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CHAPTER 11

TRIAXTAL COMPRESSION TESTS

11.1 INTRODUCTION

The objectives of the triaxlal compression tests were:-

a. To determine the shear strength characteristics of soll-cenent
for use in design and for comparison with the results of the

unconfined compression and direct shear tests.

b. To Investigate the effect of the variations ir. compaction and
curing conditions, examined in the leaching Lrst program, on

the shear strength characteristics of soil-cament.

c. To investigate the effect of Leaching in the leaching cells
and leaching bath on the shear strength of soil-cement.
@
The consolidated wundrained triaxlal test with pore pressure
measurement was used for all te-tis in order to obtain themaximum

information from the test program.

A total of 46 sets of specimens were scheduled for testing.
However, as discussed in chapter 9, considerable deterioration of
the inlet end of specimens subject to leaching in the leaching
cells occurred. Surface deterioration of the specimens in the

leaching b*th was also observed.

As discussed in section 9.3.5, it wasfelt that strength testing of
badly deteriorated specimens would give meaningless results.

This decision 1is reinforced by the conclusion in chapter 9 that



Leaching Is a surface effect and that leaching by percolating
water Is unlikely to lead to deterioration in a massive soil-
cement embankment. In addition, the accurate final dry mass of
these test specimens was considered essential for interpretation
of the leaching test results and it was felt that triaxial testing
could lead to significant material loss. The limiting penetration
of I mm for specimens to be subject to triaxial testing, was thus
selected. Only wunleached specimens and leached specimens for

which penetration was within this limit were tested.

In the light of the conclusions in chapter 9 and on the basis of
observations of the deformation of leached specimens tested
triaxtally, only the data for the unleacheo specimens, o total of
19 sets, was processed and is presented in this chapter. In most
cases, sets contained six specimens but a number of three specimen

sets were tested to investigate additional factors.

Curing conditions and ages investigated were determined by the
leaching test program. As noted in chapter 9, various factors
delc/ed the triaxial program and as a result no triaxial tests

wen conducted at agos less than 290 days.

Cell pressures wused in the test program were derived from
consideration of the analysis discussed in chapter 3 applied to
theoretical embankments up to 150 m high, including an alterna-
tive soil-cement structure for the Rondebosch Dam. On the basis
of this analysis, it was concluded that the wvery high cell
pressures used by certain other workersin this field were
unrealistic and that a maximum confining stress of the order of
2200 kPa was adequate for the size of soil-cement dam that could

reasonably te expected to be constructed in the foreseeable future.

A back pressure of 200 k Pawas applied to the specimens during
saturation and consolidation and the total confining pressures
during testing were 300, 450, 700, 1030, 1600 and 2400 k Pa. In the
case of sets containing three specimens, only the three lowest

cell pressures were used. Two high pressure triaxial cells and
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pressure supplies were designed and built to accommodate the
higher pressures. Pressure supplies were also built for the low
pressure cells and gauges for measurement of volume change were

built for all cells.

Strain rates and test procedures were selected alter studying a
number of references, including Jardlne (19b3), Jackson (1965), El-
EUwi (1967) and Abboud (1969).

The strain rate of 0.02 X/oin used by Jardlne (1963) and Jackson
(1965) was used. This vis slower than that used by Abboud (1969)
and El-Rawi (1967) but was found to give an acceptable time to
failure, because of the relative stiffness of the soil-cement
specimens, a considerable deflection of the proving rings occurred
before failure. Accordingly, it was necessary to adjust the rate
of displacement of the loadin $§ ram to accommodate this additional

deflection.

11.2 APPARATUS

Standard constant strain rate compression testing machines were
used for th- triaxial tests. Stiffar mountings and side bars were
required for the two machines with lowest capacity to accommodate
the required loads, but the machines were otherwise completely

standard.

Load measurement was by means of proving rings. Three additional
provirg rings of 4U kN capacity were fabricated from roller
bearing shells, a fourth shell was repeatedly loaded to check
linearity and hysteresis and then loaded to destruction in order

to determine suitability and safe working load.

Deflection measurement was by means of dial deflection gauges and
pore pressure measurement by means of electrical pressure trans-
ducers. Linearly variable displacement transducers (LVDT's) were

obtained and brackets made to enable them to be mounted in
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parallel wlth the dial gauges for load and deflection measurement.
Screened cabling and power supplies were installed to permit all
readings to be taken at a central point by means of an electronic
data-logger. However, problems with the data-logger necessitated

manual recording of all data.

A needle punched geofabric with pronounced longitudinal fibre
orientation and low lateral tearing strength was used to form the
side drain aroui d the specimen. Comparison with conventional
strip drains Indicated no increase in strength resulting from the
use of the fabric. This was attributed to the low lateral strength
of the fabric and the low radial strain at failure. This material
provided excellent side drainage during de-airing, saturating and
consolidation. Sintered brass porous disks were used to provide
rigid end drains. A disk of geofabric was placed between the
porous disk end the specimen to prevent clogging. Conventional
slotted fllter-paper drains were used for the unstablllzed speci-

mens.

Because of the high pressures used, two latex membranes of the type
manufactured for the leaching tests were used to enclose the

specimen. These were held in place at each end with two O-rlngs.

11.2.1 Triaxlal Cells

The triaxlal cells used for the lower cell pressures were standard
cells manufactured by Wykeham Farrance Ltd with a maximum
working pressure of 1030 k?a. These cells were modified by
replacing the standard "Klinger" packed gland plug cocks with ball
valves with neoprene seals which provided the same zero volume
change characteristic with better sealing and smoother operation

at lower cost.
Two high pressure triaxlal cells were built to accommodate the

higher pressures required. These were designed for a maximum

working pressure of 7 MPa and were fabricated from mild steel in
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artier to sin.pl.ify machining and minimise cost. To prevent
corrosion, a cell fluid of 90% water 10% soluble machinists
cutting oil was used. This was found to be cleanto work with and
did not leave a significant oily deposit on the cells and
membranes. No short-term deterioration of the membranes wa;
noted. One of the assembled cells, together with the major

components of the second cell, is illustrated in plate 11.1.

PLATE 11.t
HIGH PRESSURE TRIAXIAL CELLS

The high pressure cells were modelled on the standard Wykeham
Farrance cells and made use of the standard cell base. This was
modified by the replacement of the plug cocks with high pressure
ball valves. Holes were drilled for bolts fastening the base of
the high pressure cells to the standard base. In normal use, the
cell base was left bolted to thestandard base. The cell was
machined from thick walled steel tubing and the top cap was

similar in design to the standard top cap. A 25 mm polished steel
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piston with an O-ring seal was used. Theresistance of the O-ring
was considered to be insignificant in comparison to the axial
loads applied. The top cap was fitted with a ball wvalve for

venting the cell.

In wuse, the specimen was assembled on the pedestal, the cylinder
was placed over it and the top cap located. The seats for the O-
rirg seals for the cylinder were machined to provide accurate
alignment of the cylinder, top cap and base. The top cap was held
down by six Ib ma diameter bolts, three of which passed through
spacer tubes machined to ensure that the top and bottom of the cell
were parallel and to provide the required compression in the O0-
rings. A large L-spanner was used to hold the top of thecell

while the bolts were tightened.

In all other respects, operation of the cell was the same as for the

standard triaxlal cell.

11.2.2 Cell Freesure Supply

A number of alternative sources of pressure supply were considered
for the high pressure triaxlal cells. These included the wuse of
hydraulic regulator systems similar to those used by Colder and
Akroyd (1954) and Jardine (1963). However, the maximum cell
pressure of 2400 kPa was within the limits of the pressure
available from high pressure air regulators and gas in cylinders.
It was accordingly decided to use accumulators to pressurise the
high pressure cells. Nitrogen was selected as the pressure source
due to its low solubility and because it was already being used in

he leaching and direct shear programs.

Plate 11.2 gives a general view of one of the high pressure
accumulators and related equipment. The cylinder was assembled
using standard high pressure steel steam pipe and fittings and
coated Internally with three layers of an epoxy coal-tar paint

each cured a' 30°J for twenty four hours. The soluble o0il solution
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referred to earlier was stored In the accumulator and transferred
to the cell for testing. A visual level gauge was connected to the
cylinder which was positioned so that the fluid surface co.rrespon

ded to the mid-height of the cell when the cell was ruli..

PLATE 11.2
HIGH PRESSURE ACCUMULATOR AND CONTROL PANEL

Valves at the bottom of the accumulator connected to the ceil, the
de-aired water supply and to waste. Valves at the top of the
accumulator connected to the pressure supply (top valve in plates
11.2 and 11.3) md the vacuum supply (lower valve). The vacuum

connection was used f.ji rapidly draining the cell after testing
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referred to earlier was stored in the accumulator and transferred
to the cell for testing. A visual level gauge was connected to the
cylinder which was positioned so that the fluid surface correspon

ded to the mid-height of the cell when the cell was full.

PLATE 11.2
HIGH PRESSURE ACCUMULATOR AND CONTROu PANEL

Valves at the bottom of the accumulator connected to the cell, the
do-aired water supply and to waste. Valves at the top of the
accumulator connected to the pressure supply (top valve in plates
11.2 and 11.3) ana the vacuum supply (lower valve). The vacuum

connection was used for rapidly draining the cell after testing
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aad for degassing the fluid in the accumulator after draining
The ttuid was stored under vacuum between tests. The two

valve on the left of the control board provided for connection

the vacuum tc une top cap on the specimen to hold the s, ---.men
firmly during cell assembly and to aid in de-airing. This /al/e
also connected the top drain to two additional valves wh* .h
connected it either to waste or to the back pressure, volume change

apparatus discussed in section 11.2.3, below.

Two regulators were provided for use where pressures under and
over 1030 kPa were required. A precision high pressure gauge was
connected to the high pressure regulator (on the right in pla.<.
11.2) and the low pressure regulator was connected to a precision
low pressure gauge on the original control board <not visible). A
two-way valve on the low pressure regulator allowed connection to
the compressed air supply when pressures under 500 kPa were
required and connection to the nitrogen supply for pressures above

th4s.

The existing aercu y-pot pressure system was found to wue unreli-
able at pressures in excess of about 500 kPa and was also
relatively time-consuming to use. Four low pressure systems >f
similar design to the high pressure system described above were
built. These were designed for a maximum cell pressure of 1030
kPa and the controls were identical to the low pressure side of the
high pressure accumulators described above. The accumulators were
fabricated from galvanised steel w.«ter pipe and fittings and
coated intermally with epoxy coal-tar paint. De-alred distilled

water was used as the cell fluid.

Plate 11.3 illustrites a low pressure installation. The control

board is on the right with the accumulator in the center.
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LA V:. 1i,.

CUMULATOR ANo¢ CONTROL PANEL

11.2.3 Volume Change Measurement

As there were Insufficient conventional paraffin volume change
gauges, an alternative system was devised wusing rigid nylon
pressure tube with «close dimensional tolerances. The volume
change beards are vislb,e to the left of the accumulators In pla. -s
11.2 and 11.3. Tubes with external diameters of 1/8 and 3/8 Inch
0.175 and 9.525 ram; were used, giving capacities of & 2 and 39.4
ml/ra. The tubes were mounted In parallel with ball valves to
select the size required. Each tube was supplied with a millimeter
scale and the larger tube was fitted with a sliding perspex pointer
o celiminate parallax error. Potential error due to manufacturing
olerances and volumetric changes due to expansion under pressure

;eve calculated to be ot the order of USZ and accordingly no

el.ihra' It- wnonstdered necessary.

TR! AXIAL COMPRESSION TESTS
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Back pressure was applied by means of regulated compressed air
monitored on a precision pressure gauge. The tubing connecting
the volume change gauge to the specimen was flushed with de-alLred
distilled water during setting up. The length of che connecting
tubing was approximately 2 m with a bore of 4.. ®m an<* If 13
considered that diffusion of air into the specimen - ring the
saturation and consolidation period was unlikely. A screw pump
was provided in the water supply line to accommodate large volume

changes.

11.3 TEST PROCEDURES

Sets of six specimens, or two sets of three cpecimens, were tested
simultaneously wualr.g the procedure described below. De-aired
distilled water, "water”, was used in al* steps discussed in the

following section.

Sealed and humid cured specimens were soaked in water for a period
of 24 hours and then placed under water in a desiccator. A vacuum
was applied to the desiccator using a high-vacuuo pump with gas
ballast. The specimens were maintained under vacuum for a period
of at least two hours, by which time no significant evolution of
gas was occurring. The specimens were then transferred to the
trie ,ial cells. This prrcedure was based on that used by Jardine

(19v3).

Leached specimens were placed directly in the tr<axial cells as it
was considered that they were likely to be saturated. It was also

considered that de-airing in a desiccator would lead to loss of

material from the rface.

The side drains and porous disks were de-aired under vacuum and

stored in de-aired distilled water when not in use.

A bead ',;r water was run onto the pedestal, the specimens were

wrapped in t"e side drain, nlaced in the inner membrane and placed
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on the porous disk, on the pedestal, care being taken mnot to trap
atr. The second membrane was fitted together with two O-rlngs
around the pedestal. Water was run through the bottom drain
around the specimen to flush out air and the top porous disk and
loading cap were then positioned. The specimen was again tlushed,
the top O-rlngs positioned and water flushed through the top drain.
The top drain was then connected to the vacuum supply so that the
specimen was firmly held on the pedestal. The cell was assembled
and the loading ram brought Into contact with the top of the
specimen until the proving ring dial gauge registered a deflection
of approximately JO divisions. A pressure of 100 kPa was applied

to the accumulator and the cell filled.

Water under the static head from the de-aired distilled water
reservoirs (approximately 70 kPa) was then allowed to flush
through the bottom drain, past the specimen and out the top drain
under vacuum for a period of at least six minutes. Air bubbles In
the connecting tube were dislodged by gentle capping. The top
drain was then switched from vacuum to waste. Flow to waste was
permitted to flush the specimen for a further period of about six

minutes.

The level in the 9.5 mm level cube was adjusted to the center of
the specimen, and a pressure of 200 kPa applied. The cell pressure

was Increased to 250 kPa and the level tube connected to the top

and bottom d.ait on the specimen to apply the saturating back
pressure. Level readings were taken before and after connecting
and at Intervals thereafter. It was found that all significant

volume change occurred within a period of 2 hours but the
specimens were left to saturate under back pressure overnight for

convenience.

A final level was then taken and the top and bottom drains

isolated. The cell pressure was increased to 450 kPa and the pore
pressure noted. Further readings were taken over a period of
about one hour. In all cases, the pore pressure responded

instantaneously but did not register the full increase in the cell
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pressure. Generally, no significant subsequent decay of pore
pressure was observed. This was consistent with the findings of
Abboud (19b9) who reported values of Skemptons B parameter in the
range of 0.5 to 0.7. Abboud investigated this phenomenon in some
depth and concluded that it was consistent with the nature of
so:.l-cement and that, provided no decay of pore pressure occurred,

the specimen could be considered to be saturated.

The c¢<I1l pressure was then increased to its final value and the
pore pressure behaviour noted. The volume change gauge level was
recorded, the top and bottom drains opined and a further reading
taken. The specimens were allowed to consolidate against the
back pressure of 200 kP' for a period of at least two hours.
Generally, very little consolidation occurred after the first hour

and total consolidation was small.

The specimen drains were then closed, zero load readings of load,
deflection and pore pressure taken and the testing machine
engaged. Specimens were loaded to failure with regular recording

of time, load, deflection and pore pressure.

The cells were stripped, the mode of failure of the specimen
described and sketched and the specimen oven dried to determine

its final moisture content.

11.4 TEST RESULTS

Failure of specimens tested triaxlally after leaching 1in the
leaching cells was generally by way of plastic deformation of the
inlet end of the specimen. The conclusions in chapter 9 Indicate
that leaching is a surface effect and this is confirmed by the
unconfined compression tests on specimens cured in the leaching
bath discussed in chapter 10. It was thus decided that the
triaxial compression test data for specimens subject to leaching
was of no real value and the data was accordingly discarded. Only

the results for the lealed and humid cured specimens were processed



and chese are discussed in this section. The results for one set
of three specimens which were tested n the leaching bath as part
of the investigation into mnon-standard curing conditions were

processed.

No investigation into the effect of moisture content at test OF
degree of hydration tor Individual sets was undertaken. [t is
considered that the investigation into these factors with regard
to unconfined <compressive strength, presented in chapter 10,
provides sufficient insight into these factors and gives an
indication of possible causes of observed scatter 1in the results

discussed here.

11.4.1 Stress - Strain and Pore Pressure - Strain

The stress - strain characteristics, Mohr envelopes and P-Q dia-
grams for soll-cement have been examined in detail by Jardine
(19b3), EIl-Rawi (1967), Abboud (1969) and others. Jardine and
Abboud e.iso investigated the pore pressure - strain characteris-
tics of the material. The stress - strain characteristics, Mohr

envelopes and P-Q diagrams f r dry lean concrete were examined by

Price (1977).

In view of tne number of available references and in order to save

time, it was decided not to produce stress - strain - pore pressure
diagrams for all tests. A selection of representative plots are
presented in graphsll.l and 11.2. Deviator stress is plotted

against strain in the upper partofthe graphs and pore pressure in
the lower part. The same vertical scale is used for both stress
and pore pressure to facilitate comparison. Strain scale limit is
6% and stresses ir- calculated in terms of nominal Initial area as

the strain at failure was smallin most cases.

Graph 11.i depicts the data for i complete set of six specimens

compa cement content of 16 and standard compaction
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cjnditions, humid cured for 7 days and sealed until testing at age
353 days. This set of data is considered to be representative of
most of the tests conducted as part of this program. The shape of
these curves is generally similar to those presented in the
references cited above. The rounded peaks were associated vith a
smooth shear failure of the specimen whereas the specimen tested

at a confining pressure of 0.30 MPa experienced a sudden brittle

failure.

It will be noted that the results exhibit atrend to increasing
strain at failure with increasing confiningpressure, and hence
deviator stress, suggesting that the secant modulus at failure
remains reasonably constant. The results for the specimen sub-

ject to a confining pressure of 0.30 MPa do not agree with thif

trend, and exhibit a <.veper slope and brittle failure at a lower

strain. This lomai of apparently greater stiffness at low
confining pr.. ;u e was observed with most of the tec‘ results and
may be due @i tM low pressure. However, a number of problems
were experlt need with deflection measurements on the apparatus
used for tests at this confining pressure inthe early stages of
the test program. In view of this, the deflection related data for

specimens subject to this confining pressure have been omitted in

certain of the sections that follow.

It is particularly notable that the peak pore pressure occurs well
before peak devlator stress in most cases and that pore pressure at
failure is generally insignificant. In addition, maximum pore
pressure is generally less than 10% of m» :Imum deviator sStress.
Pore pressure at failure as a percentage of maximum principal
effective stress is presented in table 11.1I. With the exception of
the unst Vollized specimens, this ratio did not exceed 3% and was
generally less than 1% except at low <confining pressures. A
similar relationship is evident in most of the data presented in

the references cited previously.
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TABLE 11.1

SUMMARY OF RESULTS — TKIAXIAL COMPRESSION TESTS

Co Specimen No Cem Age DCS C Phi' Reg n Average
dti Descrtptlon In cut Coeff Pore P Modulus

(Nominal curing periods) set (%) (days) (MPa) (MPa) (dug) (r2) (% oi) (CPa)
A Standard Curei- 6 0.0 137 0.290 0.071 27.01 0.99 38.41
B 7 days humid, 5.0 291 5.229 1.056 36.49 0.98 0.62 0.8 15
C 287 days sealed. 10.0 295 10.233 2.247 37.27 0.99 0.83 1.768
D 320 10.383 2.466 36.01 0.99 0.63 2.040
E 15.0 297 15.250 3.251 39.18 1.00 0.88 2.504
F 200 20.1AA  4.439 34.71 0.97 0.77 2.541
G 7d Humtd, 14id sealed A 10.0 353 10.563 2.242 37.47 1.00 0.90 2.042
1 924d sealed 929 12.343 2.621 37.70 1.00 1.04 1.807
1 S)24d sealed 931 12.347 2.803 36.61 0.99 0.81 2.33d
J 28d Humid, 2o0bd sealed )y 10.0 291 NA 1.962 40.94 1.00 1.33 2.169
k Full period humid cure 1.537 45.40 0.95 0.42 1.562
L 7d Humid, 2Id leach bath 292 1.789 42.83 1.00 1.65 1.619
M Leach bath from 7 days 1.605 36.31 0.97 1.57 1.484
N 1 series W/U, humid cure b 2.281 36.13 1.00 0.94 1.581
0 sealed cure 294 2.063 34.65 1.00 0.64 1.458

=

Compacted IX dry of OMC A 10.0 292 11.090 2.041 38.33 .98 0.37 1.960

1% wet of OMC 291 8.841 1.666 39.92 0.99 -0.32 1.167

2% above MD 290 10.965 2.351 38.50 0.99 0.31 1.909
Microconcrete, c/w 1.0 A 18.2 291 14.731 2.651 40.48 1.00 1.67 2.593
c/w 1.2 22.0 203 21.449 3.238 47.11 0.95 1.09 3.703



In Vtjw of the time required to saturate and consolidate specimens
and conduct tests with pore pressure measurement, it is considered
that the use of "quick" triaxial tests on unsaturated specimens, as
used by EI-Rawi, should be adopted for routine testing with a
limited number of consolidated undrained tests with pore pressure
measurement oeing made initially to confirm the above relation-
ship for a particular soil. It 1is further considered that the
results of tri.xial compression tests on soil-cement could be
reported in terms of total stresses without significant error.
However, as the necessary data was available, the data In this

chapter is presented in erms of effective stresses.

Graph 11.2 depicts the deviator stress - strain and pore pressure -
strain curves at confining pressureh of 2.4 and 0.45 MPa for a
number of other test conditions. This data is plotted to provide
an indication of the general trend of results. The lower 11-'lt
confining pressure of 0.45 is used in preference to that of 0.30

for the reasons referred to above.

The data plotted in graph 11.2 is for wunstahlllz »d specimens,
standard soll-cement specimens with 5 and 20% cement and
nicroconcrete specimens containing 22% cement, all tested at a
nominal age of 2*4 days together with specimens with 10% cement
tested at age 930 days. The general trend Is similar to that
described above with strain at failure decreasing with increasing

cement content and hence increasing strength.

It is notable that the specimens with 5% cement failed plastically

at the highest confining pressure as evidenced by the nearly

horizontal portion of the stress - strain curve that results from
the increasing cross-sectional area of the specimen. The unsta-
bllized specimens also exhibit plastic failure. Sudden brittle

failure occurred at the confining pressure of 0.45 MPa in the case

of the microconcrete and 20% soll-cement.

IKI AXI AL COMPRESSION TESTS 11.17
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Hie maximum pore pressure is of similar magnitude for all
mtabiltzed specimens tested 1i: the same confining pressure and
occurs at similar strain. Pore pressure decay however, occurs
more rapidly as cement content increases. In many cases, nega-
tive pore pressures developed at, or shortly after, peak deviator
stress. Pore pressure in the unstabilized specimens develops more
slowly and reaches a similar magnitude to the maximum «tress some
time after the maximum stress has been reached confirming the
plastic nature of the failure. The microconcrete specimens exhi-
bit very low pore pressure development as a result of the greater

stiffness of the material.

IT.4.2 Shear Strength Characteristics

As mentioned above, the shear strength characteristics of soil-
ceaent have been investigated in detail by other workers in this
field, accordingly, it was not considered necessary to plot Mohr
envelopes. P-Q diagrams are presented in graphs 11.3 to 11.5 and
the data is summarised in table 11.1. This table also summarises
the properties of the test specimens. The test specimens general-
ly correspond to other sets tested in the leaching program and in
many cases to sets tested in unconfined compression. Table 11.1I
also lists the character codes wused in graphs 11.3 to 11.9 to

designate the individual sets.

Price (1977) found that the P-Q diagram for dry Ilean concrete
coui.d be approximated by a straight line and Lambe and Whitman
(1969) report a similar observation for soils. Inspection of the
data in Abboud U9f>9), 21-Raw 1 (1967) and Jardlne (1963) indicated
that a similar approximation could be used for soll-cement, over
the range of confi.ilng pressures used, without significant error,
In addition, the limited number of data points, a maximum of siXx,
obtained in these tea s, did not provide sufficient resolution to
attempt to fit curved envelopes, as suggested by Abboud, or two
stage linear envelopes, as suggested by El-Rawi. A linear

regression was therefore applied to the P-Q data points and these
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I».nes are reflected together with the data points in graphs 11.3 to
11.5.
2

The regression coefficients (r">are summarised in table 11.1 from
which it will be seen fhat a good fit was gei eraliy obtained. All
data points for each sec were included in these regressions.
Examination of the Individual data points indicates a tendency
for the slope to decrease as stresses increase although this is not
pronounced, as indicated by the regtesslon coefficient. While
this has little bearing on the results in general, it does indicate
that the P-ij lines for the three specimen sets, which were
conducted at the three lowest cell pressures, are not directly

comparable with those for the six specimen sets.

ihe parameters P' and Q wused in these graphs are calculated in
terns of ch~ major and minor effective principal stresses. From
the linear regressions on these points the e tective stress shear
strength parameters of cohesion (C‘) and friction (0') were
computed using the normal formulae (Lambe and Whitman 1969).
These values are presented on each graph to facilitate interpre-

tation and are summarised in table 11.1.

Graph 11.3 presents the P-Q data for the standard soil-cement
specimens with cement contents of 0, 5, 10, 15 and 20% and the
microconcrete specimens, all t led at an age of approximately 29%*
days. A progressive increase in cohesion with increasing cement
content is evld, ¢ am. a pronounced increase in slope occurs from
0 to 5% cement. Thereafter, no particular trend in slope with
increasing cement content is apparent for soil-cement, while an

increase occurs with the microconcrete specimens.

Graph 11.4 presents the P-Q da a for the specimens subject to
extended cures of from approximately 1 to 2.5 years together with
th°J® subject to compaction 1% wet and dry of optimum moisture
content and those compacted to 2% above standard proctor maximum
dry density. The data for the standard 10% set, C, is rep.otted on

this graph with a solid line for reference purposes. A slight
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increase in cohesion is evident with extended cure and a possible
slight decrease for specimens compacted wet of optimum. There is
no indication of any significant variation in slope and the data

is closely distributed about that for the reference set.

Araph 11.5 presents the P-Q data for the specimens subject to non-
standard curing conditions together with that for the standard 10%
ser W tor reference. Some variation in cohesion is again
apparent. It is notable »f the four three specimen sets, J, K
L and M, the first three have appreciably higher estimated values
of friction angle. This is considered to reflect the curvature
referred to above and in view of the limited number of specimens,
it is considered that this does not represent a sign ..leant
deviation. It is however significant that the fourth set, that
placed in the leaching bach from seven days, exhibits an angle of
friction considerably less than the average for all sets. While
this appears to indicate that leaching reduces the angle of
fraction, which may be the case 1in those zones from which
virtually all stabilizer has been removed, it should be noted that
calculation of stresses in terms of the effective cross-section
could alter the slope. The effective length of the specimen will
also be reduced. As this effect is not considered to have any

practical significance, it was not investigated further.

11.4.3 Elastic Modulus

In section 11.4.1 it was noted that the secant modulus from start
of loading to maximum davlator stress appeared to remain reason-
ably constant with increasing confining pressure. Inspection of
graphs 11.1 and 11.2 also indicates that in most cases, the slope of
the linear portion of the stress - strain curve tends to increase
with increasing confining pressure, a situation that must occur if

the first observation 1s correct.
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In urder co obtain some Indication of the elastic modulus for
comparative purposes, a variety of options were considered. In
view or the shortage of time and the decision not to produce a
complete set of stress - strain curves, it was decided not to use
the hyperbolic representation, developed by Duncan and Chan and
used by Abboud (1969), to estimate the initial tangent modulus,
consideration of the stress - strain curves in graphs 11.1 and
11.2, together with those in the references cited previously,
indicated that the slope of the stress - strain curve was
generally linear to about 70% of the maximum deviator stress. It
-as therefore decided that the slope of this portion of the curve
would provide a reasonable value for comparative purposes as well

as providing a reasonable estimate of the initial tangent modulus.

*' was further decided to calculate the slope on an incremental
basts thus eliminating the need for zero corrections of deflec-
tion. After consideration of the data and a few trial calcula-
tions, the average slope at a point corresponding to half the
deviator stress at failure was adopted. This slope was determined
as the average of five slope Increments centered on the appropri-
ate stress. Determination ot the average tangent modulus at one
third of the stress at failure was also considered as this was more
consistent with a factor of safety of 3 on compression. However,
it was found that, in many cases, there were insufficient data
points before the third point to permit determination of the
moving average and Inspection Indicated that the slope at the two

points did not differ significantly.

Since half the devlator Hress at failure is equal to the parameter
Q, the resulting modulus has been designated the "Q-modulus" to
differentiate it from other moduli which are in general use.
Trial calculations indicated that the Q-modulus Is of similar
magnitude to both the secant modulus at failure and the initial
tangent modulus determined by conventional means. The Q-modulus
was found to exhibit considerably less variation and more
consistent trends than the other two moduli for the cases

considered.

TKIAXIAL COMPRESSION TESTS



The data was processed using a computer spreadsheet program as
noted In appendix A. In processing the data for the complete
stress - strain curves, It was found that <calculation of the
Incremental modulus (slope) together with its five-point moving
average provided a useful numerical technique for correcting zero
error and validating data without the need to plot the results. It
is suggested that this technique could be of wvalue 1in processing

the output of many types of experimental , igram.

As noted above, a tendency for the slope of the stress - strain
curve Co Increase with increasing confining pressure is apparent.
Abboud (1969) reported a linear relationship between the logarithm
of initial tangent modulus and logarithm of confining pressure.
As mnoted in section 11.1, this trend is mnot entirely consistent

for the present data, particularly at low confining pressures.

jfaph 11.6 depicts the Q-modulus data for the standard specimens
plotted against confining pressure. In view of the reservations
expressed above concerning the deflection data for the specimens
tested at a confining pressure of 0.3 MPa, this data has been
omitted for most of the sets plotted. While in most cases there 1is
a tendency for modulus to increase with confining pressure, not
all sets agree with this trend and a considerable amount of scatter
is evident as indicated by the very poor regression coefficients
tabulated in the legend. The nature of the scatter is such that no
significant improvement in fit was obtained using regressions of
log(moduius) vs log(confining pressure) as suggested by Abboud
(1969).

Low regression coefficients were observed for all sets and
accordingly Q-modulus vs confining pressure plots were not
prepared for the remaining data. In view of the observed scatter
and poor <correlation, it was concluded that rejection of the
modulus value at the 0.3 MPa confining pressure was not warranted.
The wuse of the average modulus for each set, including the low
confining pressure data, was therefore adopted to provide a value

for comparative purposes and is presented in table 11.1,

TRIAXIAL COMPRESSION TESTS 1. 2b
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TaL;, summary data is plotted against cement content on a log scale
in gr>nh 11.7 from which it cm be seen that a reasonably close
relationship exists for the standard specimens containing 10%
cement and tested at an age of 294 days (r‘*0.94). It is notable
Coat the microconcrete specimens containing 18.2% cement lie on
the same iine and that the specimen with 224 cement is reasonably

close.

11.4.4 Relationship of Cohesion to Cement Content

The effective cohesion data in table 11.1 is plotted against
cement content in graph 11.8 from which it can be seen that a close
relationship exists for the standard soll-cement specimens at age
«9c days ir *0.995). Cohesion Increases with increased curing
period (H and I) and decreases with compaction wet o: optimum (Q).
The low values for the points J, Kand I reflect the steeper slopes
for the the three specimen sets referred to above while that for
the specimen placea in the leaching bath from seven daysreflects

the reduced cross-section referred to in chapter 10.

11.4.5 Effective Angle of InternalFriction

As noted in section 11.4.2, the angle of internal friction
increases substantially for an initial addition of 5% cement but
thereafter is independent of cement content. This agrees with the
data presented by Nussbaum and Colley (1971) which reflects an
increase in angle of friction at low treatment levels but no
particular trend at levels above about 5% depending on soil type.
Most of the increase observed by Nussbaum and Colley occurred

with the first ome or two percent cement addition. A plot of the

data in table 11,1 indicates similar behaviour.

The averalie °f friction for the .tondnrd coU-cement

npeclraen. In tnble tl.1 (B to t) 1. i6.9° with standard deviation

i Ki. AXTAL COMPRESSION TESTS
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ot 1.J while chat tor all soil-cement specimens in table 11.1 is

3H.1 with a standard deviation of 2.8. An angle of internal
friction of 3/ is therefore <considered to be a reasonably
representative value for design with this soil and cement

contents above 5%.

