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CHAPTER 1 PREFACE

It is said that the first use of soil-cement as a road pavement material in United State was in 1917 (
Catton, 1959). Since 1930’s, a great number of fundamental and practical researches have been carried o-
ut to improve its engineering properties.

Soil-cement is regarded as a construction material not only for low-cost paving but also for hydraulic
structures, such as the lining for canals, reservoirs, highway drainage ditches, facing for levees and s-
lope protection for earth dams. Recently, interest has been expressed in the use of building complete d-
ams of soil-cement in U.S.A. (Shideler, 1969). Therefore, research should be developed to aim not only
at improvement of engineering properties but also at design of rational mix proportion as a low-cost mat-
erial.

The past researches almost belong to either of the following two groups:

(]) Researches concerning function as a part of pavement structure for roads,
(2) Researches for the purpose of designing a rational mix proportion.
Several subjects belonging to the latter are as follows:

Generally speaking, the factors to be controlled in this material for the successful achievement of t-
he compacted soil-cement pavement are: ]. Moisture content, 2. Density, 3. Cement content. The factors
required for soil material are the physical properties associated with the first two, such as grading, c-
onsistency, pulverization and moisture. Furthermore, in both research and practice, it may be‘much more
important to understand the inter-relations between soils and portland cement. Therefore, the better un-
derstanding of both the physicochemical properties of soil and chemistry of portland cement should be es-
sential to the investigation of the physicochemical properties of soil-cement mixtures.

Each subject mentioned above has been studied, and many of these studies have been completed. However
, in order positively to improve the engineering properties of soil-cement as a new construction material
, we must proceed with our study in a way of so-called ’’the design of material’’, of which term is often
used in material science. Such conception has been adopted in the study of other engineering materials,
for example high polymer, steel, concrete, etc..

When researches of soil-cement mixtures are carried out from the viewpoint, the relationship between
the structure and mechanical properties may be considered as a principal subject. The complete understa-
nding of such a extensive problem may be almost impossible due to the complexity of chemistry of cement
and of the physicochemical properties of soil. In this paper, the problem may now be considered from th-
ree viewpoints, as described below.

Bofinger (1964) proposed a following hypothesis on the structure of soil-cement. His theory says that
if a soil is composed of sand and clay, the structure of soil-cement can be represented by the cross-sec-
tion shown in Fig. 2.1. It demonstrates that soil-cement consists of relatively coarse sand, silt grains
and clay pockets which are surrounded by a continuous cementitious skeleton. The skeleton is largely co-
mposed of cementing compounds and clay particles (see Fig. 2.2). Furthermore, Bofinger experimentally p-
roved that the continuous skeleton was always formed even for low cement contents, though the lower the
cement contents, the greater the fraction of clay pockets. As to the structure of skeleton, the author
has a little different concept from Bofinger’s, which will be described in the following chapter. Howev-
er, as far as soil-cement is produced using a soil including sand, silt, clay and colloid particles, the

structure of soil-cement indicated by Fig. 2.1 and Fig. 2.2 seems almost reasonable.
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Sand and Silt Hydrated Cement

Particle

- Y Clay Particle

Hydrated Calcium

Silicate and Diffused

Hydrated Cement

Fig. 2.1 Suggested -secti . :
8 8¢ cross-section Fig. 2.2 Suggested cross-section of skeleton

of soil-cement (Bofinger(1964)) (Bofinger (1964))

Provided the general structure of soil-cement is allowed to be regarded as such one that sand, silt an-
d clay pockets are embedded in the continuous phase consisting of clay, colloid particles and cementing c-
ompounds (the most part of these is calcium silicate hydrate or calcium aluminate hydrate), the subject c-
oncerning the relationship between the structure and mechanical properties can be considered to involve t-
he following three problems.

(1) The relationship between the fabric of continuous phase and its mechanical properties, which vary with
the physicochemical properties of the phase (so-called, clay-cement mixtures) before, during and after
cement hydration.

(2) The effect of the volume fraction and the physical, mechanical properties of clay pockets on the mech-
anical properties of soil-cement

(3) Some problems relating to bonds between comparatively coarse grains (sand and silt) and continuous pha
-se.

The first problem must be approached from both chemistry of cement and physical chemistry of clay. Ev-
en if the mineralogical properties of clay or colloid particles are not taken into consideration, these m-
icroscopic particles of a few micron size (especially, anisometric clay mineral particles shaped either as
flat plates or as needles or laths, have a dimension of ten and a few angstrom in the minimum) are chemic-
ally very reactive. Therefore, it may be unquestionable that the interaction of these clay or colloid pa-
rticles with cement hydration products has a significant effect on the fabric of clay-cement mixtures in
the equilibrium state attained after a certain curing time.

The principal subjects to be noticed within a few hours after the addition of water are the mechanical
properties of clay-cement-water system and the interparticle forces in the system (between clay or colloid
particles themselves, hydrating cement particles and clay or colloid particles of soil, hydrating cement
particles themselves). As far as this subject is concerned, an approach from clay colloid chemistry is i-
mportant. In this respect, considerable progress can be found in the researches of clay-lime system (Dia-
mond and Kinter, 1966). However, there seem to exist few studies concerning the fabric of clay-cement mix-
tures formed after complete cement hydration. As to the former, this paper a little refers to lime reten-
tion of clay-cement-water system. As mentioned above, in the latter, the interaction between clay and ce-
ment greatly influences the final fabric of clay-cement mixtures. In CHAPTER II, several new findings as
to this problem in clay-cement mixtures compacted at optimum moisture content will be presented. A hypot-
hesis of clay-cement structure is also proposed in CHAPTER II., which will be estimated from these experi-
mental results obtained by the mineralogical and mechanical tests. The problem to be discussed is the re-

lationship between the physical structure and mechanical properties of skeleton phase, i.e. clay minerals



-cement mixtures. This should be far more microscopically approached compared with the following problem.
This phase in <oil-cement is considered to be equivalent to cement paste phase in concrete. The effect of
this phase on the mechanical properties of soil-cement is extremely significant. For the better understa-
nding of the formation process of the fabric in this phase, the physicochemical interaction between cement
and clay minerals is the primary problem to be revealed. In CHAPTER II, such physicochemical process in
the clay minerals-cement interaction is revealed by X-ray diffraction, thermal analysis (D.T.A., T.G., D.
T.G.), pH tests and an examination with optical microscope. It is found that the interaction between clay
minerals and cement plays a significant role in the formation of microscopic structure of clay minerals-c-
ement mixtures and their strength development. The characteristics of the interaction and the substances
from which the strength originates are varied with the species of clay minerals used. After all, it may
be concluded that cementitious reaction products primarily and secondarily resulting from the cement hydr-
ation and subsequent pozzolanic reaction are complicatedly entangled with clay and unhydrated cement part-
icles to form rigid structure. The physical structure of clay minerals-cement mixtures may be similar to
that of cement paste in nature. However, water- and air- filled voids in compacted clay minerals-cement
mixtures are extremely greater than those in cement paste, and the lime-silica ratio of CSH(gel) produced
in the mixtures varies with curing time and properties of clay mineral samples used. Several particular
strength development characteristics of clay minerals-cement mixtures may be related tc these facts.

The second problem with respect to the effect of clay pockets on the mechanical properties of soil-cem-
ent can be treated as a two phase composite material in relatively macroscopic sence. If the dynamic pha-
se alteration is taken into account, the diffusion of ca*" ions must play an important role in this probl-
em. However, since detailed discussions on the influence of the diffusion of Ca"’ ions make it far more
complex to understand the effect of clay pockets, in this paper, only an attempt is made to estimate the
effect of such diffusion from creep tests. The effect of clay pockets on viscoelastic properties of soil-
cement will be stated in CHAPTER III; on shrinkage characteristics in CHAPTER IV. Furthermore, the effect
of the amount of silt in the original granular soils on the viscoelastic properties of soil-cement is also
discussed. The relationship between the properties of clay pockets and creep deformation characteristics
of soil-cement is analyzed by the use of the concept of distribution function of retardation time and Bur-
gers model. In consequence, the constituent phases (clay pockets and skeleton parts) distribution in the
clay lumps samples-cement mixtures varies during the cure, depending upon moisture content and lumps size
of the sample. This also indicates that the diffusion of ca*’ ions plays a very important role in the fo-
rmation of the macroscopic structure of the soil-cement. Naturally, such properties of clay pockets also
affect the shrinkage characteristics of soil-cement. Shrinkage of clay lumps-cement mixtures greatly dep-
ends upon the shrinkage characteristics and volume fraction of clay pockets. In practice, the use of the
clayey soil completely dried up or with considerably high moisture (about 30 percent) appears to reduce
ultimate shrinkage, even if clay lumps included in the soil are to only a little degree disintegrated.

The third problem could not be revealed without understanding the nature of chemical bonds between hyd-
rating cement and coarse grains of quartz or feldspar. In this respect, there exists Handy’s interesting
hypothesis (Handy, 1958). This subject also appears to be related to the origin of strength of cement pa-
ste. This paper presents only an interpretive review including the author’s suggestion in CHAPTER II.

The relationship between the structure and mechanical properties in soil-cement should substantially be
discussed from three aspects stated above, not separately, but as a whole. But, discussions in this pape-

r are restricted to two points, that is to say, to the effect of clay pockets and to the interaction of



clay minerals with cement, as described above at each article.

In general, shrinkage cracking has been considered as a serious fault in soil-cement pavement. As dem-
onstrated in CHAPTER IV, this subject is discussed from a point of view of ’’deigning a material’’ so as
to minimize the shrinkage stress on the exposed surface of pavement, because it may be assumed that crack-
ing occurs when such shrinkage stresses exceed the tensile strength of the material. Since shrinkage str-
esses in soil-cement are controlled by its shrinkage characteristics and viscoelastic properties, some in-
formations on the structure in which shrinkage stresses are as small as possible should be obtained. Amo-
ng a number of factors affecting shrinkage cracking, silt fraction in sandy soil and volume fraction and
physical properties of clay pockets are discussed. In this paper, an experimental stresses determination
and stress analysis in a viscoelastic body (Burgers body) are proposed. These stresses calculation resul-
ts show that grain size of soil has a significant effect on shrinkage stresses and that the presence of c-

lay pockets is a deleterious element for reducing shrinkage cracking of soil-cement.
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CHAPTER 11 INTERACTION BETWEEN CEMENT AND CLAY MINERALS
1. INTRODUCTION

Cement and soil constituting soil-cement mixtures have many complex physicochemical phenomena on which
no scientific interpretation has yet been given. Furthermore, soil-cement produced by mixing such cement,
soil and water yields far more complex system. On account of a great number of factors affecting its eng-
ineering properties, great difficulties are accompanied in the research of soil-cement.

As described in the previous chapter, the objective of this chapter is to obtain several informations
on the fabric of clay-cement mixtures simultaneously revealing the alteration in its physicochemical prop-
erties with curing time. Hitherto, it has been confirmed that the surface chemical property of soil is an
important factor for soil-cement (Winterkorn, 1942). It is since 1950’s that, in the study of soil-cement
» physicochemical properties of soil were taken into account. Comparatively small number of reports are
found on the physicochemical study of soil-cement.

Judging from such a few reports on this subject published in the past, the following points should be
kept in mind when doing the actual experiments.

