.01 11.3% 1644 0.75 9 0.02
97 10.8 124 0.0k 24 0.03 10.5 130 0.006 13 0.02
118 10.6 14k 0.0k 8 0.01 10.6 L8 0.07 12 0.02
180 10.5 162 0.05 € 0.01 10.9 140 0.06 8 0.04
2 Cement:l Fly Ash + RDA
Flask 1 9 11.6 954 0.28 93 0.08 11.7 1526 0.70 J3 0.1 S ¢
- 14 11.5 A5k 0.19 142 0.12 11.6 840 0.38 151 0.20 .
’ _ 35 11.4 708 0.21 92 0.08 11.5 Fon) 0.41 8L 0.1
o 11.3 Lo4 0.1k 1 0.01 11.3 552 0.25 10 0.01
Flask 2 24 11.3% 606 0.18 21 0.u. 11.5% 996 .45 20 0.03
97 11.0 188 0.05 k2 o0k 112 204 0.09 3 0.0
118 11.0 148 0.0k 31 0.03 10.6 88 0.0k 11 0.01
180 10.9 1k2 0.0k 9 0.01 10.2 ¥ G.Ob 5 0.01 .
(Continued)
# Flaske broken prior to test age.
. # lagks cracked prior to test age.
. ' et 4
R il e ; - H R .




Tat.e « (Cortinued;

Grout Waler-cement Fatio 7. water-oement “atic 0.4
Age Total Sol Ca ion Total Sol Ca ion
Specimen Daye b = % pr F _pi pr k. M2 %
1l Cement:1 Slag
Flask 1 9 11.5 856 0.2% 56 0.0, 11.7 110k 0.50 107 0.13
14 11.3 592 0.17 123 G.10 11.3 oA 0.30 130 0.16
35 11.1% 348 0.10 2z 0.02 11.3% 510 0.23 5k 0.07
97 10.5 224 0.07 7 0.01 10.9 210 0.0% 95 0.01
Flagk 2 % 10.6% 8  0.03 11 0.01  11.5% 60 0.3y 17 0.02
97 11.3 248 0.07 L8 0.04 11.% 25h 0. 16 109 0.13
118 10.7 160 0.95 13 0.01 10.2 11k C.05 9 0.01
180 10.4 2k 0.07 12 C.01 10.4 L62 0.21 10 0.01
2 Cement:l Slag
Flask 1 9 11.k T2k 0.21 932 0.07 1l.0 1220 0.5k 131 0.1%
14 1.k 600 0.17 133 0,18 11.5 70 0.35 162 0.18
35 g.6% 206 .06 N 0.01 11.4 1006 .46 123 0.14
97 10.£ 212 0.06 7 0.01 11.3% 332 0.17 15 0.02
Flaghk 2 92 11.5% 722 0.21 33 0.07 11.7% 14bb 0.6k 124 0.1k
97 11.5 306 0.09 112 0.08 11.5 L66 0.21 141 0.16
118 11.1 1560 0.05 28 C.o2 10.6 92 0.0k 18 0.0?
180 11.1 192 0.06 20 0.01 11.3 300 0.13 Ls 0.05
1 Cement:1 Pumicite
Flask 1 9 11.8 1076 0.2k 167 G.21 11.7 1068 0.46 105 0.19
1k 11.7 76 0.31 182 0.23 11.6 8LL 0.39 150 0.2
35 11.4 914 0.29 78 0.10 11.4 62 0.35 76 0.13
37 11.1% 280 G.09 9 .01 10. % 290 0.13 7 0.01
Flask 2 R 11,4 770 0.2k 90 0.11 11.3% Lk 0.19 o2 0.0%
97 11.4 562 0.18 132 0.17 11.3 ) 0.1k 59 0.1
118 11.3 Loo .13 93 0.12 11.2 188 0.09 27 0.05
18¢ 11.3 330 .10 32 0.04 10.9 "3 0.11 10 0.02
" Cement ¢ Pum1h1tg
Flask 1 ) 1.7 St Qo 156 0.14 11.53 1220 0.5 Ty 0.21
14 1.4 7 3h A 184 0.16 11.5 872 0.36 2 0.27
25 1. il Uah 134 0.12 11.6 540 0.42 136 0.18
97 10,7 e 0.4 5 0.0l 11.1% 334 0.15 9 0.0l
Flugk 2 e 1l.u# Thts oL 147 0.13 11.5% 26 0.42 106 0.1k
J7 1u.7 [0 S j 0.01 10.0 32 0.0 B 0.0Y
118 1.y LIO 0.1 139 0.12 11.4 570 0.76 152 0.20
180 3.l 3t 0.01 10 0.01 11.h 390 0.18 Lo 0.05
| Cement:l Opaline Shale
Flask 1 9 11.4 637 C.ok 7 0.1k 11.4 616 0.28 i 0.16
14 11.5 512 0.20 115 0.17 11.4 592 0.27 100 0.18
35 1L.3 pUL 0.13 % 0.08 11.3 380 0.17 kg 0.08
N 10.7 0 0.03 17 2.02 10.6 146 0.07 17 0.03
Flask 2 a2 11.3 260 ¢.10 61 0.03 11.0% 175 0.0% ] 0.02
a7 11.1 104 0.0% Lt 0.06 10.5 96 0.0 14 0.02
118 10,2 104 0.0k 37 0.0% 10.% oR 0.04 16 6.03
L0 10.7 28 0.9 o8 0.0k 10.1 8 0.0k 1k ¢.02
2 Cement:l Opaline Shale
Flas: 1 9 11.3 770 0.31 133 0.1v il.4 00 0.4l 97 0.13
14 11.5 Sre 0.3 134 o.10 11.5 716 0.38 128 0.17
5 B,5% 3k 0.01 S 0.01 11.4 502 0.23 102 0.17
a7 11.0 146 0.6 5 0.01 10,7+ 130 0.05 15 0.02
Flagk O x» 11.3 el Q.17 130 0.16 11.0% 154 0.07 18 0.02
a7 11.3 0k Q.13 101 Q.15 11.5 250 0-13 3l 0.12
118 11.3 30 0.0 ) 0.09 10.2 132 C.06 13 0.02
180 9. 3% Y4 0.00 21 0.03 11.0 w2 0.05 17 0.00