11.4.6 Effect of Age at Test

the data in table 11.1 was plotted against age at test on linear

ano log scales and regressions performed. As there were only five

data points and no data was available at early ages, the following

observations must be regarded as tentative:-

a. Theangle of internal friction 1is independent of age n the

range considered, this is consistent with the observations in

the previous section.

b. Theeffective cohesion increases Wwith age as observed in

section 11.4.4.

c. TheQ-oodulus nay increase slightly with extended curing but

the scatter in the data is such that any Increase cannot be

considered to be of any significance for design purposes.

11.4.7 Cohesion and Unconfined Compressive Strength

Abooud (my), Mitchell (197bd) and others have indicated a close
relationship between cohesion and unconfined compressive strength

and this relationship was theoretically defined in suction 4.3 of

the paper reproduced in chapter J, This relationship is also

suggested by the observations in the previous sections.

The unconfined compressive strength for the standard soil-cement

specimens was determined from the data presented in graph 10.9 and

that for the non-standard specimens and microconcrete from the
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individual test risults for <corresponding sets. No data was
sjiviliable tor specimens subject to n n-standard cures. This data

is presented in table ii.:.

The effective cohesion is plotted against unconfined compressive
strength in graph ii.9 from which it will be seen that good
agreement exists. This pi it indicates a reasonable basis to
account for different curing ages, treatment levels,etc. I'n
addition, the points for the microconcrete specimens lie closer to
the line for soil-cement than they do in graph 11.8. The
reg: ess ;o.i intercept of -0.U0 cannot be consideredto differ

signirecently from zero so the relation can be expressed as:
Cohesion m 0.221 x Unconfined Compressive Strength

Applying the value of 3'° proposed for the angle of internal
friction .n section 11.4.5 to equation 1, in the ,>aper in chapter 3,
yields a value of 0.24 4 which compares favourably with the value
of .221 above. It is therefore concluded that the unconfined
-impressive strength is a good measure of the effective cohesion
of soil-cement once a reasonable estimate of the angle of friction
has been obtained. In particular, since the angle of friction does
not change appreciably above a certain minimum ceoerw content,
the unconfined compressive atrength provides a reasonable measure
of the effect of variations in curing and other conditions on the

shear strength of soil-cement.

It should be noted that the theoretical equation overestimates the
effective cohesion by approximately 11% in this case. This can
probably be considered to be within experimental error bit further
research into this aspect is required. This discrepancy <can be

compensated for by modifying the constant factor in equation 1

fr 0.5 to 0.445 to give:-

c 0.445 o* ; cos 0' - tan 0' (1 - sln (,")]

1 [AALAL COMPRESSION TESTS 11.32
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11.4.8 Q-Modulus and WWaeonlined Coepresslve Strength

Abboud vi*bS) reports a linear relationship between the logarit'n:

0 modulus in compression and the logarithm of wunconfined

impressive strength. Graph 11.10 presents the Q-modulus plotteo

against unconfined compressive strength, both on tog scales.
strong correlation is evident for all data points.
Iw .s particularly notable that the results for the .roconcrety

points S and ., joined by the dashed line) are effectively

identical to those for the soli-cement specimens.

11.5 CONCLUSIONS

Analysis or the trlaxial test data for specimens subject to

leaching in either the leaching bath or leaching cells was not

undertaken as the results of the analysis in chapters 9 and 10

inu.cated that this data would be of no real value,

A detailed analysis or the stress - strain and pore pressure -

strain characteristics was not undertaken due to the large amount

of existing data in various references. Sample plots for this

data exhibit similar characteristics to those previously reported.

Stabilized specimens were found to fall smoothly m shear at high

confining pressures and exhibit brittle failure at low pressures.

Specimens with low cement contents exhibited plastic failure at

high pressures.

me peix pore pressure was found

all atabUlzed and wuUroconcrete «r Pore preslJur(,

fa 11are was leas chan 3% of maxim.™ principal stress for a
stabilized specimens. It t. therefore concluded that the use

unconsolidated undralned trlaxlal tests on unsaturated spaclme

can be adopted as the standard trlaxlal test technique for mo

stabilized soils. Initial trial consolidated undralned tests wl
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pore pressure measurement on saturated specimens should, however,

be tonducted to confirm this for a particular soil type and in the

case of cement contents below 5/..

Owing to the limited number of specimens tested, six in each set,
it was not possible to fit the curved or two stage failure

envelopes proposed by Abboud (19b4) and EIl-Rawi (1967). Only P-Q

were prepared for the data and the en. elopes obtained by
linear regression on all data points. High values of regression

'-oeirlclent were obtained in all cases and it is concluded that

this approximation is acceptable over the range of confining

pressures used in this program. A slight curvature was however

apparent and led to a higher estimated angle of intermnal friction
for those sets containing only three specimens as these were

tested at the three lowest confining pressures.

xhe angle of Internal friction was found to increase from 27° to
3/ with the addition c¢f 5% cement to the soil, thereafter no
further increase was noted. This value is apparently unaffected

by age over the interval considered and no significant <change

with changes in curing and compaction conditions was observed.

Cohesion was found to increase with cement content and age at test
and a linear relationship between unconflned compressive strength
basis of these results, the

Blight (1978),

and cohesion was confirmed. On the
theoretical relationship proposed by Robertson and
in the paper reproduced in chapter 3, is modified by the
inrroductlon of an additional factor of 0.89 thus reducing the

constant in the equation from 0.5 to 0.445. Given the constant

nature of the angle of internal friction for cement contents above
>%, this provides t reasonable basis for relating the cohesion

determined in the trlaxial test to the unconfined compressive

strength. It is therefort concluded that the unconfined compres-

sive strength provides an acceptable means of investigating the
effect of wvariations in curing conditions etec on the shear

strength of soll-cement.

TKIAXTAL COMPRESSION TESTS
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pjrc pressure measuremenc on saturated specimens should, however,

be conducted to confirm this for a particular soil type and it the

case of cement contents below 5%.

Uwin” ro the limited number of specimens tested, six in each set,

it not possible to fit the curved or two stage failure

envelopes proposed by Abboud (1969) and EIl-Rawi (1907). Only P-Q

diagrams were prepared for the data and the envelopes obtained by

linear regies*ion on all data points. High values of regression

coefficient were obtained in all cases and it is concluded that

this approximation is acceptable over the range of confining

pressu t.s used in this program. A slight curvature was however

apparent and led to a higher estimated angle of Internal friction

for those sets containing only three specimens as these were

tested at the three lowest confining pressures.

The angle of Internal friction was found to increase from 27° to

with the addition of 5% cement to the soil, thereafter no

further increase was noted. This value 1is apparently unaffected

age over the interval considered and no significant <change

by

with changes in curing and compaction conditions was observed.

Cohesion was found to increase with cement content and age at test

and a linear relationship bdtween unconfined compressive strength

cohesion was confirmed. On the basis of these results, the

and Blight (1978),

and

theoretical relationship proposed by Robertson

in the paper reproduced in chapter 3, is modified by the

introduction of an additional factor of 0.89 thus reducing the

constant in the equation from 0.5 to 0.445. Given the constant

nature of the angle of Internal friction for cement contents above

5%, this provides a reasonable basis for relating the cohesion

determined in the trlaxial test to the unconflned compressive

strength. It is therefore concluded that the unconfined compres-

sive strength provides an acceptable means of investigating the

ettact of variations in curing <conditions etc on the shear

strength of soil-cement.



ic modulus tor comparative purposes was defined as the

& five incremental modular, values ..entered on a value of

dev lator stress at failure. Since this wvalue corresponds

value (f associated with the standard P-Q diagram, it is

red to as the -modulusThis modulus was found to be of

magnitude to both the secant modulus at failure and the

angent modulus and was found to be less variable than

these parameters for the data investigated.

P rtlcular relationship between Q-modulus and confining

pressure was determined and the average modulus for a set was thus

adopted as the representative value. The logarithm of this wvalue

was found to increase linearly with the logarithm of the

compressive strength. The results for the micro-

be coincident with those of the

unconfined
concrete specimens were found to

soll-cement.

i-alculation of tho Increnental slope (modulus) during d.ts procss-

slng was found to be a valuable means of correcting zero error In

detlection readings and wvalidating data. This technique Is

recommended for any application Involving the processing of large

amounts cf manually recorded experimental data.

It is strongly recommended that further work In this field should

make maximum use of unconfln.d compression tests as a quick and

reliable means of evaluating the effect of change, in specimen

properties on the shear strength characteristics of soll-cement.

These test, should be supported by Initial consolidated undratned

trlaxlal tests on saturated specimen, to confirm the pore pressure

relationship referred to here. Thereafter, unconsolidated wun-

dr,,ned trlaxlal tests on wun.atur.t.d specimens should be used

trlaxlal testing 1, required to establish the

and unconflned compressive

where additional

relationship between cohesion

strength.
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CHAPTER 12

DIRECT SHEAR TESTS

12.1 INTRODUCTION

The objectives of the direct shear tests were as follovs:-

A TO simulate as closely as possible sliding failure on a horiz-
ontal or mnecr horizontal plane which 1is one of the major
potential failure situations. The direct shear test simulates
this conditio . better than any other.

b" T° at Ua,t Jerlea strength tests on specimens
produced etch .11 contelnlng the coarse fraction (s.4,;s
excluder' from the soil used In other tests. The direct shear
equipment permitted the testing of specimen, ulth a maximum
particle size of 19 ,, (3/4") ehlch represented 863 of the
total soil a, compared to 623 for the minus 4.75 mm fraction

¢ To examine the strength of the material on <construction
joints on a reasonably large specimen as previous research (De
Crooc 19, b) was confined to specimens 100 no square and 50
deep tested without application of vertical load. "

mhe test program -a. divided into t.o stages, the determination of

the properties of the Intact material and the examination of the

relative merits of a number of construction joint treatments.

The standard cement content of 1U* ... wused together wulth 5§ and

t"StS °n Ch* UUCt *e other test programs

fs,
to material passing the 4,75 mm sieve 1 .a

had been restricted

iRECF SHEAR TESTS
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to work in terns of cement contents expressed as a
P 1 ot this fraction for these tests. This was justified on
basis that it is the soil mortar which, when mixed with cement,

provides a stabilized matrix containing the coarser particles and

the concentration" of cement in the mixture is a function of

the & Celtic surface. The specific surface area of the fraction

retained on the 4., 5 mm sieve was estimated at 0.0167 m*7a\ or

of the area of the fraction pairing the 4.75 mm sieve, on

the basis of data in Lambe and Whitman (1969). The <cement

contents as a percentage of total dry soil mass were 3.2, 6.4 and

12.81 respectively.

Age ai test was d8 days to be consistent with the rest of the

program. Intact specimens were sealed Immediately after compac-

tion and cured at 25 °C,

ihe test conditions for the jointed specimens were basically the

?arae as for the intact specimens. All specimens were compacted at

i cement content of 11Ut of minus 4.75 mn fraction with a 48 hour

delay between compacting the first and second layers. Specimens

were cured in a closed chamber during this period with twice daily

applications of water using a mist spray. The second layer was

sealed Immediately after compaction. Testing took place at an age

of 28 days after completion of the specimen.

Three Joint preparation,! were examined; joints "as compacted"

Without treatment; application Of neat cement before compaction at

the rate recommended by De Groot (1976); and wire brushing of the

joint surface in an effort to simulate the technique wused bv the

United Status Bureau ot Reclamation and the Portland Cement

Association.

ALL tests were limited to four specimens by the number of box sets

for the testing rig.

DIRECT SHEAR TESTS
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Tlie range or vertical stresses applied was se’ected to correspond
to the confining pressures used in the triaxial tests. As a result
or various problems with the apparatus, the distribution of normal
stresses was not uniform and did not correspond to the intended

values. The values used were 0.54, 1,17, 1,83 and 2.04 Mfa.

12.2 APPARATUS

12.2.1 Direct Shear Apparatus

The direct shear apparatus used for these tests was originally

built for the testing of rock samples, plate 1:2.:1, shows a general

view of tne machine In use.

PLATE 12.1
DIRECT SHEAR APPARATUS IN USE



modit ications were made to the box sets used with the machine to
permit rtheir use with soil-cement, this included the fabrication
of a collar and platen to permit the material to be statically
compacted in the boxes. In order to produce a zone in which the
tailure plane could form, the box sets were modified to produce a
separation of approximately 12 mm during testing. Shear plane
area was 380 mm long by IbU mm wide and overall specimen depth was

260 mm.

Vertical and shearing forces were applied by means of 30t capacity
hydraulic jacks. Vertical load was regulated by means of high
pressure nitrogen acting on the surface of hydraulic oil in a
receiver. This system provided sufficient gas volume to maintain

a constant load during specimen dilation.

Horizontal load was applied by means of an air-hydro pump with a
hand pump used for Initial load application. Rate of loading was
controlled by means of a regulator on which the setting was

continuously Increased by means of an electric motor driving

through a reduction gearbox. This controlled the air pressure
supplied to the air-hydro pump and hence the rate of loading. A
loading rate of 5.2 kN/minute was used for all tests. This control

mechanism worked effectively, producing consistent loading rates.
This can be seen from the load - deflection and time - deflection

graphs in section 12.4.

In orde< to observe the behaviour of the material after failure,
the rate at which horizontal deflection occurred was controlled by
means of a needle valve inserted in the hydraulic line from the

air-hydro pump to the Jack.

Monitoring of the applied horizontal load during all stages of th-
test was performed using a pressure gauge with lazy pointer. The
air-hydro pump assembly is shown in plate 12.2. Withdrawal of the

horizontal load Jack was accomplished by applying a vacuum to the

hydraulic line.

DIRECT SHEAR TESTS
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PLATE 12.2

AIR- HYDRO PUMP ASSEMBLY

Measurement of horizontal load was intended to be by means of a
300 <N 1load cell which was located between the jack and che
reaction frame. However, the original load cell was found to\e
non-linear and the cell built to replace it was found be
temperature sensitive. All horizontal load readings were thus
obtained by measurement of hydraulic pressure.
Measurements of both horizontal and vertical deflections
made using dial deflection gauges reading directly to U001 T V
(0.0254 mm). ! * Ch
DIRECT SHEAR TESTS
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pparatus for Compaction of Specimens

compaction wusing a Macklow

S Wete prepared by static

testing machine. In order to permit

AAA compression

"8 'nd iompaction, a collar and platen were fabricated from

The collar was fitted on top of the box and the

m steel plate.
The cradle

was attached to the cross-head of the machine.

In 12.3 was used to move the box set under the cross-

head of the machine.

PLATE 12.3
-RADLE FOR POSITIONING SHEAR BOXES ON

TESTING MACHINE FOR COMPACTION OF SPECIMENS

12.2.3 Curing of Test Specimen

In agreement with other te.t. In the program, direct she
specimens were ci-ed for a period of 28 days « , P
y 4C 1 temperature of 2

0
C. A curing chamber was built using dry laid brick, r
“>jcxs to produce



mjublt. oL wall chac was lined wlch polythene sheet to exclude

1raught The top of the chamber was covered with 73 mm

Polystyrene slabs.

'-leeeric tan heater with thermostatic control was used to
-i eulate heated air In the chamber. The temperature was monitor-
-0 using maximum and minimum thermometers and was generally

-icbin the limits of 23 to 28 °C.

*1.3 TEST PROCEDURES

-he procedures used In the various components of the direct shear

test program are described below.
-2.;.1 Soli Preparation

-1v? blend soil including coarse fraction, which was stored after

initial blending, was used for these tests. The original inten-

tion was to conduct a series of tests using unstabilized material

to Investigate the effect of maximum particle size and minimum

box dimension on the results. However, owing to delays 1in other

parts of the program, It was necessary to eliminate there items.

A review of literature was undertaken with no definitive

Indication as to acceptable maximum particle size. Marachl et al

11989) provided the only information of relevance. After due

consideration, It was decided to use the procedure used by the PCA

tor wet-dry tests, viz replacement of the material retained on the

19 mm sieve with the same mass of material passing tne 19 mm sieve

md retained on the 4.73 mm sieve.

Th. -in. material w, air dried to constant mat,tore content and
then stored U sealed drums. The coarse aM rebate aas stored In

drums until required. One drum of coarse a«*rebate was filled

-Uh water and refilled after every set was compacted to ensure

'hat the aggregate was saturated at the time of batching



Moisture content samples were taken rroui cm- r.nc- iiate i *ai- myv
oven dried at 110 °C on the day prior to batching t: ensure close

control over batch moisture concent.

Saturated surface dry moisture content o; the aggregate wa
determined at the start of the test program and thereafter
adjustments in this allowance were made on the basis of variations
in batch moisture content. It was found that because of the large
amount of coarse material (13kg) required for each batch, it was
not practical to use absorbent pads to dry the surface prior to
batching. Consistent results were obtained by spreading the
required amount of material to drain on a large 4,75 am sieve
immediately before starting to batch the other components. It was
then possible to judge by eye when the desired moisture condition
was achieved. Occasional agitation using a scoop ensured unlforu

drying.

12.3.2 Preparation for Compaction

The boxes were prepared tor compaction by cleaning with cotton
waste and then reassembled as required. The base plate was
greased to provide protection against rusting and then covered
with a sheet of polythene to facilitate removal- The Inside
surfaces of the boxes were greased to prevent rusting, reduce side

friction during compaction and to facilitate extrusion.

In the case of the tests on intact material, the top boxes wer*.
bolted to the bottom boxes with 9.5 mm spacer bars clamped in
place. In the case of the jointed specimens, only the bottom box
was assembled and a set of 4.75 mm spacer bars were used to support
the cellar at the time of compaction in order to locate tho.

construction Joint at the center of the box separation.

DLKbCT SHEAR TESTS



12,3,3 Batching and Compaction

batched and mixed in a pan mixer as shown

of hand and machine

niiicerta 1 was weight

piate li.,4, A timed mixing sequence

fixing lasting nine minutes was followed.

In tdt case o. the intact specimens, one batch produced one

speiime a, whereas for the Jointed specimens it produced two half

spei .mens. Placement was in three equal layers for each box half.
Eai.i layer was partially compacted by applying two passes of

j.ir.apping Dlows with a 25 mm square steel tamping bar.

PLATE 12.4
PAN MIXER AND BATCHED MATERIAL



" ead WdAS tlien brought into contact with the material in

I >ad «.is applied by the testing machine to bring the

which formed the flange of the compaction plug, into

tae 1 ’far on the box set. On closure, the load was

Co the box set and this condition was maintained for a

period of one minute to permit consolidation.

o. the intact specimens, the surface of the specimen

sealed »'.th two layers of polythene held in place with

f I“"In”~ cape. The jointed specimens were not sealed. The box

set was then placed in the curing chamber.

12.3.4 Treatment of Jointed Specimens

Jointed specimens were cured in the curing chamber for two day,

during which time they were sprayed twice daily with distilled

water starting on the evening of compaction. An application rate

of 750 g/m was used. This was arbitrarily determined to give a

limited amount of free water on the surface of the specimen

immediately after spraying, with a view to simulating the condl-

cI00 achleved hr a wat«r tanker under site conditions.

The frequency of application was chosen to maintain a reasonable

degree of moisture on the surface of the specimen in an effort to

ensure repeatability.

The t“° day del*y co- actl®°" =». flr.t ,Om

.ayers was selected on the following grounds:-

1. Discussion ,Uh «.». Ounsc.n, Uhiu he In ~ A

Indicated that In his Inv,tl,.tlon, Int0 hl,h fly..h cnU ;

cocpacted cnncr.te, he considered the maximum acceptable delay

to be two days. In cases where a drearer delay was unavold-

L oe Trecau tiken to — oS
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lle Hansen (lv79a) in R L. .
s t0 enquiries with regard to construe*®

1 tne placing of the soll-cement embankments foi

*.00Hn( <+ 'ter reservoirs for Barney M Da' Is powel

scaclon, refers Co delay, of between 0.5 and 3.5 hours between

in relatively short

the object of

ht embankment being placed
400 m -engths. This was done with

avoiding maj delays.

3> erud chac In constructing a large embankment

would be substantial and that
A

area ,r placement
of one or two days would be relatively commonplace.
limit of

Aay,
of two davs was felt to represent an upptr

-He need to investigate the effect of other

d e iay s '

ies.ay periods is however stressed.

The surface treatments applied to the individual construction

Joints are described below.

12.1.4.a Untreated Joint

Th. surface, a, compacted, 1. shown 1, pl.t. 12.5 from which It

can be seen that the surface produced b, static compaction was

generally smooth and Intact. Thl, surface was lightly brushed

cloth. Immediately before placing the second

-1th an ab.orb.ut

-sy.r, to remove loose material. It should be noted that the

spraying of the joint on the morning of compaction produced ,

surface condition similar to the aaturated surface dry condi-

tion used for coarse aggregate. Thl, was con.latent with the

finding of 0, Groo. (W76, that "a condition similar to SS,,

(saturated surface dry, seems to be marginally better."

12.3.4.b Cement Treated Joint

D. Croot (1976, state, that "where bond between layer.

considered necessary, 1ift line treatment with
ment i

The rate recommended Is 0.2 kg/m2 and cMs ,

recommended".
rat

in these tests. In the light of the re.u'ts
D, Groo,

-as used
felt that a higher rate should be considered.

observes that it may , desirable to use slightly high,

DIRECT SHEAR TESTS



un (i 1:0 account for construction variationSpecimens
-rL prepared in the same way as those with untreated joints
~ind the cenient was applied immediately before the material for
the second layer was placed. A 12 mm paint brush was used to
spread the <cement as evenly as possible over the joint
sur.aie. Application of the cement in paste form 1is recom-

mended for future laboratory work

PLATE 12.5

SPECIMEN SURFACE AS COMPACTED



12.3.4.C Wire Brushed Joint
rushing of construction joints is the treatment that is
typically applied by the USBK and recommended by the PCA as a
ins o,y achieving bond on Joint planes in soil-cement
[e Groot (1976) found chat "the removal of Che smooth
Ending plane strengthens the joint between the layers."
1< -.ous itner authors have referred to the merits of brushing
ot joint planes and art referred to in chapter 3. Plate 12.6a,
obtained with correspondence from Warren (1979), shows a

typical broomed aoii-cement surface.

vas originally Intended to fabricate apparatus to simulate
the actual brooms wused in practice as closely as possible,
e «'ver, owing to the delays previously mentioned, the rig was
built and Che tests were restricted to one set with wire

brushed Joints.

-n order to simulate the wire brushed joint surface, a numbet
of tests were conducted wusing a selection of wire brushes
obtained from hardware stores. These were held in an electric
nand drl. with a rotational speed of approximately 11 > rpo.
The brush finally used had an overall diameter of 104 om and

contained ..rimped steel bristles with a free length of 27 mm

and diameter 0.27 om. Peripheral velocity was approximately
330 m/oln as opposed to 380 o/mln for a typical rotary broom
used by the USBR (Warren 1979, Brice 1979). The surface
produced u ing this brush is shown in plate 12.6b. U is felt
that this is a reasonable approximation of the surface shown

in plate 12.6a. Note that the width of the specimen in plate

12.6b approximates the length of the pen in plate 12.6a

In judging the suitability of the surface produced, the surface
shown in plate 12.6a was considered together with that shown

in other photographs received from ttw .tm
same source. in

addition, the descriptions referred to in chapter t
considered. With regard to the surface described by

al (1973) who state chat brooming "leaves a 9tri?*
riaced surface

DLKECT SHEAR TESTS
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12.3.4.C Wire Brushed Joint
rushing nr construction joints is the treatment that is
typically applied by the USBR and recommended by the PCA as a
means ot achieving bond on Joint planes in soil-cement
j(> Groot (1 /b) found that '"the removal of the smooth
adiag plane strengthens the joint between the layers."
mrious other authors have referred to the merits of brushing
Joint planes and are referred to in chapter 3. Plate 12.ba,
obtained with correspondence from Warren (1979), shows a

typical broomed soll-cement surface.

'"iS originally intended to fabricate apparatus to simulate
the actual brooms used in practice as closely as possible,
however, owing to the delays previously mentioned, the rig was
not built and the tests were restricted to one set with wire

brushed joints.

In order to simulate the wire brushed joint surface, a number
it tests were conducted using a selection of wire brushes
obtained from hardware stores. These were held in an electric
hand drill with a rotational speed of approximately 100U rpo.
The bru»r. rinaiiy used had an over ill diameter of 104 am and
contained crimped steel L-isties with a free length of 27 am
and diameter 0.27 mm  Peripheral velocity was approximetely
330 ra/min as opposed to 3*0 m/min for a typical rotary broom
used by the USBR (Warren 1979, Broce 1979). The surface
produced using this brush is shown in plate 12.6b. It U felt
that this is a reasonable approximation of the surface shown
in place 12.6a. Note that the width of the specimen in plate

12.¢b approximates the length of the pen in plate i12.6a

In judging Che suitability of the surface produced, the surface
shown in place 12.6a was considered together with that sh '

in other photographs received from the same aourceTl"

addition, the descriptions referred t, in -¢
in chapte; 3 were

considered. With regard to the surface described by Uav

al (1973) who state that brooming "leaves a striated suJt® *
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PLATE 1:2.6a
SOLI-C EME NT SURFACE AFTER BROUMING IN FIELD

-tti

PLATE 12.6b
BRUSHED SOIL-CEMENT SURFACE PRODUCED IN LABORATORY

DIRECT SHEAR TESTS
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with narrow grooves approximately 1/2 inch(1.27 cm) apart",
Hansen (1979a) observes "very hard to get jrooves 1/6" deep,
1/ib" is <closer to reality De Groot (1976) described the
surface as similar to a cut surface and wusedcutting '.o produce

the surface tested in his research.

Brushing was undertaken after curing for four hours and again
immediately before assembling the top half of the box set for

compaction of the second layer.

12.3.5 Conduct of Direct Shear Tests

The box sets were placed on the sliding platen of the testing
machine and a vertical stress of approximately 2 MPa was applied
in increments. The boxes we-e then separated by means of jacking
bolts and the packing pieces removed leaving a separation of

approximately 12 mm.

The 2 MPa confining pressure during box separation compares with
the pressure of between 0.9 and 1.4 MPa required to extrude
specimens from the boxes after testing and the 3.1 to 3.4 MPa

required for flange closure during compaction.

The receiver pressure was then adjusted to give the required

vertical stress and horizontal loading commenced. Initial load-

ing was by hand until the lower limit of the a<r-hydro pump was

reached. Further loading took place under load rate controluntil

failure, at which point strain rat- control was initiated.

On completion of ttvi test series, specimenhalves were extruded

from the boxes using a hydraulic Jack.

DLKECT SHEAR TESTS 12 15



12.4 TEST RESULTS

Graphs 12.1 to 12.b reflect i/ie results of the direct shear tests.
All results are plotted against horizontal deflection as conver-
sion to shear strain was not felt to be relevant. Adjustment to
remove the bedding-in portion of the loading curve has also not
been applied in order to maintain the separation of the Individual
results. The curves thus reflect the test history of each specimen

from the commencement of application of horizontal load.

Thesignificant features shown in these graphs are as follows:-

a. The elastic portion of the loading curve, i.e. the initial
portion after bedding-in, is generally linear and the slopes

in all tests are similar.

b. 1he rate of loading to failure is generally uniform and

consistent.

c. The post-failure portion of the results is well developed and

the strain rate is reasonably consistent.

d. The loading curves for the intact material show a progressive
development from a relatively plastic failure mode at the low
cement content (5%) to a relatively brittle mode at the high

cement content (20 %).

e. The specimens with construction joints generally show a

saa'ler drop between ultimate and residual stresses.

f. The dilation experienced by the jointed specimens is substan-
tially less than that experienced by the corresponding intact
specimens (10% cement). In i number of cases virtually no
vertical displacement occurred and in the case of the wire

brushed and untreated joints, significant compression occurred

DIRECT SHEAR TESTS 12 16



Graphs 12.1 to 12.6 reflee' the resultj of the direct shear tests.
All results are plotted against horizontal deflection as conver-
sion to shear strain was not felt to be relevant. Adjustment to
remove the bedding-ln portion of the loading curve has also not
been applied in order to maintain the separation of the Individual
results. The curves thus reflect the test history of each specimen

from the commencement of application of horizontal load.

The significant features shown in these graphs are as follows:-

a. The elastic portion of the loading curve, 1i.e. the initial
portlor after beddlnp-In, Is generally linear and the slopes

In all tests are similar.

b. The rate of loading to failure is generally wuniform and

consistent.

c. The post-failure portion of the results is well developed and

the strain rate 1is reasonably consistent.

d. The loading curves for the intact material show a progressive
development from a relatively plastic failure mode at the low
cement content (52) to a relatively brittle mode at the high

cement content (202).

e. The specimens with construction joints generally show a

smaller drop Between ultlm te and residual stresses.

f. The dilation experienced by the Jointed specimens is substan-
tially less tiian that experienced by the corresponding intact
specimens (1U2 cement). In a number of cases virtually no
vertical displacement occurred and in the case of the wire

brushed and untreated joints, significant compression occurred
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in the specimens subject to the greatest vertical stress. Of
the intact specimens, only that with 5% cement experienced

compression under this stress.

g. As is to be expected, dilation decreases with increasing

vertical stress while time to failure increases.

h. Dilation increases with increasing cement content as does

strength and time to failure.

12.4.1 Failure Envelopes

btorn these results, a graph of failure shear stress against
vertical stress was plotted in order to obtain the failure

envelopes, this is presented in graph 12.7.

Owing to various problems during the test program, it was
necessary to discard a number of results, only those considered
valid are reflected on the graph. From a visual inspection of the
data points, it was apparent that there was no basis for fitting
other than straight lines of equal slope to all data sets, this was
consistent with the results of the triaxial tests presented in
chapter 11 and with the findings of other researchers. Accor-
dingly, a transformation was performed where'y all data sets were
translated to align their centers of gravity with the center of
gravity for all the data (Chatfield 1975). A linear regression was
then performed on the combined data to determine the ansle of
internal friction for the material and the translation constants
were used to calculate adjusted cohesion for each set of tests.
The regression coefficient r was calculated as 0.9b indicating a
good fit. The results of the regression are summarised in table

12.1.

Graph 12.7 indicates an increase in cohesion with cement content.

This is consistent with the results of the triaxial and unconfined

DIRECT SIt£4R TESTS
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TABLE 12.1
SUMVARY OF ULTIMATE STRENGTH RESULTS

FOR DIRECT SHEAR TESTS,

TEST Specimen
No

UNTREATED JOINT
AB-06.40/401
34
XY
56

CEMENT TREATED JOINT
AB-U6.4C/443
34
XY
56

WIRE BRUSHED JOINT
XY-06.4C/478S
34
56

INTACT 052 CEMENT
AB-03.2C/317

34
XY
56

INTACT 102 CEMENT
34%¥06.40/249

i
56

INTACT 202 CEMENT
34-12.8C/2B3
56

Vertical Shear Corrected
Stress Stress Cohesion

MPa

.038
.828
.169
.538

O _ DN

.038
.828
169
.538

O = = DN

2.032
1.828
0.538

.038
.828
.169
.538

S = - N

1.470
0.871
0.306

1.828
.538

(=]

Angle of Internal Friction

Group Average Cohesi

DIRECT

on

SHEAR

MPa

oy
.889
.390
.732

[ RN U

.131
.105
.449
.987

S — N

2.183
2.299
0.846

2.410
2.299
1.852
1.129

2.549
1.757
1.342

W

.395
2.334

0
- 40.7

- 0.72 MPa

TESTS

RANKED ON COHESION

MPa

0.250

0.471

0.517

0.726

1.125

1.849

12.25



compression tests. Cohesion is plotted against cement content on
graph 12.h and a Linear relationship, as found with the triaxia”

tests, is indicated by the data points and solid line.

The results for the jointed specimens are however not as
encouraging. In all cases, the ultimate shear strength is sub-
stantially less than that for the intact material with the same
cement content (1Ot) and also less than that for the intact
material with oi cement. There 1is no significant difference
between the results for the specimens with cement treated and wire
brushed construction Joints but they are substantially stronger

than the specimens with untreated joints.

These results differ substantially from those reported by De Groot
(1976) and there is thus cause to question the compaction procedure
used. The reduced dilation of the jointed specimens also suggests
that compaction on the joint plane was inadequate. It appears
likely that the tamping of the material, as performed, was not
sufficient to ensure intimate contact on the joint plane and the
use of an impact rammer in 'uture tests should beconsidered with a
view to Simulating the high contact pressures that would occur

under a sheeps!:ort roller.