Easy derivation of conclusions only from scanty experiments may lead to misunderstanding of phenomena,
because test conditions such as curing temperature and moisture content of soil-cement samples are very
variable and a clay mineral sample usually available includes more or less other non-clay mineral compone-
nts. Furthermore, it is also a possible cause for misunderstanding experimental results that the grain
size distribution and the degree of crystallinity of clay minerals samples are different for different in-
vestigations. In fact, different conclusions are drawn between several reports on this subject, as revie-
wed in the following paragraph. Therefore, in the study of the interaction between cement and clay miner-
als, many experiments from various aspects should be carried out under a similar condition to the one und-
er which the soil-cement in an actual pavement is placed.

It is generally revealed that the calcium hydroxide produced by cement hydration plays a significant
role in the interaction between cement and clay minerals. In this respect, soil-lime can be regarded as a
further simplified soil-cement system. In a part of this chapter, it will be indicated that the nature of
interaction of cement with clay minerals is still more definitely elucidated by comparing test results for
clay-cement with those for clay-Ca(OH)2 mixtures. A great number of studies on soil-lime in the past sho-
uld also be utilized as a back ground for the research of soil-cement.

The purpose of this work is to reveal the physicochemical process in the interaction between clay mine-
rals and cement, and the subsequent alteration in the fabric of clay-cement mixtures with curing time by
X-ray diffraction, thermal analysis (D.T.A., T.G. and D.T.G.), pH tests and an examination with optical
microscope. Unconfined compression tests as well as the above mineralogical experiments are also carried
out to discuss the effect of such changes in physicochemical properties of clay-cement mixtures on their
strength. Furthermore, additional tests on consistency of clay-cement mixtures within a few hours after
the addition of water are carried out.

Discussions in this chapter include the following four subjects.

(1) Characteristic of the various species of clay minerals-cement interaction. Clay minerals selected he-
re are montmorillonite, kaolinite, sericite, chrolite-vermiculite mixed layer and allophane.

(2) A role of calcium hydroxide resulting from cement hydration in the formation of clay-cement structure
and in its progressive strength development. Simultaneously, the substantial dissimilarity and the

similarity between soil-cement and soil-lime are also discussed from the results obtained.
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(3) The influence of exchangeable cations held on a clay mineral on the strength of clay-cement mixtures,
hydration of cement and reaction products.

(4) The hydration rate of €3S and BCZS in bentonite- and kaolinite-cement. This is an interesting sub-
ject, because the surrounding conditions under which these constituents of cement in soil-cement hyd-

rate, are considerably different from those in cement paste usually used in concrete.

2. HYDRATION OF CEMENT

Some publications concerning the cement chemistry such as the one by Bogue (1955) and the one edited
by Taylor (1964) involving the results discussed in the 4th International Symposium of Chemistry of Cement
(1962) are available. Recently, the proceedings of the Sth International Symposium of Chemistry of Cement
has been published (1968).

In this paragraph, several informations on the chemistry of cement, especially relating to the research
of soil-cement are described, mainly involving the hydration mechanism of cement and physical structure of
cement paste.

It is well known that the four main compounds of portland cement are CSS’ CZS’ C3A and CAAFf Of these,
C3$ is the most important since it is usually the main constituent in portland cement. The CSS paste has
largely reacted in 28 days, and almost completely in a year. On the contrary, reaction of the BCZS is
considerably slower than with €3S, and much BCZS remains even after a year. Reaction products of CSS are
Ca(OH)Z,and the calcium silicate hydrate; the latter shows X-ray powder diagrams with the three broad
peaks at 3.07 K, 2.82 R and 1.81 A and is variously known as CSH, CSH gel or tobermorite gel. The main
product formed in BCZS paste, a calcium silicate hydrate, is also closely similar to that formed from CSS.
Much less Ca(OH)2 is formed because of the lower Ca/Si ratio of the starting material. Thus, calcium hy-
droxide and calcium silicate hydrate constitute the almost portion of products formed in the hydration of
portland cement. Especially, the complete hydration of cement produces about 30 percent calcium hydroxide

by weight of cement. The hydration of C3S and BCZS are given ideally by

2(3Ca0 SiOz) + 6H,0 —= 3Ca0 2Si0 3H,0 + 3(Ca0 HZO)

2 2

2(2Ca0 SiOZ) + 4H,0 —= 3Ca0 2Si0 SHZO + Ca0l HZO

2 2
In the interaction between cement and clay minerals, attention should be given to three phases of the
calcium hydroxide, clay minerals and CSH gel. There was a great controversy between two theories as to the

mechanism of cementing action in the early days of cement chemistry. That is to say, Le Chatelier attri-
buted this to interlocking of crystals of hydrated compounds precipitated accompanying with the dissolution
of the anhydrous compounds (crystal theory); Michidelis considered that cohesion in cement paste resulted
from the formation and subsequent desiccation of a gel (gel theory). At present, it is said that both of
these theories have an element of truth. The origin of cohesion in cement paste is generally attributed

to a gel consisting of crystalline particles in colloidal size formed by dissolution and precipitation in
the initial stages of reaction. These colloidal particles adhere strongly to each other so as to form a

dence and continuous network in cement pastes, and to other bodies, because of the combination of their

high surface energy (386 ergs/cmz, according to Brunauer, Kantro and Weise (1959) and high surface area

* In cement chemistry the composition of compounds are often represented as the sums of oxides, the for-

mulas of which are then abreviated: C = Ca0, S = SiOz, A = A1203, H = HZO
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{260 m“/g, according to Powers and Brownyard (1947)).

The secondary products formed by pozzolanic reaction in clay-cement mixtures are probably similar to
calcium silicate hydrate or to calcium aluminate hydrate resulting from cement hydration. Therefcre,
Powers's concept (Powers and Brownyard, 1947) on the physical structure of cement pastes may be of great

value for the better understanding of the structure of clay-cement mixtures.

Powers and Brownyard (1947) calculated that 1 cm® of cement produces 2 t.'rn3 of hydration products.
In a typical portland cement paste, the ratio of water to cement is around 0.5 by weight, or 1.5 by vol
ume. The hydration products must partly be formed in space previously occupied by cement. Complete
hydration of cements must require at least 1.2 cm® of
space filled with water initially. Thkis corresponds to
an initial water-cement ratio by weight of 0.38. That
is to say, only those with water-cement ratio greater
than 0.38 have sufficient space for all the unhydrated
cement particles to be converted into gel. Thus, init-
ial water-filled space available for the formation of
hydration products has a significant effect on hydra-
tion process of cements.

Volume fraction of space filled with air and water in

compacted soil-cement mixtures is very great in compari- xy ;
1 Fig.3.1 Fractured surface of a hvdrated cement paste examined wing the wanning
i : . electron micreape.  The large, platey erystals are probably Ca OH, or aluminaie
son with cement pastes; for example, those for kaolinite- hyidrates: the fibres could be ettringite or caleium silicate hydrate. Al surfaces were
comted with a laver of metal 600 A thick in preparing the specimen for examination

The ruled line represents | u Chatterji and JefTery, 19nh

and bentonite-cement specimens used in this study are
around 33 percent and 50 percent, respectively. The ini-
tial ratio of such space to unhydrated cement solid in
kaolinite- and bentonite-cement is 251% and 625%, re-
spectively. Thus, cement hydration in compacted soil-
cement mixtures is found to take place under a consider-
ably different surrounding condition from that in cement
paste, even if the effect of mineralogical properties of
soil used and of the amount of water available for ce-
ment hydration are now not taken into account.

Many workers have reported the results of studies on
cement pastes by electron microscopy; of these, a micro-
photograph on fractured surface of a hydrated cement pa-
ste recently obtained by Chatterji and Jeffery (1966) us-
ing a scanning electron microscope (Fig. 3.1) and the

one by Sierra’ (Fig. 3.2)(1968) demonstrate some very in-

teresting results concerning their internal structure.

The large, platy crystals in Fig. 3.1 are likely Ca(OH), Fig. 3.2 Observation by the scanning electron

= microscope
ronal aluminate; the coarser fibres could be a.C 1S hydrate at one month age (x 14000
b.C 1S hydrate at one month age (x 58000

e . cement paste after 4 hours hydration

or a hexa

ettringite and the finer ones calcium silicate hydrate.

In connection with the problem of the interaction bhe- * 10000 )
d . cement paste after 5 years hydration x 11000

tween hydrating cement and clay minerals, it may be very from Sierra 1968



interesting, but seems much complicated how Ca(OH)2 is present in cement pastes. Sierra (1968) states in
his report as follows: ' Lime could probably be found not as a separate phase, but as a phase which is
intimately incorporated into tobermorite gel'. It may safely be said that these finer fibres of calcium
silicate hydrate responsible for cohesion of cement pastes could also play a significant part in the stre-
ngth development of soil-cement mixtures. The chemical composition of this calcium silicate hydrate re-
sembles tobermorite which was found as a naturally occuring mineral with the chemical composition of 3Ca0l
ZSiO2 SHZO at Tobermory in Scotland. All of papers concerning various properties of calcium silicate hy-
drate would not be reviewed in detail. Only two subjects are summarized in the following, which seem in-
teresting in the research of soil-cement.

One is associated with the relationship between the CaO/SiOZ ratio of calcium silicate hydrate and its
morphologic habits; the other concerning its similarity to some clay minerals in the crystal structure.

It may well be confirmed by many workers that various compositions of calcium silicate hydrate yield
depending upon Ca0 contents in solution. Roughly speaking, the poor lime-calcium silicate hydrate shows
crinkly foil-like crystal habit and the rich lime one is found as fibers. Taylor distinguished CSH(I) of
the former from CSH(II) of the latter. Kalousek (1958, points out that the CaO/SiO2 ratio at transition
from the one to the other is 1.33. This fact is also admitted by another investigation using electron
microscopy. Richartz and Locher (1965) mention in their report that the calcium silicate hydrate with the
CaO/SiO2 ratio smaller than 1.3 is plate-like and that the one greater than 1.4 is always fibrous or nee-
dle-like. Furthermore, they draw the conclusion that the morphology of calcium silicate hydrate in cement
pastes relates to their strength (Richartz and Locher, 196S). The calcium silicate hydrate in cement pa-
stes seems almost fibrous. It may be presumed that a soil with different physico-chemical properties has
a different physico-chemical process in cement hydration occuring in the soil-cement, producing calcium
silicate hydrates with various CaO/SiO2 ratio depending especially upon the extent of the cation exchange
and subsequent pozzolanic reaction of free lime with clay minerals. Thus, the relationship between the
CaO/SiO2 ratio of calcium silicate hydrate produced as a secondary product and the strength of soil-ce-
ment mixtures would be an interesting problem in the research of soil-cement.

The structural similarity between cement hydration products and clay minerals has been pointed out by
many workers (Arnould,1967b)(Gard, Howison and Taylor, 1959).