* Flasks broken pr'-r to test age.

W



AFPPENDIY. A: TESTS ON SIMULATED GROUTS AND
EXAMINATION OF MATERIAL FILLING
FISSURE IN TEST 9, STAGE 1

Test Conditions

1. During the Stage 1 tests in order to determine bleecding and
setting-time characteristics of grouts of several water-cement ratios
and to determine the characteristics of a high water-cement ratio grout,
such s&s that required to grout the specimen of test 9, certain tests
described in detail in this appendix were made. Samples of each type
of grout used in Stage 1 of the program were made with different water
ratios as Tollows:

Grout Mixture No. Water-cement Ratio, wt

Neat Grouwn

1 3.81
2 2.75
3 0.33
3A 1.93
1 Cement:1l Fly Ash
L 1.01
> 0.h4
1 Cement:1 Fly Ash *+ 1% Intrusion Aid
6 4,32
7 0.36

These grouts, except 3A, were observed for time of set and were checked
to determine the approximate amount of bleeding that occurred. On mix-
turc JA, only the procedure given below was tollowed:

a. The mixture was agitated after mixing for 2 hr and 35 min.

b. One hundred millilitcrs of grout was placed in a 150-ml

vial, stoppered, and stored in a vibration-free, constunt-
temperature room for periodic observation of cement-water
interface.

¢c. A portion was placed in a shallow glass dish to a depth of
1/2 in., the dish was covered and placed in the fog room
(73.4 + 2 F) for examination after 13 days.

b

A portion was placed between glass plates shimr>d 0.01 in.
apart, the edges sealed, and thc plates placed in the fog
room for examination at 13 days.




A2

€. Additional portions were placed in four swall stoppered
vials, stored in the fog room. and examined at 1, 3, 7,
and 13 days.

Time of Set

2. The time-of-set tests were made using the Vicat time-of-sect
needle (l-mm diameter) with the grout contained in 130-ml, wide-mouthed
bottles approximately 1.75 in. in diameter by 3.00 in. high. Measure-
ments were mecie for depth of penetration below the cement-water interface.
The grout conditions tested and setting times obtained are shown in tne

following tabulation. The setting-time results are plotted on fig. Al.
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Mixture Watcr-cement Ratio Time of Set
No. wt hr

Neat Grout

3.81
2.¢h
3 0.33

o

O

PO
L o
- W

1 Cement:l Fly Ash

AY

y _

- l-Ol /'?5

5 ouhh .5
1 Cerment:]l Fly Ash + 17 Intrusicn Aid

G 4,32 *

7 0.36 20

* Not sct at 330 hr (14 days). FPenetration & mm.