It should be noted that in dealing with a material containing
coarse aggregate, where the shear strengun of the aggregate raal
exceed that of the stabilized matrix, it is unlikely that the full
shear strength of the intact material will be developed on
construction joints. Other forms of test, such as tensile tests on
the Joint and shear tesf* without applied normal pressure, as used
by De Groot, will not necessarily be affected by the absence of
coarse aggregate across the Joint plane and poor bond between the
matrix and aggregate particles could lead tothe Joint plane

appearing stronger than the intact material.

Failure of the jointed specimens treated with cement and by

brushing was generally through the material adjacent to the joint

DIRECT SHEAR TEST:
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Plane rather than on the Joint plane itself. The failure surface
Ln rhe Int;acl: material was generally dished in appearance with
caring ot weaker aggregate particles while stronger particles
fcOugt.d channels in the soil-cement matrix. Plate 12.7 shows
typical failure surfaces for the different joint conditions, from
front to back:- wuntreated joint, cement treated joint, wire
brushed joint and wunjointed specimen. Cement content of all

specimens was 10% of fine fraction.

PLATE 12./
TYPICAL FAILURE SURFACES

The indicated joint cohesion in graph 12.7 for cement treated and

brushed Joints is approximately 0.5 MPa which whny
' wulAe not as great

as that of the intact material, is nevertheless a
* significant

strength. This bond could be sufficient to resist wave forces

account foi the behaviour observed in slope protection
v-nun. IThe work

reported by De Groot (197b), wused soils which contUn a

significant material retained on the 1.19 s«eve

DIRECT SHEAR TESTS
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plane tather chan . chtr joint. -+ uic itself. The failure surface
[R tht 1°tact, materia! war, generally dished in appearance with
eihearing of weaker aggregate particles while + conger particles
ougad channels, in the soll-cement matrix. Plt.e 12.7 shows
ypical failure surfaces for the different joint conditions, from
ront ru back;- untreated Joint, ceme-t created joint, wire
‘rushed joint and unjointed specimen. Cement content of ail

ecimens was 10% of fine fraction.

PLATE 12.7
TYPICAL FAILURE SURFACES

he indicated Joint cohesion in graph 12.7 for cement treated and

orushed joints 1is approximately 0.5 MPa which, while not as great

AS that of the intact material, is nevertheless a significant
Al rength. Ibis bond could be sufficient to resist wave forces and
tccoun tor rho behaviour observed in slope protection. The work

r'r ! " ('r00! (197b), wused soils which <contained o

ot itiv- o ehe 1.19 ram sieve 1inn 'nn..



quently would not have detected any effects dependent on the
presence of coarse aggregate, however, observed bond strengths
without normal load were in the range 0.33 to 1.4 MPa with average
0.91 MPa for cement treated joints on specimens containing 10%

cement.

Mote that the effective shear strength of construction joints ca.
be increased by placing the material so that the joint plane slopes
up towards the downstream face. A reduction in the delay between
placing of layers is likely to improve the bond on construction
joints. This requires further investigation to determine the

maximum permissible delay without joint preparation.

In view of the problems experienced in simulating compaction mn
the laboratory, it is felt that field trials similar to the subgrade
restraint tests of Boflng»r and Sullivan (1971) should be consi-
dered. This test procedure would involve placing a number of
layers of soll-cement using the techniques and equipment to be
used on site. A block of cured soil cement would be excavated to
the level of the Joint plane using a paving saw and the block
sheared while subject to a suitable vertical stress. A number of
blocks could h* tested at different vertical stresses. Load and
strain rate control could be applied using the apparatus developed
for this test progvan. This technique would permit the examina-

tion of a large number of variables in a relatively short time.

12.4.2 Residual Strength Envelopes

It is apparent from the 1load - deflection curves that the
difference between ultimate and residual strength for the jointed
specimens is substantially less than tl. t for those without
joints. Accordingly, shear strengths at displacements of 5, 10
and 15 mm past failure were determined and the data subjected to
the same transformation and regression applied to the ultimate
strength data. Graph 12.9 reflects the strength envelopes at n

displacement of ) mm past ultimate.

. RECT SHEAR TESTS 12.29
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In all cases a regression coefficient of 0.98 wan obtained with
angle of internal friction ranging from 41° through 39.75° to
38.77° for the chree displacements considered, indicating a
progressive polishing of the failure plane. Calculated grovp
average cohesion varied from 0.074 through 0.014 to 0.002 MPa for
the same range. This cannot be considered to differ significantly
from zero, confirming that once failure has occurred, the residual

strength is purely frictional.

These results ind cate that the residual strength of the jointed

material is essentially Identical to that of the unJointed.

12.4.3 Ratio of Ultimate to Residual Strength

From the Inception of this test program, it was considered that
design on the basis of residual shear strength should be invest-
igated as a potentially more reliable technique on the assumption
that residual strength was likely to be less variable in practice
than wultimate strength. It was for this reason that the hori-
zontal load control apparatus was designed to supply strain rate
control in the post-failure zone and this decision was vindicated

by the results discussed above.

With a view to expressing these results in terms of a design
philosophy, the ratio of ultimate to residual strength was exam-
ined. This ratio can be considered to represent a measure of the
factor of safety that would apply to a design on the basis of the
residual strength relative to the ultimate strength. Considering

the extreme cases for the intact material:-

The maximum ratio varies from 3.7 at a displacement of 5 ram
past failure to 4.5 at a displacement of 15 mm for the specimen
with a cement content >f 2U0% subject to the lowest vertical
stress (0.54 MPa). For the specimen subject to 1.8 MPa this

reduces to L.tween 1.95 and 2.18.

DIRECT SHEAR TESTS 12.31
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ihe minimum ratio varies Strom 1.2 to 1.35 for the specimen
with a cement content of 5% subject to the h'ghest vertical
stress (2.04 MPa). For the corresponding specimen with un-
treated joint, the ratio varies from 1.08 to 1.18. For the
specimen with 5% cement subje t to a stress of 0.54 MPa the

ratio ranges oetween 1.8 and 2.

From consideration of the available data, it appears that the ratio
is proportional to cement content, confirming the increasingly

brittle nature of the material with increased c«*raent content.

12.4.4 Factors of Safety Customarily Applied

Robertson and Blight (1978) section 4.3.2, reproduced in chapter 3,
refer to the apparent anomaly in the customary factors of safety
against sliding failure used in design of earthfill and concrete
gravity dams. In the first instance, a factor of safety of 2 is
generally considered adequate whereas in the second a minimum
factor of 5 is specified in cases where the simplified method of
analysts cannot be applied. Note that the USSR analysis referred
to in section 3.2.d is somewhat less conservative. The simplified
analysis requires merely that the "sliding factor", the ratio of
horizontal to vertical force;?, should lie in the range of 0.65 to
0.75 for concrete on rock, an discussed, this requires a minimum
angle of internal friction of 331. This empirical method relies
entirely on the cohesion of the material to provide a safety

factor against sliding.

The safety factors referred to above are applied to the ultimate
strength of the material i.e. the ultimate strength is divided by
the relevant factor to arrive at a design strength which Is

compared with design stresses to determine the adequacy of the

material. Relating this to the ratio results summarised above:-
a. The weak material tvs a true factor of safety of residual over
ultimate strong e range 1.2 to 2.0. This compares well

DIRECT SHEAR TESTS 12 32



with the value of 2 applied to soil. The value of 1.2
corresponds to an enhanced factor of safety ¢ residual
strength where design is undertaken with a safety factor of 2

on ultimate strength.

b. In the case of the stronger material, the factor of safety of
residual over ultimate strength is in the range 1.95 to 4.5.
This represents an enhanced factor of safety on residual
strength where design is based on a safety factor of 5 on
ultimate strength. It should be noted that in concrete the

ratio of ultimate to residual strength may well exceed 5.

12.4.5 Proposed Design Philosophy

The above suggests that the app nt anomaly, referred to above,
represents a design p° sophy which is in fact based on
consideration of the resll . strength of the material, i.e. on the

basis of experience, the factors of safety that have come to be
associated with the two materials, soil and concrete, 1in fact
reflect the approximate ratio of ultimate to residual strength

commonly developed by the respective materials.

This relationship is by no means exact, the ratio of 1.2 above
indicates that in the case of soil, the factor of 2 also Includes an
allowance for the greater variability of the material. Likewise,
a consideration of the higher strength concretes Indicates that
the factor of safety of 5 allows for a percentage of the cohesion
to be taken 1into account. However, in terms of t*; stresses
actually encountered in a concrete gravity dan, this percentage is
generally small; applying equations 1 and 2 in Robertson and
Blight section 4.3 and assuming an angle of internal friction of
40°, an unconflned compressive strength of 26 MPa is Indicated

before the factor of 5 makes allowance for cohesion.

On the basis of the above discussion, taking account of the fact

that soil-cement can be expected to vary in strength from that of

DIRECT SHEAR TESTS 12.33



to a moderate quality concrete, depending on the

design chould be based on the

a strong soil

application, it 1is suggested that

residual (i.e. frictional) strength of the material with a factor of

aatety of say 1.2 applied to take account of material variability.

At the same time, it 1is acknowledged that additional tests are

required to support this proposal.

It should be noted that, as the angle of internal friction has been

found to be independent of cement content for cement contents

above (3.2* of whole soil), this design philosophy does not

provide a Dbasis for determination of cement content. It is

therefore proposed that a minimum cement content of 3.2% of whole

soil should be specified until further tests are conducted at low

cement contents and that a minimum factor of safety of 2 should be

applied to the ultimate strength.

12.4.6 Comparison with Results of Triaxlal Tests

Tne triaxlal tests yield an estimated angle of internal friction

of 37 as opposed to the value of 40.7° for the direct shear tests

presented in table 12.1. 1I: is likely that tM presence of coarse

aggregate will cause an increase in angle of friction and it is

-onsidered that this 3.7° Increase results from this. It should

however be noted that the maximum principal stress in the direct

shear tests 1is considerably lower than that occurring 1in tne

trlaxial tests. Consequently, an Increased angle of Internal

rrictlon would be expected from the curvature of the Mohr envelope

referred no in section 11.4.2.

In order to compare the estimated cohesion obtained from the

direct shear tests with that for the triaxlal tests, which were

conducted on specimens at a nominal age of 294 days, an adjustment

was required. Graph 10.9 indicates a linear relationship between

unconfined compressive strength and logarithm of age and graph

11.9 indicates a linear relationship between cohesion and uncon-

DIRECT SHEAR TESTS



tined compressive strength. From the regression lines for diff-

erent cement contents plotted In graph 10.9, it was determined
ratio of unconfined compressive strength at an

0.576 with a standard

average
age of 28 days to that at 294 days was
deviation of 0.009. Applying this factor to the regression

coefficients presented In graph 11.9 gives an estimate of the

cohesion - cement content relationship at age 28 days for the

standard cylinders in the triaxtal test:-
Coheslon (MPa) - 0.040 + 0.126 x Cement Content (Z)

specimens containing only the soil

direct shear

As

This data was obtained for

traction passing the 4.75 mm sieve whereas the

also contained the fraction retained on this sieve.

decided to specify the cement

specimens

discussed in section 12.1, it was

of the direct shear specimens in terms of the the soil

sieve and this convention has been

content

traction passing the 4.75 mm

used througnout this chapter. The primary cement content axis on

graph 12.8 is plotted on this basis whereas the secondary axis

reflects the equivalent absolute cement content for the direct

shear specimens in terms of the total soil component.

The solid line on graph 12.8 reflects the cohesion - cement

content relationship for the direct shear test results
The cohesion intercept

in terms of

cement content expressed on oither basis.
of 0.364 MPa is considerably above the value of 0.040 estimated for

the f.'laxial results. This Indicates that the presence of coarse

aggregate causes a significant increase in shear strength at low

cement contents where the strength of the aggregate 1is high

relative to that of the soil-cement matrix.

The ehort-daehed Un. on graph 12.8 refl.ct. the cohesion - c.a.nt

content relationship derived from the the trlaxlal results
the 4.75 mm sieve, with the

plotted

in terms of the fraction passing

cement content expressed on this b.sls, the results Indicate that

vhlle the cohesion Intercept Is significantly Increased, the rate

oi Increase of cohesion with cement content Is significantly

DIRECT SHEAR TESTS



de> teasid. This occurs to the extent that above a cement content
of approximately 6.2 . the strength of specimens prepared without

Che coarse fraction exceeds that of specimens containing it.

As the soil being investigated was a residual soil formed by
weathering of the in situ rock, the degree of weathering, and hence
the strength, of the coarse aggregate varied considerably. Conse-
quently , as the strength of the mattix increases with increased
addition of cement, fn 1increasing proportion of the coarse
aggregate is weaker than the matrix and tius the average strength
of the material increases more slowly than if the coarse aggregate

were not present.

While this effect is probably not significant for cement contents
under about 12%, it does indicate that care ahould be taken in
applying the results of tests on specimens containing oni* the
minus 4.75 mm fraction if the cement content is reckoned on this
basis. It is likely that the relative slope of the results for the
material containing the coarse fraction will vary considerably
depending on the properties of the coarse aggregate and further

investigation of this effect is required.

These results suggest that the beneficiation of the soil either by
the replacement of a preportion of the natural aggregate with; or
by the further addition of; an Intact, unweathered aggregate, such
as quarried rock, could improve the strength of the soll-cement
considerably by increasing the cohesion intercept, increasing the
slope of the cohesion - cement concent relationship and possibly
also increasing the angle of internal friction. Given the
relatively Low strength of the soll-cement matrix, it is likely
that a relatively sm<1l addition of high strengti. aggregate would

be required.

The above discussion indicates that the initial assumptions made
'n estimating the equivalent cement content for the comparison of
specimens prepared with and without the coarse fraction, were

erroneous. An alternative basis of comparison is in terras of the

DIRECT SHEAR TESTS



absolute cementcontent of the soll-cement mixture, I.e. the

cement content expressed as a percentage of all soil In the

mixture irrespective of maximum particle size. The long-dashed

line on graph 12.8 represents the adjusted cohesion- cement

content data for the triaxlal test results expressed on this basis

we. plotted relative to the lower cement content axis.

On this Dbasis, the slope of the cohesion - cement content

relationship ter both tests is very similar, differing by less

than ti*. It if possible that the convergence of the two lines

with increasing cement content reflects the increasing strength

of the matrix relative to the more heavily weathered particles of

coarse aggregate.

Expressed in these terms, the results of the two test programs are

comparable. For the soil used in this research, it is apparent

that design on the basis of the actual cement content of test

specimens prepared using the soil fraction passing the 4.75 mm

sieve will underestimate the strength available from soll-cement

prepared with the complete soil. This provides a conservative

basis for design but additional investigation of this relationship

is required.

It is 7ixely that the variation in degree of weathering of the

sand and gravel fractions is similar. Consequently, if the

determined by the average aggregate
be obtained

strength of soll-cement is
Strength, it 1is likely that similar results will

irrespective of maximum particle size over the range considered.

It is considered that this is a likely explanation for the results

observed here.

It should be noted that the results discussed in this section do
not have any significant effect on the design philosophy proposed

in section 12.4,5 which is based on the frictional component of

shear strength.

DIRECT SHEAR TESTS



12.5 CONCLUSIONS

It is proposed chat design for sliding stability of soil cement

should be based on the residual (frictional;

factor of safety of 1.2 to account for the

strength of the

material with a

variability of the material. In addition, a wuinimum ceraei.t

content of [.J* of total soil and a minimum factor of safety of

on ultimate strength are proposed. Further large scale direct

shear tests are required to provide statistical support for this

proposal. In the case of subsequent analysis in this program, an

angle of internal friction of 40° is applicable.

further tests are also required to determine a reliable method for

cevelopii.g the full ultimate shear strength of the material on

construction joints. It is noted than the techniques investigated

this research developed the full residual strength of the

in

material but did not develop the full wultimate strength. It is
suggested that the use of an impact rammer on the first layer of
-aterlal placed on the joint plane could remedy this problem. It

is also suggested that testing of isolated blocks excavated in

trial slabs compacted wusing full-scale construction equipment

would provide an excellent means of rapidly examining the effects

of different joint treatments.

An this stage, it is considered that the lower ultimate strength of

the jointed specimens may be more a result of experimental

technique than of material properties. This 1is based on the

observation that other workers in this field have found the two

preparation examined here, cement treatment and
It is

merhods of joint
*'ire brushing, to provide full bond on construction Joints.

however noted that in de, ng with a material containing coarse

aggregate It is unlikely that the full shear strength of the intact

material will be develope. in construction Joints and that no

results are available for comparison. Further investigation of

this aspect 4s required.

DIRECT SHEAR TESTS
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Uniform application of cement to joint surfaces at the rate of 0.2
<g/m lecomtr 'nde.i by De Groot (1976) was found to be impractical
and it is considered that a rate of about 0.4 kg/m" is likely to be
che practical minimum. With a layer thickness of 0.2 m, this
represents an increase in the ce-.tent content of the embankment of

the order of 0.1%.

If the Intact shear strength of the material cannot be reliably
mobilised on construction joints, construction with a crossfall

sloping up towards the downstream face should be specified.

The effect of variation in construction delay requires further
investigation. In particular, che maximum delay which will
permit construction without Joint treatment shov'd be inves-

tigated.

While the development of a device to simulate the rotary steel
brooms used in practice is still considered desirable, it is felt
that adequate results can be obtained using the techniques used in

this research.

Evaluation of the cement concent of the material in terras of che
fraction pajsing the 4.°5 mm sieve does not provide a reasonable
basis for extending the results of strength tests conducted on
specimens prepared using this fraction o the whole soil. The
basis for comparison should be the ement content in terras of the
entire soil content of th material. This will slightly under-
estimate the strength available from the soil containing the
coarse free Cion as the coarse aggregate causes a slight increase in
the angle of internal friction and cohesion at all cement
contents. Thus, wher cement contents of 5% cement are referred
to throughout this thesis with reference to specimens produced
from soil passing the 4.75 mm sieve, it should be assumed that the
same cement content would be used for the soil containing the

coarse fraction i.e. the equlv ilent cement content to be used for

DIRECT SHEAR TESTS



cue coil with course fraction 1is also 5:i. The effective cement

contents for the direct shear specimens is therefore 3.2, 6.4 and

* 8% respectively.

luthei research into the relationship between results obtained

with and without coa aggregate and the influence of degree of

weathering of coarse aggregate are required.

Lt is suggested that the shear strength of soil-cement could be

significantly improved by the use of relatively small quantities

of high strength aggregate either added to the soil or wused to

replace a proportion of the natural aggregat Further research

into this proposal is required.



The objective of these tests was to Investigate the settlement
characteristics of soii-ceraent under gradual loading simulating
construct)'n and subsequent behaviour wunder <cyclic reservoir
operation. Short-term tests were conducted for comparison with
the long-term tests and further tests were conducted to examine
the effect of variations 1 loading conditions and moisture

content.

The number of tests was limited by the number of oedometers
available. Theduration of the short-term tests was 14 days and
that of the long-term tests approximately 60 weeks. A total of 70
specimens were tested as part of this program.
&

The stresses applied in these test-.i were selected to be similar to
those likely to occur in practice with the degree of over-
stressing limited to permit an examination of the behaviour under
cyclic loading. *he maximum stress was selected to correspond to
the 97.52 confidence limit estimate of the 28 day soaked,
unconfined compressive strength presented In graph 6.3. A factor
of safety with regard to compressive stress (Sc) of 3, as suggested
by the USBR and referred to In section %2 (d) was applied to this
figure. This provided a higher stress level than the value of Sc-4

referred to in section 3.1.
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CyCii,~ Leading. Short-term

tests

were

conducted on

subject to the standard curing conditions and tested at

ages of 56.

W

PO

140 and 252 days.

LOADING SEQUENCE FOR OEDOMETER TESTS

mLoading State

Start of test
Nominal load

End construction

Reservoir full

mpty

full
Inundate

Reservoir empty
full
empty

Nominal load
End of test

Stress
52

0
11
56

189
433
545
667
667
667
545
433
545
667
667
545
433
545
667
545
433
189
56
11

OEDOMETER

(kPa) for Cement Corten

102

0

12
135
403
929
1174
1418
1418
1418
1174
929
1174
1418
1418
1174
929
1174
1418
1174
929
403
135
12

TESTS

152

0

12
206
618
1442
1786
2198
2198
2198
1786
1442
1786
2198
2198
1786

1786
2198
1786
1442
618
206
12

202

0

12
269
807
1907

2702
2702
2702
1907

2702
2702

1907
2702
1907

807

269
12

<Fa per day



er*ect of cyclic loading. Short-term tests were conducted or.
specimens subject to the standard curing conditions and tested at

ages of 56, 140 and 252 days.

TABLE 13.1
LOADING SEQUENCE FOR OEDOMETER TESTS

Day Loading State Stress (kPa) for Cement Content
R7Z3 10% 15% 20%
1 Start of test 0 0 0 0
Nominal load 11 12 12 12
56 135 206 26)
2 189 403 618 807
3 End construction 433 929 1442 1907
4 545 1174 1786
pm Reservoir full 667 1418 2198 2702
5 667 1418 2198 2702
6 667 1418 2198 2702
7 545 1174 1786
pm empty 433 929 1442 1907
8 545 1174 1786
pm full 667 1418 2198 2702
9 Inundate 667 1418 2198 2702
10 545 1174 1786
pm Reservoir empty 433 929 1442 1907
11 545 1174 1786
pm full 66 7 1418 2198 2702
12 545 1174 1786
pm empty 433 929 1442 1907
13 189 403 618 807
14 56 135 206 269
pm  Nominal load 11 12 12 12
15 End of test 0 0 0 0

.Jote that intermediate loads between reservoir empty and
ruil were only applied when circumstances permitted

The long-cerm t«»t sp.ctmen, w.re lo.ded with . con.tant dally
Increment for five day, end held at con,rant ,tr=, over weekend,
to monitor additional creep deflection. The ,a,e limiting ,tre,-
,e, mneed In the short-term te.t. were applied. The ,tr,,,
histories for the long-term specimen, ere depleted on graph, 13.1

end 13.2. Loading rate for the 51 specimen, was 11.1 kP. p,r d.y

OEDOMETER TESTS



during che 5 d,w loading week., equivalent to a rate of construc-

of approximately 0.52 m per day, which is unlikely

Loading rate for the 15% specimens was 27.5

tion to be
exceeded in practice.

per da\, equivalent to 1.29 m/d. Loading rate for reservoir

peration was doubled as it was considered that reservoir filling

“ould potentially proceed more rapidly than construction. Load-

ing or long term specimens commenced at a specimen age of 3 days.

A.1 vlecimens tested in this program were disks 71.4 mm diameter

and 20 mm deep in order to permit the use of standard oedometers.

It had been observed in other parts of the test program that

specimens tended to swell slightly during the initial stages of

curing, thus suggesting that a considerable degree of restraint

would be present in specimens compacted and tested in standard
sample rings. Since the compressive strength of the material was
than the stresses to be applied in these

tested unconfined. This provided

considerably greater

rests, the specimens were

minimum vertical restraint and lateral confinement and was

expected to lead to maximum settlement.

In order to examine the effect of re.tr.lnt and confinement, a

number of tests were undertaken using specimens compacted and

cured in specimen rings. Additional specimens, both confined and

unconflned, were tested with top and bottom platen, of reduced

diameter -- a form of plate loading test. Platen diameters of 50

and 39 mm were used.

Specimens cured In the leaching bath and subject to leaching In

the leaching cell, described Im chapter 9 were also tested as part

of this program. Further specimen, were tested after soaking In
water for 7 days and after being subject

vacuum as described in chapter 11,

to saturation under

of -stabilised specimens were tested for comparison

specimens. Two specimens were

A number

with the results for the stabilised

tested unconfIned at the same stress levels as used for the

specimens with 5% cement. Two confined specimens were tested at



str» bs levels corresponding to the specimens with 15% cement.

Thib maximum stress corresponds to the maximum vertical stress

that would occur at the base of a 100 m high earthfill embankment.

13.2 APPARATUS

Standard, soil mechanics, oedcmeters were used for these tests,

*he machines were modified by the addition of a second loading

plat rorm on the load hanger to facilitate interchange of weights.

Certain of the older machines were modified by attachment of the
for the deflection gauge directly to the cell in

to movement of the frame of the

supporting pillar
oider to minimise errors due

testing machine.

the cells were sealed against evaporation of water by several

layers of the same laboratory film wused to seal the leachate

in chapter 9. This film was covered

light and hold the film in place.

collection bottles described

with packaging tape to exclude

Tape was also used to seal the film to the top platen around the

loading ball so that it did not interfere with the ball seat,

-ater lor flooding the specimens wassupplied inthe normal

manner through bottom connections to the cells. Plate 13.1

illustrates two cells and testing machines.

The 71.4 x 20 mldk specimens were statically compacted In a

similar manner to the standard 37.5 , 75 mm cylinders used In

other part, of the program. A mould was designed that permitted

specimens to be compacted and extruded In the same way as the

standard cylinder, or to be compacted directly Into the standard

oedometer sample rings. Additional rings were fabricated to

permit specimens to hecompacted and cured In the rings. The

mould 1, Illustrated In plate 13.2 and additional detail, are

furnished in appendix C.



PLATE 13.1
LONG-TERM SETTLEMENT TESTS IN PROGRESS

PLATE 13.2
MOULD FOR COMPACTION OF DISK SPECIMENS

OEDOMETER TESTS

i WGf1



specimens were statically compacted, humid cured for 7 days and

then sealed in foil and wax until required for testing. Long-

term specimens were removed from the hum.d chamber after 3 days

ard placed in the testing machine.

were prepared by filling the distribution
The porous disks

Prior to testing, «cells
channels beneath the porous disks withwater.

were soaked and surface dried in order to prevent desiccation of

the specimens. The specimens were placed in the cells and the

celis assembled. Plastic annill were used to locate the 39 and 50

ram diameter porous disks concentrically with the specimens in the

tests with reduced platen diameter. The outer shells of the

oedometer cells were positioned and the covering of laboratory

film and packaging tape was sealed to the top of the platen.

The cell was then placed in the testing machine and a zero load

The nominal load was applied and loading commenc-

13.1 for the short-term

reading taken.
ed in accordance with the sequence in table

specimens or as described in section 13.1 for the long-term

specimens.

initially, deflection readings were taken immediately after
application of load and at Intervals thereafter. However, it was

found that most of the settlement occurred virtually instant-

aneously and readings were subsequently taken before the applica-

tion of the next load increment, or dally, as required.

-he long-term tests Included periods of constant stress of 2 to 4

reservoir full and empty in order to monitor creep

inundated after first

weeks at
ettects. These specimens were accidentally
"filling" instead of after second filling as applied to all short-
term specimens.

OEDOMETER TESTS



13.4 TEST RESULTS

In the light of the results for the leaching tests described in
chapter 9, the data for the specimens cured in the leaching bath
and for those subject to leaching in the leaching cells was not

processed.

The settlement results in this section are presented in terms of
strain as 1i: was felt that this provided the best basis for
comparison with concrete and the results of the trlaxial tests.
The use of soil mechanics conventions and void ratio was felt to
be inappropriate as the volume of the hydrated cement paste was
unknown. Void ratios for the material, calculated on the basis of
a specific gravity of cement of 3.15 (USBR 1975), are 0.427, 0.436,
0.444 and 0.452 for 5, 10, 15 and 20% cement respectively.

Load and settlement are plotted in the form of stress - strain
curves with strain on the horizontal axis and compression
positive. If viewed from the right, these plots conform to the
soil mechanics convention of pressure on the horizontal axis and

compression negative.

In interpreting these graphs it should be noted that the data was
observed with dial gauges reading to 0.002 mm per division which
corresponds to a strain of 0.1 x 10 3. This is half a division on
the strain axis of graphs 13.1 and I3.2 and one division on grcphs
13.3 to 13.11. Small visible deviations on these graphs are
thercrore of similar magnitude to the limits of repeatability for
deflection readings. Although no error analysis was performed, it
is considered chat variations of similar magnitude could result
t om temperature effects. Elastic deformation of loading balls
and platens and porous disks may also have asi' ht influence on

the observed results but are considered to be ifleant.

The small observed deflection changes were susceptible to

distur)ance of the testing machines by accidental bumping or

OEUOMETE K TESTS 13.8



vibration and to inaccuracies due to friction in dial gauges and

testing machines.

It is considered that the above factors account for a number of the

random trends shown 1in the accompanying graphs and that the

apparatus used is insufficiently sensitive for the measurement of

the small secondary deflections observed with this material.
However, the primary deflections are well defined. Tests with
longer specimens would be required for examining creep behaviour

in detail.

The data observed on one testing machine i» consistently random
and variable for all tests conducted on it. Accordingly, while
the data 1is plotted on the graphs, it has been ignored in
determining the modulus values presented at the end of this
section. The affected specimens are indicated in the correspond-

ing discussion.

it should be noted that the observed deflections can be signifi-
cantly a:facted by the presence of loose particles on the surface
of the specimen which could lead to high settlements under the

first few load increments.

13.4.1 Long-Term Settlement Tests

'-.-raphs 13.1 and 13.2 depict the stress - time and strain - time
data for the long-term tests plotted on the same axes for
specimens with 5 and 15% cement respectively. The stress -

strain data for these tests is plotted on graph 13.3

As would be expected, rate of settlement decreases with time

during initial loading as curing of the iterial pioceeds.

Between 75 and 88% of settlement to first filling occurs by end of

construction. Thereafter, cyclic reservoir operation generates

relatively small changes in strain. The 5% specimens show a

small progressive increase in strain Wwhich levels off after the

OEDO METER TESTS 13 9
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fourth cycle, no particular trenu is evident for the 15% speci-

mens. The unloading curves indicate a considerable degree of

irrecoverable consolidation and / or creep which is consistent

~"Ith the above observation.

The stress - strain plots for the reservoir cycles for specimens

with 15% cement confirm the lack of any significant creep trend

under cyclic loading and it is considered that the spread between

the repeat loading and unloading curves largely reflects the limit

repeatability referred to previously.

The stress - strain plots for the 5% specimens reflect a greater

susceptibllty to machine disturbance due to the lower applied

stresses as reflected by a number of discontinuities. However, it

is considered that a degree of creep is indicated as a progressive

displacement with each reservoir cycle is evident. This compares

with the 15% specimens where the last reservoir cycle lies to the

j.eft of a number of preceding cycles.

A slight change it. strain under constant stress is evident in both

cases, but is small and is unlikely to be of significance in a

soil-cement embankment dam.

It 1. notable that th. Initial atre.a - strain curves for

with 5 and 151 cement shown on graph 13.3 are

specimens

ertectlvely Identical. However, In view of the different rates of

.oadtng applied, It Is doubtful whether any significance can be

attached to this observati R

13.4.2 Standard Short-Tere Tests

The standard short-term tests Involved the application of the

loading sequence listed In table 13.1 to unconflned specimens

loaded uniformly over the entire surface of the specimen. Where

time permitted, specimens were subject to additional loading

cycler, after completion of the standard sequence.

OEDOMETER TESTS



Graph 13.4 depicts the short-term results for the unstabilized
specimens. A compressed strain axis, with maximur value 160 x
10 is used for this plot. Strain axis limit for all other stress
- strain plots is 26 x 10_3. Graphs 13.5 to 13.8 depict the short-
term data for the stabilized specimens according to cement content

and tested at various ages.

As mentioned above, the data obtained on one testing machine was

ignored in interpreting the results. The affected specimens are:-

a. The second specimen with 5% cement tested at age 252 -- the

data plotted with an x on the right of graph 13.5.

b. The second specimen with 10t cement tested at age 140 -- the
randomly distributed data plotted with a diamond symbol on

graph 13.6.

c. The second specimen with 15% cement tested at age 140 — the
randomly distributed data plotted with a diamond symbol on

graph 13.7.

The unconfined, unstabilized specimens exhibit considerably more
deflection than the confined specimens and observed deflection
for the confined wunstabilized specimens is 3 to 5 times the

maximum for the unconfined stabilized specimens.

General form of all results is similar to that fur the long-term
test results, it is notable that all results for stabilized
specimen? 11* in a similar band irtespective of cement content.
The maximum strain increases slight)y with increasing cement
co.itent but this Increase is small in comparison to the range of
obk'rved results. There 1is a tendency for maximum strain to
decrease with increasing age at test but this trend is masked by

the variation between nominally identical specimens.
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The maximum strain in all cases is less than 2;xI0O™3, or 2.47.,

most of which occurs by the end of construction. Since the cement

will be determined by

that

content in most cones of the embankment

tactors other than compressive strength, it 1is expected

average consolidation in most zones of the embankment will be of

Che order of IX or less.