Gard, Howison and Taylor (1959) explain a transition process from the plate-like CSH(I) to the CSH(II)
with fibrous crystal habit by comparing the crystal structure of CSH(I) and CSH(II) with that of the com-

parable two species of clay

TOBERMORITE VERMICULITE CSH (1) HYDRATED
minerals, respectively, as HALLOYSITE
shown in Fig. 3.3. S e Si emm— Si  crm— Si cmmm—

Ca s Mg o——— Ct  amve—— Al cmm—

Arnould (1967a) states Si  em—— ¥ . Si ——T OH —— ¥ . OH F

Ca+H,0 :11.3A Mg+H,0 3 6A . Ca+tH:i0 754 s 0 014

that the comparison of tober- Si  c— Si  cmm— S emm— | em— &

. . . Ca eoss—— -t Mg cos— _t Ca  cove— -t 3:{—
morite with clay minerals Si  cm— Si OH

1 T—

could be useful for the re- Ca+H,0 Mg+H,0 Ca+H,0 H.0
search of additives in con- HABIT : lamellar lamellar fibrous fibrous
crete technology. 1In the
research of soil-cement, Fig.3.3 Diagrammatic repr ion of the seq of layer in
such similarity may lead to tobermorite, vermiculite, and hydrated halloysite, and

the suggested sequence for CSH(II)
the presumption of "epitaxy"



(Farran, 1956) (Royer, 1954). Although, at present, little substantial evidence would be given on likeli-
hood of epitaxy, it is to be expected that such a process would favour strength development (Herzog and
Mitchell, 1963) (Gillot, 1968).

This paragraph summarizes the chemistry of cement in reference to the study of soil-cement. Author be-
lieves that well understanding of recent new informations on the chemistry of cement, in which the mecha-

nism of cement hydration is intrinsically being revealed, would be helpful for the research of soil-cement.

3. PHYSICOCHEMICAL PROPERTIES OF CLAYS

Some physicochemical properties of clays associated with soil-cement stabilization are summarized in
the follwing.

Silicates are composed of silica tetrahedra in which the silicon ions are surrounded by a tetrahedral
group of four oxygen ions. The silicon-oxygen bond is not completely ionic and is probably partly coval-
ent. The linkage of these silica tetrahedra among themselves or with other ions results in various spec-

cies of silicates. Clas-

sification of these sil- COMBINATION Si -0 Oxygen to

X i . DIAGRAMMATIC REPRESENTATION OF STRUCTURE Group and Silicon EXAMPLE
1cates 1s presented in TETRAHEDRA Negative Charge Ratio

Fig. 3.4. No mutual

4-
INDEPENDENT {si 04) 4:1 OLIVINES

linkage of silica tetra-

hedra gives island sili-

cates, such as olivines 6=
DOUBLE 18i, 04 1.2 AKERMANITE

(Fig. 3.4). When each

tetrahedron shares two

corners, the structure of
. 6~
‘"chains" or "rings" is (Siy04) BENITOITE

formed (Fig.3.4). Joint
RINGS

3:1
of two and a half cor-

ners in each tetrahedron 2
{Sig 0,q) BERYL
on the average results

in the structure of the

"bands' type (Fig. 3.4).
"Layer" structures are

formed by sharing three

CHAINS 50927 [ 31 [ prroxenes

oxygens of each silica
tetrahedron. Most clay

minerals have the layer

silicate structure.
Three-dimensional frame-

work structures result,

6-
BANDS (Sig0,), | 11:4 | AMPHIBOLES

when adjacent silica tet-

rahedra share all oxyg-

ens. Silicic anhydride

is the simplest species Fig.3.4



of these. Feldspar also

belongs to this type of COMBINATION Si-0 Oxygen to
L oFf DIAGRAMMATIC REPRESENTATION OF STRUCTURE Group and Silicon | EXAMPLE
silicate. As stated a- TETRAHEDRA Negative Charge |  Ratio

bove, the minerals which
are of most importance in
clays have layer struc-
tures and are classified

as phyllosilicates. All

SHEETS 5:2 MICAS

of them have two types of ‘Si4OWﬁ
structural unit. These
are the silica tetrahe-
dron (Siod) and octahedral

unit of brucite (Mg(OH)z),

or of gibbsite (Al(OH)S)

(Fig.3.5) (Grim, 1968).

The general structural mod-
el of the layer silicate
minerals is generated by

the combination of each

(Si 0 )0 2:1 QUARTZ

sheet of tetrahedral and FRAMEWORKS )

octahedral units. All of
these minerals are summar-
ized as Table 3.1 (Brind-
ley, 1965).

A combination of one

octahedral and tetrahedral

layer in the manner indi-

cated in Fig. 3.6 generates Fig.3.4 Chief varieties of structural combination in silicates. A. After DeeR et al. (1963, 4 : 184)

B. After WINCHELL (1951, p.240).
a 1:1 type of layer struc-

ture. This is the basic structural plane of the kaolinite-serpentine group of minerals. When a second
tetrahedral layer is added in a similar manner with replacement of hydroxyls in the sheets on the opposite
side of the octahedral cation, a 2:1 type of layer structure results (Fig. 3.7). This arrangement is
found in the pyrophyllite-talc group, the smectites, the vermiculites and the mica groups (Table 3.1).

In the chlorite minerals there is an additional octahedral layer which is located between successive 2:1
units.

Generally, clays show unusual physicochemical properties, because their specific surface is very high,
and crystal structure of many minerals is two dimensional and heterogeneous. Despite of the similarity
between the morphology and crystal structure of tobermorite gel particles of the main cement hydration pro-
duct and those of clay minerals, properties of clay particles in colloidal state are different from those
of hydrating cement particles. In most respects, clays behave like hydrophobic, but cement particles do
like hydrophilic. This fact seems to give an interesting suggestion on the change in consistency of soils

due to the addition of cement.



A concise description on clay colloid chem-
istry will be given in the following.

Usually, the surfaces of crystalline solid
have specific physicochemical properties be-

cause atomic bondings are broken at those

sites.

Weyle has discussed the atomic structure

Fig.3.5(c) Disg
sheet structure of the octahedral units.

of surfaces in terms of crystal chemical prin-

ciples (Weyle, 1953). He describes that the
surface energy of a homogeneous solid can be
decreased by decreasing its surface area and

by four types of structural changes:

(i) po-

larization of surface ions, (ii) increasing

the number of anions,(iii) distortion of sur-

face structure, (iv) chemisorption of molecu-

les or ions. According to his con-
cept, important surface phenomena
concerning solid surface-liquid in-
teraction in colloid system can be
accounted for in terms of screen-
ing of cations. The state of po-
larization of NaCl surfaces is in-
terpreted by showing the schematic
diagram (Fig. 3.8).

The following descriptions are
concerning several characteristics
of clay colloid particles attribu-
ted to heterogeneity of crystal
plane in clay minerals. Only sub-
jects which seem to be related to
the research of clay-cement mix-
tures are picked up from the publi-
cation by Marshall (1964).

The (001) or cleavage planes in
clays are very different in surface
composition from the (hk0) or edge
planes. In kaolinite a facile

cleavage separates planes of compo-

Table 3.1

O and -:;‘,- Hydroxyls

O and |\‘- = Oxygens

Fig.3.5(b) Diagrammatic sketch showing (a) a single silica tetrahedron and (b)) the
sheet structure of silica tetrahedrons

(b)

. Aluminums, magnesiums, etc.

sketch showing (a) a single octahedral unit and (b) the

{b)
O and @ = Silcons

arranged in a hexagonal network,

PROPOSED CLASSIFICATION SCHEME FOR THE PHYLLOSILICATES (RELATED TO CLAY MINERALS)
(As submitted by the C.I1.P.E.A. nomenclature committee to the International Mineralogical

Association, after BRINDLEY, 1966.)

Type  Group
(x == layer charge )

(]
—

Pyrophyllite-talc
(x ~0)

Smectite or
Montmorillonite-
saponite

(x ~0.5-1.0)

Vermiculite
(x ~1.0-1.5)

Mica?
(x~2)

Brittle mica
(x~4)

2:1:1 Chlorite
(x variable)

1:1  Kaolinites—
serpentine
(x ~0)

! Onlya few examples given.

Subgroup

Pyrophyllites
Talcs

Dioctahedral smectites or
Montmorillonites

Trioctahedral smectites or
Saponites

Dioctahedral vermiculite
Trioctahedral vermiculite
Dioctahedral micas

Trioctahedral micas

Dioctahedral brittle micas

Trioctahedral brittle micas

Dioctahedral chlorites

Trioctahedral chlorites

Kaolinites

Serpentines

Species!

Pyrophyllite
Talc

Montmorillonite, beidellite,
nontronite

Saponite, hectorite,
sauconite

Dioctahedral vermiculite

Trioctahedral vermiculite
Muscovite, paragonite
Biotite, phlogopite
Margarite

Seybertite, xanthophyllite,
brandisite

Pennine, clinochlore,
prochlorite

Kaolinite, halloysite

Chrysotile, lizardite,
antigorite

* The status of illite (or hydromica), sericite, etc., must at present be left open since it is not clear
whether or at what level they would enter the table: many materials so designated may be interstratified.

sition (OH)3 from Si203 planes. Hence the external flat surfaces should consist on the avarage of equal

numbers of these two compositions.

The edge planes represent the most active sites in crystal growth.

Thus the members of the kaolin groups may be expected to show three superimposed surface chemisties. The

platy character with a:c ratios, between 5:1 and 20:1 would insure that the surface area would be predomi -
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Fig. 3.6 Diagrammatic sketch of the structure of the kaolinite laver.
(After Gruner. ) ’

nantly (001). Yet if the exposed SiZO3 and (OH)3 planes

OOmens @ 'ydroxy . . iron,

are relatively inert in respect of adsorption and dissocia- O and @ Silxcon, accasionally alumnum
- - - . i Di tic sketch of the of i di
tion of ions, the electrochemical properties of the edges lﬁgkifsﬁsf::raﬁmfiznmn..a;kMﬁd& R to

may dominate. The characteristic grouping at kaolinite ed-

ges of ideal composition would be A 8 c
Ideal 100 Surface Polarized Surface Rearranged Surface

HOL 0O _OH @
~

_Si— 0-Al
0 OH @ -

the silicon being tetrahedral and the aluminum
octahedral. The electrochemical properties would

be those of the OH groups, one set attached to

silicon, the other to aluminum. Those belonging (:::)
to silicon would have the properties of aluminos- |

NaC! Crystal

ilicic acids, with an acidic function stronger

than that of polysilicic acid and weaker than i

|
OeOeOe0e
0.0.0.0"

that of montmorillonite or beidellite. The hydr-

- D ing Surface Energy
oxyls attached to aluminum would strongly resemb- ecreasing Surfice 220

le those already present in the (OH)S surfaces as Fig.3.8 —Electronic deformation and ion in rearrangement in a NaCl surface
regards chemical properties, but geometrically they are more accessible, so that the ease of replacement
with a larger ions such as chloride would be greater. Such reactions with anions are highly pH dependent.
Thus at each edge there would be rows of acidic or negative sites altering with rows of positive sites,
the exact balance being a sensitive function of pH. In acidic systems the dissociation of the negative si-
tes would be suppressed, and binding of anions at positive sites would be favored. In clays of the montm-
orillonite and mica groups it is evident that edge hydroxyls attached to aluminum will be much less in ev-

idence than kaolinite clays. In the montmorillonite and illite clays there is a strong, negative charge

on the lattice itself, a function which is not dependent on pH.
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The stability of colloidal suspensions results from ~ /// > \

the electric charge associated with the particles.

This charge is believed to originate from three princi-

N - \ -
—\ /

(a)

pal mechanisms. The charge may result from imperfecti-

ons such as vacancies or unbalanced ionic substitutions

in the crystal structure (Fig. 3.9(a)); from

cal or chemical adsorption of ions at active

ociated with broken bonds (Fig. 3.9(b));

adsorption of ions of the same type as those

ructure of the particle (Fig. 3.9(c)).

the physi-

sites ass-

from the ()

in the st- "

[—ll / \\
A Van Olphen’s concept as to a property of clay col- __]ﬁ / \

loid suspensions will be noted below.