Mixtures 1, 2, and & developad a thin white film on top which allowel
renctration for many hours. This film was rakel off one surtuace with
the operator's fing.r but the newdle still penctrated slichicy until
final set was reached. The renetration values on fig. Al are averapes
of venetrations of mixtures with and without supernatant water romoved.
Rermoval of the water did not scem to have any noticeable etfect on time
of sct. The surface of the paste in mixture O was crusted over and then

crumbled, makir it difficult to Jdetermine just where the top of the un-
J

2. The sotting times were found to be roughly proporticnal ‘o the
~ater contenis of the prouts bteing tested; however, the two thinnest neat
grouts, water-cement ratios of 3.81 and 2.0C, toth huad setting times of
<33 hr, almest 10 days, and © o cement-f1y ssh-Intrusicon Ald grout, with
a water-cement ratio of 4.32, had not cet at the end of 14 days. It is
telieved that the setting time would also bte influsnced te scrne jeorec
bty the thinness of the _rout (ilm, i.c., the thinner the fidvz the lonpor
the setding time, sinco the cement grains would not ve able to setile
out and form the relatively constant water-cement concentrution us is the

casc in thick films, or in grouts placed in relatively deer containers.




BleeQigg

k. Tests for bleedinz were made by placing 5C0 ml of grout on a
1000-ml graduate and observing the amount of clear water that had sepa-

rated after one hour. Results are shown in the tabulation below.

Mixture Water-cement Ratio Bleed Water Bleeding
ilo. wt ml %

Neat Grout

Cement:1l Fiy Ash

q
e \JA

1 Cement:1 Fly Ash + 1% Intrusion Aid

L.32 30
0.36 0 ¢
5. Fig. 22 of the main report indicates that the bleeding exper-

ienced with neat grout having a water-cement ratio of 3.81 was about 87
per cent. The above tabulation lists the bleeding as being | per cent.
Both values, even though they do not agree, are extremely high and indi-
cate what occurs when sedimencation takes place in grout with this tigh
water content. Bleeding was 48 per cent at a water-cement ratio of 2.CO.
This value confcrms very closely to the curve of fig. 22. The blecding
was O per cent with a water-cement ratio of 0.33, which also agrees with
the curve. With the cement-fly ash grout and a water-cement ratio of
1,01, the bleeding was 17 per cent in this series, and approximatecly 23
per cent on the curve. With a water-cement ratio of O.L4L, the bleeding
was O per cent in both the tabulution and curve. The bleceding percentaze
of 69 "or the cement-fly ash-Intrusion Aid grout with a water-cement
ratio of 4.32 has no counterpart on the curve; however, from the shape
of the curve of the Intrusion grout on fig. 22 the percentage ol bleed-

ing at this water content would be expeeted to be less for the Aid-bearing
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grout than for neat grout. No bleeding was irdicated either in the
tabulation or cn the curve for cement-fly ash- Tntrusion Aid grout atv a

water-cement ratio of 0.30.

Petrographic Examination of Specirens
of Girout Mixture 34 at 13 Days

1

6. The graduut 1acs plates vere inspected

(4%

, mcid, and shinrmed g
before they were orencd. The supernatunt water in the graduate was clear,
but a thick film of white to grayish scum floated on the surface of the
water. A lavge asumber of small water-clear crysials were attached to the
inner wall of the graduate between the cement-water interiace and the
surface of the water. 3imilar crystals could be seen on the upper sur-
face of the grout.

7. The shimmed glass plates were examined through the upper plate,
using a stereoscopic microscope, There wore meny cirystals achering to
the upper plate, in interiering masses. JIn some, the broad flat hexag-
onal shape of Ca(OH)2 was clearly visible. Some air bubbles had been
caught between the plates in the preparation of the specimen., The tops
of the bubbles were separated firom the usper glass by s thin film of
solid material vwhich did nct contain eny crystals large encugh to be
recognized with a stereoscopic microscope. Some subsidence or shrinkage
of the grout film appeared to have ftaken place. When the chimmed giass
plates were separated, the grout film stuck to the lower plate, and the
hydroxide crystals to th2s upper. The gront could be scratched with a
fingernail, was coherent, and looked like an aggregate of fine grains of
5ilt size. The Pyrex mold was tilted while being moved from the fog
room to the stercoscopic microscope room, and toose material on top of
the grout was agitated so that the supernatant water was slightly turbid.
Some crystals of calcium hydroxide could be scen on the upper surface of
the grout.

8. The supernatant water in the small scaled vial had a thick film
in the meniscus, and hydroxide crystals were adhering to the glass and

lying on the upper surface of the grout. Since the vial appecared similar
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L to the graduate and the Pyrex mold, it was decided that a petrographic
examination would be made of the sealed vial, and a chemical analysis of

the other specimens.