The spread of results for reservoir cycles is generally small but

some data exhibits sudden displacements which are attributed to

machine disturbance. A slight hysteresis loop is evident for

specimens subject to reloading from zero and this is sometimes

associated with a significant additional displacement which may

lect an additional consolidation or may be attributed to

machine disturbance.

No increase in strain following flooding is discernible and it is

considered that the incorrect flooding of the long-term specimens

after first filling 1is unlikely to have had any effect on the

results. This is consistent with the low permeability reported in

chapter 9 which would be expected to be reduced as a result of the

consolidation indicated in these tests.

The spread of remits covers the range of the long-term test

results and the -cress - strain curves are of generally similar

shape. It is therefore considered that the standard test at an age

of 56 days provides an acceptable measure of the long-term

settlement characteristics of the materia*.

13.4.3 Specimens Soaked 2efore Testing

A number of specimens were soaked before testing as control

specimens for the leached and leach bath cured specimens the

results of which were not processed. The results for these

specimens are depicted on graph 1J.9.









vo specimens with 10% cement were soaked for 7 days from age 133

‘nor testing ane these exhibit somewhat higher deflections
standard specimens and the specimens

is considered that this probably

Uan the corresponding

iabject to vacuum saturation. It

'i -s :tom surface softening as a result of leaching.

: - second specimen with 10% ceme.r subject to vacuum saturation,

lotted with a diamond symbol on graph 13.9, was tested on the

nachine referred to earlier. This data exhibits random behaviour

md was accordingly ignored.

remaining specimens subject to vacuum
in the same band as those for

concluded that

he results for the
saturation and tested at age 252 lie
-he standard test specimens. It is therefore

ncreasing the moisture content of the material has no significant

-tc consolidation characteristics.

re

13.a.4 Non-Standard Loading Conditi gpg

r.iscs with non-standard loading conditions were conducted at

eement content, of 5 and 15*% cement to correspond to those used

eor the long-term tests. The result, for these test, are depicted

)n graphs 13.10 and 13.11.

-Ith tne exception of the two 5: specimens tested unconflned with

I " mm platen, all .esult, lie In the same band observed for the

tandard and socked specimens, m the case of the first of these

U specimens, the test record Indicate, that the machine may have

meen disturbed on at least two occasion, and this may account tor

*he random distribution of part of the data. In the case of the

-econd specimen, very large settlements were noted on application

o the nominal load and the first load Increment and this =zero

ror irnnunts tor the excessive deflection reflected on graph

. .
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Whil_ the results indicate a possible tendency for deflections to
educe with reduced platen diameter and increased confinement,
chis tendency is masked by the scatter between nominally
identical specimens. It is however apparent that these factors

nave a relatively minor influence on the consolidation behaviour

or the material in these tests. It is therefore considered that

the standard loading conditions adopted in this program provide a
reasonable assessment of the settlement characteristics of the

material.
13.4.5 Characteristic Moduli
From an examination of the data in graphs 13.3 to 13.11, it was

concluded that the consolidation behaviour of soil-cenent could

best be represented by three characteristic moduli for design

purposes. These moduli were defined as follows:-

a. The modulus corresponding to the interval -- start of
construction to end of first filling -- the '"construct and
till modulus. This was taken as the secant modulus from zero

load to end of consolidation after application of the reser-
enr full oad tor the first time and was extracted from the
.imental data. This modulus gives an indication of the

total settlement to be expected.

b. The modulus corresponding to the interval — end of construc-
tion to end offirst filling -- the "first fi’ling" modulus.
This was taken as the secant modulus from end ofconsolidation
after application of the final embankment load to end of
consolidation after application of the reservoir full load and
was extracted from theexperimental data. This modulus gives
an indication of the settlement to be expected when the
reservoir is first filled and can be usedin conjunction with
the previous modulus to estimate the end of construction

settlement.

0OEDO METER TESTS 13 .25



dist u, =ed in ben ion 1J.1, Lt should be

chls ceac program are noc
Che

of conscructlon acre,see applied in

Che maximum stresses thac would occur under Che center of
embankment. This modulus thus provides a basis for esclma-

tlng the settlement at any point In the embankment relative

to the reservoir full itress at chat point.

be note that these tests assume a vertically

It should also
w, res, the maximum principal

applied compressive , ess

stress at the toe of an mbankment Is Inclined outwards, thus

leading to reduced confinement and possibly Increased settle-
results of the test, on specimens with

this factor Is unlikely

ment. However, the
Increased confinement Indicate ¢that

Co be of Significance.

c. The modulus corresponding to repeated filling and draining of

the reservoir - the "reservoir operation" modulus. This was
the plotted data using a parallel ruler

plotted, greater

est imated by eye from

to estimate the average slope for all cycles

weight was given to later cycles. This modulus gives an

indication of the largely elastic movement to be expected

during reservoir operation.

for each pair of test specimens,

The average value, of these moduli
listed In table

excluding those specimens rejected previously, are

consideration of the discussion In the previous sections, 1,

rrum
id.tlon 1, largely Independent

IS apparent that the Initial cons,.
a constant

Content If th= stress applied Dbear,
of the

telatlonshtp to the wunconfln.d <compressive strength

material, in addition. Increased curing and Increased confine-

both of which result In an Increase In compressive strength

ment,
In consolidation. Both these factor,

*tso lead to a reduction
of the material Increases In proportion

indicate that the modulus
A, discussed In

the compressive strength of the material.

to
logarithmic axes ha, been

section 11.4,3, a linear relationship on

0 EDOMETER TESTS
13.26
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TABLE 13.2

SUMMARY OF RESULTS — OEUOMETER TESTS
Moduli (Mt'a)

NOTE lonst ruct First Reservolr

G;iph OTES and Fill Filling Operatlon
13.3 Long-term, 5% cement, start age 3 57 112 952
15% cement 127 355 1415
13.4 0%, unconfined, load as 5%, age 752 5 8 431
U%, confined, load as 15%, age 252 30 44 171
13.5 Standard, 5% cement, age 5b 39 135 1161
age 140 69 154 987
age 252 57 101 1322
13.6 Standard, 10% cement, age 5b 98 51/ 959
age 140 92 429 1500
age 252 148 333 1390
13.7 Standard, 15% cement, age S5b 13b 288 1412
age 140 147 528 2069
age 252 178 503 1292
13.0 Standard, 20% cement, age 252 129 479 1669
13.9 Soaked from age 133, tested 140, 10% com 64 282 808
Vacuum saturated age 252, 10% cement 75 236 330
15% %02 555 1790
20% 187 682 1909
13.10 5% cem, age 5b, /1.4 mm platen, confined 52 154 926
50 nun pi Hen, unconfined 37 136 500
conflned 58 163 497
39 mm platen, unconfined 81 181 835
conflned 96 185 969
13.11 15% cem, age 5b, 71.4 mm platen, confined 182 , 406 1463
50 n*n platen, unconfined 129 260 697
confined 130 305 1199
39 mm platen, unconfined 175 540 3039
conflned 280 645 1875

Standard case Is unconfined specimen with loading platen 71.4
13.12 to

Codes In first column refer to graphs

13.14.

ram in diameter.

Comp
Str
MPa

N/A
N/A
0.3
N/A

—
>



reported bAbboud (1969) and was found to provide a good fit to
the data obtained 1in the trlaxial tests as presented 1in giaph

11.10.

Accordingly, the soaked unconfined compressive strength for the
material at the appropriate ages and cement contents was estimated
from graph 10.3 and is presented in table 13.2. The three moduli
discussed abvve are plotted against this strength in graphs 11.12
to 13.14 with log scales wused on both axes. Table 11.2 also
provides a key to the codes wused 1in these graphs. Since no
estimate of the confined compressive strength for the method of
confinement wused, was possible, these results are also compared
with the standard unconflned compressive strength as are those for
the saturated and soaked specimens. The regression lines on these
graphs are calculated for the standard specimens subje t to
standard test conditions (points 3, 5 to 9 and A to E). The
coefficients for these regressions, are considered acceptable in

view of the scatter of results observed in this test program.

The regression lines for the three moduli discussed above are
presented as dashed lines on graph 13.15 for comparison. The
tendency for the modulus to increase with cem nt content s
strongly apparent for all three moduli and particularly for the
construct and fill and first filling moduli both of which
correspond to the first loading cycle. Higher values are observed
for the first, filling modulus than for the construct and fill
modulus. This is consistent with the definition of the two moduli

and the behaviour referred to previously.

The regression line for the reservoir operation modulus is
considerably flatter than that for the other two moduli and
examination of the scatter of isuits reflected on graph 13.14
indicates that further observations for wunstabilized specimens
could indicate a more horizontal relationship. The bserved

scatter results from the fact that the values for this modulus were

OEDOMETER TESTS L3.28
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GRAPH 13.!3
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GRAPH 13.13
MODULUS ?'RST F!L-[NG FROM END OF CONSTRUCTION
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manually o'ucained from che plotted dat i. -tddltion, thu rela-
tively high values (steep slopes) of <¢hi> modulus makv

susceptible to small errors in deflection nensuremenr.

The results for the reservoir operation modulus suggest that it
value is less dependent on the degree of stabilization than on the
properties of the particular soil. A possible explanation for
these results is that settlement under a particular stress occurs
by way of creep and / or conventional consolidation of the matrix
until an appropriate level of interpartlcle contact of the stiffer
particles in the soil is reached. It appears that the level of
interpartlcle contact may be virtually independent of Che com-
pressive strength of the matrix and that the reservoir operation

modulus is a measure of the elcst city of the fabric of the soil.

[t should be noted that, as the applied stresses wused in this test
program were determined in terms of 28 day unconfined compressive
strength, thl? introduces a tendency for the modulus results to be

related to the strength of the material.

In this regard, it is particularly relevant that the tests on the
unconflned wunstabilized specimens weie conducted at the sane
stress levels as used for the specimens stabilized with 5. cement.
This confirms the trend for i1 cement Increase from 0 to 5£ cement.
However, the data for the unstablllzed specimens, point 3 or. the
graphs, appears to exert considerable leverage on the regression
results. This suggests that if the wunstabilized specimens had
been tested at a different stress level, the observed moduli could
have differed significantly from those presented here and this
could have had a significant effect on the regression results.
Examination of the effect of excluding the data for the unstablli-
zed specimens from the regression indicates a slight reduction in
slope and a reduction in correlation in all cases. However, the
relationship between the three lines and their location on the
graph is not significantly affected and the observations made in

the previous paragraphs are therefore confirmed.
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Further tests on 'instabilized specimens and stabilized specimens
with different cement contents, all tested at the same stress
levels should however be conducted to investigate the signiiicance

of the stress levels used here.

13.4.6 Comparison with Results of Triaxlal Tests

Graph 13.15 also presents tne regression line of Q-modulus vs
unconfined compressive strength from the triaxial test results
presented in graph 11.10. It is notable that the slope is similar
to that of the first filling and construct and fill moduli which is
consistent with the fact that the triaxial specimens had not beer,
previously loaded, the <consolidation stresses applied in the
triaxial tests were small relative to the stress, <f¢ which the
modulus was determined. It is considered that this correlation

confirms the validity of the trend observed for these moduli.

.he triaxial results are somewhat above those for the construct
and fill and first filling moduli and it is considered that this
probably reflects the different rate of load application in the two
tests. Creep can be expected to lead to an increase in settlement
which would have the effect of reducing the modulus determined in
the triaxial test. Other factors which may contribute to this

difference are:-

the higher stresses in the triaxial test;
the different shapes of the test specimens;
the different levels of confinement in the tests;

possibly some pre-consolidation of the triaxial specimens.
The triaxial modulus is of similar magnitude to the reservoir

operation modulus over the range of unconfined compressive

strengths likely to be used for design.
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As Che oedomeCer test results allow for the effects of creep, It is
considered that they are more appropriate for the design ot a
structure in which loads are to be applied gradually and main-

tained for a considerable period of time.

13.5 CONCLUSIONS

The test apparatus used is not sufficiently sensitive for detailed
measurement of the long-term creep behaviour of the material,
larger specimens and more robust apparatus are required. The
apparatus used was particularly susceptible to zero error and
machine disturbance. These tests however provide a good indica-
tion of the maximum settlement likely to be encountered 1in
practice. The standard test with unconfined specimens loaded
over their full area and tested at an age of 56 daysprovides a
reasonable estimate of Che long-term <consolidation character-
istics of soil-cement. Further tests with thicker specimens are
however <considered desirable to confirm the results of this

investigation.

Settlement under the load increments applied in this test program
was effectively instantaneous and it is therefore considered that
all settlement, other Chan that resulting from creep, will be

complete at the end of Initial loading.

Flooding of the cell containing the specimen and saturating the
specimen under vacuum prior to resting, hat, no significant effect
on the characteristics of the material. The presence of water is
therefore not expected to affect the settlement behaviour of a

soil-cement embankment.

Maximum settlement was found to be reasonably constant for all
cement contents where the applied stress was determined as a fixed
percentage of unconfined compressive strength. The effect of
different stress levels requires further investigation bur the

application of a lower stress level will lead to reduced settle-



raent. Maximum observed consolidation was 2.4', and in most cases
was considerably less. In a soll-cement embankment, <cement
content will, in most cases, be determined by criteria other than
compressive strength. Accordingly, stress levels lower tha,.
those used in these tests will prevail and it is thus expected thal

average consolidation in any zone of an actual structure wi” 38

less than 12z. Consolidation can be limited in critica-. areas,
such as around foundation irregularities, by choice of a higher
cement content than may otherwise be Indicated. The use of
accelerated curing, as suggested in chapter 10, might also be

investigated.

Three moduli, the "construct and fill", "first filling and
"reservoir operation" moduli are defined for design purposes. A

good correlation between the logarithm of these moduli and

logarithm of unconfined compressive strength exists. This rela-
tionship takes account of increases in both ‘'.eraent content and
age.

No distinct incre ise in stiffness with increased confinement and

restraint was observed and it is concluded that increases in

stiffness in the body of an embankment, while present, will not be
particularly significant. The modulus values obtained in this
test program are found to be comparable to those obtained from the

triaxial test ]I when allowance 1is made for the differences in test
conditions, particularly the difference in rate of load applica-

tion and stress levels.

It is proposed chat the construct and fill modulus should be used
Co estimate the settlement at the end of first filling of the
reservoir at any point in the embankment and that the first
filling modulus shntld be used to estimate the end of construction
settlement. The reservoir operation modulus can be used to
evaluate the movement that will occur during cyclic operation of
the reservoir. It is felt that the modulus obtained from the
triaxial tests 1is not appropriate to the design of this type of

structure.

OEDOMETER TESTS 13.36



Progressive consolidation under cyclic stresses corresponding to
reservoir operation occurs. This is small relative to the initial
consolidation and is unlikely to be significant. Increased

cer.snt content or accelerated curing can be used to reduce this

effect in critical zones.



CHAPTER 14

HEAT GENERATED DURING HYDRATION

14.1 INTRODUCTION

The objective of this Investigation was to determine whether the
generation of heat by cement hydration, secondary hydration or
pozzolanic reaction, represented a significant threat to the
structural integrity of the soil-ceraent dam by way of «crack

development.

Two forms of temperature related crack development occur in mass
concrete, thermal cracking within a concrete monolith when a
temperature differential in excess of 24 ’c occurs and restraint
cracking at the «c¢jld Joint (Dunstan and Mitchell 1976). The
former can be prevented by reducing lift height and by insulation.
Restraint cracking can be prevented by reducing the 1ift height or
by increasing the rate of placement, both of which reduce the
temperature differential across the joint. Dunstan and Mitchell
found temperature increase to be a function of increase in lift
depth, a low grade hearting concrete showed a gain of about 8 °C
for a lift of 0.8 m Increasing to about 17 °C at 1.6 m. Rate of

Increase for higher grade concretes was similar.

These results indicate that temperature gain in soll-cement placed
in layers of 200 to 300 mm is unlikely to represent a major
problem in the construction of soll-cement dams. Schrader (1977)
supports this view with regard to roller compacted concrete on
account of the relatively small volume in one placing and the
large surface area of each layer. He observes, however, that

thermal studies ire still necessary and that particular attention
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should be paid to temperature gains from insolation. Hansen
(1979a) indicated that no studies of heat gain due to hydration
were carried out for the solid soil-ceraent embankments at Barney
M. Davis power station but that he believed that an investigation
had been carried out previously which indicated that temperature

gain was not a problem.

On the basis of the above information, only a limited test program
was undertaken with a view to confirming the above observations

and investigating secondary hydration and pozzolanic reaction.

An insulated enclosure was erected in the constant temperature
laboratory established for the leaching test program. This enclo-
sure contained compartments for six specimens in AASHO moulds.
The number of compartments was Ilimited by the extent of the

required insulation.

Specimens were compacted with ce .t contents of 0, 5, 10 (2
specimens), 15 and 20% cement. Six thermocouples were embedded in
each specimen and daily temperature readings were taken over a
period of six months. A head of percolating water was connected
to the specimens after three months to investigate whether the

supply of additional water caused the evolution of further heat.

14.2 APPARATUS

The specimens were compacted in steel AASHO moulds 152.3 mm
diameter and 152.3 mm Long wusing standard AASHO <compactive
effort. These moulds were fitted with steel end plates with
gaskets and clamping bolts to provide a watertight seal. Connec-
tions were provided at top ai.d bottom for water from the leaching
supply. A layer of geofabric was placed at either end of the

specimen to permit uniform flow.

Copper-Constantan thermocouples with glass braid insulation were

used. These were welded using an argon shielded arc to ensure



consistency and were sealed against Ingress of water with heat
shrink tubing. The thermocouples entered the specimen through a
plastic sleeve la a compression fitting in the end cap. The
sleeve was filled with silicone rubber adhesive once compaction
was completed and the compression fitting was tightened once the

silicone had cured, prior to flooding the specimens.

The soll-cement was compacted in four layers with a thermocouple
placed at the center of each joint and adjacent to each end plate.

A sixth thermocouple was placed at the edge of the center joint.

Additional thermocouples were placed on the front and rear faces
of the insulated enclosure ano in the center of the body of the
Insulation between the two middle compartments. A fourth thermo-
couple was provided to monitor the air temperature adjacent to the

thermometer.

An electric thermometer reading directly to 0.1 "C, (Comark model
1621) was used. A total of forty thermocouples were connected to
two thermocouple switch boxes produced by the manufacturer of the
thermometer. Temperature compensating wire and connectors were

used to connect these boxes to the thermometer.

The enclosure consisted of a frame covered with hardboard and
filled with expanded polystyrene granules. Hardboard compart-
ments projecting into the polystyrene were provided for the test
specimens. Pao ng pieces of expanded polystyrene sheet were
placed around the cell to provide maximum insulation and a close
fitting block of polystyrene was used to close the entrance of the

compartment.

Owing to space limitations, it was not possible to construct the
enclosure to provide equal cover in all directions. The compart-
ments were locate*, with 300 mm of covet above and below and 200 mm
behind the specimen. A 50 mm slot was left between the rear of
the enclosure and the wall to allow <circulation of constant

temperature air. Space between compartments was 350 mm and
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between the end compartments and the ends of the enclosure 450 mm.

The front panel sloped Inwards from top to bottom giving cover of
approximately 250 ram at the top of the specimen and 200 mm at the

base.

Diamant (1969) reports coefficients of thermal conductivity (k) of

0.033 W/m/°C for polystyrene, 0.52 for "stony normal soil" and 1.21

for "very damp, tightly packed soil". On the basis of these
figures, for equal coefficients of heat transmission (U), 200 mm ot
polystyrene Insulation is equivalent to between 3.1 and 7.3 a of
soil. On the expectation that not more than two layers of soil -
cement, each not thicker than 300 mm, would be placed in one day,

this insulation was considered sufficient.

14.3 TEST PROCEDURES

Soi..-cement was batched and mixed in a timed sequence similar to
that wused for other specimens. Temperature readings of the

mixture and of the layecs once placed, were taken at intervals

during mixing and compaction. The specimens were compacted 1in

four layers urd moisture content samples taken after each layer.

The thermocouples fur each layer were positioned and held in place
with a straight-edge wuntil the soil-r ment was placed 1n the
mould. Plate 14.1 shows the center and e .ge thermocouples on the

center Joint prior to placing the third layer.

Compaction took place in the general labontorv which was not

temperature controlled as the vibration of compaction could not be
tolerated near the oedometers and other machines in the constant

temperature laboratory. Temperature in this laboratory Wwas about

22 during compaction.

The cells were assembled and transferred to the constant tempera-
tura laboratory with temperature readings taken at intervals.
tyi.ate 14.2 shows an assembled cell together with polystyrene

packing pieces prior to insertion in the insulated compartment.
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Time from iddition of water to transfer of the specimen to the

constant temperature laboratory was approximately one hour.

Temperature readings were taken at intervals during the first
days after compaction and daily thereafter. It was observed that
the calibration of the electric thermometer appeare. to change if
it was left on for any length of time and accordingly it was only
switched on when readings were taken. Two readings were taken
for all thermocouples in sequence to compensate for any minor
fluctuations. It was also observed that the thermometer appeared
to be sensitive to changes in air temperature caused by operation

of the temperature control system.

Owing to time constraints imposed by other parts of the test
program, specimens were compacted on consecutive days with the
exception of a two day delay between the first and second
specimens. Specimens were compacted in the sequence:- 0, 5, 10,
10, 15 and 20% cement content and placed in consecutive compart-
ments. This sequence was adopted on the expectation that any heat
gain registered Between compartments would be similar, due to the
corresponding increase in cement content, and would be indicated

by the results for the two adjacent 10% specimens.

After approximately tnroe months, de-aired distilled water was
connected to the specimens to determine whether the availability
of additional water led to further heat evolution due to secondary
hydration or pozzolanlc reaction. In most cases, no significant
flow was observed over a further three months. In those cases
where flow was observed, it occurred almost immediately the water
supply was connected Indicating that it was occurring along the

seepage path formed by the thermocouples.

14.4 TEST RESULTS

The temperature of the soil-cement mixture in the mixing bowl

reached a maximum approximately 20 minutes after addition of
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evatet, while the specimen was b>iny compacted, -n the case of the
specimen with 20% cement., the maximum temper'Cure of the mixture
v-as 2b.9 C after 19 in!lnutes, with initial, di. mixture tempera-
ure of 22.8° and air temperature of 22°. The corresponding peck
.peciraen temperature was 25.1° for the third layer 23 minutes
iftar the start of cixing with initial u.ould temperature of 21.1°.
-ne hour after mixing, prior to transfer to the constant
temperature laboratory, specimen temperature ranged from 23.1° on
the surface to 23.8° in the center with 1ilr temperature of 22.2°
indicating rapid decay to ambient. Similar temperatures one hour

ifter mixing were observed for all the test specimens.

Fulton (1977) reports a typical rate-of-heat-e -iution character-
istic for cement which pen<9 after about »~ minutes and decays to
near zero after 10 minutes. A second peak starts after about 2
hours and peaks *t about 5% of the initial peak wvalue after 10

hours before decaying by about 85% after 30 hiurs.

The general form of this initial characteristic is consistent with
the observations discussed above as it can be expected that the
heat capacity of the soil would have the effect of delaying and
attenuating the peak. It is considered that the rapid temperature
decline or the specimen, 1.3° in 37 minutes, gives an indication
ot the rapid reduction in temperature that can be expected to occur
in th field. It should be mnoted that wevaporation from the
unsealed surface of the material during placing and compaction
wo Id be expected to accelerate the dissipation of the Initial
temperature gain. It is also likely that the initial gain would
peak before the soil-cement was spread, spreading should thus
further assist heat dissipation. It is therefore considers,
unlikely tnat the initial hydration heat gain would have any
affect on the temperature of the compacted material. Heat gain

iue to insolation cm be expected to be of greater importance.
enk temperature of the specimen containing 20» cement was 30 °C

iid occurred 27 hours after Scirt of mixing. This agrees with the

general form described by Fulton with the reduced heat dissipa-
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cion, resulting from improved insulation, clearly apparent. The

delay in reaching maximum temperature 1is again ascribed to the
heat capacity of the soil and mould. The data for the individual
thermocouples in this specimen reflected ancverage drop in

0
temperature of 0.15 C from the center to the surface over a

distance of approximately 7b mm. The difference between the
0

specimen and the air in the laboratory was 6.5 . Assuming that

this drop occurred across the minimum 200 mm thickness of

polystyrene, the coefficient of thermal conductivity was estimat-

ed as follows:-

Drop in temperature across 7b mm of soil cement *0.15
Drop in temperature across 200 mm of polystyrene *¥ 6.5°
Therefore to maintain temperature difference
Thickness required t - (b.5 , 0.15) x 0.076

5 - 3.29 mof soil-cement
Coeff of thermal conductivity of polystyrene (k > - 0.033 W/tn/"®
Coeff of heat transmission (U) =« k/t W/02/0C F

For equivalent tnsulation:-

U of soil-cement (U ) ¢« U of polystyrene (U )

& p
Therefore:-
k /t -k /0t
s s p P
or k- (0.033 / 0.2) x 3.29

- 0.54 W/m/ ¢

This compares favourably with the value of 0.52 for "stony norma.,
soil" suggested jy Diamant (1969) and referred to In section 16.2,
above. The gradient through the polystyrene confirms the effec-

tiveness of the insulation provided.

Since the variation in temperature through the specimen was small
relative to that through the Insulation, the rerage temperature
for the six thermocouples 1in t..e specimen was used for further
analysis of the data. The initial temperature rise effectively
decayed within four weeks and thus only this data was processed in

detail.
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In jrder to determine absolute temperature gain, a reference was
required. Inspection of the data for the unstabllized specimen
Indicated no Initial or subsequent temperature gain confirming
the suitability of this specimen as a reference. The temperature
profiles for the unstabllized specimen and the three reference
thermocouples are plotted in graph 14.1. These thermocouples were
mounted at the center of the front and rear faces of the enclosure
and in the center of the bouy of Insulation i.e. midway between
the front and rear faces and midway between the two central

compartments at the midheight of rhe insulat_on.

The data plotted on graph 14.1 covers the five week period starting
at OhOO on the day the unstabllized specimen was compacted. The
time of compat tion of each of the six test specimens is indicated
at the top left hand corner of the plot. An exaggerated vertical

scale with origin at 20 is used to obtain data separation.

The profiles for the four data sets plotted on graph 14.1 show
similar overall trends. The temperature at the rear of the
enclosure was consistently lower because of the narrow air gap
between the Insulated enclosure and the wall of the laboratory
which restricted the flow of heated air. The remaining profiles
Ilf in a narrow band, generally between 23 and 25 'c which agrees
w<1l with the temperature records for the laboratory over the test
period. A maximum daily range of approximately 2 0C was achieved
throughout the period of this research and was the limit available

from the thermostats used.

The dally range of temperature is particularly notable on the days
on which specimens were compacted. On these days, a large number
of readings were taken, spread throughout the day and the extremes
of thermostat operation, together with the effect of continual
access to the laboratory, are apparent. In all cases, the scatter
of results for the core thermocouple and unstabllized specimen is

considerably less than that for the surface thermocouples.

HEAT GENERATED DURING HYDRATION 14.9



i3ClJ

c

>

Te-noe-aiu

=0
**4

Xl KN o=

A DL R-Jal

OXOX N B
LedE X UWL BXeX L
®E O 98X g0 Tm N S

oINS =@ L fie Swlo XN

eden N

NSoile Eon ENslamExl



It was observed that the thermometer calibration appeared to
change slightly while readings were taken. This effect was not
confirmed or quantified but it is considered that it could have
contributed to the observed variations, some of which appear
excessive in view of the degree of insulacion. All readings were
taken with the same thermometer and all thermocouples were read
consecutively, so that the relative temperature data, discussed

below, should be unaffected by this error.

The electric thermometer was not available during the eleventh
and twelfth days and readings were taken with a digital voltmeter,
however it was not possible to obtain a reliable calibration with

this instrument and the data for this Interval was thus discarded.

The effect of lateral heattransfer within the body of the
insulation is evident in the data for the unstabilized specimen
which lies above that for the core in the days immediately
following the compaction of the specimen with 5% cement. This
effect is also apparent in the data for th» core thermocouple
following the compaction of the second specimen with 10% cement.
This data lies significantly above that for the unstabilized
specimen and front thermocouple for a period of 5 days. There-

after, the data for these three sensors is generally similar.

The profiles for the temperature increase of the stabilized
specimens relative to the ee“~stabilized specimen are plotted on
graph 14.2. The temperature Increase was calculated for corres-
poidlng sets of data. The time axis reflects the elapsed time
from the addition of water to the dry soil and cement mixture.

Specimens were compacted at intervals of one day.

A further indication of the hear transfer between specimens can be
obtained from the results for the second specimen with 107. cement.
This data follows exactly the same path as that for the first 10%
specimen for approximately the first 27 hours and thereafter shows

a significant further heat gain. It is considered that this
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additional heat gain reflects heat transfer from the adjacent 15%
specimen. This deviation is similar to that measured by the core
thermocouple as discussed above. The 20% specimen shows a much
sharper peak than that for other specimens as it was the last
specimen compacted and consequently did not receive any substan-
tial further heat input. Since the temperature of previously
compacted specimens peaked at about the time that the next
specimen was compacted, it is considered that heat transfer from
previously compacted specimens did not have a significant influ-

ence on the peak temperature achieved.

While the exact form of the decay curve is distorted by the heat
transfer mentioned above, it is considered that the decay curve
for the 20% specimen is reasonably representative as no he-t input
from specimens with higher cement content occurred. The exact
shape of the decay curve will in any event be a function of the
degree of insulation and specimen size. Heat transfer from
adjacent specimens with lower cement contents can be considered
to represent an inc:ea»a in the effective size of the specimen.
On this basis, the results indicate that mostof the heatgain
decays in a period of about 10 days and the peak is significantly
attenuated in comparison with that reported by Fulton, "his is
again ascribed to the heat capacity of the sell and mould and the
high degree of insulation. It is noted that temperature decay is
still occurring after 28 days. It is notable that the Initial race

of temperature Increase is very similar for all specimens.

Since virtually all heat gain occurs within 24 hours and not more
than two layers, each of 200 to 300 mm thickness, are Likely to be
placed in this period, no significant temperature differential in

the embankment due to hydration is expected.

On the basis of the form of the peak for the 20%pecimen, thepeak
temperature for individual specimens without heat transfer was
assumed to occur at .14 to 27 hours. In all cases, a levelling off

or decrease intemperature occurred after thisinterval. These
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peak values are plotted against cement content on graph 14.3. The
values for specimens with cement contents up to 15% exhibit a
very linear trend, regression on these points yields a regression
coefficient of 0.998 and slope of 0.26. However, the point for the
specimen witn 20% cement lies well above the regression line. A
line through this point and the origin indicates a slope of 0.33.

These lines arc plotted on graph 14.3.

Dunstan and Mitchell (1976) observed that temperature gain
increased With placing temperature. It is therefore possible that
the heat gain from the 15i specimen raised the temperature of the
20% specimen, Immediately after placing in the Insulated compart-
ment, sufficiently to cause a significant increase in temperature
gain. Other explanations for this discrepancy may exist or it may
simply represent an accumulation of experimental errors. The
primary finding of this investigation 1is that heat gain due to
hydration will not be sufficient to lead to thermal cracking and
consequently a detailed investigation of this anomaly is not
warranted. The exact thermal behaviour of the material can only
be further investigated bymeans of a trial embankment. It is
however considered that the available information is sufficient to
indicate that further investigation of this aspect prior to
construction of a working structure is not warranted. If an
estimate of temperature gain in an insulated mass is required, it

is suggested that the value of 0.33 °C/% cement could be used.

No temperature change was observed on connection of the water
supply after three months. It Is therefore concluded that in view
of the low permeability of the material, the rate of advance of the
wetting front is so slow that the volume of soil—eement affected
at any time is insufficient to lead to any significant temperature
rise. Consequently, secondary hydration and pozzolanic reaction
do not pose any threat to the Integrity of the structure by

generation of thermal stresses.
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GRAPH 14.3
TEMPERATURE GAIN v. CEMENT CONTENT
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14.5 CONCLUSIONS

The temperature increase characteristics of soil-cement are found
to agree with the rate-of-heat-evolution characteristics for
cement reported by Fulton (1977) with the peaks delayed and
attenuated by the heat capacity of the soil. The initial peak
occurs approximately minutes after addition of water and the

secondary peak after approximately 27 hours.

Heat dissipation from the soil-cement during mixing and handling
was found to be considerable and also restricted the temperature
gain of the mixture. It is concluded that the Initial heat gain
will peak before the soil-cement is placed on site and that
handling and evaporation will result in effectively all initial
heat gain being dissipated by the time placing of a layer is
completed. Spraying to replenish moisture loss, as normally
applied, will lead to further evaporative cooling. Heat gain due
to insolation will probably be more significant than that due to

initial hydration.