When the charge on the colleoidal particle results

[} ®)

F|g 3. 9 Modes of particle iation in clay H and terminol
(o) “Dispersed” and “deflocculated.” (b) “Aggregated” but * “deflocculated” (hu‘-

from adsorption, the type of ion adsorbed is dependent to-face association, or parallel o oriented aggregation). (¢) Filge-to-face flon-
culated but “dispersed.” (d) Fdge-to-edge focculated but "dispersed.” (¢} I‘l“':
on the relative ionic concentrations and the pH of the to-face flocculated and “aggregated.” (f) Edge-to-cige flocculated and “aggregatad.

(g) Edge-to-face and edge-to-cdge flocculated amd “agpregated.”

solution. The charge on the particle is sometimes rev-

ersible as in the case of aluminium hydr-
oxide which acquires a positive charge
due t; adsorption of aluminium ions in
acid solution and a negative charge due
to adsorption of hydroxyl or aluminate
ions in alkaline solution. Van Olphen
has proposed that this negative charge is
associated with the flat (001) surfaces
whereas the edge surfaces may acquire a
positive charge (Van Olphen, 1963). He
points out that where aluminum is the do-
minant octahedral cation the broken edge

of the octahedral sheet is comparable to

PARTICLE / SOLUTION PARTICLE / SOLUTION PARTICLE / SOLUTION

Fig.3.10

. 0+0-
® o © 0.0

© © -0 (C]

7] [ ¢

IFormation of an clectric double layer. (a) Interior lattice charge.
(L) Specific ion adsorption. (¢) Lattice-ion adsorption.

the surface of a particle of alumina. As mentioned previously, alumina acquires a positive charge in an

acid environment. Van Olphen further suggests that silica sheets may be preferentially broken at the pla-

ces where aluminum ions have substituted.

Hence the exposed edges of the tetrahedral layer may resemble

the octahedral layer and may also develop a positive charge (Van Olphen, 1963). The behavior of colloidal

suspensions of clay minerals is affected by the fact that the edge surfaces acquire a positive charge whi-

le the flat surfaces have the permanent negative charge. On flocculation clay platelets may associate in

an edge-to-face, face-to-face, or edge-to-edge manner depending on the complex balance between the attrac-

tive and repulsive forces involved. Modes of particle association have been suggested by Van Olphen (Fig.

3.10) (1963).

Finally, the cation exchange will briefly be dealt with. This phenomenon may be very important in the

strength development of clay-cement.

The counter ions associated with colloidal particles such as clay minerals are in a state of dynamic

equilibrium with the ions in the surrounding solution. If the composition of the bulk solution changes,



the ionic content of the diffuse double layers also Young

. . Completed
changes. There are following four principal mechanisms bond
responsible for cation exchange. Thus, the exchange ,_:f. '»;/AffEEE::::::
capacities of the different clay minerals cover a con- OH i ,f*‘Unh;?\\-
ions .

~

\
avasilable =~ drated,
for bond L

'

siderable range of values.

(1) Cations are held in exchangeable form on or near

esUN
the surface of clay minerals by electrostatic /§/</v;//}
/ _r /
X : /et . as
forces which result from the net negative charge /GQ//_/ L _PM'"Z“ surface - 5
a /, 7 // ions partially screened

on the structure arising from ionic substitutions

This is the chief cause of the cation exchange 01
capacity of the 2:1 layer silicates.
( 2 ) At edges and corners there are ’’broken bonds’’ C°mpt::<(.'~
or unsatisfied valincies to which exchange ions ’“};i B
can become attached. The number of such sites //fﬁ/"
increases as particle size decreases and fine s /w, .
’ /,/ 4 //, /\\ — Depolarized surface
fractions of many minerals show an increase in YV
exchange capacity. This effect is shown by kao- I3 Digrammatic eprsetion o o ooy o

o weak due to distortion polarization of the
linite. quartz surface. However, the early chemical
bonding causes distortion to slowly disappear.

( 3 ) The hydrogen of exposed hydroxyls (which are an I:;J:‘ﬂ:é?f:&;f"‘"‘"'°Mm““

integral part of the structure rather than due to broken bonds) may be replaced by a cation which
might be exchangeable. This cause of exchange capacity would be important for kaolinite and hal-
loysite because of the presence of the sheet of hydroxyls on one side of the basal cleavage plane.
( 4 ) Under certain conditions cations from within the structure may become exchangeable. For example,
in an acid environment the aluminium ions move from within the silicate structure of clay minerals

into exchange positions.

4, REVIEW OF THE LITERATURE

Handy (1968) emphasized in his paper that chemical bonds developing between the cement and mineral sur-
faces become more important in finer-grained mixtures such as soil-cement than in coarse-graded mixtures
such as concrete. He attempted to explain the long-term development of strength in certain soil-cement
mixtures on the basis of the hypothesis which follows Weyl's proposals (1953) of polarization of ions near
the surface of the silica (Handy, 1958) (Handy, 1956). Quartz adsorbs OH ions due to insufficient polari-
zation screening, and OH ions are supplied from the surface of particles of hydrated cement gel.

Under proper conditions the ions adsorption screening gradually replaces structural polarization screen-
ing with time, and bonding becomes stronger (Fig. 3.11). The relatively inert polarized layer in the sur-
face of quartz particles is dissolved in the alkaline environment and converted to silicate gel which
bonds directly to active quartz.

As stated in CHAPTER I , Handy's concept should be applicable to the soil-cement mixtures produced by
using soils including silt and sand as the major constituents (therefore, predominant minerals in such
soils would be quartz and feldspars).

The strength of soil-cement would mainly originate from the secondary chemical bonds such as Van der

Waals forces acting between quartz or feltspar and hydrated cement gel particles. It could be said at



this point that Handy's hypothesis lays emphasis in the effect of the surface structure of quartz parti-
cles on the strength of soil-cement mixtures. However, colloidal chemical properties of cement gel par-
ticles which almost consist of tobermorite gel particles should be taken into account in the discussions
of bonds between quartz and cement gel particles. Physicochemical processes progressing in the contact
zone between a quartz particle and tobermorite gel and the properties of tobermorite gel particles should
be more important factors for development of the strength of soil-cement mixtures.

According to Weyl's theory (1953), clay flakes are so thin (7 - 10 A) as to prevent satisfactory struc-
tural screening, and the electrical effects observed on clay, as descrived in the previous paragraph, are
attributed to this cause. Thus, probably more important are long-term chemical changes within the clay
minerals brought on as a result of the change in the environment (Weyl, 1953).

The physicochemical changes occuring in clay minerals-cementitious additives mixtures, which correspond
to continuous phase in the soil-cement structures (Fig. 2.2), must have been an highly interesting phenom-
enon to many investigators. Scientific interest has been devoted to the reaction between clay minerals
and Ca(OH)2 for a long time. Excellent reviews of the literature of soil-lime interaction were made by
Diamond (1966) and Ariizumi (1967). Some notes on the mechanism of the soil-lime reaction will briefly
be cited from those reviews in the following.

The effects of lime on plastic soils could be divided into two phenomena. One is short-time effect
and the other is the long-time cementitious reaction responsible for the development of strength. The
rapid cementation is attributed to immediate formation of tetracalcium aluminate hydrate by reaction of
Al(OH)x groups at the edges of the clay particles with adsorbed calcium hydroxide on the faces of adjacent
planar surfaces. Since the long-time cementitious reactions contribute to slow development of strength in
soil-lime systems, an interest has been taken in the properties of the reaction products. In general,
the products formed are usually tobermorite gel and a calcium hydrate phase; other compounds formed under
special circumstances are tricalcium aluminate hexahydrate and calcium silicate hydrate(I). The infor-
mation on the chemical mechanisms in the lime-clay mineral transformations would tend to suggest a "th-
rough solution" mechanism dependent on the rate of dissolution of the clay (or of silica and alumina from
the clay), since it is implied that the reaction depends on attainment of a high pH and since addition of
sodium hydroxide accelerates strength development. On the other hand, evidence that the reaction proceeds
from an initial state of physical adsorption of lime on the surface of the clay would suggest a surface
chemical reaction not dependent on prior dissolution of material from the clay.

Willovghby et al. (1968), in their recent investigations by an electron microscope, describe an inter-
esting fact that, despite of the attack along the edge of kaolinite particles on the addition of calcium
hydroxide, a reaction product is formed on the (001) planes. They also state that the strength gains in
alkali-stabilized clays must considerably be affected by an ionic migration into the lattice of the clay
mineral.

A relatively few reports concerning the mineralogical investigations of the interaction between clay
minerals and portland cement are found. These investigations will be reviewed briefly here.

Herzog and Mitchell (1963) investigated the reaction of kaolinite and montmorillonite with tricalcium
silicate and portland cement. They noted the reduction in the height of peak of basal reflection of these
clay minerals with curing time. Furthermore, the disappearance of calcium hydroxide and subsequent for-
mation of the new reaction products were also reported, though these experiments were conducted at the

elevated curing temperature, 60"C. The possibility of epitaxial crystal growth was pointed out through



the similarity between the crystal structures of the reaction products and clay minerals.

Moh (1962) noted that the reactive calcium in cement can be utilized in the production of cementitious
silica gel and that the quantity of cementitious material available for bonding in soil-cement is greater
than in neat cement.

Ingles (1966) drew the conclusion that the strength developed in soil-lime and -cement as well as in
ceramics was a logarithmic function of porosity. Naturally, porosity in soil-lime and-cement mixtures
depends upon the amount of cementitious gel included. Jambor (1963) elucidated as well that the strength
of lime-pozzolana pastes is a power function of the volume fraction of hydration products produced in them;
this is in agreement with the discovery of Powers (1960) concerning hardened cement pastes.

In another paper, Moh (1965) reported the investigation of the interaction between quartz, kaolinite
and tricalcium silicate, calcium hydroxide. The results obtained in his examination showed the reduction
in the X-ray diffraction peak height of quartz and calcium hydroxide. The formation of poorly crystal-
lized CSH was also reported. These results seem to prove that the surface of quartz particles is dis-
solved in alkaline environment and converted to silicate gel. The quartz sample used in Moh's experiments
was obtained by grinding Ottawa sand. Although the ground mineral was allowed to stand in air under room
temperature and humidity for at least 3 months before use, it would appear questionable whether quartz
particles have screened surfaces.

Mitchell and Jack (1966) observed the alteration in the fabric of clay-cement with curing time by an
electron microscope and described the attack along the edge of kaolinite. Recent papers by Croft (1967)
and Noble (1967) gave the interesting results regarding the interaction of several clay minerals with port-
land cement. Noble (1967) explained the mechanism of the reaction of clay minerals with portland cement.
He emphasized the restriction of cement hydration due to the very fine-grained clay. Croft (1967) demon-
strated that soils characterized by montmorillonite and mixed-layer minerals and degraded weathering pro-
ducts retarded the hydration and hardening of cement. Especially, Noble (1967) attributed the absence of
calcium hydroxide in montmorillonite-cement mixture to the suppression of cement hydration by fine parti-
cles. On the contrary, several investigations suggest that the disappearance of calcium hydroxide in mon-
tmorillonite-cement may be responsible for its adsorption onto montmotillonite clay particles and subse-
quent pozzolanic reaction with them.