Results of Examnination of Bleed Water and Paste

9. The resuits of the examinations at 1, 3, 8, and 13 days are
reported in table Al, and can be summarized as follows:

At 1, 3, 8, and 13 days the unhydrated portions of the ce-
ment, calcium nzydrexide, and calcium carbonate were the
cnly crystalline coustituenis detected in the bleed water
and the paste.

i

i b. At all ages. cmorphous gel formed by hydration could be

§5 found as rims around unhyurated cores. The gel carbonated
very guickly when air had had zecess, developing small
spheyulites and incomplete spherulites of caicium
carbcnate.,

¢. Only one crystal form of calcium hysrexide was found; a
hexagonal pla*t:i, bounded by the hexagonal prism (or two
trigoral prisms) and basal pinacoids (fig. A2). CGroups

s
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Fig. A2. Calcium hydroxide crystal from bleed water, X110, plane light.
A thin film of carbonating gel overlies and surrounds the crystal, and
clumps of carbonating gel and unhydrated cement are scattered through
the field. The diameter of the crystal as measured in the A-B direction
was 0.20 mm. The crystal has tre forms common in calcium hydroxide -
the pinacoid and prism




formed by the intergrowta of several plates increased in
size, number, and complexity with increasing age. The

size of the single crystals also increased with age. Scme
of the single crystals and some of the members of the groups
showed variations in extinction pcsition; a few of the in-
terference figures obtained were biaxial with a very small
optic angle but more were uniaxial negative. Where the
diameter and thickness of the same crystal could be meas-
ured, the diameter was about 10 times the thickness on
crystals about 0.2-0.3 mm in maximum diameter.

Yo

Nc calcium sulfoaluminate was found in any of the freshly
prepared immersion mounts at 1, 3, 8, or 13 days. The high
sulfate form was found in unsealed slides of bleed water
from the 13-day vial, after the slides had been allowed to
evaporate for several days. The high suifate form occurred
as prisms and needles with parallel extinction, negative
elongation, and indices of refraction slightly above and
slightly below 1.4645 (sodium light). Radial groups of
needles with parallel extinction and positive elongation
were also present. Some had indices of refraction slightly
above and below 1.50. Others, in two other slides, were
similar but had one index of refraction slightly above
1.485 and below 1.489, and the other slightly below 1.485.
Both agree better in optical properties with dehydrated
high sulfate calcium sulfoaluminate than with any other
compound likely to be present in bleed water. The analyses
of bleed water reported in paragraph 4 inaicate that such
small amounts of 503 and Alp03 were presenv in the solution
that no high sulfate calcium sulfoaluminate would be ex-
rected to crystallize from unconcentrated bleed water.

e. The secondary calcium carbonate found was moct abundant in
the scum in the meniscuses, and was principally in the form
of cpherulites and jncomplete spherulites of vaterite A
(calcite with interstitial water). This particular modi-
fication of calcium carbonate forms in moderately alkaline
solutions.

. There was a decrease in unhydrated cement grains with in-
creasing age.,

g. Several of the slides of residue from evaporated bleed
water contained an unidentified crystualline material in
elongated blades with slightly inclined extinction, which
was interpreted as deformed sulfoaluminate. Subsequent
evidence, described below, suggests that this interpreta-
tion was wrong.

Results of Examination of Thin Sections

10. Thin sections of the 1- and 3-day hydrates contained calcium




A8

hydroxide crystals in random orientations, large amounts of partially
hydrated and unhyldrated cement, and an amorphous groundmass of gel. The
general outlines of the calcium hydroxide were usually apvarent and
usually indicated single crystals rather than groups. There appeared to

be a well-developed parting in the hydroxide normal to the crystallographic

¢ axis; extinction was parallel to the parting, which is usually apparent

even where the outlines of the grain are irreguiar.