The coefficient of thermal conductivity of the soil-cement was
found to be of the order of 0.54 W/0o/°C comparing well with that
suggested by Diamant (1969) for soil. The 200 nmm minimum depth of
expanded polystyrene insulation used in the test apparatus is thus
equivalent to approximately 3.3 m of soil-cement applied approx-

imately one hour after mixing.

The secondary temperature gain was found to peak at between 24 and
27 hours. Most of the secondary temperature increase decayed in a
period of 10 cays. The temperature Increase was found to lie in
the range 0.26 to 0.33 MXcement content for the specimen size
and degree of insulation used. As the maximum cover that might be
expected to be placed in a 24 hour period was one to two layers of
soil-cement, each 200 to 300 mm thick, it is concluded that no
significant residual temperature Increase can be expected. Evap-
oration from the surface of the soil-cement can also be expected

to assist heat dissipation.

HEAT (ENERATEl) DURING HYDRATION 14.16



H<Pt transfer was found to occur between test specimens and affect
the shape of the time - temperature curve recorded. As specimens
were compacted with a 24 hour delay between specimens and in
seq :ence of increasing cement content, it is considered that heat
transfer did not significantly affect the peak temperatures
recorded. This factor is thus not considered to have any bearing

on the results of the test program.

No temperature gain was observed when additional water wa?
supplied to the test specimens after curing for three months. It
is concluded that because of the low permeability of the soil-
cement, only a limited volume of material 1is affected by
Increasing moisture content at any time and consequently no

significant heat evolution occurs.

It is therefore concluded that for a soll-cement embankment,
raised at the rate envisaged, temperature effects due to hydration
will be of no significance and heat gains due to Insolation will
be of greater importance. In the light of the observation by
Dunstan and Mitchell (197b) that wet curing leads to significant
reductions in the surface temperature of macs concrete, it is
suggested that the normal procedure of spraying layers of soil-
cement at intervals will further assist in dissipating heat gains

due to hydration and Insolation.

It is suggested that if further information is required on the
thermal behaviour of mass soll-cement, this will only be obtained
by the construction of a trial embankment. However, in the light
of these results together with the experience with soil-cement and
other materials placed in thin layers, it is concluded that the
construction of a trial ibankment simply for the purpose of

monitoring thermal behaviour is not warranted.



CHAPTER 15

SUMMARY OF RESULTS OF LABORATORY PROGRAM

This chapter reviews the results of the experimental programs
presented in chapters 8 to 14. The parameters extracted fot
design purposes are summarised in section 16.1 and recommen-

dations for further research are summarised in chapter 17.

151 WETTING AND DRYING DURABILITY TESTS (Chapter 8)

The coil from the Rondebosch Dam site is found to be sv table for
use as slope protection. Cement contents of 2 and 24% for soil
with and without coarse fraction satisfy the standard mass loss
criteria. A cement content of 4% is indicated for slope protec-

tion over the expected range of reservoir levels.

The hydration correctior of 25% of cement content, recommended by
the PCA U976c¢), is found to be conservative for the material used
in this research and a factor of 12 % is considered more

appropriate.

The extension of the test program to include a second series of
twelve wetting and drying cycles provides useful additional
information. At cement contents above 16%, additional mass gain
occurs with every wet ing and drying cycle indicating continuing
hydration with every wetting period. A diminishing rate of
material loss is found for specimens containing more than 6%
cement, suggesting convergence on a stable, no loss, situation. A

zero loss condition occurs at a cement content of 15%.  Greater



iass gains were observed for the 37.b mm diameter cylinders used

is standard ,n the rest of this program than for the standard wet-

cry test specimens.

in alternative test procedure is proposed and is reviewed in

hapter 17.

.caching tests on specimens subject to wetting and drying cycles
ndicate an increase in permeability. An increase in resistance
:0 leaching is observed despite this increase in permeability,
uosses in the wet-dry test are found to be comparable to those
observed in the leaching tests for equivalent emulative soaking /
Leaching periods and it is suggested that the wet-dry test is

essentially a measure of resistance to surface leaching.

he unconfined compressive strength of specimens subject to
vetting and drying cycles is found to exceed that of comparable
standard aoil-ceoent specimens and it 1is concluded that the
drying phase of the standard test at 72 °C leads to accelerated
curing (if the soll-ceraent. These results suggest that the sever-
-ty of :he test -oclj be Increased by reducing the temperature of
the drying phase or dispensing with it altogether and conducting
the test wusing a leaching bath as used in this research. This

would considerably reduce the time required to conduct the test.

further proposal resulting from the tests on specimens subject
to the standard wet-dry test cycles Is that strength and leaching
resistance in critical areas can be Improved at early a s by the
ise of black plastic sheeting to provide a moisture battle ai d
elevated temperatures. Areas where this technique might be cu-
;loyed include those regions which are at risk from overtopping

Hiring construction as well as spillway surfaces.

should be noted that the freeze-thaw test if usually more severe
mhan the wet-dry test (VGA 1976c, Marals 1984). Freeze-thaw tests
vure not conducted as part of this program due to a lack of

ii Hihlo fiuipmenm nnd since freeze-thaw t Ing was not consl-
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dered appropriate to South African conditions. The proposec
method of increasing the severity of the wet-dry test could be
calibrated to provide a more appropriate test of equal severity t

the freeze-thaw test.

15.2 LEACHING TESTS (Chapter 9)

[t is concluded that, for a homogenecous embankment subject to a
low gradient of the order of wunity, retaining mnatural water and
where the elapsed time between start of construction and first
filling is likely to exceed one year, leaching by percolating
water does not present a problem. The above conditions can be
expected to be fulfilled by most structures of any significance
and the results indicate that even for considerably more severe
condi ions than those referred to above, no major problem If.

likely to be encountered.

Surface leaching and erosion is considered to oe the mos-
significant form of leaching attack but the extent of this
deterioration is unlikely to exceed the construction tolerance on
profileduring the 1life of the structure. The leaching bath, a
tank flushed regularly with distilled water, is found to provide a

simple alternative test for investigating leaching resist..nee.

As mentioned in the previous section, the results indicare that
the standard ASTM wetting a.id drying test is essentially a
surface leaching test and assuch it is found to provide a
reasonable measure of the durability of soil-ceoent tn water
retaining structures. This is consistent with the large volume of

experience in the use of soll-cement slope protection.

The use of high hydraulic gradients to accelerate the leaching test
is found to lead to an overestimate of both permeability and
leaching rate and could lead to the rejection of material that
experience indicates to be adequate. Specimens subject to leach-

ing at a hydraulic gradient of 10 m/m were found to exhibit ver\

15.0



low flows and leaching losses and a mass gain was observed in one
case. Difficulties were experienced in establishing flow under

these conditions.

It was found that pH does not provide a reliable measure of calcium
concentration of leachate due to the presence of other alkaline
metal salts in the cement. It is suggested that mass determin-
ations of dissolved salts following evaporation of leachate should
provide a simple and low cost means of evaluating the leaching -

time char, cteristics of test spec*-nens.

The presence of dissolved gases was found to reduce the permeabi-
lity of the material considerably and further reductions in
permeability were observed with the natural reservoir water which
was found to be in approximate chemical equilibrium with the soil
of the reservoir basin. Absorption of magnesium from tnis water
and retention of magnesium, present in the leachate of unstabili-
zed specimens, by stabilized specimens, was observed indicating

that the soil-cement had a significant capacity for magnesium.

Water saturated with carbon dioxide was found to result in low
permeabilities due to the presence of dissolved gases with a
tendency for permeability to increase as leaching progressed. The
equilibrium CO* content of the solution was lower than might be
expected in a reservoir where anaerobic decay was taking place and
leaching under these conditions is expected to be more severe.
This might be simulated using a leaching bath with a continuous

flow of CO*.

The leaching tests do not provide any basis for selection of a
cement content for use in slope protection othe than those
indicated by the results ll*the wetting and drying tests, although
an optimum cement content of 10% a', higher gradients is indicated.
Cement contents of 6% and 15%, related to the level of reducing
loss and no loss in the double wetting and drying test, are

suggested in view of the steep slopes proposed.
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Permeability of the soll-cement tested was found to be of the
order of 1x10 ~ m/s for de-aired distilled water at 25 °C under a
hydraulic gradient of 50 m/m. Permeability of unstabilized soil
under these conditions was found to be of the order of 1x10 m/s.
A progressive reduction in permeability approaching an asymptote

with extended percolation was generally observed.

Permeability of microconcrete (concrete mortar) specimens was
considerably less than that of soil-cement but was found to fulfil
the mix design requirements. It is suggested that this lower
permeability reflects the effect of wet curing of the concrete
specimens as opposed to the humid cure of the soil-cement
specimens. Soil-cement specimens wet vured from seven days

exhibited a significant reduction in permeability.

Disk specimens exhibited very high permeabilities initially but
these decayed to levels similar to chose for the cylindrical
specimens. Similar behaviour was observed for cylindrical speci-
mens with longitudinal tension cracks where permeability decayed

ro that of the intact material.

Compaction 1% dry of proctor optimum moisture content (OMC)
results in a considerable increase in permeability and leaching
loss under flow. Specimens compacted IX wet of OMC exhibit
reduced permeability and leaching L,>is. Compaction at optimum
moisture content and density 2X above proctor maximum does not
lead to any significant change in the properties of the material.
No substantial difference in leaching bath and wet-dry test losses
is observed for these conditions and it is considered that,
provided a surface leaching condition exists, tolerances on
compaction conditions do not need to be excessively strict.
However, where a relatively high gradient exists, care should be
taken to avoid compaction unduly dry of optimum. A limitation of
0.5% or even 0.252 dry of optimum might be appropriate in certain

circumstances.
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A model for leaching in the leaching cells, leaching bath and wet-
dry test is proposed and a theoretical depth of deterioration is
defined as the depth to which all stabilizer is removed assuming
no stabilizer loss in the remainder of the specimen. This was
compared with the penetration measured using a standard bitumen
penetrcmeter and a relationship of penetration approximately
equal to 25% of theoretical depth of deterioration was determined

for the standard leaching conditions.

The depth of deterioration was found to provide a valuable tool for
comparing the results of leaching tests with different specimen

geometries and test conditions.

15.3 UNCONFINED COMPRESSION AND TENSION (Chapter 10)

Unconfined compiessive strength and split tensile strength is
found to increase linearly with cement content and logarithm of
age. The unconfined compressive strength data is summarised in
graph 10.9 which can be useo for design purposes. The split
tensile strength is found to be approximately 10% of the
unconfined compressive strength indicating a true tensile

strength of the order of 10.8% of the compressive strength.

Soaking of the specimen pr'or to test is found to significantly
reduce strength and, in general, the moisture content at test is
found to have a significant effect on measured strength. Strength
is also found to be related to degree of hydration, as measured by
residual (oven dry) moisture content. These factors account for a

number of anomalies in the test results.

Compaction wet of optimum moisture content is found to lead to a
reduction in strength, white compaction dry of optimum or above
proctor maximum dry density has no significant effect. Compac-
tion at optimum is therefore to be preferred although compaction
dry of optimum may be indicated where reduction of shrinkage is

required.



A model for leaching In the leaching cells, leaching bath and wet-
dry test Ls proposed and a theoretical depth of deterioration Is
defined as the depth to which all stabilizer is removed assuming
no stabilizer loss in the remainder of the specimen. This was
compared with the penetration measured using a standard bitumen
penetrometer and a relationship of penetration approximately
equal to 25% of theoretical depth of deterioration was determined

for the standard leaching conditions.

The depth of deterioration was found to provide a valuable tool for
comparing the results of leaching tests with different specimen

geometries and test conditions.

15.3 UNCONFINED COMPRESSION AND TENSION (Chapter 10)

Unconfined compressive strength and split tensile strength is
found to increase linearly with cement content and logarithm of
age. The unconflned compressive strength data is summarised in
graph 10.9 which can be used for design purposes. The split
tensile strength is found to be approximately 10% of the
unconfined compressive strengtn indicating a true tensile

strength of the order of 10.8% of the compressive strength.

Soaking of the specimen prior to test is found to significantly
reduce strength and, in general, the moisture content at test is
found to have a significant effect on measured strength. Strength
is also found to be related to degree of hydration, measured by
residual (oven ury) moisture content. These factors account tor a

number of anomalies in the test results.

Compaction wet of optimum moisture content is found to lead to a
reduction in strength, while compaction dry of optimum or above
proctor maximum dry density has no significant effect. Compac-
tion at optimum is therefore to be preferred although compaction
dry of optimum may be indicated where reduction of shrinkage is

required.
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Strength reductions of specimens Leached in the leaching bath
support the observation in the previous section that this is a

surface leaching effect.

The unconfined compressive strength of the soil-cement used in
this program compares favourably with that determined in other
research and with that of concrete used at Dworshak Dam and
rollcrete proposed for Willow Creek Dam although higher quantities
of cementitious material are indicated. It is however concluded
that these differences are such that soil-cement will be found to
be competitive on suitable sites. Higher screngtns are obtained
for the soil-cement used in this research than for the micro-

concrete mixes at ages in excess of about 200 days.

A discrepancy between the strength of soil-cement considered
adequate for slope protection of earthfill embankments and that
proposed for the facing of Willow Creek Dam is noted. It is
suggested chat if this discrepancy is eliminated, the higher
cementitious contents for soil-cement, referred to above, will

prove largely unnecessary.

15.4 TRIAXIAL COMPRESSION TESTS (Chapter I1)

Stabilized specimens failed smoothly in shear at high confining
pressures with sudden brittle failure at low pressures. Specimens
with low cement contents exhibited plastic failure at high

pressures.

Peak pore pressure was found to occur well before failure for all
stabilized specimens and pore pressure at failure was less than 3%
of maximum principal stress. The use ot unconsolidated undrained
tests on unsaturated specimens is therefore recommended for
routine testing with a limited number of consolidated undrained
tests with pore pressure measurement on saturated specimens being

conducted to confirm this relationship for different soil types



Linear regressions on P-Q data were found to give acceptable
results for the confining pressures used in this research although

slight curvature of the envelope was observed.

The angle of internal friction was found to increase from 27° to
37° with the addition of 5% cement to the soil. Thereafter, angle
of friction was found to be independent of cement content and

curing and compaction conditions.

Cohesion was found to increase with cement content and age and a
linear relationship between unconfined compressive strength and
cohesion was confirmed. The constant in the theoretical rela-
tionship between cohesion and unconfined compressive strength
derived in chapte' 3 is amended from 0.5 to 0.445 and it is
suggested that further investigation of this relationship is
desirable. It is however considered that these results provide a
reasonable basis to justify the use of the unconfined compressive
strength as the routine parameter for investigations into the
effects of different curing conditions, etc on the shear strength
of soil-cenent once the angle of internal friction has been

determined.

An incremental modulus for comparative purposes, the Q-modulus,
was defined and found to he of similar magnitude to the Initial
tangent modulus and fhe secant modulus to failure. No particular
relationship between this modulus and confining pressure was
observed. The relationship between logarithm of Q-modulus and
logarithm of unconfined compressive strength was found to be
linear and the same relationship was observed for both soil-cement

and microconcrete specimens.
Calculation of the Incremental slope of data during data proces-

sing 1is recommended as auseful technique for correcting zero

error and validating data.
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15.5 DIRECT SHEAR TESTS (Chapter 12)

It is proposed that design for sliding stability of soil-cement
should be based on the residual (frictional) strength of the
material with a factor of safety of 1.2 to account for material
variability. An angle of internal friction of 40° is indicated.
In addition, a minimum factor of safety of 2 on ultimate strength
and a minimum cement content of 3.2% of whole soil is proposed.

Further investigation of these proposals is required.

Further tests are required to determine methods of mobilising the
full shear strength of the material on construction joints,
modifications to the test procedure wused are recommended. The
dosage rate for cement treatment of construction joints should be
at least 0.4 kg/m3 in order to achieve reasonably wuniform
distribution and application in paste or slurry form is recommen-
ded. An investigation into the effect of variation in construc-
tion delay between layers is required. The use of In situ testing

of soil-cement layers is recommended for further tests.

Inclusion of the soil fraction retained on the 4.75 mm sieve leads
to an increase in cohesion and angle of internal friction and in
is suggested that the shear strength of soil-cement could be
improved by che use of high strength aggregate either to supple-

ment or replace a portion of the gravel fraction in the soil.

Where tests are conducted on specimens prepared using the soil
fraction passing the 4.75 mm sieve, design cement contents for the
soil containing the coarse fraction should be calculated as the
same percentage of the complete soil and not of the minus 4.75 mm
fraction. Thus, where the unconfined compression tests on speci-
mens containing only the fine fraction indicate a cement content
of 5%, a cement content of 5% of the soil Including coarse
fraction should be used in design. Further investigation of this

relationship is required.
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15.6 OEDOMETER TESTS (Chapter 13)

The test apparatus wused was not sufficiently sensitive for
detailed measurement of long-term creep behaviour, larger speci-
mens and more robust equipment are required to investigate these
aspects. These tests however provide a good indication of max-

imum likely settlement.

The stancard test used unconfined specimens 71.4 mm in diameter
and 20 mm thick loaded over their full area. Maximum stress was
determined as one third of the soaked 28 day unconfined compres-
sive strength and a loading cycle related to reservoir operation
was used. The thort-term test of two weeks duration on 56 day old
specimens was found to give a reasonable estimate of long-term

Behaviour.

Settlement undar load increme s was found to be largely instan-
taneous and no significant settlement is expected beyond end of
loading. Progressive consolidation under cyclic reservoir opera-

tion is not considered to be significant.

Flooding of the cell, saturating the specimen prior to testing,
variation of specimen restraint and loading conditions did not

cause any significant change in settlement characteristics.

Maximum settlement was found to be reasonably constant for all
cement contents and 1is related to the approximately constant
ratio of applied stress to unconfined compressive strength that
was applied. Maximum consolidation was 2.4% and was generall,
considerably less. As cement content will generally be deter-
mined by factors other than settlement requirements, stress levels
will generally be less than wused in this test program. Conse-
quently, it is anticipated that settlement 1" nlikely to exceed

1% in any part of a soll-cement embankmeu

Three moduli, the construct and fill, first 1 x ng and reservoir

operation moduli are defined for design purposes and a good
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correlation between logarithm of modulus and logarithm of uncon-
fined compressive strength is established. These relationships
are summarisad on graph 13.15. The modulus values from this
program are found to be comparable to those established in the

triaxial test.

15.7 HEAT OF HYDRATION (Chapter 14)

The temperature increase characteristics of soil-cement are found
to agree with those of cement with the peaks delayed and

attenuated by the heat capacity of the soil.

Heat dissipation during mixing and handling was found to be
considerable and it is considered that no residual heat gain in the
embankment from the initial hydration peak is to be expected.
Insolation 1is considered to represent a greater problem with
regard to 1initial heat gain but it is considered that normal
spraying of the construction surface will provide sufficient

evaporative cooling.

Coefficient of thermal conductivity of the soil-cement .as found
to be of the order of 0.54 W/o/°C. The depth of Insulation used in
this test was tnus approximately equivalent to 3.3 m of soil-

cement applied one hour after mixing.

Secondary temperature gain peaked at between 24 and 27 hours and
was found to lie in the range 0.26 to 0.33 °C/X cement contentfor
the specimen size and degree of insulation used. Inview of the
limited cover that might be applied in normal construction and the
likely effect of evaporation, it is concluded that no significant

residual temperature increase can be expected.

No temperature gain was observed when percolating water was
applied to the specimens after curing for three months and it is
concluded that no heat gains due to secondary hydration or

pozzolanic reaction will occur.



It is considered chat there is no basis to anticipate thermal
problems in a sotl-cemer.t embankment. If further investigation
is required, it should be conducted by means >f a trial embankment
but construction of a trial embankment simply for the purpose of

monitoring thermal behaviour is not considered warranted.
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CHAPTER 1b

DESIGN OF THE SOIL-CEMENT DAM

This chapter summarises proposal j for the design of the soil-
cement dam, reviews recent developments ir, dam construction and

examines the design and costing of a soil-ceraent dam.

b. MATERIAL PROPERTIES FOR DESIGN

The results of the laboratory program with regard to specific
values fot wuse in the design of an alternative soil-ceoent
embankment dam for the Rondebosch, Middelburg, site are summa-
rised below. It should be noted that a number of proposals have
been made for further research into certain of these properties.

These recommendations are summarised in chapter 17.

Ib.i.1 Soil Classification

The soil Is classified as A-2-4 according to the ASTM system (SC-
SM according to AASHOy. The soil grading is represented by the
dashed line on graph 6.1 (soil 2). Atterberglimitsare liquid

limit 24% and plasticltv index 5.5%. Linear shrinkage is 3.7%

tnd specific gravity 2.7.

ror the whole soil containing coarse fraction, approximately 23%

passes the 200 mesh sieve (0.074 mm) and 87% passes the 9.5 mm

-ie v o .
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16.1.7. Compaction Characteristics of Soll-Cement

Maximum dry density of soll-ceoent produced with soil passing *he
4.75 mm sieve is I'>05 kg/n at optimum moisture content of 13.7 5%
For the whole soil, maximum dr" density is 1985 kg/m'* at optimum
moisture content of 12.6% giving an as-compacted density of 223¢

kg/m3.

If a gain in mass due to hydration of 12.52 of cement content, as
indicated by the results of the wetting and drying and leaching
tests, is applied, then dry masses for determination of ove~
turning stability range from 1993 kg/m3 at 3.22 ro 2026 kg/m .c
202 cement. A value of 2000 kg/m is considered reasonable for
design. Note that because of the low permeability of the material,
it is unlikely that a significant reduction In moisture content
after placing will occur provided regular spraying of 1lift

surfaces is applied.

16.1.3 Durability of Slope Protection

In terms of the PCA (1976c) recommendations, a cement content of
42 is required for slope protection over the expected range of
reservoir levels with a cement content of 22 oeing sufficient in
the areas not subject to wave action. In terms of the require-
ments for uniform mixing, a minimum cement content of 3% cement

must however be applied throughout the embankment.

It should also be noted that the critical durability test in the
United States is generally the freeze-thaw test which was not
considered appropriate for South African cond tions. The use of
this test would probably indicate higher cement contents than
those Indicated by the wet-dry test and this should be considered

in designing slope protection.



The leaching tests do not provide any basis for selection of a
cement content for use In slope protection. Cement contents of
6% and 15%, related to the levex of reducing loss and no loss in
the double wetting and drying test are suggested in view of the
steep slopes proposed. Further investigation, preferably by way
of a trial embankment 1is required. These allowances might be
reduced by 1% in each case to allow for the presence of the coarse

fraction.

The wet-dry test results Indicate that the resistance to erosion
i. Increased by the Inclusion of the coarse fraction of the soil
and Nussbaum and Colley (1971) indicate that the resistance to
erosion in the field 1is similarly improved by the addition of
coarse material. They consider gravel additions such that up to
30% of the resultingsoil is retained on the b.35 mm (1/4 inch)
sieve. The soil used in this research contains a gravel component
of this magnitude, and consequently should notrequire beneficia-
tion. However, in the light of the findings of the direct shear
tests, it is possible that replacement of a portion of the gravel
fraction with a high strength aggregate might be beneficial on the

spillway facing.

16.1.4 Strength ofSoil-Cement

For design purposes, graph 10.9 should be used to determine the
cement content required to provide a particular unconfined
compressive strength at a given age. Note that thrse results are
for tests on the minus 4./ * mm fraction and that the direct shear
test results indicate a proba. e increase in strength for material
containing the coarse fractioi.. Design with the values in graph

10.9 should therefore be conservative.
While design for tensile strength of soil-cement is to be avoided,

the tensile strength of soil-cement can be estimated as 10.8% of

the unconflned compressive strength.
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The effective angle of internal friction for the wunstabilized
material determined in the triaxial test is 27° increasing to 37°
at a cement content of 5% Thereafter it is effectively constant
for changes in cement content, age, curing and compaction
conditions. These values were determined for the soil fraction

passing the 4.75 mm sieve.

The effective cohesion in the triaxial test 1is 22% of the
corresponding unconfined compressive strength for the soil-cement
tested in this program and the general relationship is similar to
that proposed in chapter 3, equation 1, with the constant amended

from 0.5 to 0.445.

A linear relationship exists between logarithm of Q-codulus and
logarithm of unconfined compressive strength and is presented in
graph 11.10. This modulus applies only in the case of rapidly
applied loads.

Design for sliding failure should use an angle of internal
friction of 40° where soil including the coarse fraction is used.
Design should be based on the residual (frictional) strength of the
material with a factor of safety of 1.2 applied for material
variability. A minimum cement content of 3.2% of whole soil
should be used and a minimum factor of safety of 2 on ultimate
strength should be applied. The cement content to give the
required cohesion can be estimated from graph 12.8 from which the

following relationship was derived:-
Cohesion (MPa) m 0.364 + 0,116 x Cement Content (%)
It should be noted that this relationship was established in the

range of cement contents from 3.2 to 12.8% and that extrapolation

below 3.2% is not advisable.
If it is found that the ultimate shear strength of the material

cannot be mobilised on constructl''- join s, joint surfaces should

be designed with a crossfail sloping up towards the downstream
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face of the dam. Joint treatment of brooming as normally
3

specified for slope protection and application of 0.4 kg/m of

cement slurry should be specified for cold joints. The acceptable

delay between placing layers should be determined in the field.

16.1.5 Long-Term Settlement

Graph 13.15 presents values of three moduli related to unconflned
compressive strength for use in estimating settlement in any part
of the embankment at any stage during the life of the dam. It is
considered that maximum settlement is unlikely to exceed 1% where
applied stress does not exceed one third of 28 day wunconfined

compressive strength.

The "construct and fill" modulus can be wused to estimate
settlement up to the end of first filling. The "first filling"
modulus can be used to estimate settlement at any stage during
first filling relative to the settlement calculated for the end of
first filling. The "reservoir operation" modulus provides an
estimate of movement during reservoir filling and draining. A
reduction in estimated settlement can be expected where applied
stresses are considerably less than one third of the 28 day

unconfined compressive strength.

16.1.6 Thermal Behaviour

The coefficient of thermal conductivity of the soll-cement is of
the order of 0.54 W/m/°C.

Temperature gain for the specimen size and degree of insulation
used in the test program was of the order of 0.33 °C/X cement

content.

Initial and secondary heat gain due to cement hydration are not

expected to be significant and insolation is expected to be more



troublesome. It Is considered that regular spraying of the
construction surface, as normally applied to aid curing, will be
sufficient for evaporative cooling to prevent significant heat

gains in the body of the embankment.

16.2 REVIEW OF RECENT DEVELOPMENTS

Owing to a variety of factors, there was a considerable delay
between the completion of the laboratory program and the proces-
sing of the results. During this period, the paper by Schrader
(1982) referred to in section 3.2 was obtained and data from this
source if referred to in several of the preceding chapters. Copies
of the CiRIA reports on the work undertaken by Dunstan were also

obtained during this period (Dunstan 198la, b and c).

In order to ensure that the conclusions of this research were
relevant and took account of the most recent developments in the
field, letters were directed to a number of the correspondents who
had been particularly helpful in the earlier stages of this
research. Information was obtained from Moffat (1984), the Cement
and Concrete Association (1984), Hansen (1984a) and the USBR
“"Pedde 1984). A review of literature in the PCI library was also
undertaken. A number of papers published while the laboratory

program was underway were also obtained.

Significant developments in this period Include the CIRIA "Inter-
national Conference on Rolled Concrete for Dams" held in June
1981 as a result of Dunstan s research and the work undertaken by
numerous organisations in the United States, particularly under
the auspices of ACI committee 207 which issued a number of reports
on roller compacted concrete (RCC or rollcrete). The culmination
of this work was the design of Willow Creek Dam which has been
referred to previously. A number of further developments in the

use of rollcrete have been reported.
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A number of reports which are felt to be of particular relevance to
this research are reviewed below and discussed in terms of the
results of this research. This Is by no means a comprehensive
review of recent developments and many of the documents referred
to here provide additional references. It is however felt that
these papers are reasonably representative of the scope of major

recent developments.

16.2.1 Developments Reported Prior tc 1981

Johnson and Chao (1979) review the use of rollcrete at Tarbela and
report that no cracking was observed In tunnels excavated after

one ycar.

ACl committee 207 reviewed the state-of-the-art of rollcrete and
suggested guide-lines for design and construction (ACI 1960).
They concluded that the frictional strength of the material was
sufficient to resis: sliding. This supports the design philosophy

proposed in section 12.4.5.

16.2.2 The CIRIA Conference on Rolled Concrete

A copy of the discussion and summing up of the CIRIA conference
referred to above (CIRIA 1981) was obtained from Moffat (1984),
In the discussion, Moffat notes that a 25 reduction in construc-
tion time can result in a 10% reduction in cost and that computed
values of primary stress are of the order of 2 to 3 MPa for gravity
sections up to 100 m He queries the need for the high strengths
proposed by Dunstan and others. This is in agreement with the
observations in section 10.4.14. Moffat also suggests that the
most appropriate method of design Is to include an wupstream

impermeable facing.
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In the same discussion, J. Lowe queries the need for bond and
tensile strength at Lift joints since these requirements are not
required at foundation level. In the final summing up of the
conference, J. D. Llewellin refers to the points raised by Moffat,
Lowe and Schrader with particular reference to the doubts as to the
necessity of bond on construction Joints and the importance of
minor discontinuous imperfections. Llewellin also refers to tne
aesthetics of the "rough and ravelly" slopes of Willow Creek Dam
and observes that such structures may well blend with the
surroundings in a manner which is not possible with conventional
concrete structures. He suggests that "a new method of construc-
tion must develop 1its own aesthetic concepts and not try to
imitate previous ones". It should be noted that any advantage
which can be claimed for the rollcrete dam in this regard is even
more relevant to the soll-cenent dam which can be expected to have

a more natural colour.

Llewellin also presents a table comparing the various mixes
discus* ed at the conference on the basis of paste volume and water
/ cemei titious ratio. Paste volume ranges from 125 to 207 1/m
ana v/c ratio from 0.88 to 4.3, flyash content of these mixes
ranged from 0 to 85% of total cementltious content. For the soil
used in this research, paste volume ranges from 270 to 355 1/m for
cement contents from 3.2 to 20% and corresponding w/c ratios range
from 4.03 to 0.76. It 1is apparent that while w/c .atlos are
comparable to those discussed at the conference, paste volumes are
considerably higher. This reflect- the higher moisture content
requited for compaction of the soil-cem”nt and this in turn
reflects the relatively high fines content, 23% passing the 200
mesh sieve. It should however be noted that this moisture content
is virtually Independent of cement content and that the compac-
tion characteristics of the soii-cement are more dependent on the
soil than on the paste. It should also be noted that some reaction
between the soil and cement appears to occur as indicated by the
absorption of magnesium by soll-ceraent reported in section

9.4.5.1.
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16.2.3 Developments Reported Durin» 1982 and 1983

Diuchak and Hansen ('982) provide a useful summary of develop-
ments in the field of rollcrete and recommend the use of a richer,
wetter bedding mix with smaller maximum particle size where the
construction delay exceeds 8 to 24 hours. They suggest that the
uncompacted surface of the downstream face can be regarded as
sacrificial for curing purposes. Cementitioug contents of roll-
crete reported range from 60 to 300 kg/m3 which compares favour-

ably with the 95 to 331 kg/m Investigated in this research.

Mass (1983) reports on the use of rollcrete at the Guri Hydro-
electric Project in Venezuela to construct a cofferdam. He
reports that "inspection of the cofferdam after exposure to flows
of 12 000 03/s showed no erosion damage of the unformed face.
Also, no visible cracks have been observed over the entire length
of the structure". Maximum aggregate size was 76 mm and cement

content 100 kg/m

16.2.4 Willow Creek Dam

The Willow Creek Dam, referred to previously, was constructed
during 1982/83. Schrader and McKinnon (1984) report that the
rollcrete wused at Willow Creek did not agree with the normal
relationship between water / cement ratio and strength, they note
that "Increasing the water to get better compactabllty actually
can cause higher strength with higher water / cement ratios". It
is therefore considered that the figures offered by Llewellin do
not necessarily provide the ideal method for comparing different
mixes. In view of the high water demand )f the soil itself, it is
therefore suggested that allocation of the entire moisture content
of the soil to paste volume is meaningless in the context of soll-
ceraent and rollcrete containing fine material. Equally, in cases
where a react .,u occurs between the cement and fine fraction, some
attempt should be made to evaluate the contribution of this

reaction to strength development and to make allowance for this
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factor in determining equivalent paste volume and water /

cementitioua ratio.