Cement hydration process in compacted clay-cement mixtures still remains uncertain. Based on Shesto-
perv's theory on cement hydration, Bezruk (1950) mentioned that the hydrolysis and hydration of cement
surrounded by reactive substances are retarded in one case, while acceralated in another. For example,
experiments by isothermal calorimetry indicate that the hydration of the C;S is influenced very little by
gibbsite; it is influenced by bayrite to a somewhat large extent (Jong, Stein and Stevels, 1968). There-
fore, it may be presumed that the degree of the crystallinity of clay minerals used has a delicate effect
on cement hydration in clay-cement mixtures. Recently, an attempt is made -on the utilization of some clay
minerals as an admixture in concrete. In this case, the interaction between clay minerals and hydrating
cement should also be important.

Lipowski (1968) proposed that the powdered and dried clays could be mixed with cement to produce a new
cementing material desirable for the production of concrete. He obtained several experimental results
concerning the physicochemical phenomena in the hardening process of the material. The results obtained
are as follows:

The specific surface of powdered clays added highly affects the hydration of the cement. The adsorption



of Caz*

ion to clay minerals occurs on hydration of the mixtures. It accelarates the hydrolysis of alite,
so that its setting and hardening behaviors become considerably different from those of the usual additive-
free portland cement. The absence of calcium hydroxide in such clay-cement material is also described.

It is concluded that the predominant clay mineral in clay used definitely influences the properties of
cement-clay products. Furthermore, it would be much interesting to note the fact that the maximum streng-
th of cement mortars using the clay-cement material is attained at 40 to 50 %, 60 to 70 % and about 30%

of clay content by weight of cement for kaolinite, illite and bentonite, respectively, followed by the
reduction in strength with the further addition of clay.

Ariizumi (1969) reports the investigation regarding the use of hydrated halloysite as an acceralator

for concrete.

S. MATERIALS AND OUTLINE OF EXPERIMENTS
Experiments

(a) consistency tests, (b) Unconfined compression test, (c) Thermal analysis, (d) X-ray diffraction,
(e) pH test, (f) Examination by the optical microscopy

Materials and Preparation of Samples

a) Cements and Calcium Hydroxide

Cements used are the normal, high early strength and moderate heat commercial portland cement. The
chemical compositions of cements used are given in Table 3.2. The Ca(OH)z used was freshly opened first
grade reagent, which was supplied by Katayama pharmaceutical Co.
b) Clay Mineral Samples

Mg-bentonite(MB) and Ca-
bentonite (CB) were supplied Table 3.2 Chemical Compositions of Cements

by the Kanto Bentonite Co.

and the Kunimine Kogyo Co., Cement Normal High-Early-Strength Moderate-Heat
respectively. Na-bentonite SiOZ(%) 22.3 20.8 23.2
(NB) was obtained by ex- Alzos(*) 5.4 4.6 4.5
changing Mg ions in Mg-bent- Fe203(%) 3.2 2.8 3.9
onite(MB) for Na ions th- Ca0 (%) 64.7 66.0 64.3
rough the process described MgO (%) 1.2 1.4 1.3
in the latter of this para- 503($) 1.6 2.7 1.6
graph. Pyrophylite was sup- Ig. Loss 0.5 0.8 0.4
plied by the Kanto Bentonite (%)

Co.. Kaolinite (Ka(l), Ka(II) Insol. (%) 0.1 0.2 0.1
and Ka(III)) from Hiraki, Total (%) 99.0 99.3 99.3
Hyogo Prefecture and seri-

cite(S) from Kanazawa, Ishi- CSS(%) 49 69 45
kawa Prefecture were made C85(%) 27 8 33
under 250 y (105 y for Ka(II) C3A(%) 9 8 5
and Ka(II1)) by grinding the C4AF(3) 10 9 12

respective rocks. Chlorite-

vermiculite mixed-layer minera}



(R) and allophane (A(I) and A(II))} were from Noto, Ishikawa Prefecture and Ina, Nagano Prefecture. The
natural soil was from Utatsuyama hill in Kanazawa, Ishikawa Prefecture.

The predominant clay and non-clay minerals contained in samples and their physical properties are pre-
sented in Table 3.3. The chemical composition and cation exchange capacity of these clay samples are also
shown in Table 3.4. The method employed for determination of cation exchange capacity was Yoshida et al.’s
method (1953) which is based on Schollenberger’s method. That is to say, a clay sample was allowed to be
saturated with the ammonium. The ammonium was replaced by sodium cations using 10 percent sodium chloride
solution and the amount of ammonium replaced was determined by the colorimeter.

The Na-bentonite sample used was obtained through the following process, which is based on the method
of the determination of cation exchange capacity described above.

22 of a 1 N ammonium acetate solution (pH 7) were added to 200g of Mg-bentonite sample and filtered
using a funnel over during about 10 hours. The excess ammonium acetate remaining in clay sample, after
the filtration, was removed using 12 of 80 percent methyl alcohol (the first grade reagent). Ammonium
ions were leached out by filtrating 2% of 10 percent sodium chloride solution through the ammonium-satur-
ated clay for about 10 hours, producing the Na-bentonite sample. Finally, extra salts were leached out
using 22 of 80 percent methyl alcohol. The Na-bentonite sample obtained was dried in a constant tempera-
ture oven held at 30" C and ground in a ball mill to pass the 74u sieve. The (001) peak in X-ray pattern
of montmorillonite in the Na-bentonite after the application of the treatment stated above was found at
12.6 ﬂ, while that in Mg-bentonite at 15 X (Fig. 3.12). This fact proves that the predominant component
in the bentonite is Na-montmorillonite. The change
of Mg-bentonite is proved by the chemical composition Mg-bentonite N a-bentonite
as well, as given in Table 3.4.

Water used is distilled water.

The Amount of Additives and the Curing Time of

Specimens

The cement contents selected are 10, 20 and 30

percent by weight of dry clay mineral samples. The

amounts of the Ca(OH)2 added are 3, 6 and 9 percent

by weight of dry clay mineral samples. Each experi-
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ment is carried out for specimens cured for 1, 3, 7, 2 3 45 7 8 9 10 2 3 4 S5 6 7 8 9 10
14, 28, 21, 182 or 200 and 364 days. 2 0 -Degrees :Cu Ka Radiation:
Procedure Fig.3.12 (001 peak of montmorillonite in Mg-and Na-bentonite

(a) Unconfined compression test

Air-dried minerals and cement are first mixed and followed by the addition of the distilled water and
the subsequent mixing by hand until an uniform specimen is obtained. Cylindrical specimens, which are
S cm in diameter and 10 cm high, are compacted statically by an oil jack so as to equal the optimum mois-
ture content and maximum dry density of each clay-cement combination. Specimens sealed by paraffin wax
are cured at 20° C under a 85 % relative humidity. The loading speed at the compression test is 0.2 kg/
cmz/sec.. Each type of specimens were made in triplicate; the compressive strength is their average.
(b) pH test

The pH value for each sample is the abration pH, which was measured by a glass electrode pH meter (

manufactured by Toadempakogyo Co.) for filtrate prepared by the following procedure:
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Table 3.3

Physical Properties

Bentonite Kaolinite Mixed- Allophane Natural Pyroph- Sericite
Properties Layer Soil yllite (SE)
MB CB NB Ka(I) Ka(ll) Ka(III) (R) A(l) A(ID) (NS) (PR)
Size Ranges:
274 u(%) 00 00 00 58 25 17 1 40 44 4 00 26
74 - S u(%) 17 21 22 35 69 73 92 43 30 93 53 42
{5 u(y) 83 79 78 7 7 10 7 17 26 3 47 32
L.L. (%) 328 420 443 25.3 33.0 34.2 77.0 137 88.0 63.4 42.0 28.4
P.L. (%) 41 34 48 17.3 20.5 18.6 27.1 106 30.9 31.5 20.7
277 386 395 8.0 9.5 15.6 49.9 31 N.P 32.5 10.5 7.7
Maximum Dry
Density 1.015 1.345 1.860 1.770 1.720 1.535 0.920 0.950 1.371 1.570 1.842
(g/cn)
Optimum
Moisture 50.0 35.0 13.7 15.1 18.4 23.5 66.5 58.5 31.5 24.5 15.7
Content (%)
Predominant montmorillonite, kaolinite chlorite- allophane, quartz, Pyroph- sericite,
Clay and cristobalite, quartz vermiculite hydrated feldspar, yllite pyrophyllite,
Non-clay quartz mineral, halloysite kaolinite, quartz
Minerals quartz (only A(II)) illite,
montmori-
llonite
CB : Ca-bentonite, MB : Mg-bentonite, NB : Na-bentonite
Table 3.4 Chemical Compositions and Cation Exchange Capacity
Mg-bentonite Ca-bentonite Na-bentonite Kaolinite Mixed- Sericite Allophane
layer A(ID)
SiOz(%) 70.98 70.93 71.48 50.34 67.00 66.48 52.07
AlZOS(%) 16.41 13.01 15.02 34.82 16.96 26.93 28.45
Fezos(%) 1.92 2.07 1.60 0.64 3.18 2.55 2.23
Ca0($) 0.56 1.90 0.28 0.78 0.84 0.12 2.57
MgO (%) 2.17 0.34 0.06 0.33 1.90 0.64 0.36
NaZO(%) 0.15 0.15 4.90 0.43 0.32 0.05 0.26
KZO(%) 0.23 0.24 0.71 0.64 0.24 0.10 0.45
Cation
Exchange 73 68 7.4 8.6 9.6 25
Capacity
(meq./100g)
Note : Cation exchange capacity of natural soil (NS) and allophane (A(I)) is 30 and 27 meq./100g, respect-

ively.



Ten grams of the ground specimens passing the 74 u sieve were mixed with 50 cc distilled water with an
electric stirrer for 10 minutes. The suspension was filtered immediately.
(¢) X-ray diffraction

The samples ground in a mortar were examined by an X-ray diffractometer, '"Geigerflex" of Rigakudenki
Co., under the following measuring conditions.

For the purpose of identifying the reaction products: Target: CuKa, Filter: Ni, Voltage: 30 kV, Current:
15 mA, Scale factor: 2, Time constant: 8, Multiplier: 0.8, Scanning speed: 2'/min., Divergency slit: 1',
Scattering slit: 1., Receiving slit: 0.15 mm, Chart speed: 2 cm/min..

For the purpose of measuring intensity of two alite and belite peaks: Target: CuKa, Filter: Ni, Volt-
age: 40 kv, Current: 15 mA, Scale factor: 8, Time constant: 4, Multiplier: 1.0, Scanning speed: O.S./min.,
Devergency slit: 2.5., Scattering slit: 2.5., Receiving slit: 0.30 mm, Chart speed: 1 cm/min..

(d) Thermal analysis

The same ground samples as those for X-ray diffraction were used for thermal analysis. A ''Derivato-
graph", manufactured in Hungary, equipped with a single-unit platinum block with platinum-rhodium thermo-
couples was used at the heating rate, 10'C/min., with 1000 mg sample. Calcined aluminum oxide was used as
the referecce material. The results obtained by this equipment were D.T.A., T.G. and D.T.G. curves. Some
of the D.T.A. curves of bentonite-cement (Fig. 3.37, Fig. 3.38) were obtained at the heating rate, 6.5°C/
min., with 300 mg sample.