11. Several changes were apparent in the 30-day as compared to the
3-day hydrates. Parts of the groundmass appeared t0 be crowded with ex-

tremely small units of crystalline material, which were not clearly re-

solved at a magnification of 900 diameters. The units were very small

=) af;;.ff‘;ﬁwp'mm el
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relative to the size of the large calcium hydroxide crystals, and vere

somewhat lower in interference colors, which suggests that they are

\

calcium hydroxide, rather than calcium carbonate. The large calcium
hydroxide crystals had increased in relative size, and frequently in-
cluded several partly hydrated grains of cement. Calcium hydroxide also

appeared as narrow rims around unhydrated cement grains. All five thin

sections of the 30-day hydrate contained a crystalline compound not ob-
i served in the 1- and 3-day sections, which resembled the unidentified
crystalline compound found in the residue of evaporated bleed water. It
formed elongated crystals and radiating groups, with parallel extinction

in some and slightly inclined extinction in others, negative elongation,

and birefringence somewhat greater tiian that of calcium hydroxide. These
JE properties do not agree with reported properties of any common censtituent
of cement hydrate, with crystalline hydrates described in the available

literaturc, or with those of gypsum, plaster of Paris, or anhydrite.

Petrographic Examination of Grout
Filling Fissure in Test 9

12. The grout proportions used in this test (see table 1 of main
report) were the same as in mixture 3A. The specimen was placed in the

fog room, after grouting, and was opened and examined at an age of 13

days.
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13. It was observed upon inspection, shortly after the specimen
was opened, that virtually none of the cementing material had adhered to
or recently been in contact with the upper surface of the fissure. The
upper surface was incrusted with a white deposit which appeared to bo
composed to a large extent of small but visible crystals, the individual
faces of which were of suff{icient size to give reflections visible to
the naked eye. Examination of this upper surface with a stereoscopic
microscope indicated an essentially continuous ccating of finely divided
whi*~ material upon vwhich had grown an abundance of .. :l-developed hexag-
onal crystals. These crystals were markedly tabular in habit with a
diameter estimated to be approximetely ten times the thickness. The
majority of the crystals grew on the surface so oriented that the attach-
ment was alcong cne edge cf the table, otherwise there appeared to be no
preferred orientation. Among the areas incrusted with crystals were
paths or channels vhich apreared to represent places along which fluid
had moved. Fewer crystals appeared to have developed along these chan-
rels, and in scme cases the coating of finely divided white material in
the channels was observed to contaln a typical network of shrinkage cracks
probably caused by evaporation after the specimen was opened. An examina-
tion of selected crystals and determination of optical constants revealed
that the crystals had the properties of calcium hydroxide and are there-
fore presumed to be derived from the cement.

14. An examination of the lower surface of the fissure shortly
after the specimen had heen opened revealed an almost continuous layer
of wet unhardened siltlike substance. In small areas, this raterial was
darker in color and appeared t. have hardened, particularly in the im-
mediate vicinity of tle point of inflow and outlet. Over the remaining
arca the general softness ¢f the matter indicated an essentially complete
absence of set. A rather poorly developed pattern of flow lines was
noted. The siltlike deposit when scraped rrom a smi’l area with a knife
blade and reworked slightly, developed a marked water sheen indicating
a high frce-water content. The material showed no tendency toward plastic
behavior when rubbcd between the fingers, but felt more like silt. Addi-

tional obscrvations, approximately 48 hr after opening, revealed that the
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deposit had dried out considerahly and had become almost completely white
in color. The change in color is regarded as principally a function of
drying, although it is believed to be the result, in pe-t, of alteration
of the calcium hydroxide to calcium carbonate by reaction with the carbon
dioxide in the air. The wet siltlike substsnce, previously described,
had dried out but showed no signs of having set although in drying it had
caked to some extent.

15. bxaminavion of the silitiike material by petrographic means
included observation of the fact that it was largely soluble with ef-
fervescence in cold dilute hydrochloric acid, suggesting tha. it con-
tained a considerable amount of gel that had carbonated prior to examina-
tion. The residue after acid treatment appearcd to consist of gel with
very small varticles of a crystalline substance.

16. All the petrogrephic findings applicable to the simulated
grout 3A appear to apply fully to the filling material in test 9.

Chemical Tests on Simulated Gro.t Mixture 3A

Tests
17. Supernatant water and sludge from the graduate, pie plate,
and shimmed plate were analyzed chemically. The results of these tests

are shown in the following tabulation.

Free Percentages (Calculated on a Dry Basis)
Source of Water 1Ign. .
Sludge 6 Loss 10 Ala03 Fe03 000 o 593 qotar N30 K0
Graduate 41,1 13.2 19.8 4.0 3.4 55.3 2.% 1.4 99.5 .c6 .e2
Mold 6.6  13.3 19.8 3.8 3.4 55.6 2.3 1.5 99.7 .c6 .28
Snimmed  23.5% 13.2 19.9 3.9 3.4 55.5 £.4 1.1 99.k .06 .34
plate

* Low valve due largely to evaporation during examination of the open
plate under stereoscopic microscope.