It is considered that the construction of Willow Creek Dam, as
reported in the paper by Schrrier and McKinnon referred to above,
constitutes an important landmark in the development of new
techniques for the construction of dams. The design and execution
of the project made maximum use of the advantages inherent in the
material as proposed by Raphael and others and summarised in
chapter 2 and all aspects of design and construction were reviewed
from first principles. The envisioned savings in time and money
were realised. The structure was "functionally comple e one year
after the work was advertised for bidding" as compared with the
estimated three years for a rockfill dam and the bid price of US$14
million represented a $13 million saving. "If conventional
concrete had been used for the alternate design, the savings would
have been considerably more", average cost for rollcrete was about
$29/m including the facing as opposed to an estimated $85/m" for
conventional concrete. Certain points from this paper which are

felt to be relevant to this research are discussed below.

Schrader and McKinnon note that "attention to detail during the
design (including construction, design, and scheduling details)
and effective responsible management during construction were
essential to the project". It is considered that this observation
is of major significance in obtaining the maximum benefits from
the new technique. In addition, specifications were relaxed to
permit more flexible construction control. In conducting this
review, it was disturbing <o note that certain designers are
already moving towards less flexible specifications and more
elegant solutions which can only reduce the benefits of this
technique. It is felt that this tendency should be avoided at all

costs.
The aggregate at Willow Creek was stockpiled during winter to

minimise temperature gains, this suggests that, in the South

African context, efforts should be made to construct embankments
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during the winter as far as possible, possibly with restrictions
on placing during the heat of the day if insolation is likely

present a problem during summer.

Up to 25% of the silty, sandy, gravel overburden was included in
the quarried aggregate at Willow Creek, and it was not necessary to
waste material from the quarry. The final product was allowed to
contain up to 10% of non-plastic material passing the 200 mesh
sieve. This compares with the 23% present in the soil used in
this research which exhibited a limited degree of plasticity. It
should be noted that this soil waa obtained hy hand excavation and
that the trial holes for Lund's design (Lund 1974) were excavated
using a relatively small machine. Examination of a number of
erosion gullies in the proposed borrow area indicated that the
upper strata of the underlying partially weathered rock was highly
fractured and it is considered that the coarse aggregate content of
the soil could be substantially improved by ripping this material

with a large crawler tractor.

This technique would probably produce an aggregate with a
considerably reduced fines content and increased maximum particle
size. Crushing to limit particle size would however be required.
It is likely that the increase in coarse aggregate would signifi-
cantly increase strength for a given cement content and that the
resulting eoil-cement would differ little 1in properties from
rollcrete produced with either quarried or natural aggregate. At
this level the distinction between the two materials becomes
blurred and it 1is possible that the proposed dam might be better

described as a rollcrete rather than a soil-ceraent dam.

In reviewing the available literature it was apparent that what
was referred to as rollcrete in certain cases might have been
classified as soll-cement wunder different circumstances. It
appears that the resistance of engineers to accepting the idea of

"soil" in their "concrete" is such that a stage may soon be reached
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where the term "rollcrete" will encompass tha better quality soil-
cement mixes produced with low plasticity soils containing a

relar ly large proportion of coarse aggregate.

Placing specifications at Willow Creek, required that a minimum of
one lift should be placed in three shifts in order to minimise cold
joints with a maximum of three lifts in two shifts in order to
lim.t problems related to heat generation. Two eight hour shifts
were worked six days a week in order to minimize cold joints with
a limit of exposure of 871 centigrade degree hours before surface
preparation and the application of a bedding mix was required.
Problems were however experienced with maintaining joint clean-
liness to the exteul that while bond was not required for sliding
resistance, a limited amount of seepage was observed on the
downstream face. It 1is suggested that a conveyor belt system
might be used to transfer material to the top of the embankment in
order to eliminate the tracking of dirt by construction vehicles.
Shear tests on Irvge blocks confirmed that bond was not required

to develop adequate sliding resistance.

It was observed that "the presence of the gallery near the upstream
face created a short flow path which allowed more seepage than
desired". However, the rate of seepage reduced with time confirm-
ing the observations of De Groot (197 la) referred to in chapter 1

and the results of the leaching tests reported in section 9.4.7.k.

A program of drilling was undertaken to examine cores and limited
grouting of the foundation was found to be necessary. In
conjunction with this, grouting of the joints near the upstream
face was undertaken to reduce seepage. Pressure tests in the
borenoles indicated the in situ permeability to be less than

expected.

In the light of examination of the cores referred to above,
Schrader and McUnnon (1984. suggest that the sand fraction of the

mix (pasling the 9 5 mm sieve) should be further increased above



the 15 co 40% used for the 76 ram maximum aggregate size mix and 50
to 55% used for the 3ti mm mix. The corresponding percentage for
cne soil used in this research is 87% for what is essentially a
minus 38 mm grading, the ripping orogram suggested above for the
Rondebosch site would have the effect of reducing this percentage
and would probably bring it into line wicn the levels suggested by
Schrader and McKinnon. It is also reported that "tests made by
allowing the natural silt content to increase showed thic to

further increase the RCC strengthl.

The downstream slope was constructed at 0.8 to 1 as the limit at
which control cculd be raintained without special equipment. The
slight overbuild provided "additional stability and eliminated the
inconvenience, complication, and cost of forming a steeper slope
which structural analysis would have allowed". The rtinforced
earth technique of supporting the vertical wupstream fare was
modified to use larger panels (1.2 by 4.9 m) and a reduced number of

vnchor bars with a resulting additional saving of $600 000.

An integral spillway was wused. This was constructed with a
conventional mass concrete cap but the facing had the same surface

is used for the rest of the downstream face.

16.2.5 After Willow Creek

vilverson and Richardson (1984) report on the design of the Upper
Stillwater Dam where they found the rollcrete gravity dam to be
the lowest cost solution after considering earth embankments,
oncrete faced rockfill, conventional concrete gravity and mas-
t?ive head buttress alternatives. They report that internally
vibrated concrete will be used tor foundation levelling up to 4.6
m thick in orde to provide a 30 m platform for Initial placement
it rollcrete. The levelling concrete will also be wused to
nitiate the crossfall for khe rollcrete layers, typically 0.02:1.
Conventional concrete sllpforraed facings, as proposed by Dunstan,

if'" t bo used on both faces.
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It was noted that a crosstail was used in a number of cases in
order to increase sliding resist'nee and to provio? drainage or

the construction surface.

International Engineering Company (1984) in a leaflet on the
design of the Middle Fork Dam Indicate a crossfall of 0.05:1.
They report that "the computer analysis, which utilized thermal
characteristics determine! from laboratory testing, indicate that
no special measures are needed to prevent cracking of the RCC".
Thermocouples will be installed to monitor thermal behaviour.
The facing concrete, which 1is placed behind temporary forms
imr 1iiately before placing of the rollcrete is a conventional mix

designed for freeze-thaw resistance.

PCA information she ts supplied by Hansen (1984b) indicat3 five
rollcrete dams currently under construction, including tie two

mentioned above, and a further four planned for bidding in .985.

Casias and Howard (1984) have reviewed the twenty year perfor-
mance of soll-cement facings on a number of USBR dams and report
that the facings have genetally performed satisfactorily. Prob-
lems that have been experienced 'ave largely resulted from poor
interlayer bond which has permitted separation and breakout of
slabs of sol) -cement. It should be noted that with the steep
slopes proposed for the soll-cemer* dam, the exposed layer edge
will be considerably reduced and a degree of compression on the
upstream facing will be present at all times thus resisting any
tendency for opening of construction joints. Casias and Howard
report that the USBR is currently investigating means of impro-
ving interlayer bond by reducing construction delays, brooming
joint surfaces and treating the surface with a neat cement slurry
Immediately prior to placing the next layer. So far, the results

of the Investigation appear to be giving promising results.

A conference on "Materials for Daus 84" is to be held in Monte

Carlo in December and the May 1985 ASCE Spring Convention in



Denver will Include two symposia on "Roller Compacted Concrete -
- A-State-of-the-Art" It Is therefore apparent that the use of
rollcrete Is rapidly becoming established. Accordingly, it is
suggested that, in view of the shallow, sandy residual soils
present on many dam sites in South Africa and the current drought
and shortage of funds, the use of the soil-cement / rollcrete dam
using materials produced by ripping should be investigated as a

matter of urgency.

16.3 PROPOSALS FOR THE RONDE BOSCH SOIL-CEMENT DAM

A brief analysis of the required section for the Rondebosch Dan
site was undertaken to enable the general form of a possible soil-
cement solution to be examined. The analysis was undertaken
using the gravity analysis program and techniques used to generate

the data presented in chapter 3.

16.3.1 Selection of Section

The section dimensions are based on those proposed by Lund (1974)
and allow for increased freeboard so that an ungated spillway ca~
be used. It was considered that the use of an ungated spillway was
consistent with the objective of simplicity in the soil-cement
dam. However, should the cost of acquiring additional land to
accommodate the higher flood lines warrant it, a gated spillway
could ndoubtedly be incorporated. In this case, a reduction in
section would reault in reduced cost for the soil-cement solution.
Volumes are based on those for the earthfill embankment proposed
by Lund which was sited at an angle to the the buttress dam
actually constructed. The soil-cement dam could probably be
located on the same axis used for the concrete dam and a reduction
in volume could therefore be achieved. It should also be noted
that overtopping of .he soil-cement dam can be tolerated under the
extreme flood so that a smaller freeboard allowance could be

accepted. It is therefore considered that the estimate of embank-



ment volume used here is conservative.

Dimensions of the earthfill embankment were:

Crest width e 6.0 m
Height of spillway Crest ..o 354 m
Maximum reservoir depth at design flood 39.4 m
Maximum height oo 40.9 m
Volume of the proposed earthfill embankment .... 690 000 m3

It was noted in section 3.2.¢c that further consideration should be
given to the wuse of a vertical upstream face in view of the
limiting slope of 0.8:1 established at Willow Creek for placing
without support. Dinchak and Hansen (1982) also report that the
use of a vertical wupstream face was necessary before roller
compacted concrete was found to provide a competitive solution for
the Zintel Canyon Dam. Accordingly, optimum sections for both
the standard gravity and equal slope sections were determined.
For the soil-cement wused in this research with analysis for
overturning stability under the maximum design flood with full
uplift and dry density, a limiting downstream slope of 0.66:1 was
determined for the dam with vertical face whereas for the case of
equal upstream and downstream slopes, a value of 0.43 applied. The
volume of the equal slope option is thus 22% greater than that with
vertical wupstream face. Maximum stress at the toe 1is also
m finally Increased. It was therefore concluded that the use of
a vertical upstream face was to be preferred and further analysis

is of this section.

Analysis of this section indicated that with zero wuplift, an
increase in theoretical downstream slope to 0.47:1 was possible.
Increasing the unit weight from 20 kN/rn3 to 22 kN/m3 indicated an
increase in slooe to 0.6:1 and the two factors combined permit an
Increase to 0.44:1. Since It is considered unlikely that signifi-
cant drying of the material to any depth in the embankment will
occur, this indicates an increase in safety factor. In addition,

provided the foundation 1is adequately grouted and no tension



occurs on the wupstream face, It 1is considered unlikely that
anything approaching full wuplift will occur wunder the entire
structure. The true stable section would thus lie in the range
0.6b to 0.44:1. However design to n slope steeper than 0.66 is not

considered prudent.

In selecting a downstream slope, It was noted that the Willow
Creek Dam was consr.ru ted with a slope of 0.8:1 for ease of
construction without t as. The Upper Stillwater Dam is being
constructed with a step: sectio-, the lower portion of which has
a slope of 0.6:1 and is tain.-d Ung slipformed curbs c¢* proposed
by Dunstan (Oliverson and Ri hardson 1984). 1In the present case,
a reduction in volume of 26 000 mj results from the use of the
steeper 0.66:1 slope. From the available data for the Upper
Stillwater Dam, it was estimated that a volume of 13 900 m3 of high
grade conventional concrete would be required for slipforming of
both faces, a total saving f 59 900 m of soil-cement. For this
case, the ratio of volume of soil-cement saved to volume of high
grade concrete used was 1.77, For the mixes wused at -pper
Stillwater, the ratio of cost of the high grade conventional
concrete facing mix to that of the best quality rollcrete mix used
on the project was 2.03, for ttu hearting rollcrete this increased
to 2.52 (PCA 1984), it wts therefore concluded that the 0.8:1 slope
was more economic to construct as well as hiving the added
advantage of ease of construction and increased resistance to

overturning.

The absolute worst case for overturning stability would involve a
massive lens of water under the structure developing the full
reservoir head over its entire area. This would result in a
rectangular pressure distrlbvuion under the structure so that only
the submerged unit weight was effective. For the maximum flood
with downstream slope of 0.8:1 and unit weight of 12 kN/m3, the
line of action of the resultant is 0.224 m outside the third point
and a tensile stress of 15 kPa 1is tnnicated at the heel. Since
some degree of composite action within the structure can reason-

ably be expected and since no situation in which the entire
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structure will be "floating" can be conceived, it is considered
that there is no need for a complex system of relief wells and
drains thus further reducing the complexity of the structure. It
is considered that a basic program of foundation monitoring in
conjunction with a limited grout program will be entirely

sufficient.

16.3.2 Seepage

The problem of seepage on construction planes at Willow Creek was
referred to in the previous section. It Is considered that if
suitable precautions are taken to avoid tracking of dirt onto the
construction surface, this problem can be largely overcome at
source. The upstream facing system used at Willow Creek is felt
to be appropriate to the soil-cement structure proposed here. If
the material adjacent to this facing is not subject to traffic by
construction plant, the joint surfaces are brushed and slushed as
necessary and a reasonable quality soil-cement mix is used, an
upstream facing which is effectively Impermeable can be obtained

at low cost.

In any event, the degree of seepage reported by Schrader and
McKinnon is such that it 1is wunlikely to lead to alarm and
certainly will not lead to significant deterioration of the
structure. Flow down the uncompacted downstream face .s unlikely
to be particularly noticeable and could assist the establishment

Al

o' the natural plant cover suggested by Llewellin (CIRIA 1981).
Alternatively, the use of a no-fines mix at the downstream face,
could provide the necessary drainage with no overbuild since the

full section is not required by structural considerations.

16.3.3 Spillway

The structures referred to in the previous section all make use of

conventional overflow spillways incorporated in the embankment.
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The spillway at Willow Creek uses conventional mass concrete
cap but the downstream face of the spillway is the same
uncompacted material used for the rest of the downstream tace.
The erosion resistance of the coffer dam at Gurt, referred to in
the previous secti n (Mass 1983), supports this design solution.
It is proposed tlat this technique should be considered for the
soil-cement dam. Further research is however, required to deter-
mine 1its suitability. Aspects requiring Investigation are the
effect of maximum aggregate size, grading and aggregate charac-

teristics and the effect of cement content.

Murray and Schultheis (1977) report on the use of fibre reinforced
concrete and polymerisation of concrete to increase the resistance
to cavitation of the spillway at Dworshak Dam. It 1is possible
that fibre reinforcement of soil-cement could be of benefit and
that a suitable polymer could be introduced into the soil-cement
during mixing with polymerisation of the facing soon after

compaction.

Alternative methods of spillway surfacing might include the use of
a horizontally slipformed interlocking facing of high strength
concrete, as referred to previously. This might be tied into the
embankment using reinforced earth techniques if necessary. Fur-
ther alternatives might be precast units or cast in situ mass

concrete, both tied int-' the embankment if required.

These alternatives could all be investigated by means of a trial
embankment and it 1is considered that this represents the only
realistic method of investigation. The ideal solution would
involve the construction of a weir downstream of the spillway of
an existing dam located so t;lat maximum flow velocity wa<

experienced.

It should be noted that cavitation 1is generally not a problem for
velocities of less than 12 m/s or falls of Less than 30 m (Murray
and Schultheis 1977). This suggests that the pr m could be
reduced by locating the spillway towards the ends of the



embankment rather than at its center and using soil-cement lined
channels to train the water into the river bed. This could be
implemented as a form of side channel spillway designed so that

the length of the embankment was not increased.

It should also be noted that the relatively flat 0.8:1 downstream
slope is likely to lead to a spillway crest that is broader than
the nappe profile thus resulting in positive hydrostatic pressure
along the contact surface (USBR 197ba). Under these conditions
uplift forces on the crest or spillway lining are unlikely to
occur and special precautions to tie the spillway lining to the
embankment should not be necessary. While this spillway design
is not the most efficient, it will be simoler to construct in soil-
cement and the required capacity should be available from an

increase in spillway length or reservoir depth.

16.4 DESIGN OF THE RONDEBOSCH SOIL-CEMENT DAM

16.4.1 Values for Design

Values for design obtained roo the ibov analysis are as

follows=-
Reservolr Empty
Maximum stress at heel ............. 1.018 MPa

Maximum principal stress at toe 0.035 MPa

Normal Operation, Reservoir Full

Maximum effective principalstress at toe ..... 0.511 MPa
Maximum effective stress at heal (no upl ft) .. 0.727 MPa
Horizontal force 6.147 MN/m

Vertical force (full uplift, dry unit weight)11.567 MN/m
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embankment rather than at its center and using soil-ceraent lined
channels to train the water into the river bed. This could be
implemented as a form of side channel spillway designed so that

the length of the embankment was not increased.

It should also be noted that the relatively flat 0.8:1 downstream
slope is likely to lead to a spillway crest that is broader than
the nappe profile thus resulting in positive hydrostatic pressure
along the contact surface (USER 1976a). Under these conditions
uplift forces on the crest or spillway lining are unlikely to
occur and special precautions to tie the spillway lining to the
embankment should not be necessary. While this spillway design
is not the most efficient, it will be simpler to construct in soil-
cement and the required capacity should be available from an

increase in spillway length or reservoir depth.

16.4 DESIGN OF THE RONDE BOSCH SOIL-CEMENT DAM

16.4.1 Values for Design

Values for design obtained from the above analysis are as

foilows:-
Reservolr Emoty
Maximum stress at heel ... 1.018 MPa

Maximum principal suress at toe 0.035 MPa

Normal Operation, Reservoir Full

Maximum effective principalstress at toe ... 0.511 MpPa
Maximum effective stress at heal (no uplift) .. 0.727 MPa
Horizontal fOrce . 6.147 MNra

Vertical force (full uplift, dry unit weight.) 11.567 MNm



Maximum Design Flood

Maximum effective principal stress at toe ... 0.692 MpPa
Maximum effective stress at heel (no uplift) .. 0.617 MPa
Horizontal force 7.614 MNm

Vertical force (full uplift, dry unit weight) 10.807 MNm

16.4.2 Strength Required for Gravity Stability

In terms of the USSR recommendations for "Design of Gravity
Dams" referred to in section 3.2.d (USBR 1976a), the factor of
safety for compressive loads is 3 under usual and 2 under unusual

conditions:-

For maximum stress at the toe:-

Usual loading m 0.511 x 3 m .53 MPa
Unusual loading m 0.692 x m 1.38 MPa
Required toe strength * 1.5 MPa

Required cement content from graph 10.9:-
At 28 days - 2.5%
90 days - L7%

For maximum stress at ,he heel:-
Usual loading - 1.018 x 3 - 3.06 MPa

No unusual loading condition

Required cement content from graph 10.9:-
At 28 days * 5.0%
90 days * 3.6%



If.4.3 Strength Required to Resist Sliding

The USBR (1976a) requires a factor of safety of 3 for wusualloading

and 2 for unusual loading with a value of r*linequation 3, in

chapter 3 (section 4.3.2 of Robertson and Blight 1978).

For

For

usual loading:-

3 - (11.567 tan 40 + 1x 38.72 C ) / 6.147
- 1.58 + 6.14 O

C'» 0.23 MpPa

unusual loading:-

2 - (10.807 tan 40 + 1Ix 38.72 C') / 7.614
* 1.19 + 5.09 C

C'“ 0.16 MPa

Required C' m 0.22 MPa

Graph 12.8 indicates that this cohesion is obtainable from the
unstabilized aoli including coarse fraction but this is

determined by extrapolation.

Section 16.1.4 proposes:-

Factor of safer/ on residual (frictional) strength ... 1.2
Factor of safety on ultimate strength ..., 2.0
Minimum cement CONTENT .ooccoiiiiiinininieieieee e 3.2%

Residual sfength:-

The values of 1.58 and 1.19 above represent the frictional
strength component of safety factor under usual and unusual
conditio:s, 'estdual strength is therefore adequate (>- 1.2).
Note that values are determined with dry unit weight of soll-

cement and full uplift.

Ultimate strength:-

Froru tie previous calculations with Q*2, the required cohesion

is UU68 MPa ((2 - 1.58)/6.14) under usual and 0.16 MPa under
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unusual conditions. As above, zero cement content is indi-

cated.

Therefore minimum cement content of 3.2% applies.

Nofe that the discussion in section 4.3.2 reported a value of
sliding safety factor of 5 with value of r-0,5 as being customa-
rily applied. Applying these values indicates a required cement

content of 6.5% for design on the 28 day strength.

16.4.4 Durability Requirements

Section 16.1.3 indicates a recommended cement content for facing
layers of between 6 and 15% and suggests that this can be reduced
by 1% for soil containing the coarse fraction. With a view to
selecting a cemei t content for design, the discussion presented in
section 7.1 was reviewed. It was concluded that the observations
made in that section remained valid. In addition, no tests on
specimens containing 10% cement Indicated any basis to sur est
that the material was in any way inadequate. The leaching tests
indicate that 10% cement provides the optimum treatment level.
Accordingly, it is proposed that a cement content of 10% should be
used for the soil-cemenr. behind the upstream facing units and on
the downstream face. A cement content of 15% should possibly be
considered for the spillway facing but further Investigation of

this aspect is required.

A cement content of 10% is therefore specified for the facing
material. A 3 m horizontal facing width Is considered adequate
since no significant dcterlcratior of the facing Is expected.
This width should be sufficient to allow placing without special

equipment.



l1b.4.5 Thermal Considerations

As previously noted, no problems are expected from beat gain due
to hydra ion of cement. A suitable construction schedule, such as
that used at Willow Creek Dam, should be followed and steps taken
to limit h in of aggregate and compacted layers by insola-
tion. A limited program of thermal monitoring should be under-
taken. Construction during winter may be specified under South
Afrlcar conditions if there is concern with regard <y, insolation
mtains. Overhead irrigation of stockpiles to raise moisture con-
tent to the required level and encourage evaporative cooling may
also be employed. Blight (1962) provides information on the

control of moisture content under arid conditions.

I1b.4.6 Specification of Cement Contents

The requireu minimum cement contents indicated in the previous

sections are:-

>rimpressive strength of toe ., 3%

heel e 5.0%
ror sliding resistance ... 3.2%
mor durability of facings ...ivevieneenen. 10.0%

,ement contents for structural considerations have been deter-

mined in terms of the 28 day strength of the material andcan

therefore be considered tibe conservative.

\, :he use >f soil-cement inthis application isuntried and a

iegr .e of resistance to its use is anticipate*,, it issuggestedthat

i minimum cement content of 5% should be specified at this stage.
:his will provide fa tors of safety against s’Uing and compres-
,ion of similar magnitude to those formerly applied to concrete as
.ummarised In chapter 3 (section 4.3). This also avoids the need
nor a gradation of cement tontent to avoid overstressing at the

her inside "he facing material.
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The cement content specification » the s.;ij-cemen’ iata

therefore:-

Hearting MIXEUTE  coiioieieiereseeeeieietestetestes se eereeseessessessessessessesseeseessessenses

Upstream and downstream facing to a width of 3 m .... 10.0.

Spillway faring to a width of 3 M . 15.0 ,

A few layers of 10% cement content material may be considered
desirable over the foundations to assist inm distribution of
stresses and increase resistance to seepage. Conventional mas”

concrete may be requited for foundation levelling.

A conventional concrete cap is proposed for the spillway in order
to obtain the correct profile and prevent exfoliation of soil-

cement layers if poor bond occurs on construction joints.

16.4.7 Settlement

For the cement contents proposed, unconfined compressive strength
at various age* can be estimated from graph 10.9 and the various
moduli can men be estimated from graph 13.15. To obtain a
reasonable estimate of settlement, it would be necessary to
determine settlements for increments of height based on a proposed
rate of construction as the moduli increase with compressive
strength and hence age. The pressure distribution at the base of
the embankment also changes considerably during reservoir filling
and this would also -equiro an incremental analysis to estimate

total settlement.

As an indication, the construct and fill modulus for the material
with 5% cemen* increases from 0.04 GPa at 28 days to 0.06 GPa at
200 days, for the material with 10% cement the range is 0.08 to
0.12 GPa. For the reservoir operation modulus, the corresponding
values are 0.95 to 1.15 and 1.25 to 1.4 GPa for 5 and 10%

respectively. Incremental settlement for Loading to end of



construction heel stress of 1.02 MPa ranges from 2.0 to 1.7% at 28
and 2UU days for material with 5% cement to 1.4% to 0.8% for

material with 10% cement.

These figures suggest that a problem may arise due to differential
settlement Dbetween the 10% facing material and 5% hearting
material which could lead to additional stresses being transferred
to the facing. This could necessitate a more gradual change in
cement content between facing and hearting but it is considered
chat the strength of the material is sufficient to accommodate this
and that no particular problems will result. The higher stress

level in the facing may assist in reducing permeability.

It is considered unlikely that compression of any layer in the dam
will exceed 1% and that this is unlikely to cause any significant
distress to the structure. It should h« noted that if the proposal
to increase the. coarse aggregate content of the soil is adopted,
the compressibility of Che soil-cement is likely to be signifi-
cantly reduced. It should also be noted chat the maximum stresses
calculated here will apply over a limited length of the embankment
and that some degree of redistribution of stresses across the

valley can be expected.

16.5 COST COMPARISON FOR RONDEBOSCH DAM

A realistic cost comparison 1is not possible without detailed
designs and estimates for each solution, however an attempt is
made here to evaluate relative costs in a variety of ways in order
to obtain some indication of the viability of Che structure
proposed in the previous section. Costs quoted in the following
discussion have been adjusted to the third quarter of 1984 as far

as possible.
In order to assess the 'pproximate cost of the Ftructure proposed

above, an estimate of the average cement content was required.

Since the average valley tends to be more parabolic than
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triangular in profile, it is considered that the average cement
content at a section corresponding to two thirds of the maximum
embankment height will be reasonably representative. On this
basis, the volume of 5% hearting mix is estimated at 131 000 03 and

that of the 10% facing mix at I2 000 m . Average cement content

is therefore b.8% or 12b kg/m” (213 1b/yd =

1b.5.1 Comparison In Terms of United States Data

The PCA "Guide for Estimating Cost of Soil-Cement Slope Protec-
tion (for Construction in 1982)" (PCA 1982) Indicates a cost of
processing soil cement in excess of 100 000 cubic yards of
JS$8.2‘:/yd3. This translates to $10.71/m3. The USBR "Construc-
tion Cost Trends" index shows no change over the period 1982 to
July 1984 (USBR 1984), accordingly the above figure is considered a
reasonable estim. ce of current US prices. The June 1984 report on
"Materials prices" in Engineering News Record indicates bulk
cement costs In the range 52 to 73 US$/ton. Adopting a price of
$70/ton and assuming a short ton (2000 pounds) translates to $77/t

“metric tonne * 1000 kg).

For the cement content of 12b kg/mj the cost of cement is $9.71/u”
giving a total cost of $20.42/m !. The cost of cement at the Willow
Creek Dam sice was $117/1 (MOb.20/ton) indicating a cement cost of
$14.79/m3 and total cost $25.50/m3. This price range compares
favourably with the average $24.b8/u 1($19.00/yd * of Willow Creek

Dam (Hansen 1984b).

Volume of concrete actually used in the Rondebosch Dam was 100 000
mj (Hanson 1984). Hansen (1979b) provides a graph for estimating
the "Cost of Mass Concrete 1n Dams" which takes account of
buttress, arch and gravity dams, from this the 1979 cost of mass
concrete is estimated as $55/yd\ The USBR cost index increases
from 112 to 155 over this period <USBR 1984) to give a cost of
$99/m3 ($76/yd3) which translates to a total cost of concrete of

3
$9.9 million. The 203 000 m estimated for the soil-cement dam at
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Rondebosch gives an embankment cost in terms of the figures in
the previous paragraph of between $4.14 and $5.18 million a saving

in excess of 50% on the basic structure.

Assuming that the placing cost of earthfill is naif the processing
cost of soll-cement indicates a cost for the earthfill embankment
design of $4.77 million. This is comparable to Che figures for the
soil-cement alternative but does not rake account of the cost of
the slope protection, spillway, cofferdams and outlet works most
of which can be expected to be more costly than their equivalents
on the soll-cement dam. The use of half the soil-cement proces-
sing cost is arbitrary and p.obably wunderestimates the cost of
earthfill particularly when the much longer haul distances for
earthfill, referred to in section 5.1, are taken into account. It
is therefore considered that the soil-cement option would probably
be significantly moie economic than the earthfill alternative on
this site. It should be noted that the Merritt Dam <ost compari-
son in chapter 3 (section 5.2 of paper) shows a major cost
advantage for soil-cement over the earthfill embankment erected

on that particular site.

The above comparisons indicate that, in terms of current US costs,
soil-cement 1is probably competitive with roller compacted con-
crete and significantly less costly than the concrete buttress and

earthfill alternatives.

16.5.2 Comparison in Terms of South African Data

A summary of the costs for the Rondebosch Dam were obtained from
Mr E. Manson of Stewart, Sviridov and Oliver, consulting engi-
neers (Manson 1984). The dam was <constructed in the period
September 1974 to August 1977 and median date for costing purposes
was taken as February 197b. Construction indexes for this type
of construction obtained from Central Statistical Services in
Pretoria average 1lb.b in February 197b and 373.3 in July 1984, a

compound rate of inflation of <close to 15% per annum. The
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adjusted costs for the Rondebosch concrete buttress dam with P ard
G, escalation and contingencies allocated aporopriately, in

millions of South African Rands, were:-

EXCAVALJOM oottt sae st eneee 2.5
Concrete, shuttering, reinforcing and joints 11.0
PipewWOoTK o et s 1.4
Radial Gates et 2.6

TOTAL 17.5

As a first approximation, it 1is <considered that the <cost of
excavation will be comparable for the soil-cement dam -- the area
requiring preparation will he greater but the degree of preparation
will probably be less. It is also anticipated that the cost of
pipework will be of similar magnitude although an increasa for the
soll-ceoent dam 1is possible. As discussed in section 16.3, the
analysis of the soll-cemert alternative 1is based on a structure
with ungated spillway. The R2.6 million item for radial gates
therefore does not apply. It should noted that this saving may
be offset by an increase in cost expropriation to accommodate
higher flood lines but tha:. inclusion of radial gates would lead to
a reduction in the height of the structure and hence a reduction in

cost.

Escalation over the <course of the <contract <contributed R3.6
million to the above figure of RI7.5 million, 21% of the total cost
of the structure, the reduction in construction period of the soil-
cement dam thu$. represents a potential saving of several million

rand.

An estimate for soll-cemcnt processing (borrow, stockpile, haul,
mix and compact) of R4.60/m was obtained from a major civil
engineering construction company (Macdonolo 1984). As they had
no experience with central plant mixing of soil-cement, and did
not have the equipment on which to base such costs, the estimate 1is
based on roads experience uuing a spreader box and plough for

mixing. Delivered cost of cement on site was estimated at R125/t
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3
giving a total sol lI-cement cost of %20.40/m and total embankment
cost of R4.14 million which is approximately 37% of the concrete

cost of the dam as built.

It is considered that the processing cost may be something of an
underestimate as the soil-cement dam requires a tighter specifica-
tion and more sophisticated processing than generally wused on
roads in South Africa. Doubling the above figure to R9.Q2/m3

gives a total soil-cement cost of R5.08 million, 46% of the

concrete cc t, still a considerable saving.

Marais (.1984) reports costs for cement stabilized gravel sub-base
ranging from R4.56 to R9.99/m) and cement costs of R90 to RI1IIl/t
depending on area and nature of material. These values compare

favourably with the range considered above.

For the earthfill alternative, average haul distances are more
than double and it is considered that this would more than offset
the cost of plough mixing of stabilizer. Cost of the order of R4.1
million for the earthfill alternative 1is therefore indicated at

R4.60/m3.

While these estimates do not take account of the cost of the facing
elements for the soil-cement dam and other secondary costs, it is
apparent that a large saving can be achieved. The absence of
radial gates and reduction in construction period should also lead

to reduced construction costs.