(e) Preparation of thin sections of clay-cement mixtures

The absorbed water in the compression test specimen was removed in an oven at 30°C for 3 hours. The
dry clay-cement lump was impregnated with a urea resin ( Oshika resin, No. 105, refractive index: 1.555 )
in an outgassed desiccator for about 12 hours. The lump was bonded on to the plate glass with lake cement,
from which a thin section, 30 microns in thickness, was made.

(f) Consistency test

Plastic limit was determined basing on JIS A 1205. Clay-additives mixtures to which water had been add-

ed up to a little smaller moisture content than the plastic limit, were left for about an hour before the

test.

6. RESULTS AND DISCUSSIONS
THE INTERACTION BETWEEN VARIOQUS CLAY MINERALS AND PORTLAND CEMENT

(1) Relationship between the plastic limit of clay-cement and the amount of additives

Some consistency tests were carried out to investigate the meaning of the lime retention point. in soil-
cement mixtures., Fig. 3.13 shows the change in the plastic limit of Mg-bentcnite(MB)-cement accompanying
with the addition of portland cement. The addition of cement up to 5 percent increases the plastic limit
of the mixture and the further increments bring little increase. The plastic limit of Mg-bentonite varies
with the addition of calcium hydroxide, as shown in Fig. 3.14.

The point of inflection of the plot of Ca(OH)2 added vs. P.L. occurs at about 4.5 percent. That is to

* This term was proposed by workers at Iowa State University and defined as that percentage of lime be-

yond which additional increments of lime produced no appreciable increase in P.L.. However, Diamond and
Kinter prefer 'fixation point" to "retention point". There was a controversy between two groups as to
whether the adsorption of lime onto clays could be regarded as a molecular or an ionic adsorption (Diamond

and Kinter, 1966).
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say, Mg-bentonite used in this investigation has a =
retention point at about 4.5 percent of the Ca(OH)2 ‘
content. The amount of cement added vs. P.L. curve E 30 )~ p
also shows an inflection point which seems to cor- — - = ‘\?
respond to lime retention point. E E - .

An experiment concerning the amount of Ca(OH)2 gé — pyrophyllite +cement
produced accompanying cement hydration demonstrated e — l , | |
that the Ca(OH)2 in neat cement paste within one 2
day curing is 1.5 to 3.5 percent by weight of cement 0 10 20 30
(Fujii, 1952). Thus, the percentage of the Ca(OH)2
in Mg-bentonite-cement on testing is found to be CEMENT CONTENT-PERCENT
far smaller than that at lime retention point of Fig.3.15 Effect of cement on the plastic
this clay sample. This fact interprets that a limit of pyrophyllite

point corresponding to the lime retention point
in clay-cement (Fig. 3.13) would probably be responsible not only for the Ca(OH)2 resulting from cement
hydration but also for other factors described in the following.

Other factors causing the inflection in the plot of the amount of cement added vs. P.L. may be; (a) the
effect of anhydrous cement particles and (b) the change in physicochemical properties of the association
of montmorillonite clay particles in Mg-bentonite-cement, which is attributed to the calcium aluminate
hydrate and ettringite which result from relatively initial cement hydration. Of these factors, the effect
of unhydrated cement particles seems to be able to leave out of consideration, because no inflection is
found in the amount of cement added vs. P.L. curve of pyrophyllite-cement mixture (Fig. 3.15).

(2) X-ray Diffraction
(a) Mg-bentonite (MB)-cement
Fig. 3.16 shows X-ray diffraction data at the end of 3, 28, 91 and 200 days curing of bentonite (MB)-

L d
cement sample. As curing progresses, the height of the peak of alite and belite at 2.76 A in all samples



decreases, while that of CSH(gel) at 3.07 R in-
Bentonite +30%; cement

creases (Fig. 3.16, 3.17 and 3.18). This tenden-

cy is similar to that of neat cement paste which d=3.07A (CSH)

is molded with a water-cement ratio, 30 percent, Aged 3 days

and cured under the same condition. This fact

\> d==3.07A (CSH)

indicates that the cement hydration takes place Aged 28 days
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Aged 91 days

in each bentonite(MB)-cement mixture in the same

1 d=3.07A (CSH:
manner as in the cement paste. ‘

However, none of the bentonite(MB)-cement
Aged 200 days

samples has the peaks identified as calcium hy-

d=3.07A (CSH»
droxide. This may suggest that, in the bentonite < d=2.764

5‘0 6‘0 70
(MB) -cement, a large amount of Ca ions resulting 10 20 30 40
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from cement hydration is adsorbed on the cation )
Fig.3.16 X-ray diagrams for bentonite+30%

cement samples cured for 3, 28, 91
morillonite or other silicates minerals with and 200 days

exchange sites and extensive interaction of mont-

Ca(OH)2 takes place. It was also confirmed by

X-ray examination that the latter pozzolanic re-

action produces C4AH13 as well as CSH(gel).

T T 1
Such a pozzolanic reaction may be evidenced by = alite and belite d=2.764A
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. 5 8 :en cemen;ognste .
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similar to that in neat cement paste, indicating 5 L
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that the CSH(gel) in the bentonite(MB)-cement is 0 | 1 tilitl
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produced not only by cement hydration but also CURING TIME-DAYS
by secondary clays- or other silicates-Ca(OH)2 Fig.3.17 X ray diffraction peaks for hydrating
. ite-cement and portland cement
interaction. However, it should be kept in mind bentoni P
that the height of the peak at 3.07 A at the in-
itial ages is considerably influenced by the 3.02 .
2 . . Q neat cement paste
A peak of alite and belite. 30= O bentonite +30%, cement
E - A bentonite + 207, cement
As shown in Fig. 3.18, until the curing time ; @ bentonite +10%
=] 20
of 28 days, the bentonite(MB)-cement mixture of ::% |
20 percent cement content has greater height of %% 10
Ex |
the peak than that of 30 percent. This may be zZ3 0 C by
0 1 L isll
due to the faster hydration of 20 percent cement 1 3 7 u 2 9 200

CURING TIME DAYS
specimens than that of 30 percent ones, because R
P P Fig.3.18 X ray diffraction peaks for hydrating

the water-cement ratio of 20 percent cement speci- bentonite—cement and portland cement

mens is greater than that of 30 percent ones.
The amount of calcium hydroxide resulting from hydrating cement in the bentonite (MB)-cement would proba-
bly be controled not only by cement content but also by water-cement ratio. Since the Ca(OH)z-bentonite(

MB) interaction is considered to affect the formation of CSH(gel), the amount of CSii(gel) produced in the



bentonite (MB)-cement depends upon both cement con-
tent and water cement ratio. ;

As regards the rate of formation of Ca(OH)2 in 2000

N\
B P\L/JV
1

cement hydration, Copeland et al. (1960) and Tap-
lin (1959) reported that the amount of Ca(OH)2
produced in cement hydration increased with in-

creasing water-cement ratio.

Although the water-cement ratio in the bento-
nite(MB)-cement can not simply be the ratio of
added water to the cement by weight because of the

adsorption of water between the layers of mont-

morillonite, it may be permitted to suggest that

s

L. O bentonite + 10% cement

the water-cement ratio in specimens of 20 percent

cement content is greater than that in 30 percent

- & bentonite +20% cement
ones.

l- O bentonite + 30% cement

The area of a triangle (Ao) which covers the 500 N T T L aaal

1 3 7 4 28 91 200
CURING TIME-DAYS

AREA OF MONTMORILLONITE PEAK IN BENTONITE-CEMENT (mm?)

(001) peak of montmorillonite in the X-ray dif-

fraction pattern can be used as a measure of the
19 Fig. 3.19 Variation in area of montmorillonite

intensity of basal reflection. The Fig. 3. X N
peak for hydrating bentonite-cement

indicates the change in Ao of each sample with

curing time. For the specimens with 10 and 20 percent cement, a slow decrease in A0 is observed until 14
days, followed by a rapid increase until 28 days for the former and until 91 days for the latter. On the
other hand, AO of the specimens with 30 percent cement falls down at 28 days of curing. This may be caus-
ed by the encapsulation of a portion of the basal plane surfaces of montmorillonite with CSH(gel) and
amorphous calcium hydroxide primarily resulting from initial cement hydration. The relatively rapid in-
crease in A0 in the former two specimens at 28 and 91 days of curing may probably be due to the adsorption
of Ca** ions between the silicate sheets.

As Eades and Grim(1969) reported, a small amount of lime does not affect the structure of montmorillo-
nite and substantially the basal reflections are intensified.

Herzog and Mitchell(1962) also stated that at 15 percent cement content the 14 A montmorillonite basal
reflection increased in height and sharpness during the longer curing periods, but that at a cement con-
tent of 30 percent the montmorillonite reflections weakened with increased curing time suggesting major
structural breakdown. The clay-cement specimens in their experiments were cured for different periods at
60"C in a 100 percent relative humidity atmosphere (Herzog and Mitchell,1962).

Since Ca(OH)2 resulting from cement hydration affects the structure of montmorillonite, the intensity
of the basal reflection depends upon the amount of Ca(OH)2 produced with increasing curing time and the
extent of the adsorption of ca*® onto clay particles. Within 91 days curing, the extent of the adsorp-
tion of Ca'* may be developed with the curing time to give rise to rapid increase in A0 as stated by Her-
zog and Mitchell (1962). However, after the maximum A0 is attained, the calcium hydroxide resulting from
further hydration of cement causes the deterioration of montmorillonite. The decrease of A0 at 91 and
200 days curing may support this explanation.

(b) Kaolinite-cement

— 23 —



The X-ray diffraction data of kao- |,| Kaolinite + 30% cement
. . R CSH (gel

linite(Ka(I))-cement are given in d=1ZX CalOH), X

\ 0e283

Aged
Fig. 3.20. Fig. 3.21 shows the chan- 9ed 3 days

ge in the peak height of alite and ‘,
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between the bentonite(MB)- and the CSH(gel )
d =3.07A  Ca{OM),
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kaolinite(Ka(I))-cement. The similar

tendency in the change of 2.76 A peak ‘

kaolinite (Ka(l))-cement (Fig. 3.17 Aged 91days

and Fig. 3.21) indicates that the v
CSH (ge) )
cement hydration and subsequent lib- d =3.07%4 —
d:2634
eration of Ca(OH)2 progress in the U \
4=3

Aged 200 days
same manner in both of them. It is

a remarkable difference between them

ds263A Aged 368 days

that, despite of the absence of the

peak of Ca(OH)2 in the X-ray diagrams
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30 and 20 percent cement content ex- Fig.3.20 X-ray diagrams for kaolinite (Ka( 1)) +30% cement
samp les cured for 3,28,89,180 and 364 days
hibit an apparent peak at 2.63 R
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Fig.3.21 X-ray diffraction peaks for hydrating

kaolinite-cement and portland cement CURING TIME-DAYS

Fig.3.22 X-ray diffraction peaks for hydrating

Fig. 3.22). The peak height of Ca(CH), in neat kaolinite-cement and portland cement

cement paste increases with curing time until 28
days of curing, followed by little increase (Fig. 3.22). That of the 30 percent cement content kaolinite
(Ka(I))-cement shows little change with curing time and that of the 20 percent ones a gradual increase
until 28 days of curing followed by a gradual decrease. Comparison in the variation of the peak height
of Ca(OH)Z between the kaolinite(Ka(I))-cement and neat cement paste also suggests that a portion of Ca(
OH)2 liberated from hydrating cement may be consumed by the interaction of Ca(OH)2 with kaolinite.