13. Ignition loss of the sludge probably represents bound water,

chiefly, and not COE' The ignition loss of cement RC-183 was 0.60. Re-

calculating the above percentages using an ignition loss of 0.60 the

following percentages are obtained.




Percentage

Source of Ien. .

Sludge Loss 20 BL03 Fe 05 g Mg 593 motar Ne¥ K0
Graduate 0.6 22.8 L.6 3.9 63.7 2.7 1.6 99.9 0.C6 (.22
Mold 0.5 22.8 4.4 3,9 64L.O 2.6 1.7 100.0 0.06 0.28
Shimmed plate 0.6 22.9 L.5 3.9 63.9 2.7 1.2 99.7 0.06 0.3%
RC-183 cement 0.6 22.8 4,3 3.8 £3.2 3.1 1.5 99.5 0.17 0.48

19. The ignition loss of the sludge in the tabulation in paragraph
18 is perhaps toC liigii, wlilce hie NaEC aid K20 values are lower than the
values for the RC-183 cement. All results agree closely, the greatest
2O, and KEO' An alkali content of
the sludge lower than that of the original cement is expected, since the
0 and K.O0. The fil-

2 2
trate from the silica determination was used to determine the scdium and

variation being in the CaC, Mg0O, Na
supernatant water contained a high percentage of Na

potassium content using the Beckman flame spectrophotometer. The results
are therefore probably too high because of iuterferences uLy other ele-

ments and compounds present (Ca, Mg, 803, ete.).

Parts per Million

Source of Water  oi0p A0z -€.03 o 0 ygg 503 N0 X0 qoi)

Graduate 110 0 0 770 0 89 2k§ 118k 2401
(5-m1 portion)

Mold 15 0 0 532 2 2 558 24s6 3603

(20-ml portion)

20. Only small aliquots of water were analyzed: therefore, any
small crror would be magnified by dilution factors. The top surfaces of
the cement pastes were rather soft with the remainder of the pastes
grainy and hard, but not as hard es the usual cement pastes become upon
standing. Perhaps some of the solids on the surface of the sludge were
obtained in pipetting the water. This would account for an increase in

values. The analysis was recalculated as percentages of dissolved solids:

Source of Water  oi10p AlO3 Fe 0 o o oo S03 Naj0 K00 gy
Graduate L.6 0 0 3.1 0 3.7 10.3 k9.3 100.0
Mold 0.h 0 0 .7 0 0.1 15.5 69.3 1C0.0

21. All results vere determined gravimetrically except values of
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Al2

NaEO and K2O, which were determined on the Beckman flame spectrophotom-
eter. The water level in the 150-ml graduate dropped a total of 2.2 ml
in 13 days; the cement-water interface settled 43 ml during the first
hour and remained constant thereafter.

Summary of chemical tests
of simulated grout mixture 3A

22. Less free water was found in the grout from the shimmed plate

than in that from the other specimens, probably as a result of evapora-

tion from the plate during examination. The free water in the grout from
the graduate was less than that in the Pyrex moid; tue contact surface
between grout and bleed water was relatively greater in the mold. There
was close agreement among the three specimens in ignition loss (bound

water) and in oxide determinations. Recalculation of the results using

(s
)

the ignition loss found in the analysis of the cement indicated relatively
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0 in the grout as compared with tie ccment.
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large decreases in Na20 and K2

Relatively high concentrations of Na, O and K.O were found in the bleed

2 2
3" The amounts of F8203, A1203, and Mg0

found in the bleed water did not differ significantly from zero. The

water, with Ca0, SiOZ, and SO

cement paste in the graduate settled to its final level after one hour,

and the water level in the graduate decreased 2.2 ml in 13 days.

Chemical Examination of Sludre
from Fissure of Test 9

23. A portiun of the material filling the fisoure in test 9 was
taken for chemical anel,sis, the resulis of which provide the following

comparative data between the siltlike matter and the coment.

TR
¥
el
bk
HE
T
]

_S5ilt Ccment RC-183
510, % 23.0% 22.8
RQDB, pe 10.9 8.1
(Al,_,OB, e 6.6 4.3)
(FCCO_}, ‘7:1 h.j 3.8)
(Continucd)

* Average of 1wo determinations (P2.8 und 23.5).
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Al3
Silt Cement RC-183
Mg0, % 2.9 3.3
Ca0, % 58.3 63.2
Remeinder, % L.6* 2.6

* Since the analysis is on an ignited basis, this

is not HEO nor COE'

It is apparent from these data that the siltlike raterial had been some-
what leached of lime -- as would be expected from the fact that a deposit

of caleium hydrnxide was found on the upper surface of the fissure. 3

Tibis” i, Eaa) -

s A AN

e




Tablc Al

Observations of Contents of Sealed Vials of Cement Pacte with
Supernatant Liguid, Stored in Fop Room, at Four Ages

Meniscus

1 doy

Floating scum; contains flat hexagonal plates of hydroxide to which
some isotropic, easily carbonated material and a few grains of unhydrated
cement adhere. Measured hydroxide crystals range from 0.0k to 0.15 mm in
maximum diameter, with the more common values 0.04-0.07 mm.