16.3.3 Cost Comparison -- Conclusion

As previously noted, no cost comparison can be reliable unless it
is based on detailed designs prepared by the came design team
thoroughly familiar with the characteristics of the site. If these
designs are submitted to open tender, as at Willow Creek Dam, then
a true indication of the relative merits of the various solutions

will be obtained.
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It is howevev considered that the general financial viability of
the soil-cement dam has sufficient theoretical validity to justify
its consideration on suitable sites. The above cost comparisons
serve to illustrate that soil-cement is almost certainly consi-
derably less costly than conventional concrete on a large variety
of sites and can also be expected to be less costly than earthfill
in most cases where foundation <conditions are adequate. In
particular, a considerable cost saving would almost certainly have
been effected on the Rondebosch Dam site if soil-cement had been

specified.

16.6 CONCLUSION

The above comparison Indicates that the soil-cement used in this
program 1is likely to produce a structure of similar cost to a
rollcrete dam. The relative merits of the two solutions is likely
to be very much a function of a particular s4te and, as noted igp
section 16.2.4, the distinction between rhe two materials l,
becoming inci easlngly blurred. Whether soil-cement produ”d on
the Rondebosch Dan site using material including a significantly
increased coarse aggregate fraction produced by ripping is truly
soil-cement or should be regarded as roller compacted concre.e is a
matter for debate. If soil 1is defined as "naturally occurring
weathered rock material that can be excavated using earthmoving
machinery", then the material under discussion is surelv soil-
cement. However, if "roller compacted concrete produced using
locally available aggregate with relaxed specifications and
without blasting" 1is a more acceptable term to the general public,
and many engineers, then that is a perfectly acceptable definition

of the material proposed here.

Whatever the terms used to describe the material, the soil-cement
investigated in this research has been shown to be suitable for the
construction of large dams designed on gravity principles and the
suitability of the material with increased coarse fraction can

only be improved.
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Throughout the discussion of the results of this test program,
aspects requiring further investigation have beer noted. Many of
these investigations would be relatively minor and would serve to
enhance the results of this research or confirm assumptions bet
are unlikely to contribute significantly to knowledge in this
field. However, it is considered that additional investigation in
certain areas would be valuable and these proposals are summarised

in this chapter.

17.1 CONSTRUCTION OF TRIAL EMBANKMENT

In considering these proposals, it should be noted that it is the
author's opinion that the results of this research, together with
the existing body of knowledge presented in the list of references
and Dbibliography, provide sufficient grounds to justify the
construction of a trial embankment. This embankment might take
the form of a structure rected within the reservoir of a dam now
under construction or of a weir downstream of an existing dam, but
it is considered that there is sufficier t information to Justify
the construction of a trial embankment as a basis for tenders for
the construction of a soil-cement i'm as an alternative solution
for a proposed structure. It is felt that this world be particu-
larly appropriate in the present South African context of drought

and a depressed economy.
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The construction of a trial embankment is considered to be the
most valuable form of further research that could be condu<ted.
While the relatively high cost of such a trial is accepted, the
observation of Holtz and Hansen (197b) with regard to the Bonny
Reservoir Test Section is appropriate; "it is pertinent to note
here that this expenditure”" (US$tiO 000 in 1953) "has been repaid

many times, as is so often true of sound research ventures".

17.2 ALTERNATIVE WETTING AND DRYING TEST

An alternative wetting and drying test procedure making use of
the standard 37.5 mm diameter by 75 mm long test specimens used in
this research 1is proposed. The reduced size of the specimens
accelerates the mass gain during repeated wetting and drying
cycles foi specimens with 10% cement. It is postulated that at
lower cement contents, the loss of material will be similarly
accelerated as the results of the leaching test program indicate
that deterioration in the wetting and drying test is primarily due

to surface leaching.

An alternative test technique might involve the use of these
specimens with a five hour soaking period and twenty four hour
cycle period without abrasion. Abrasion testing of the specimens
would only occur at the end of twelve cyclts and would be

conducted using the vibrating tumbler described in appendix B.

A technique based on these proposals will require considerably
less time to conduct and permit more specimens to be tes.. td at the
same time. The procedure would also require considerably less
technician time and lend itself to a significant degree of

automation.

Th'j: results of the leaching tests suggest that the test could be
made more severe, or accelerated, by reducing the temperature
during the drying phase or dispensing with the drying phase

altogether. It is possible that comparable results could be
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obtained wusing a leaching bach similar to that wused in this
research and leaching the specimens for a period which might be as
short as two to three days. Losses might be determined simply in
terms of change in oven dry mass relative to control specimens or
by abrasion in the tumbler referred to above. Unconfined com-
pressive strength might provide an alternative basis for com-

parison.

The depth of deterioration, as defined in section 9.4.12, is
suggested as a means of comparing losses for tests using different

specimens and teat procedures.

Considerable research is required to extend the results of this
program in order to establish whether the observed scale effects
are consistent and to establish a test procedure Chat provides a
reliable correlation with the standard test. This investigation
should also examine the possibility of developing a test of equal
severity to the freeze-Chaw test but more appropriate to applica-

tions where freezing seldom occurs,

>7.3 ALTERNATIVE METHODS OF SEALING TEST SPECIMENS

The method of sealing test specimens used in this program involved
wrapping tne specimen in aluminium foil and dipping it in

paraffin wax to obtain a complete seal.

Reactions between the foil and cement occurred in those specimens
with high cement contents and where the specimens had been soaked
prior to sealing. This reaction occurs when aluminium is exposed
to moisture In a highly alkaline environment as is present when
cement hydrates. While there was no indication that this reaction
was in any way detrimental to the test specimens, alternative
methods of sealing the specimen without allowing the wax into
direct contact with the soll-cement should be investigated. This

is considered desirable in all cases where soaking or saturating



Possible alternmatives include the use of self sealing, plastic
kitchen film or laboratory film, possibly followed by dipping in
wax and the use of closely fitting plastic bags with self sealing

"zips" or sealed by heat welding or adhesive tape.

17.4 ALTERNATIVE LEACHING RnTE DETERMINATION

The method of calcium analysis used in the leaching test program

was costly and only a limited number of leachate samples could be

analysed.

Evaporation of leachate samples under controlled conditions could
permit gravimetric determination of the dissolved solids content
of the leachate. This could be associated with a limited program
of detailed analyses to determine the composition of the dissolved

salts.

The leachate samples from this test program are still available

and tests could be conducted using these samples.

17.5 RELATIONSHIP BETWEEN COHESION AND UCS

The results of the trlaxial test indicate a correction of the order
of 11% to the theoretical relationship between cohesion and
unconfined compressive strength proposed in equation 1 in chapter
3. While th s discrepancy is probably within the range of
experimental error, further investigation of this aspsct might be

f Interest.

17.6 EROSION RESISTANCE

While the erosion resistance of soll-cement with regard to wave
action on slope protection is well established, the proposal to

include an overflow spillway as part of the soil-cemert embank-
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'meat dan aadteatvs ttte uuea jt mrther investigation oi. the

erosion reststancv of -ioil-ce mem whet- subject to high flow

v¥¢locities.

Lt is necessary to investigate means Of obtaining maximum erosion
resistance oOf soil-cement as well as alte tative methods o
spillway construction that would still permit comstruction of an

.;r.egral sp'llwav.

i order to investigate the erosion resistance of soil-cement
-object to high flow velocities, the construction of a trial
overflow weir downstream of a major dam would provide the most
definitive solution. With reasonable construction control it
should oe possible to construct n embankment with each length cf,
say three meters constructed with a different soil-cement ix, all
placed consecutively and compacted simultaneously. Variations to
be investiga ed might include different cement contents and
gravel fractions, fibre reinforcement and polymerisation. In
addition, the effect of accelerated curing wusing black plastic
sheeting might also be investigated. The use of slipformed and
>ther facing elements and the provision of a sacrificial layer

might also be inve tigated.

17.7 BOND ON CONSTRUCTION JOINTS

further teats to determine techniques for mobilising the full
shear strength of the material on construction joints are

required.

Lheee tests could be conducted using the apparatus used in this
program with suitable modifications to the compaction procedure to
insure adequate compaction on the construction joint. Alterna-
ively, te ts could be conducted by placing a number of layers of
nil-'ement using the equipment and techniques normally used on
lo. Blocks of material above the comstruction joint could then

isolat md “osted i 'itu with a range of vertical stresses.



Tests are also required to determine the effect Or variations ir.
construction delay between layers and the maximum permissible

delay without joint treatment.

17.8 EFFECT O0F THE PRESENCE OF COARSE AGGREGATE

The results of the direct shear testa indicate an improvement ir.
the strength of soll-cement containing the gravel fraction
retain-d on the 4.75 mm sieve andsuggestions are made for
relating the results of tests or specimens prepared using the
fraction passing the 4.75 mm sieve to the material prepared using

the whole soil.

Further investigation of the effect of the coarse fraction on Che

strength in direct shear and compression is required.

Beneficlation of the soil with high strength aggregate used either
to replace part of the gravel fraction or to supplement it, should
also be investigated. Investigation of this factor should be
included in any program of in situ shear tests such as those

proposed above.

17.9 USE OF OTHER STABILIZERS

In view of the extent of thislaboratory program, it was not

possible to investigate the wuse of other stabilizers and soil

types.
As previously mentioned, it 1is conslu ;red that the documents

presented in the bibliography provide a reasonable basis for

extending many of these results to other soils and stabilizers.

FURTHER RESEARCH 17.6



This research is currently being extended by G. M. Bentel in the
Department of Civil Engineering at tne University of the
Uitwatersrand who is investigating different soil and stabilizer

types.

Further investigation into certain aspects may well oe indicated

by the results of Bentel's research.
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The sui.tahi.lity of soll-cement for use as a material in dam
construction has been confirmed. None of the material properties

investigated give any grounds to doubt its suitability.

While further research into certain aspects of the properties of
soil-cement is still required, it is considered that these aspects
would be best Investigated by means of a trial embankment
constructed on the site of a proposed dam with the specific
objective of providing the Information necessary for the design

and construction of a soil-cement dam on that site.

It is suggested that a higher coarse aggregate content than
conventionally used with soil-cement will have a beneficial
effect on material properties but is by no means essential to
produce material suitable for dam construction. This material
will differ little in properties from roller compacted concrete
and in the extreme case can be regarded as such. The relative
merits of roller compacted concrete and soil-cement will depend

on Individual sites.

The design wused for Willow Creek Dam is considered to be an
excellent example of an engineered structure which is simpler and
cheaper to construct while at the sane time being at least as safe
as conventional solutions which require elaborate precautions to
ensure their long-term stability. It is considered that this type

of design is equally well suited to the soil-cement dam.



The soil used in this research is ideally suited to stabilization
with cement for use in dam construction and is characteristic of
the shallow residual soils availaole on man, potential dan sites
in Southern Africa. It is estimated that a saving in excess of
fifty percent of the cost of the concrete buttress dim erected on
the site investigated would have been effected if the proposed
soil-ceraent flternmativ- had been employed. A considerable re-

duction in construction time would also have been possible.

In view of the current drought in South Airlea and the shortage of
funds for development, the use of soil-cement should be investi-
gated with a vlew to immediate implementation in order to obtain
maximum benefit from the aval.’able financial resources together

with a rapid increase in available reservoir capacity.



REFERENCES

The following section lists all references cited In the text.
Items of correspondence are cited as "correspondence with author"
and details are supplied in the following section, Correspondence.
A Bibliography of documents consulted during the research but not
cited in the thesis Is included after the list of Correspondence.

It 13 regretted that, due to pressure of time, it was not possible
to study all documents as tnoroughly as 1 would have liked.
Consequently, It should be noted that the contents of this thesis
do not necessarily take acc unt of all the information presented
in the documents listed \ the list of References and the
Bibliography.

The following abb't L Tons are used in the list of References,
list of Correspondence and Bibliography

ACI American Concrete Institute.

ASCE American Society of Civil Engineers,New York.

ASTM American Society for Testingand Materials,
Philadelphia.

BSI British Standards Institution, London.

CEPSSI Proceedings of the Continuing Education Program on

Soil and Site Improvement, University of Califor-
nia, Berkeley 1976.

CIRIA Construction Industry Research and Information
Association, London.

CSIR Council for Scientific and Ind'-trial Research,
Pretoria, South Africa.

CSIRO Commonwealth Scientific and Industrial Research

Organization, Syndal, Australia.

ECCD Proceedings of the Engineering Foundation Research
Conference on 'Economical Construction of Concrete
barns', Asilomar 1972. Published by ASCE.

FHA Federal Highway Administration of the United States
Department of Transport, Washington.

REFERENCES 1



HRB Highway Research Board of the National Academy of

Sciences -- National Research Council, Washington,

HRBB Highway Research Board Bulletin of the HRB.

HRR Highway Research Record, formerly HRBB.

MCR Magazine of Concrete Research.

PCA Portland Cement Association, USA.

PCI Portland Cement Institute, South Africa.

PROC ICOLD Proceedings of the International Commission on
Large Dams.

PROC SM&F Proceedings of the International Conference on
Soil Mechanics and Foundation Engineering.

RCCD Proceedings of the Engineering Foundation Research

Conference on 'Rapid Construction of Concrete
Dams', Asllomar 1970. Published by ASCE.

RRL Road Research Laboratory, formerly TRRL.

SAICE South African Institution of Civil Engineers,
Johan nesburg.

SIP ASTM Special Technical Publication.

TRB Transportation Research Board, National Academy of
Sciences, Washington.

TRR Transportation Research Record, formerly HRR.

T RRL Transport and Road Research Laboratory of the
Department of the Environment, Crowthorne, Eng-
land.

USSR United States Bureau of Reclamation, Denver,
Colarado.

USCOLD United States Committee on Large Dams.

REFERENCES

ABBOUD M.M. <I9b9) Mechanical Properties of Cement-Tteated Soils
in Relation to Their Use in Embankment C nstructlon.
Unpublished dissertation submitted to the University of
California, Berkeley, in partial satisfaction of the require-
ments for the degree of Doctor of Philosophy in Engineering.

t KKY MR. (1974) The Erodtbllity of Cement Stabilized Soils.
Dissertation submitted to the University of California,
Davis, in partial satisfaction of the requirements for the
degree of Doctor of Philosophy in Engineering. Xerox
University Microfilms, Ann Arbor, document No 74-29,285.

ACI (1978) Roller Compacted Concrete. Draft of report by ACI
Committee 207.

ACI (1980) Roller Compacted Concrete, Report by ACI Committee
207, No ACI 207.5R-80. ACI Journal July-August pp 215-236.

REFERENCES 2



ASTM (1976a) Standards and Tentatives Relating to Natural
Building Stones; Soil and Rock; Peats, Mosses, and Humus.
Annual Book of ASTM Standards Part 19.

BISHOP A.W. (1953) The Use of the Slip Circle in the Stability
Analysis of Slopes. Geotechnique V pp 7-17.

BISHOP A.W. and HENKEL D.J. (1962) The Measurement of Soil
Properties in the Triaxial Test 2nd ed reprinted 1974. Edward
Arnold, London.

BLAKE L.S. (1975) Civil Engineers Reference Book 3rd ed. Newness
Butterworths, London.

BLIGHT G.E. (1962) Controlling Earth-Dam Compaction Under Arid
Conditions. Civil Engineering-ASCE August pp 54 & 55.

BLIGHT G.E. (1972) Material Benefits. Inaugural Lecture as Pro-
fessor of Construction Materials, Witwatersrand University.

Nitwatersrand University Press, Johannesburg.
BLIGHT G.E. (1984) Personal communication with author.

BOPINGER H.E. (1970) The Measurement of the Tensile Properties of
Soll-Ceaent. RRL Report LR 365.

BOriNGLR H.E. and SULLIVAN G.A. (1971) An Investigation of
Cracking in Soil-Cemcnt Bases for Roads. RRL Report LR 379.

BOND G.W. (1946) A Geochemical Survey of the Underground Water
Supplies of the Union of South Africa with Particular
Reference to Their Utilisation in Power Production and
Industry. Geological Survey Memoir No 41. Government
Printer, Pretoria.

BORGES J.F. (1978) Correspondence with author.

BRINK A.B.A. (1979) Engineering Geology of Southern Africa vol 1.
Building Publicitlons, Pretoria.

BRINKWORTH B.J. (1968) An Introduction to Experimentation. The
English Universities Press, London.

BS 1377 (1975) Methods of test for Soils for Civil Engineering
Purposes. 3rd rev. BSI.

BS 1924 (1975) Methods of test for Stabilized Soils. 3rd rev. BSIL

BROCE MANUFACTURING (1979) Correspondence with author.

CASIAS T.J. and HOWARD A.K. (1984) Twenty Year Performance of
Soil-Cement Dam Pacings. USBR reprint of paper presented at

the International Conference on Case Histories in Geotech-
nlcal Engineering, St Louts, Missouri, May.

CEMENT AND CONCRETE ASSOCIATION (1984) Correspondence with
author.



CHATFIELD C. 11975) Statistics for Technology. Chapman Hall,
London.

CLARE K.E. and POLLARD A.E. (1951) The Relationship Between
Compressive Strength and Age for Soils Stabilised with Four
Types of Cement. NCR No 8 Dec pp 57-64.

CLARE K.E. and POLLARD A.E. (1954) The Effect of Curing Tem-
perature on the Compressive Strength of Soil-Cement Mixtures.
Geotechnique IV pp 97-107.

CIRL.X (1981) Proceedings of the International Conference on
Rolled Concrete for Dams. June 1981.

DAVIS F.J., GRAY W and JONES CW. (1973) The Use of Soil-Cement
for Slope Protection. Proc 11th ICOLD Q42 R14 pp 237-255.

Madrid.

DE GROOT G. x197la) Soil-Cement Seepage Test Section, Lubbock
Regulating Reservoir, Canadian River Project, Texas. USBR
REC-ERC-71-13 Feb

DE GROOT G. (1971b) Soil-Cement Slope Protection on Bureau of
Reclamation Features. USBR REC-ERC-71-20 May.

DE GROOT G. (1976) Bonding Study on Layered Soil-Cement. USBR,
REC-ERC-76-16.

DIAMANT R.M.E. (1969) Home Insulation. Angus and Robertson,
London.

DINCHAK W.G. and HANSEN K.D. (1982) Consider Roller Compacted
Concrete for Hydro Power Facilities. Reprint of paper
presented at Sch Miami International Conference on Alternate
Energy Sources. Miami Beach Dec. PCA report No TA 044.01W.

DUNSTAN M.R.H. (i)81a) Rolled Concrete for Dans -- A Laboratory
Study of the Properties of High Flyash Content Concrete.
CIRIA Technical Note 105.

DUNSTAN M.R.H. (1981b) Rolled Concrete for Dams -- Construction
Trials Using High Flyash Content Concrete. CIRIA Technical
Note 106.

DUNSTAN M.R.H. (1981c¢) Rolled Concrete for Dams: A Resume of
Laboratory and Site Studies of High Flyash Content Concrete.
CIRIA Report 90.

DUNSTAN M.R.H. and MITCHELL P.B. (1976) Results of a
Thermocouple Study in Mass Concrete in the Upper Tamar Dam.
Proc ICE Pt 1 Feb pp 27-52.

EL-RAW1 N.M. (1967) Dissertation submitted to the Oklahoma State
University in partial fulfillment of the requirements for the
degree of Doctor of Philosophy. University Microfilms, Ann
Arbor, document No 68-8398.

REFERENCES 4



ENGINEERING NEWS RECORD (19d4) ENR Materials Prices — Monthly
Market Quotations. June 7 pp 36-37.

FETZ L.B. (1973) Crack Prevention in Soil-Cement. 2nd European
Symposium on Concrete Roads, oral contributions and discuss-

ions, Bern 13-15 June.

FULTON F.5. (1977) Concrete Technology. A South African Handbook
PCI, Johannesburg.

GENTILE G. (1970) Notes on the Construction of Alpe Gera Dam.
RCCD pp 349-367.

COLDER H. ). and AKROYD T.N.W. (1954) An Apparatus for Triaxial-
Comprossion Tests at High Pressures. Geotechnique IV pp 131-
120.

HANSEN K.D. (1973) Cost of Mass Concrete in Dams. PCA report No

MS260.01W.

HANSEN K.D. (1979a) Correspondence with author.

HANSEN K.D. (1979b) Cost of Mass Concrete in Dams.PCAreport
No MS 260.02W.

HANSEN K.D. (1984a) Correspondence with author.

HANSEN K.D. (1984b) Poller Compacted ConcreteProjectsUnder
Construction and Planned for Bidding in 1985. PCA fact
sheet.

HANSEN K.D. and AVERA J.K. (1978) Dams That Never End. Water
Power & Dam Construction March pp 25-27.

HERRIN M and MITCHELL H (1961) Lime-Soll Mixtures. HRBB 304.

HODGMAN C.D., WEAST R.C. and SELBY S.M. (1955) Handbook of
Chemistry and Physics 37th ed. Chemical Rubber Publishing,
Cleveland.

HOLTZ W.G. and HANSEN K.D. (1976) The Use of Compacted Soil-
Cement in Water Control Structures. Proc 12th ICOLD Q44 RI13

pp 251- 278, Mexico.

HOLTZ W.G. and WALKER F.C. (1962a) Soil-Cement as Slope Pro-
tection for Earth Dims, Journal SM & F Div ASCE SMé Dec pp
107-134 and discussion.

INTERNATIONAL ENGINEERING COMPANY (1984) Middle Fork Dam.
Information leaflet published in conjunction with Exxon Co
and Avery Structures Inc.

JACKSON J.O. (1965) The Influence of Leaching on the Permeabi-
lity and Shear Strength of Soil-Cement. Unpublished Thesis
submitted for the degree of Master of Science in Engineering,
King s College, London.

REFERENCES 5



JACKSON J.0O. (1974) The Effect of Leaching on Soil-Cement.
International Journal of Rock Mechanics, Mining Science and
Geomechanics Abstracts vol 11 pp 215-219.

JARDINE P.M. (19b3) Shear Strength of Soil-Cement for Dam Con-
struction. Unpublished Thesis submitted for the degree of
Master of Science in Engineering, King's College, London.

JOHNSON H.A and CHAO P.C. (1979) Rollcrete Usage at Tarbela Dam.
Concrete International Nov.

JUSTIN J.D., CREAGER W.P. and HINDS J. (1945) Engineering for
Dams. 3 vols, John Wiley and Sons, New York.

LAMBE T.W. (1951) Soil Testing for Engineers. John Wiley & sons.
New York.

LAMBE T.W. and WHITMAN R.V. (1969) Soil Mechanics. John Wiley &
Sons, New York.

LANGE H.A. (ed) (1967) Handbook of Chemistry 10th ed revised.
McGraw Hill, New York.

LUND B.C.A. (1974) Report on Design of Mlddelburg Dam. B.G.A.
Lund and Partner, consulting Engineers, Johannesburg. Report
for Peter Faber (Pty) Ltd.

MACDONALD H.K.J. (19B4) Personal communication with author.
Engineer with LTA Construction.

MAJUMDAR D.K. (1968) Effect of Submerged Curing on Soil-Cement
Mixtures. Civil Engineering-ASCE July pg 58.

MAKOVY S. (1975) The Deterioration of O.P.C., P.B.F.C. and
Rapocrete During prolonged Storage. Pretoria Portland Cement
Co, Technical Services and Development Department Report No
16/75.

MANSON E.J. (1984) Breakdown of Costs of Mlddelburg Dam. Cost
data extracted from contract records, Stewart, Sviridov and
Oliver, Consulting Engineers, Johannesburg.

MARACHI N.D., CHAN C.K., BOLTON SEED H. and DUNCAN J.M. (1969)
Strength and Deformation Characteristics of Rockflll Mater-
ials. Dept of Civil Eng, University of California, Berkeley.
Report No TE-69-5.

MnRAIS L.R. (1984) Personal communication with author. Engineer
with PCI.

MASS G.R. (1983) Roller Compacted Concrete Provides Economical
Solution to Dam Construction. Harza Technote, Harza Engi-
neering Co, Chicago.

McDOWELL C. (1966) Evaluation of Soil-Llme Stabilization
Mixtures. HRR 139 pp 15-24.

REFERENCES



MCLAREN A.I., REID P.A. and ROBERTSON J.A. (1976) The Use of
Reinforcement in the Joints of Load-Bearing Brickwork.
Unpublished report on final year laboratory project, Dept of

Civil Eng, Witwatersrand University.

METCALF J.3. (1964) The Effect of High Curing Temperature on the
Unconflned compressive Strength of a Heavy Clay Stabilized
with Lime and with Cement. 4th Australia-New Zealand
Conference on Soil Mechanics and Foundat on Engineering.
Reprint obtained from CSIRO.

MITCHELL J.K. and FREITAG D.R. (1959) Review and Evaluation of
Soll-Cement Pavements. Journal SM & F DIlv ASCE sM6 Dec
1959 pp 47-73. Also Transactions ASCE vol 126 pt 1 pp 1123-
1161.

MITCHELL J.K. (1976a) Notes on Materials Characterization for
Structural Design with Stabilized Soils. CEPSSI.

MITCHELL J.K. (1976d) The Properties of Cement-Stabilized Soils.
Materials and Methods for Low Cost Road, Rail, and
Reclamation Works. Proceedings of a Residential Workshop,

Leura Awustralia.

MOFFAT A.1.B. (1973) A Study of Dry Lean Concrete Applied to the
Construction of Gravity Dams. Proc 11th ICOLD Q43 R21 pp
1279-1299, Madrid.

MOFFAT A.1.B. (1984) Correspondence with author.

MOFFAT A.I.B. and PRICE A.C. (1978) The Rolled Dry lean Concrete
Gravity Dam. Water Power & Dam Construction July pp 35-42.

MULLER J.R. (1978) Deterioration of Portland Cement Concrete in
Natural Waters. Notes for Lecture to the Johannesburg Branch
of SAICE. June.

MURRAY M. A. and SCHULTHF.IS V.F. (1977) Polymerisation of
Concrete Fights Cavitation. Civil Engineering-ASCE April
pp 67-70.

NASH J.K.T.L. (1977) Personal communication with Prof G.E. Blight
at 9th SM&F, T yo.

NASH J.K.T.L. (1978) Correspondence with author.

NASH J.K.T.L., JARDINE F.M. and HUMPHREYS J.D. (1965) The
Economic and Physical Feasibility of Soll-Cement Dams. Proc
s6th SM&F ol II dlv 6/19 pp 517-521, Montreal.

NEVILLE A. (1971) Permeability. AC/ Monograph No s chap 20 pp
229-24U. AC1, Joint publication with JIowa State University

Press.

NEVILLE A.M. (1973) Propertius of Concrete 2nd ed. Pitmans,
London.

REFERENi S 7



N oiiAoM V.J. -a: a . : . . (1971) Dum Construction and Facing
witn Soil-Cement. PCA R & D Bulletin RD 010.01W.

-IVERSON I.E. and RICHARDSON A.T. (1984) Stillwater Dam
Design and Construction Concepts. Concrete International

Hay pp 20-28.
198’ orrespondence with author.

)C ) Bonny Dam Soil-Cemeat Test Section for Earth Dam
-icings: 10 Year Progress Report.

Soil-Cement Water Barriers for Earth Dams. Report No
i S253.

1 .97 ¢ Soil-Cement for Paving Slopes ard Lining Ditches.
oport No IS126.03W.

19 76a) Guide for Estimating Cost of Soil-Cement Slope
Protection (For Construction in 1976).

\' L976b) Soil-Cement for Water Control: Contracts Awarded.
'ummary No 9, Dec 31.

.,976c) Soil-Cement for Water Control: Laboratory Tests.
[S166.02W.

. (i978t) Method of Test for Permeability of Compacted
Stabilized Soils.

A (1982) Guide for Estima: tng Cost of Soil-Cement Slope

Protection (For Construction in 1982).

;1983) Roller Compacted Concrete Water Control Applications
in the US.

(1984) Roller Compacted Concrete (RCC) Cost Fact Sheet —
Upper Stillwater D«m

*RS K.L., BENSON J.R. and MEISC.NER V.S. (1952) Asphaltic
Concrete and Soil-Cement Tented as Riprap Substitutes at
T Reser /uj i* Civil Engineering-ASCE Jiv pp 34-36.

Nt. L1977 An Investigation Into the E,%"1 eertng
Characteristics of Dry Lean Concrete with Reference to its
<ae in ,he Construction Of Gravity Dams. Unpublished Ph.D.

submitted to The University of Newcastle Upon Tyne.

* ..iCailH C.L. and MITCHELL J.K. (1977a) Tensile

Strength Determi uatlons for Cement Treated Materials.

Prepr .nt of paper presented to the Annual Meeting of the TRB.
RAPHAEL J.M. (1970) The Optimum Gravity Dam. RCCD pp 221-244

FHAE1 J. . ! ) ail -Cement Dim. CEPSSI.



ROBERTSON J.A. and BLIGHT G.E. (1978) Stabilized arthtiil uan.
Proc Symposium on Soil Reinforcing and Stabilising fechai'"' -
In Engineering Practice, Sydney pp 571 to 590. Sect -
reproduced a chapters 1 to 4 of this thesis.

ROCHA M., FOLQUE J. and ESTEVES V.P. (1961) The Application of
Cement Stabilized-Soll in the Construction of Earth Dam

Proc 5th SM&F vol 11 div 6/33 pp 701-707, Paris.

SCHRADER E.K. (1977) Roller-compacted Concrete. The Mil:
Engineer Sept-Oct pp 314-317. Reprint obtained fro

SCHRADER E.K. (1982) World's First AU Roll rate >a . ( vi.
Engineering-ASCE April pp 45-48.

SCHRADER E.K. and McKINN'ON R. (1984) Construction
Creek Dam. Concrete International May pp 38-45.

SCOTT C.R. (1974) An Introduction to Soil Mechanics md
Foundations. 2nd ed. Applied Science Publishers, Londo

THCMAS H.H. (1976) The Engineering of Large Dams. 2 v : .
Wiley & Sons, London.

THOMPSON C.W. (1980a) Correspondence with author.
THOMPSON C.W. (1980b) Correspondence with author.

THOMPSON N.R. and DEMPSEY B.J. (1969) Autogenous i..
Lime-Soil Mixtures. HKR 263 pp 1-7.

TRUSWELL J.F. (1970) An Introduction to the Historical Geology  *
South A frica. Purnell, Cape Town.

US3R(1961a) 10-Year Test of Soll-Cement SlopeProtection for
Embankments. Earth Laboratory report No EM-630.

USBR(1975) Concrete Manual 8th ed, reprinted 1979. Sto( -
0000092-2.

USBR (1976a) Design of Gravity Dams. Stock No 024-003-

USBR(1984) Bureau of Reclamation Coat Trends to July 8*. .
data sheet.

WARREN H.J. (1978a) Correspondence with author.

WARREN H J. (1979) Correspondence with author.



The following list summarises that correspondence which generated
direct input to the research program by way of answers to specific
queries etc. Consi additional correspondence was entered
into in connection .. the literature survey. Correspondence
listed in the References section is included here in detail.

ADASKA W.S. (1978a) Water Resources Engineer, Department of
Energy and Water Resources, Portland Cement Association.
Reply transmitting PCA publications and list of further
publications. Skokie, Illinois, 25 April.

ADASKA W.S. (1978b) Replies to specific queries on Lubbock
Reservoir, Barney M. Davis, maximum slopes, method of test
for permeability and costs. Skokie, 11 August.

ANDAY M.C. (1978) Assistant Head, Commonwealth of Virginia,
Highway and Transportation Research Council. Reply trans-

mitting three reports and suggesting further avenues.
Charlottesville, 20 March.

ARMAN A. (1978) Chairman Dept of Civil Eng, Louisiana State
University. Reply enclosing a brochure, list of available
reports and extensive lists of references on soil stabiliza-
tion. 6 April.

BORGES J.F. (1978) Director Laboratorio Nactonal de Engenharia
Civil (LNEC). Reply with details vf furt-hnr research into

cement-modified soils use in dam construction, together
with two English abstracts of reports in Portuguese. Lisbon,
28 March.

BROCE MANUFACTURING (1979) Reply supplying dimensions and
specifications for rotary steel brooms. Broce Manufacturing

Company, manufacturers of steel rotary brooms used by USBR.
Dodge City, Kansas, October.

CORRESPONDENCE



CEMENT AND CONCRETE ASSOCIATION (1978) Reply from the senior
information officer Miss C I Reeves indicating that no WOTK
had been done on the wuse of stabilized soils in dam
construction and that they had no additional references on the
subject. Transmitted a number of reports on general
properties of soils stabilized with ceuent and lime and a list
of 72 references relating to stabilized soils, road construc-
tion and concrete. Wexhara Springs, 21 March.