The peak height of CSH(gel) at 3.07 X in the kaolinite(Ka(Il))-cement mixture varied with the curing
time as indicated in Fig. 3.23. A slow decrease with increasing curing time is observed until 28 days

followed by a slow increase until 200 days. This does not seem to agree with the normal hydration be-
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havior of alite and belite.

It may presumably be
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Fig. 3.27 shows the X-ray diffraction data of mixed-layer mineral-cement mixtures.

the reduction of the X-ray diffraction peak height of alite and belite at 2.76 R with curing time.

Fig. 3.28 indicates

This

tendency is not much different from that in Mg-bentonite(MB)-, kaolinite(Ka(I))- and sericite-cement, as

stated above.

tent samples, a sharp peak at 2.63 A is found at the cure of 7, 14 and 28 days (Fig. 3.29).

The very high Ca(OH)2 peak appears in most samples of them; even in 10 percent cement con-

The long-

o
term curing samples with 30 percent cement content have the broad peak covering the range of 3.20 A to

3.07 A.

The basal reflection greatly weakens with increasing curing time (Fig. 3.27).

A sharp peak at

10 A exists in the X-ray diffraction diagrams of 182 and 364 days curing samples with 30 and 20 percent

cement content. This peak becomes
considerably large with curing time.
It may be a X-ray diffraction peak
of the basic magnesium silicate hy-
drate, which is given in the ASTM's
powder diffraction file (ASTM, 1968)
(e) Allophane-cement

Fig. 3.30, Fig. 3.31 and Fig. 3.
32, Fig. 3.33 show the X-ray diffrac
tion diagrams and the change in the
peak height of alite and belite at
2.76 R, respectively. Little change
with curing time is found in the
peak height of allophane(I)-cement
at 2.76 A, but the slow decrease in
that of allophane(II)-cement. This
fact indicates that allophane sup-
presses the cement hydration. How-

ever, no suppression of the cement

Fig.3.27

hydration occurs in the clay-cement
mixtures using the allophane includ-

ing the crystalline hydrated halloy-
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mixture

site. That is to say, such a small amount of the crystalline inclusion in the amorphous allophane greatly
affects the cement hydration in the compacted clay-cement mixture.

No X-ray diffraction peaks of the reaction products such as Ca(OH)Z, CSH(gel) and calcium aluminate
hydrate are found.

(f) Natural soil-cement

A number of great peaks of quartz and feldspar included in natural soil also make it impossible to ex-
amine the detailed behavior of the peak height of CSH(gel), alite and belite (Fig. 3.34). None of the
natural soil-cement mixtures indicates the X-ray diffraction peaks of Ca(OH)Z.

The amount of clay minerals in the natural soil sample used might be so small that they could be iden-
tified only by the X-ray diffraction tests using an oriented section.

The disappearance of Ca(OH)2 in natural soil-cement mixtures may be considered to be due to the sup-
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pression of cement hydration by the weathered soil
particles or to the adsorption onto some amorphous
substances in the soil and to the pozzolanic reac-
tion with them.

(3) Thermal Analysis

(a) Kaolinite-cement

Fig. 3.35, Fig. 3.36 and Fig. 3.37 show D.T.A.,
T.G. and D.T.G. curves of kaolinite(Ka(l))-cement
with 30 percent content. As indicated in Fig. 3.35,
an endothermic peak of Ca(OH)2 in the vicinity of
500' C co'exists with the peaks due to kaolinite de-
hydroxylation. This bulge grows until 200 days of
curing. However, those at 1 and 2 years become very
vague.

A fairly large endotherm in the vicinity of 200 C,
found in all samples except 3 days curing one, may
be mainly attributed to tetracalcium aluminate hy-
drate (Green, 1962).

The reaction of kaolinite with Ca(OH)2 in kaoli-
nite-cement mixtures would result in producing a con-
siderably large amount of tetracalcium aluminate hy-
drate as well as CSH(gel).

T.G. and D.T.G. curves indicate some features due
to the dehydroxylation of the clay mineral and the
reaction products (Fig. 3.36 and Fig. 3.37).

(b) Bentonite-cement
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Aged 28 days
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Aged 200 days

"30  sbo Mo 90

Aged 368 days

100

Aged 2 years

Kaolinite (Ka(I)) +30% cement

Fig.3.35 D.T.A. curves for kaoli -
nite +30% cement samples
for 3,28,91 and 200days
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{

PR Fig. 3.38 and Fig. 3.39 show D.T.A. curves of bento-
Kaolinite +30% cement 8 ¢

nite-cement mixtures with 10 and 30 percent cement con-
tent, respectively. All of them exhibit another endo-

Fig.3.36 T.G. curves for kaolinite +30% cement samples for - ¢ 5 s43 -

3,28,91,200,368 days and 2 years thermic peak at about 200 C in addition to an endother

mic peak at about 130" C responsible for the adsorbed
water in samples.

In calcium montmorillonite, part of the water is more tightly bonded to give a small second peak at

about 200°C (Grim, 1953). Since the montmorillonite in bentonite-cement is expected to be saturated with

ions to a considerable extent, it can not be made evident whether a bulge at about 200°C is due to

the montmorillonite or to the reaction products such as calcium aluminate hydrate and calcium silicate hy-

drate.

No endothermic peak of Ca(OH)2 is found in the D.T.A. curves.

(¢) Sericite-cement

In the D.T.A. curves of sericite-cement mixture the endothermic peak of Ca(OH)Z at about 500° C seems
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Bentonite + 10%; cement

Fig.3.38 D.T.A.curves for bentonite +10% cement
samples cured for 7 and 91 days

larger than that in kaolinite-cement(Fig. 3.35,
Fig. 3.40). The presence of a greater amount

of Ca(OH)2 in sericite-cement mixtures is also
confirmed by D.T.G. curves. That is to say,

an evident deflection at about 500" C found in
D.T.G. curves of sericite-cement (Fig. 3.42)

can not be detected in those of kaolinite-cement
(Fig. 3.37). No endothermic bulge at about 200
C which is found in kaolinite-cement is obser-
ved, indicating that a little or no tetracalcium
aluminate hydrate yields in sericite-cement
mixtures.

However, a considerable amount of the calcium
silicate hydrate would probably be produced.
This may be evidenced by a broad exothermic
peak at about 900" C in 91 and 200 days curing
samples. Fig. 3.41 and Fig. 3.42 are T.G. and
D.T.G. curves of this clay-cement mixtures,
respectively.

(d) Chlorite-vermiculite mixed-layer mineral-
cement

D.T.A., T.G. and D.T.G. curves of mixed-layer
mineral-cement are presented in Fig. 3.43, Fig.
3.44 and Fig. 3.45. As expected from the X-ray
diffraction results, all curves except 3 days

curing exhibit a large peak at about 500" C re-
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Aged 200 days

Bentonit + 30“, cement

Fig.3.39 D.T.A. curves for bentonite +30%
cement sample cured for 200 days
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Sericite + 30% cement

Fig.3.40 D.T .A. curves for sericite +30% cement

samples cured for 28, 91 and 200 days
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Fig.3.42 D.T.G. curves for sericite +30% cement
Fig.3.41 T.G. curves for sericite +30% cement samples cured for 28,93,200 and 364 days
samples cured for 28,93,200 and 364 days

sponsible for the dehydroxylation of Ca(OH)Z. Further, the peak still remains without change in its size
even at the end of 182 days curing.

An endotherm at about 780°C found in the D.T.A. curves of 32, 89 and 182 days curing sample may be due
to either the calcium silicate hydrate with high CaO/SiO2 ratio such as yCZS hydrate or to the calcium
carbonate.

The pozzolanic reaction in this clay-cement mixture seems inactive as also indicated by other experi-
mental results.

(e) Allophane-cement

D.T.A., T.G. and D.T.G. curves of allophane(A(I))-cement are presented in Fig. 3.46, Fig. 3.47 and Fig.
3.48. These are almost the same as that of typical allophane clay mineral sample, indicating no progress
of cement hydration in this clay-cement.

(4) pH Tests

Fig. 3.49, Fig. 3.50 and Fig. 3.51 show the pH changes with curing time in each clay-cement mixtures
(kaolinite(Ka(I))-cement, sericite-cement, bentonite(MB)-cement and natural soil-cement) and cement paste.
Furthermore, those of mixed-layer mineral-cement and allophane(A(I), A(II))-cement are given in Fig. 3.52,
Fig. 3.53 and Fig. 3.54.

Both the kaolinite- and sericite-cement mixtures show the similar pH vs. curing time curves to that of

neat cement paste. They rise slowly until 91 days with a subsequent reduction at 200 days age. On the
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Fig.3.44 T.G.curves for mixed-layer mineral +30% cement
cured for 3,32,89 and 182 days

Aged 182 days
other hand, the pH of the bentonite(MB)-cement
mixture rapidly decreases with increasing curing
time after 3 or 14 days in 10, 20 and 30 percent
cement content samples. All of them approach

about 11.0 successively in the order of 10, 20

M ixed-layer mineral +30% cement
and 30 percent cement content.

Fig.3.43 D.T.A. curves for mixed-layer mineral +30% cement The pH of natural soil-cement with 20 or 30

cured for 3,32,89 and 182 days percent content little changes with curing time.

The values of pH of 3 days to 14 days ages samples
are considerably low compared with those of other clay-cement samples as a whole. Furthermore, there is
found the gradual decrease of the pH with curing time after 14 days in 10 percent cement content ones.
This demonstrates that some interaction between clay and cement takes place in natural soil-cement mix-
tures.

As easily expected from other test results, little changes in pH with curing time are found in the

mixed-layer mineral-cement mixtures (Fig. 3.52, Fig. 3.53 and Fig. 3.54). This fact gives an evidence
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Fig.3.46 D.T.A. curves for allophane( I ) +30% cement
cured for 91 and 364 days

for the inactivity in the pozzolanic reaction in these clay-cement samples.

The pH value of allophane-cement tends to decrease a little after 28 days ages.

The pH value obtained through the process previously mentioned depends upon the amounts of anhydrous
cement and of Ca(OH)2 liberated from cement hydration. Therefore, a slow decrease in pH with ages suggests
a slow peogress in the cement hydration and/or the inactivity in the reaction of clay samples with Ca(OH)2
liberated. Little changes in pH of allophane(A(I))-cement may be attributed to the former and those in
pH of kaolinite-, sericite- and mixed-layer mineral-cements to the latter.

(5) Unconfined Compression Tests

The results of unconfined compression test for the specimens with 30 percent cement content are pre-
sented in Fig. 3.55. Fig. 3.56 to Fig. 3.62 show the relationship between unconfined compressive strength
and curing time for each clay-cement mixture. It is found, from these figures, that, exclusive of allo-
phane(A(I))-cements with 10 and 20 percent cement content and of allophane(A(II))-cement with 10 percent
cement content, the strength of all clay-cement specimens increases with increasing curing time. All of

these results are plotted on semilogarithmic graph paper.
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The characteristics in the strength development
of each clay-cement mixture are discussed in the
following.

(a) Kaolinite-cement

The unconfined compressive strength of kaolinite
-cement mixtures approximately linearly increases
with curing time (Fig. 3.55). It is remarkably
noted that the difference in cement contents of
kaolinite-cement brings about a comparatively lit-
tie difference in their strength compared with
those in sericite- and bentonite-cements (Fig. 3.
56, Fig. 3.57 and Fig. 3.58).