3 days

Floating scum; rescmbles that from 1l-day vial but the size of the
hydroxide rcnges up to 0.19 mm. The scum also contains gel which carbon-
ates rapidly and a small amount of unhydrated cement.
8 days

Thick scum; average size of hydroxide greater than in 3-day scum;
otherwise similar to 1- and 3-day svecimens.
13 days

Thick scum; average sizec of hylroxide crystals considerably larger
than at § days; range from 0.29 to 0.39 rm; otherwise similar to 1- and
3~-day specimens.

Surcrnatant Liguid

1 day

Clear, rare hydroxide crystals and small amount of cuasily cuar-
btonated amoryhous material,

3 days

Clear; rare hydroxi-ie cryvotels and omell amounts of casily car-
bonated amorphous ; aterial.

3 days

Clear; scattered shining hydreoxide crystals adhering to wall. of
vial and lying on praste.  Hydroxide crystals up to O.37-rmm muxiomum
Jiaretler.

13 days

<
v
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—
—
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pud
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Clear; abundant shining hydronide crystals adhering t
lying cr top of raste.
{Continued)
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Paste

-

1 day

Diseecting needle pressed by finger penetrates about 3/L in.
Paste looks like silt-stone; is coherent but easily broken in the hand;
meny deformed hydroxide plates growing parallel te the glass on the vial
walis and the outside of the plug. Under petrographic microscope cement
grains with unibiydrated cores are most abundant constituent; some adhere
t0 cach other; some have gel rims. Hydroxide crystals are commonly
single, but a few groups were found. Single crystals range in maximun
dimension from 0.C6 to 0,10 mm; 0.13 mm most common value.

3 days

Dissecting needle pressed by finger penetrates about 3/4 in. Sim-
ilar to 1-day paste under stereoscopic microscove and under peirographic
microscope; gel rims are broader thap in 1l-dey hydrate, and groups of
intergrown hydroxide cryste.s s:. more comson. Size ranges from indi-
vidusl cryctals 0.03 mm to groups 0.25 mm in meximum diameter.

8 days

Paste similar to 3-day paste under sterecscopic microscope. Single
hydroxide crystals up to 0.42 mm across; their thickness is about l/lO
of their maximum diameter. The hydroxide groups are more complex than
those in the 3-day paste; gel is more abundant but there is still a great
number of recognizable cement grains.

13 days

Dissecting needle only penetrates about 3/8-1/2 in. Single hydrox-
ide crystals up to 0.51 mm in maximum diameter; abundant gel and recog-

nizable cement grains. Hydroxide groups larger and more complex than in
8~day paste.




AFPENDIX B: CONSIDERATICNS INVOLVED IN STRENGTH AND
POROSITY OF HIGH EFATIO WATER-CEMENT GROUTS

Strength

1. It is suggested that thc phenomenon exhibited by the material
filiing specimen 9 represents the behavior of a cement-water mixture in
vhich the water-cement rati~ is so extremely high that the resulting
product has properties more like thoc=> of laitance than cement paste.

It is also believed that the absence of contact vetween the siltlike
material deposited on the lower surface and the upper surface indicates
that considerable sedimentaticn occurred prior to the grewth of the calcium
hydroxide crystals since the ¢rystals give every indicaticn of having

grown out from the upper face into the space that was filled with mate-
rial thait offered no restraint tc the crystal growth. It is estimated

that the silitlike deposit did not fill much more than half the thickness

of the f'issure. It is suggested that the water-cement ratic of the sub-
stance deposited on the lower surface of the fissure was so high that

the space between cemenv grains, which in normal pastes and coneretes is

of capillary proportions and subsequently becomes largely filled with

fpel, was so great that it was not generally possible for the gel developed
by the hydration of each individual particle or group of particles to

grow cut through the space and make sufficient contact with that develop-
ing from other particles or groups of particles. If such were the case

the ratio of the volume of gel to the volume of available space would be
very small. As has been pointed out by Powers and Brownyard,* the strength
that develops by the setting and hardening of portland-cement pastes is a
function of this ratio. Bogue** says the cement glue or gel appears to

be an amorphous colloid. During the process of hydration the volume of

the solid phase increases, that of the liquid water decreases, but the

* "Physical properties of hardened portland cement paste,” Journal,
American Concrete Institute, vol 43, pp 845-857.
#* 'The Chemistry of Portland Cement, p L67.




volume of the system, cement pius water, decreases. OSelective settling

of the larger or heavier grains takes place in the early stages of the

reaction, before a stiffening of the paste, leaving a layer of fine mate-

rial witk s high water content known as laitance.