CEMENT AND CONCRETE ASSOCIATION (1984) Reply from the senior
information officer Miss C I Reeves supplying details of
references to recent developments. Wexham Springs, 3 August.

CHAPLIN T.K. (1978) Reply indicating no further research
conducted into soil-cement after completion of work by Al-

Hashimi. University of Birmingham, 11th April.

CSIRO (1978) Reply from C.M. Gerrard, acting chief of Division of
Applied Geomechanics enclosing one paper and referring to
their cumulative index which they had recently sent to the
Department of Civil Eng. Syndal, 17 April.

DUNHAM R.H. (1978a) Director of Engineering Design, Tennessee
Valley Authority. Reply indicating that no work had been
done on stabilized soils and supplying draft of ACI report on
roller compacted concrete. Kmnoxville, 24 March.

DUNHAM R.H. (1978b) Reply to query on "massive embankment built
entirely of soil-cement", referring to paper by Hansen and
Avera and supplying Hansen's address. Knoxville, 28 July.

DUNN I.S. (1978) Acting head of Dept of Civil and Environmental
ng, Utah State University. Reply indicating no further
research conducted since work by Cordon. Logan, 24 August.

ESCHMANN (1978) Reply from Mr P.H. Hannam, Technical Manager
(Materials), Eschmann Bros & Walsh Ltd, supplying gas
permeability data and other Information for natural latex and
other membranes. Lancing, West Sussex, U.K., 8 Sept.

FHA (1978) Reply from G.D. Love, Associate Administrator for R &
D, Federal Highway Administration, transmitting 3 reports and

referring to PCA ind National Lime Association. Washington,
22 May.

CORRESPONDENCE

Tirr



GUTSCHICK K.A. (1978) Executive Director of National Lime
Association. Reply transmitting copy of paper. Washington,
15 December.

HANDY R.L. (1978) Prot of Civil Eng at lIowa State University.
Reply with suggested additional references and comments on
use of lime stabilized soils. Ames, 30 March.

HANSEN K.D. (1979a) Western Energy and Water Resources Engineer,
PCA. Detailed reply to a number of queries. Denver,
Colarado, 9 March.

HANSEN K.D. (1979b) Reply with information on costs and steel
brooms. Denver, 27 April.

HANSEN K.D. (1984a) Reply with current information on costs, data
sheets on current roller compacted concrete and paper by
Dinchak and Hansen. Denver, 11 September.

INDUSTRIAL MACHINERY SUPPLIES (1979) Reply with details of

steel broom segments available from them. Johannesburg, 25
April.

JARDINE P.M. (1978) Reply transmitting copy of thesis and
additional comments based on subsequent experience. Coln-

brook, 5 June.

LADD C.C. (1978) Prof of Civil Eng, Massachusetts Institute of
Technology. Reply indicating that little further research
into soil stabilization had been conducted since the ec.rly
1960's. Cambridge, 21 April.

LAGUROS J.G. (1978) Prof and acting director of School of Civil

Eng, The University of Oklahoma. Reply transmitting paper
and report. Norman, 24 March.

MACNAY (1979) Reply offering assistance in obtaining a suitable
steel broom for direct shear tests. Johannesburg, 18 April.

MARAIS L.M. (1978) Chief Engineer Roads, Portlind Cement

Institute. Reply transmitting a number of references and
supplying additional Information. Johannesburg, 31 March.

CORRESPONDENCE 3



II

MITCHELL J.K. (1978a) Reply indicating no further work done
directly on subject of Abboud's thesis and enclosing three
papers. Also indicating that Prof Raphael had no further
information beyond that already in ny possession. Uniter
sity of California, Berkeley, 19 June.

MITCHELL J.K. (1978b) Reply to request for copies of further
papers enclosing same and additional papers. University of
California, Berkeley, 13 October.

MOFFAT A.I.B. (1978a) Reply transmittir preprint of paper with
Price and offering microfilm of Price's thesis. University
of Newcastle Upon Tyne, 4 May.

MOFFAT A.I.B. (1978b) Reply re microfilm and notifying of and
commenting on work by Dunstan. University of Newcastle

Upon Tyne, 7 July.

MOFFAT A.I.B. (1984) Reply re recent develooments, discussion
from CIRIA conference and forthcoming conference on
"Materials for Dams". Reference to former student in South
West Africa who might be interested in this research.
University of Newcastle Upon Tyne, 1 August.

NASH J.K.T.L. (1978) Reply granting request for copy of Jardine's
thesis and commenting on research by Jackson to the effect
that results should be treated "as preliminary". King's
College, London, 1 June.

NITRR (1978) National Institute for Transport and Road Research
of the Council for Scientific and Industrial Research. Reply
with list of references available from the*r information
center. Pretoria, 12 May.

PARCHER J.V. (1978) Prof and Head of School of Civil Eng at
Oklahoma State University. Reply transmitting lists of
Haliburton's publications and theses produced at the Univer-
sity since 1967. Stillwater, 17 March.

PEDDE L.D. (1984) Head Engineering Services, USBR, Engineering

and Research Center. Reply transmitting two reports.
Denver, 26 September.

CORRESPONDENCE



TERRELL J.D. (1978) Regional Public Affairs Officer, USBR
Southwest Region. Reply confirming no further tests at
Lubbock, no observed calcium deposits in pipes or tanks and no
unusual deterioration. Amarillo, Texas, 18 October.

THOMPSON C.W. (1980a) Results of 7 and 28 day cube tests on
concrete mixes design by PCI for use in the Leaching west
program. Johannesburg, 20 May.

THOMPSON C.W. (1980b) Results of 252 day cube tests on concrete

mixes for leaching program. Johannesburg, 5 December.

TRRL (1978) Transport and Road Research Laboratory. Reply
transmitting a number of reports and abstracts of relevant
papers. Crowthorne, Berkshire, 28 March.

WARREN H.J. (1978a) Chief Engineering Services Branch, USBR,
Engineering and Research Center. Reply transmitting various
reports etc. Denver, Coiarado, 17 May.

WARREN H.J. U9/8b) Reply transmitting report and confirming no
further observations at Lubbock. Denver, 6 July.

WARREN H.J. (1978c¢) Reply transmitting report by De Groot on
bonding. Denver, 4 December.

WARREN H.J. (1979) Reply transmitting a number of field trip and
other reports and slides and photographs of soil-cement
placement operations with particular reference to the surface

produced by brooming. Denver, 9 March.

WOLF W.P. (1978) Becton Professor and Chairman, Dept of
Engineering and Applied Science, Yale University. Reply
indicating no further work dome on stabilized soils since
departure of Moh. New Haven, Connecticut, 5 May.

CORRESPONDENCE



This Bibliography lists all papers, books, etc consulted during the
research but not cited in the body of the thesis and thus contained
in the list of References. Note that a number of the institutions
and organisations mentioned in the section Correspondence supp
lied lists of additional references and that certain of the
documents cited here and in the section References contain
substantial lists of references. This Bibliography lists on”"y
those documents of which copies were obtained or consulted.

Items in the Bibliography have been divided into two categories,
indicated by a superscript 1 or 2 after the date, e.g. "ANDAY M.C.
(1961)2" 1indicates a category 2 item. The two categories are
defined as follows:-

1. Category 1 includes all those documents which were consulted
in depthand which are considered to have made a direct
contribution to the research as conducted. This includes
theses, reports, papers, etc with some bearing on the research
conducted and which were referred to in making decisions with
regard to scope of experimental programs, designing experi-
mental apparatus and procedures, performing background
calculations or interpreting results. General reference
books that were sources of specialist data useel in design of
apparatus etc are Included. In the interests of brevity, those
documents listed in the References section are not listed
here. Personal communications with the author are listed in

the section entitled Correspondence.

2. Category 2 includes all those documents that were encountered
as part of the literature survey, obtained from correspondents
or acquired once the experimental program was under way, and
which did not have a direct influence on the research in terms
of specific input. These documents constitute the broad
background of existing knowledge which together served to
influence the direction of the research. The list includes
documents relating to methods of soil stabilization other than



stabilization with cement, which were investigated prior to
limiting the scope of the research to soil-cement. This
information is included in the hope that it wvll be of
assistance to others conducting research in this and related
fields.
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A number of computer programs were written by the author
specifically for this research and a number of commercial software
packages were purchased for data processing etc. These programs

are briefly discussed below.

The gravity analysis discussed in chapter 3 was performed using %
program running on a Hewlett Packard modal 97 programmable
calculator. The program accepted input of the design parameters
discussed in chaptet 3 and output the stresses, factors of safety,

etc discussed in that chapter.

The slope stability analysis discussed in chapter 3 was performed
using a program running on a Hewlett Packard model 9830 desktop
computer. The program calculated the factor of safety for s'ope
stability on a slip circle as discussed in chapter 3. A manual
iterative technique was used to find the center of the critical
circle. An algorithm was developed to assist in this procedure

but was not implemented in the program.

All data processing of the results of this research together with
plotting of graphs and word processing of the thesis was under-
taken on an Exidy Sorcerer microcomputer with 5bk user memory and
twin, single sided, soft sectored, disk drives formatted with 77

tracks, 16 sectors ;o give a capacity of 296k per drive.

The processing of the results of the research program was
undertaken using the computer program Supercalc (TM), produced

by Sorcim Corporation. Data files on disk can be supplied to
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researchers wishing to further analyse the results presented
herein subject to the recelnt of a suitable undertaking with regard
to acknowledgement and payment of costs. The code in the bottom
left hand corner of all graphs identifies the data file used in
plotting the graph. This in turn provides a reference to the main

data files.

All graphs were plotted with a Watanabe WX 4671 X-Y Plotter using
a program written by the author using the Microsoft BASIC (TM)
language, revision 5.2. The graph parameters and data files can be
comprehensively and interactively defined by the wuser and the
program is largely self documenting. Source code is comprehen-
sively annotated and comprises a total of approximately 120k
bytes of code in fifteen overlays. Copies of source cod® can be
supplied to genuine research organisations for their own use,
subject to receipt of an undertaking with regard to copyright and

payment of costs.

This thesis w”s composed, edited and printed using the Spellbinder
(TM) wcrd processing program produced by Lexisoft Incorporated,
version 3.12. This program was also used for program editing, for
editing of tables and for editing of Swupercalc data output to
produce the data file format required for plotting. Spellcheck
(I M by Lexisoft was used for checking spelling in the text of the

thesis.
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APPENDIX B

VIBRATING TUMBLER FOR ABRASION TESTING

Ibracing tumbler used for the abrasion testing of stabilized

riquettes of coa* and ores for metallurgical purposes was referred

to in section 8.4.4.

This tumbler was developed by Prof G.E. Blight at the Department

of Civil Engineering at Witwatersrand University in the mid-

seventies and was wused successfully for tests for specific

applications over a number of years. No report on this research

has been published (Blight 1984) and, accordingly, brief details

are provided here. The apparatus was developed because the

accepted abrasion tests, e.g. the Los Angeles abrasion test (ASTM

535) and the ASTM tumbler test for coke (D294) required exces-

sively large samples.

The apparatus consists of a closed drum with an internal diameter

of 150 mm and 150 mm long. A longitudinal shelf projects from thd

inside of the drum which is suspended by a number of radial

springs at its base. The drum slowly rotates about its horizontal

axis with a frequency of 0.1 Hz and simultaneously vibrates

perpendicular to this axis with a frequency of 30 Hz and amplitude

of 2mm. A general view of the apparatus, with the cover of the

drum removed, is presented in plate B.Il.

Pairs of Dbriquettes were tested after initial weighing by

vibrating in the drum for intervals of five minutes. The

specimens were then weighed, the drum cleaned out, and thl

subject to a further period of five minutes vibration!

i.0 obtain J

specimens
This sequence was repeated a number of times

time curve for the material.
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In proposing apparatus of this type for a modified wetting

drying test using smaller specimens, it is envisaged that i s g

period of vibration, determined to produce result, com,)ar

those of the standard test, would be used. Itl view 11 ®

strength of soil-cement, it is possible that a greater amplitu

frequency of vibration might be required to achieve toe

results in an acceptable time. A larger drum diameter may

required to accommodate the 37.5 mm diameter b> 75 mm

used in tnis research and it might be found conven ie

accommodate a set of six specimens in the drum simultaneously. It

is however felt that the general principle has merit as a means of

simplifying the standard wetting and drying test procedure.

PLATE B.I
VIBRATING TUMBLER FOR ABRASION TESTING



APPENDIX C

SUPPLEMENTARY INFORMATION ON APPARATUS

This appendix contains additional information with regard to the
apparatus built specifically for this research. Much of the
apparatus used in this test program was designed and built
specifically for this project. Other items were significantly
modified and others, while already in existence, were themselves
custom built at some stage. As a result of the extensive scope of
this investigation and the large numbers of certain items
required, consideraole design effort was expended in minimising
costs by the u e of alternative, low cost materials, simplifica-
tion of design, relaxation of machining toletances, etc. Exis-

ting apparatus and components were also modified where possible.

The object of this appendix is to provide additional information
on some of the apparatus referred to in the body of the thesis in
ord"r to clarify operating procedures and provide additional
information to those who might wish to build similar apparatus for
any reason. The apparatus is illustrated by way of plates as
dimensions are generally not critical and were frequently deter-
mined by existing equipment, space and available materials.
Copies of the workshop sketches and drawings for most of this
apparatus, together with more detailed photographs, can be supplied

to any research institution interested.

In tin following sections, occasional references will be found to
specific manufacturers, these are made where a particular product
has certain characteristics that suit 11 to the application in
question or in cases where considerable difficulty was experienced

finding a suitable product. Reference to these manufacturers does

APPENDIX C -- APPARATUS
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not necessarily mean that they produce the only acceptable
product, there are almost certainly others producing equivalent

articles.

The sequence adopted in this chapter corresponds to the sequence
in which the tests for which the apparatus wsvj used are discussed.
Headings reflect the section to which the apparatus concerned is

related.

C.1 Mercury Displacement Cell (6.3)

PLATE C.lI
MERCURY DISPLACEMENT CELL AND SOIL DISKS

The mercury displacement cell was used for measuring the volume of
disks of compacted ioil produced to compare the effects of
different methods of compaction. The 75 mm long, 37.5 ,,m standard

cylindrical specimens were divided into six equal portions by
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dlIS Qt P°lythen® dlaks pla ed as che mould was filled. After

the apparatus was
to examine the variation within the

used to determine volume for

Ion of density
specimen.

llust rites the apparatus, without mercury together with

number of the soil and polythene disks. The ceil was produced

tubing with a turned base cemented to
rising towards the center and

perspex it. The cap

machined with an Internal cone
through which excess mercury drained.
and lengths of

The

A 1 a crtical vent

'ourradialgrooves were machined In the cone

P pex rod with spherical ends were cemented in them.

to prevent damage to the s-'il

resulting ridges provided support
The vent outlet

Ji3k, while allowing mercury to flow around it.

rrounded b' a circular, sharp overflow weir for the excess

which then drained down a channel and through the
reproducible

mercur/, spout

on the side of the cap. The weir provided i precise,

level for the mercury.

Mould for Standard Cylinders (6.3 ar 9.3.1)

The mould lairlcated In accordance with IS 192* (1975) »IUch

uvaad for compacting all th. 75 , 37.5 mm specimens used In thli

research 1, Illustrated In plate C.2.
the British Standard Is for IOC

The mould dimensions war.

reduced for the specimen size used,

x 50 mm specimens. This size ... determined by the available

and callable head for th, long term seep., .

further modified by . 50T reduction 1, the
This [

trlaxlal apparatus

tests. The mould
height of the spacing collar Indicated by the standard.

found necessary to achieve equal plug projection prior to compac-

tion which was lound to be desirable to obtain the most uniform

density distribution trough the specimen.

The funnel Illustrated us, not indicated by the standard but was

necessary to prevent particle, sticking to the upper bore of

mould which interfered with Insertion and -emoval of the top °
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Jtmiil w<s tarmed from | Length of steel tubing, with the 01)

iined t provide a snug fit in the mould bore, soldered to a

' '

unn formed from galvanised steel sheet. The extrusion plug

imping bar are also illustrated.

PLATE C.2
CYLINDER MOULD AMD ACCESSORIES

C.3 Compaction Workstation (9.3,1)

v C.3 illustrates the general arrangement for compaction of
dri al and d'.sk specimens. The apparatus from left to

right

i. -ati  food mixer with special mixing hook illustrated
i1 Late 6.1.

i mull ind iccasaorlaa (plate C.2).

xppi:)rX C AP r ARATUS C.4



large cunnv -r
soll-ceoent KX osr.*'
mixing.

balance (0.1 gj, bncchiu* > &
watch for batching f.no mixing :on r
moisture content sample tine, felt
of specimens and balance for velg
moisture content specimens t ig-
humidor; tin with close fitting d, -
grid, in which specimens were placed

the humid chamber for initial

i LATE C.3
COMPACTION WORK-

nn"" 1 ,li

("i



C.4 Sealing of Specimens (9.3.1)

Plate C.4 illustrates a partially sealed cylinder jpeclnei.

circumferential foil has been wrapped around the specimen

length of plastic covered wire (twist-tie) beneath and
place with a self adhesive label with the specimen code on it.

end of the wire projects below the label tor use in tearing

foil and wax on stripping. The disks of alumin.um foil (he

kitchen foil) are to the right in the picture. Che disks v.-er®

placed on the ends of the specimens and the circumteren-ial

folded over. The specimen and foil was then dipped in wdX

provide the moisture seal. The foil prevented the wax from coming

into contact with the specimen and possibly affecting it*

permeability.

PLATE C.4
SEALING OF SPECIMENS FOR CURING



C.5 Compressed Air Punping Vessel for Distilled Water

Distilled water was obtained from the Department of Chenis vy
where it was tapped directly from bulk, storage tanks into
carried in a Departmental vehicle. Prom these drums, the wa
was gravity fed to the pumping vessel shown in plate C.5 through
the clear oipe at bottom left. The vessel was fabricated from

mm nominal OD high density polyethylene (HOPE) piping rated at

1200 kPa with 25 mm steel end plates faced with 6 mm UPVC.

PLATE C.5

COMPRESSED AIR PUMPING VESSEL FOR DISTILLED WAIiER
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Compressed air at a pressure of 500 kPa was used to li*-t ¢cv &

water to storage tanks in the water store

building.

at tae tip
The air was passed through a 5 micron filter to pre

contamination. Check valves on the inlet and outlet permit

operation by alternmate venting and pressurising the vessel is 8

The curved alack pipe 0 &
ting from the -'alve on the top left of the vessel directs

the two valves on the top place.

air against the wall to dissipate .ts energy.

C.6 De-airing and Carbonating Vessel (9.2.8)

The de-airing and carbonating vessel is illustrated in p”*ate
in chapter 9. Details of its construction and operation are

discussed below.

This vessel was fabricated from 600 kPa 315 mm )D HOPE pipe with

6 mm fteel end plates faced with UPYC. The three way valve on

the top place permitted connection to the vacuum supply and

alternate venting to the low pressure nitrogen atmosphere of the

de-aired water reservoirs. The float valve on the vacuum line

prevented accidental flooding of the vacuum pumps. An H shaped
manifold at the bottom of the vessel was connected to a pump used

for pumping the de-aired or carbonated water to the appropriate

storage reservoirs. Ring manifolds at the top and bottom were

fitted with micro mist sprays.

For de-airing, a full vacuum, limited by the vapour pressure of

water, was established and the distilled water was drawn into the

tank through the top manifold, the mist sprays providing the

necessary atomisation for de-airing. The water was held under

vacuum in the vessel until required for recharging the de-aired

distilled water r.iservolrs. The vacuum was then relieved by

gradually venting the vessel to the low pressure nitrogen

atmosphere and the water was pumped to the reservoirs. The next

charge of water was then de-aired.



The bottom ring manifold was used for carbonating the de
water when required for recharging the supply for that element
the test program. After the water was de-aired, carbon dioxId
was slowly introduced through the mist nozzles at the botto

the tank until the vacuum was dissipated and a pressure of approx
imateiy 100 kpa was developed. This pressure was maintained for a

period of several hours to ensure saturation. The pressure

reduced to atmospheric and the water allowed ro stand ove.nibht

allow excess CO, to dissipate, the water was then pumped to the

storage reservoir.

The storage tanks in the water store were covered and air drawn

into the tanks as they were tapped was filtered to preven-

contaoination. The water was drawn from these tanks to the de-

airing vessel through a 5 micron aater filter to remove any

suspended matter, spores etc that could contaminate the water

supply system or block the micro mist nozzles in the de-airing

tank.

C.7 Water Reservoirs, Constant Head Tanks, etc (9.2)

Plate 9.5 also illustrates a number of reservoirs, a constant head

tank and flow Indicator Plate C.b shows the main reservoirs and

constant head tanks, located to the left of those depicted in plate

9.5. Constant head tanks were located at different levels to

accommodate the different levels of the leaching cell racks and

different heads. Standard head was 3.75 m for the cylindrical

specimens.

Sealing of the plastic drums was achieved by means of heavy

aluminium tape backed with bitumen putty, as wused in general
industrial and domestic sealing applications (Flashband / Dltslt).
This tape was pressed around and ever the junction of the lid and

drum and the clamping ring closed. Silicone rubber sealant was
applied to the sealing surfaces before the lid was positioned and

the tape applied.
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PLATE C.6
WATER RESERVOIRS, CONSTANT HEAD TANKS, ETC

C.8 Leachate Sample Storage Rack (9.2.12)

Plate C.7 Illustrates one of the racks built for storage of

leachate samples. The rack is covered with heavy black polythene

sheer, and is fitted with a roller blind with side clamps to exclude

light. This was done to prevent deterioration of samples or

bottles due to exposure to direct sunlight and to prevent algal

irowth from any spores which might be present from the soil.

Other racks wire located in the constant temperature lab which was

kept dark when not occupied so that additional light proofing of

the racka was not required.
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PLATE C.7
LEACHATE STORAGE RACK

C.9 Pipe and Fittings

Leaching and Trlaxial Equipment

Considerable difficulty was experienced initially in finding
suitable sources of plastic cubing and brass fittings for much of

the apparatus required for the long terra seepage / permeability

tests. Fittings were required that could be rapidly and reliably

assembled and in some cases were required to hold significant

pressures. In the case of the low pressure nitrogen system.

£~ ££ngs were required that wouli seal first time as the number of
connections and the low pressure would make leak detection

extremely difficult.
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A source of brass pipe fittings was found but the fittings wer*
weak as they had been machined from poor quality brass rod with

pronounced grain which tended to split when taper threads wer
tightened or pressure was applied and it was therefore necessary
to find alternative sources. A large variety of pipe and fittings
were ultimately used for low pressure applications. These in

eluded UPVC pressure pipe and fittings for manifolds, garden hc~e
and low density polyethylene (LDPE) agricultural piping for

vacuum lines and large supply and drain lines.

The fittings used for higher pressure applications, including a*,
connections to the triaxlalcells, were manufactured by two
companies. High pressure fitting*' for plastic and copper cubing
were manufactured by Enots Ltd fP 0 Box 22, Lichfield, Staffs *73-3
6SB, England) represented in South Africa by Balco Ltd. These
fittings were wused on all connections to the triaxial cells

because they could be repeatedly disconnected without loss of seal.

Pressure fittings for plastic tubing and matching coloured tubing
(polvflo), transparent low pressure plastic PVC tubing, high
pressure nylon tubing (nylo-seal) and pressure rated brass pipe
fittings were manufacture* by Gould Imperial-Eastman, Valve and
Fittings Division (6300 West Howard Street, Chicago, Illinois
60648, USA), represented in South Africa by Beckman Instruments
Ltd. Polyflo tubing and fittings were used for many of the
connections in the leaching apparatus where small diameters (up to
12.7 mm 0D) and colour coding were required. Clear PVC tubing was
used for the leachate collection tubes and for visual level gauges
on reservoirs and constant head tanks. Nylo-seal tubing, which
is translucent, was used for level gauges in pressure applications
such as cell pressure accumulators, de-airing tank and pumping
vessel. Nylo-seal cubing was also used for all piping for the
triaxlal cells including nitrogen distribution, level gauges and
volume change gauges. This tubing is manufactured to close
tolerances, has a high pressure rating and is very stiff. Gould
brass fittings were used in all high pressure gas applications.

Gould needle, ball and check valves were also used.
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A variety of ball valves were used in the triaxiai apparatus

depending on pressure, availability and price. Those manuf ictur

ed by Klinger were used for the low pressure triaxiai cells. >«

pressure ball valves manufactured by Legris were used for the

volume change apparatus and high pressure valves from the sa.ne

source were used on the high pressure triaxiai cells.

C.1U Adaptors for LVDT's on Proving Ring (11.2)

PLATE C.8
LVDT's MOUNTED ON PROVING KING

The adaptors designed for mounting linearly variable displacement

transducers (LVDT's) in parallel with dial deflection gauges were

referred to in section 11.2. Plate C.8 Illustrates two LVDT's

mounted using these brackets. The brackets were produced from

APPENDIX C -- APPARATUS
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tLic aluminium bar with a hole bored to accommodate the transducer
and a slot to urovide the clearance for clamping. Two tapped
holes at the back of the clamp allowed a variety of brackets to be

attatched for mounting purposes.

C.11 Vertical Load Control for Direct Shear Tests (12.2.1)

Ihe nitrogen - o0il accumulator referred to in section 12.2.1 is
illustrated in plate C.9 connected to the vertical load jack of the
direct shear apparatus. Nitrogen from the cylinder at bottom
right was tapped through a needle valve connected directly to the
cylinder until the required pressure was achieved in the accumul-
ator. Vertical load was applied in stages and a number of fine
adjustments of the accumulator pressure were required as the
nitrogen readjusted to ambient temperature. The accumulator was

vented through a needle valve on the side to release vertical load.

PLATE C.9
VERTICAL LOAD CONTROL FOR DIRECT SHEAR TESTS



m». accumulator had been previously used In a similar application

Taa CIC{ned "Pleasure tested before use. It
Horn steel bar with an ID of 142 and OD of 178 mm with a steel plug
“elded into the top. Plug thickness was 38 mm top and 42 .,

bottom. The accumulator was pressure tested to 41 MPa and used at

a maximum worxlng Pleasure of 7 MPa. All connections were made

Ubt.ng hydraulic fittings ratec at 70 MPa.

in use, the accumulator was filled with sufficient oil to lift the

J.-ck to the end of Its stroke leaving a few millimetres In the

bottom of the vessel. This maximised the gas volume and provided

the necessity cushion to accommodate vertical displacement of the

loading arm.

>-0ad Kate Ccuorol for Direct Shear Tests (12.2.1;

PLATE C.10
HORIZONTAL LOAD RATE CONTROL FOR DIRECT SHEAR TESTS

was machined



n. load control system referred to In section 12.2.1 is
im-trated in place C.10. The electric motor o1 the left drives

the 900:1 reduction gearbox throvgh a vee belt and cone pulleys

;i' ing three rates of loading. The gearbox drives a conventional
pressure regulator through a 200 mm pulley mounted directly o i the
egulator shaft using a poly-vee belt with four vees. This belt

tensioned by the spring loaded arm at the re tr. Once turned on,
this device steadily increases the air pressure available to the

iir-hydro pump Illustrated in plate 12.2 thus increasing the

horizontal shearing force.

U.13 Curing Chamber for Direct Shear Specimens (1 .2.3)

PLATE C.11
CURING CHAMBER FOR pirect SHEAR SPECIMENS

The curing chamber tor direct shear specimens discussed in section

12.2.3 is illustrated in plate C.lIl. Bricks placed along the sides

APPENDIX C -- APPARATUS c. 16
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of che chamber support the shear boxes to form a duct. The boxes
were placed together and a fan heater with a thermostatic control
was placed at one end. Air was passed down the duct below the
boxes and recirculated above them. Temperature was generally

maintained in the range 23 to 27°C.

C.i4 Bruch Used for Direct Shear Joint Preparation (12.3.4.c)

.he wire brush used to produce the joint surface illustrated in
plate 12.6.b in cnapter 12, is illustrated in plate C.12, together
with the electric drill with which it was used. The drill was held
o.tn i_s axis horizontal and parallel to the long axis of the
specimen. The brush was moved across the Joint surface ir
overlapping bands with steady pressure applied to maintain the

width of the brush footprint.

PLATE C.12
WIRE BRUSH AND DRILL FOR JOINT PREPARATION
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C.15 Components of Disk Mould (13.2)

Plate C.13 illustrates the components of the disk mould shown
assembled in plate 13.2. The split ring at bottom right is the
spacing collar used while filling the mould. Xstandard oedometer
sample ring is to the left. The oedrmeter ring is inserted into a
recess in the bottom half of the mould, at top right, and the top
half of the mould is clamped in place. The specimen is then
statically compacted and may be left in the sample ring by
separating the two halves of the mould or may be removed from the

mould using the extrusion plug shown on the left in plate 13.2.

PLATE C.13
COMPONENTS OF DISK MOULD

APPENDIX C -- APPARATUS C. 18



APPENDIX D

PERMEABILITY AND
LEACHING RATE DATA FOR INDIVIDUAL SPECIMENS

This appendix contains the graphs of permeability and calcium
leaching rate data for individual test specimens, grouped by set,

as referred to in chapter 9.

This data is included as it is not always possible to distinguish
individual groups of results in the composite plots presented in
g aphs 9.1 to 9.21. The graphs include other test data tabulated as
part of the legend. This data is included for comparison with the
plotted data and to give an indication of the spread ot results

observed within sets of nominally identical specimens.

The data below the graphs is discussed in section 9.4.-. The

column headings are:-

a. Imc X -- the initial moisture content at the time the
specimen was placed in the leaching cell, no particular
correlation between this value and initial permeability is

noticeable.

b. int %d — leaching rate in percent per day of initial dry
mass, calculated in terms of change in oven dry mass of the
specimen at the end of leaching relative to the estimated oven
dry mass of the specimen on compaction. This value does not
allow for hydration and as such will tend to underestimate the
loss. It should be noted that a negative value in this column
indicates a loss of material whereas the leaching rate, by

definition, represents a loss when positive. This wvalue is

APPENDIX D -- LEACHING DATA D. I



generally of similar magnitude to the calcium leaching rate
data, note that in comparing the numerical '“nta wJth the
calcium leaching rate axis, the tabulated data must be
multiplied by 1000 as it is expressed in units of %/d whereas
the axis is in %/d x 1073

c. Ctl %d — leaching rate in percent per day of control dry
mass, calculated in terms of change in oven dry mass of the
specimen at the end of leaching relative to the mass
calculated from the 1initial mass adjusted by the amount
Indicated by the hydration calibration discussed in section
9.4.8. This value allows for the gain in final mass as a
result of hydration and is the "Adjusted Loss" used throughout
chapter 9. As the hydration correction is calculated in terms
of control specimens, it assumes that ail partially and fu”ly
hydrated constituents of the cement are leached in a constant
proportion. It is unlikely that this is so and in comparing
this value with the calcium leaching race, it should be noted
that this value may tend to overestimate the average calcium
loss. The observations in paragraph b, above, with regard to

sign and scale also apply to this value.

d. Pen mm-- the penetration at the end of leaching determined

using the bitumen penetrometer.

e. Flow 1 — the cumulative flow through the specimen over the

duration of the test, expressed in litres.

in examining these results, it should be noted that the average
values in the legend do not always correspond exactly with the
values in table 9.3. The graphs in the appendix include data for
all specimens including those where notes during testingindicat-
ed possible material loss or other grounds forignoring certain
data points. These suspect data points were rejected in calcu-
lating the summary data used in plotting graphs 9.22 to 9.34 and
tabulated in CaUle 9.3.
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The principle of default titling has been applied to the graphs in
this appendix with only the non-standard conditions for a
particular set referred to in the graph title. The standard
conditions apply to all the leaching tests conducted as part of
this research. Generally only one of the parameters was varies
for a particular set of specimens. The standard conditions are

listed in table D.1

TABLE 0.1
STANDARD CONDITIONS FOR LEACHING TEST PROGRAM

Item Standard Conditions

Specimen Cylinder 37.5 n diameter and 75 nmm long.

Material Soil-", nt compacted to Standard Proctor
densii 1905 kg/m3) and moisture content
(13.7 -

Cement 10% Cement by dry mass of soil, secondary

standards, 5, 15 and 20°.

Leaching Water De-aired distilled water.

Gradient 50 m/m along axis of specimen i.e. head of
3.7 m

Cell Pressure Nominal head of 10.2 m on middle tier, varia-

tion +/- 0.5 m for top and bottom tiers.
Period Nominally 2bb days U« weeks).

Cure 7 days humid cure followed by 21 days secaled

in foil and wax.
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