2. The following is based on the work of Powers and Brownyerd*:

-
b ] .

a. The incresse in the bulk volume of a paste upon hydration
is:
0.860 (w_ + v )
n m
vhere
= nonevaporable water
Vm = weight of water proportional to the gel mate-
rial in the paste (4V, = weight of water re-
quired to fill all the voids in the gel)
0.860 = mean specific volume of evaporable and non-
evaporable water.
b. Hence the ratic of the increase in solid phase to the
original space available is:
0.860 (w_ + 4v )
n m
W
o]
where
LA original water content of paste
Vﬁ
Vo= a constant.
c
b ¢. Therefore the ratio of increase in solid phase to original
el water content (X1) is:
B x* = 0.860 2 (L k)
SN . w k 3
fiuty o
d. The compressive s.rength (fc) is related to Xl as follows:
f =m Xl + B
c
E
A * Op. cit., p Bl.




wvhere
B = interception f,
m = slcpe. -
e. If
m = 0.860 il;i;ﬁél m
(k)
then L v
f =m 2L .8 .
c W
o]
f. For observed values of fc for 4 cements the constants
found are:
vm
f = 120,000 -— - 3600 .
c W
g. Thus compressive strength is shown to be directly propor-
i)
tional to the increase in GQ regardless of age, original
o]

water-cement ratio, or identity of the cement.
h. From pp 596-597 (Powers and Brownyard)
vV, = 0.02 to 0.C5 g per g original cement or on the
average 0.04 1lb per 1b dry cement.

3. From the equation in paragraph 2 f it is seen that if

==

1
33°

the compressive strength will be zero. If Vm = 0.04 g per g

2

o)

dry cement, then for 83.3 1b of cement Vm = 3,3, If it is assumed that
by sedimentation all of the cement particles settle to form a deposit in
the lower half of the fissure leaving the upper half filled with free
wvater: then '

v = 161.1 x 1/2 = 80.5

and
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or the same order of magnitude as %3; hence .he conditions of no com-
pressive strength may be explained. These calculations are offered
purely as a suggesticn regarding the order of magnitude of the relation-
ship since the values 120,000 and 3,600 were derived for the constants
ir this equation from a study of the compressive strength of 2-in. cubes
made with four cements only and are not necessarily applicable tc condi-

tions such as those under consideration at this time.

Net Water Content and Porosity of the Cement Paste

L. The water-cement ratio in the paste after bleeding is celcu-
lated to be 0.74 (or 8.35 gal per bag), based on the information ob-
tained by observations of water-level and cement-water interface in the
graduate. The porosity of the hardened paste may be calculated for a
7olume of 46 ml of paste in the graduate after subsidence using the
formulas given by Powers and Brownyard,* the data on the grout mixture
and volumes in the graduate, and the values found for ignition loss of

the paste.
Total porosity = volume of gei pores plus volume of capillary pores (1)

Volume of gel pores = 3.6 X KW = 3.6 x 0.26 x 10.0 = 9.k ml (2)

where
K = a constant depending on the compound composition of the cement;
for this cement, = 0.26, and
Wm = nonevaporable water in paste, taken as ignition loss of paste

and calculated to ml, = 10.0.

Volume of cepillary pores =W _ = 0.86 (1 + LK) Woo=32.2 - 19.0
= 14,7 ml (3)

¥ "Physical properties of hardened portland cement paste," Journal,
American Concrete Institute, vol 18, No. 8, part 9, pp 973-976.




B5

where

WO = original wvater content after bleeding, g or ml

= 32.2, and X and Wn as in equation 2.
The total porosity in 46 ml of paste is therefore
9.4 + 14,7 = 24,1, or 52 per cent by volume .
5. The permeability of pastes of relatively high water-cement

ratio is probably determined largely by the capillaries outside the gel.

The capillary space in this paste amounts to about 32 per cent by volume.