Two explanations can be given on such character-
istic strength developments.

A considerably great amount of tetracalcium a-

luminate hydrate is produced in kaolinite-cement,

as indicated by X-ray diffraction and D.T.A.. On
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the contrary, a primary reaction procuct in bentonite- and sericite-cement is tobermorite gel. Thus, there
could be the likelihood that the mechanism of the strength development in kaolinite-cement of which the
strength primarily comes from tetracalcium aluminate is different from that in bentonite- and sericite-
cements in which the origin of cohesion is attributed to tobermorite gel in its most part.

Ano i i i i
ther factor to be taken into consideration in the strength development of clay-cement is the grain
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size distributions of clay samples used. Especially, there is a wide difference in clay content between
them (Table 3.3). In this respect, however, it should be noted that kaolinite(Ka(III))-cement specimens
using kaolinite clay samples(Ka(III)) having much finer particle (Table 3.3) indicates a little difference
in its strength between 10, 20 and 30 percent cement content, in the same manner as in the coarser grained
kaolinite(Ka(I))-cement mixtures (Fig. 3.101, Fig. 3.102 and Fig. 3.103).

(b) Bentonite-cement

Until 28 days, little difference is observed in the tendency of the strength increase between these

three mixtures (Fig. 3.57). However, between 28 and 91 days of curing, the greater the cement content of
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the mixture, the greater the strength increase.
After 91 days of curing, the strength of each
mixture increases a little or little. Despite
of a little difference in the strength between
20 and 30 percent cement content specimens at
the end of 28 days curing the difference at the
curing time of 91 and 200 days becomes almost
in proportion to the amount of cement added.
This fact seems to suggest that the mechanism
of the strength development until 28 days of

curing in bentonite-cement may be different

from that at later ages.
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In their studies of lime-montmorillonitic clay reaction, Ho and Handy found that the pozzolanic reac-
tion between Ca(OH)2 and montmorillonitic clays was possible only at the pH higher than 11.0 (Ho and Handy
, 1963). The pH value in their investigation was obtained for 30 percent concentration suspension. How-
ever, judging from both the characteristic strength vs. curing time curves (Fig. 3.57) and pH tests results
in this investigation, a conclusion may be drawn that the pozzolanic reaction between cement and bentonite
contributing to the strength increase of the bentonite-cement can occur at the pH higher than a critical
value of 11. The liberation of Ca'' ions from hydrating cement, and subsequent cation exchange between
these calcium ions and the magnesium previously held in the clay sample progress to turn the bentonite into
the one saturated with calcium ions up to "lime retention point' at a certain ages after 28 days, followed
by the pozzolanic reaction contributing to the strength increase in the alkaline envioronment of the higher
than 11. However, the pozzolanic reaction in bentonite-cement can not definitely be related to the pH ob-
tained in this investigation as in Ho and Handy's results of the soil-lime system, because the pH in bento-
nite-cement is influenced by the anhydrous alite and belite.

It may rightly be supposed that the pozzolanic reaction in bentonite-cement should require the adequate
amount of cement to produce the calcium hydroxide beyond the amount needed to attain a lime retention point.
If the Ca(OH)2 produced by cement hydration at 28 days of curing is about 25 percent by weight of cement,
the amount of Ca(OH)2 produced in the bentonite-cement with 10 percent cement content must be less than a
lime retention point confirmed by Eades and Grim (1959) and Handy et al. (1965) from the strength develop-
ment of bentonite-Ca(OH)2 mixture. According to Handy et al's statement (1965), such a retention point is
about 6 percent by weight of a clay sample. It is generally higher than the lime retention point from
plasticity tests (2.5 percent)(Handy et al., 1965).

Thus, it may reasonably be presumed that no pozzolanic reaction occurs in the bentonite-cement with 10
percent cement content even after 28 days of curing, resulting in a little increase in its strength. It
should be noted that the retention point of the bentonite used in this investigation (about 4.5 percent)
is higher than the value of 2.5 percent, because the bentonite sample may be unsaturated with Ca ions.

(c) Sericite-cement

The strength increase tendency with curing time is almost the same as that in kaolinite-cement (Fig. 3.
56 and Fig. 3.58). However, unlike kaolinite-cement mixtures, the strength of the sericite-cement speci-
mens at all ages is approximately in proportion to its cement content.

(d) Mixed-layer mineral-cement

It is a highly interesting phenomenon that the strength of this clay-cement mixture greatly increases
between 182 and 364 days of curing (Fig. 3.59).

Such a great increase in strength after the cure of 182 days is not found in other clay mineral-cement
mixtures. In this respect, little or no changes in the X-ray diffraction peak height of Ca(OH)2 and in
the pH value between both curing times definitely demonstrate that the rapid strength increase is not caused
by the pozzolanic reaction between the clay mineral and Ca(OH)z.

Concerning the mineralogical properties of this clay mineral, Sugiura (1962) reported as follows: "Gen-
erally, discussion on the diffraction lines at 1.50 to 1.54 A corresponding to the (060) reflection can
lead to the determination of the characteristics of the structural layer constituting a clay mineral. When
primarily aluminum is present in the octahedral layer within the structure, this reflection appears at

about 1.50 A. When the major cation in the octahedral layer is magnesium, it does at about 1.54 A. This

mineral is found to belong to the latter, that is, to a trioctahedral mineral, since the reflection in the
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randomly oriented specimen of this sample takes place at 1.537 A

It is found that this clay sample used includes chlorite-vermiculite mixed-layer mineral rich in mag-
nesium as the predominant component (Table 3.4). Therefore, this clay mineral particles would be presumed
to be attacked by Ca(OH)2 resulting from cement hydration at the edges to dissociate magnesia as well as
silica and alumina. Consequently, in this clay-cement, a physicochemical reaction process in which mag-
nesium is concerned should be expected to occur in addition to the usual pozzolanic reaction between cement
and clay mineral having no brucite layer in the structure.

Two possible processes may be considered. The one is the substitution of silicon by magnesium in the
tobermorite lattice, and the other a certain reaction process through which the chrysotile-like magnesium
silicate hydrate is formed. This chrysotile (3MgO,ZSiOZ,2H20), a mineral with a layer lattice, which is
known to be fibrous in habit, is said to favor the strength development of cement paste (Richartz a;d Lo-
cher, 1965). As stated previously, a new sharp X-ray diffraction peak at 10 A may suggest the likelihood
of the latter.

(e) Allophane-cement

No strength development accompanying with the cure is found in allophane(A(I))-cement with 10 and 20
percent cement contents even in 30 percent cement content specimens, only a little increase in strength
occurs after 28 days of curing (Fig. 3.60). However, there is a distinct difference in strength between
all cement contents in allophane(A(II))-cement; especially, the strength of 20 and 30 percent cement con-
tent specimens increases with increasing curing time (Fig. 3.61). These results concerning the strength
development are consistent with those obtained in the X-ray diffraction. The halloysite hydrated included
in allophane clay sample seems to have a favorable effect on the strength development of allophane-cement
mixtures.

(f) Natural soil-cement

The unconfined compressive strength of this mixture increases during the long periods of curing. There
is no characteristic tendency to be noted(Fig. 3.62).

(6) Examination by Optical Microscope

Fig. 3.63, Fig. 3.64 and Fig. 3.65 represent the change with the curing time in the textures of the
kaolinite-, bentonite- and sericite-cement, respectively. These are obtained by observing the thin sec-
tions under an optical microscope. No groundmass gel as observed in (a) and (b) of Fig. 3.63 and Fig. 3.
64 is found in the photomicrographs of the kaolinite- and bentonite-cement mixtures at the end of 91 days
and 200 days of curing (Fig. 3.63(c), (d) and Fig. 3.64(c), (d)). Mitchell and Jack (1966), in their re-
ports of the fabric of soil-cement observed with an electron microscope using replicas of the fracture
surface, state as follows;"Irregular elongated particles from the hydrating cement at the end of one week
appear to have transformed in part to irregular plate-like particles and the distinction between the ce-
ment and kaolinite phases becomes virtually impossible at the end of 32 weeks curing." (Mitchell and Jack,
1966) .

The disappearance of groundmass gel in the observation of thin sections seems to relate to the above
result obtained by Mitchell and Jack. Since the kaolinite clay material used in the present investigations
includes relatively coarse particles of quartz, the disappearance of groundmass gel is observed in the
interstitial part in kaolinite-cement mixture, as shown in Fig. 3.63.

The Fig. 3.65 shows the existence of the groundmass gel even at the end of 91 days of curing, suggest-

ing that the clay-cement interaction in the sericite-cement mixture is not so active as in the other mix-



Fig. 3.63 Photomicrographs of thin sections kaolinite +20%. cement samples
al Aged 3 days, (b Aged 28 days, (c| Aged 91 days, (d) Aged
200 days x50

tures.

In short, the optical observetions lead to a same conclusion as expected by X-ray diffraction, D.T.A.
and pH test, described above. The groundmass gel observed in the thin section of clay-cement seems the
mixture of CSH(gel) and the amorphous calcium hydroxide.

(7) Summary and Conclusions

A series of experiments demonstrate that the interaction between the clay minerals and cement is active
in the order of montmorillonite, kaolinite and sericite, apart from mixed-layer mineral and allophane.

The bentonite-cement seems to produce CSH(gel) more than the kaolinite-cement. The reaction sites of
kaolinite with Ca(OH}z scems to differ from those of sericite and bentonite. This may relate to the sites
of cation exchange. Cation exchange duec to broken bonds may be important for kaolinite and in part at
least, the hydrogens of exposed hydroxyls may be replaced by other cations. Therefore, kaolinite minerals
in kaolinite-cement may be attacked at the edges, producing primarily calcium aluminate hydrate and CSH(
gel) in part. This is evidenced by the large bulge at about 200°C in the D.T.A. curves of the kaolinite-
cement (Fig. 3.35).

On the other hand, in sericite and montmorillonite, where the cation exchange is due to lattice substi-
tution, the cations are mostly on the basal plane surfaces. Thus, sericite and montmorillonite minerals
may be attacked in the basal plane surfaces rather than at the edges. Therefore, the interaction of these

clay minerals with Ca(0l), liberated from hydrating cement must be accompanied by the formation of CSH(gel)
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Fia. 3.64 Photomicrographs of thin sections bentonite +207; cement samples ;
(a) Aged 3 days, (b) Aged 28 days, (c) Aged 91 days, (bh) Aged
200 days (x 50)

la)

Fig. 3.65 Photomicrographs of thin sections sericite + 207, cement
samples {a) Aged 28 days, (b) Aged 91 days, (e
Aged 200 days (X50)
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rather than calcium aluminate hydrate. The broad peak at about 900" C in the D.T.A. curves of the sericite-
cement at 91 and 200 days ages and the very high peak of CSH(gel) at 3.07 A in X-ray diffraction diagrams
of bentonite-cement seem to support the above interpretation.

The strength of compacted clay-cement mixtures may come from tobermorite gel and calcium aluminate hy-
drate resulting from the cement hydration and the secondary clay mineral-Ca(OH)Z interaction. 1In this re-
spect, the nature of the strength development in chlorite-vermiculite mixed-layer clay mineral-cement ap-
pears different from that described above. That is to say, magnesia as well as silica and alumina may be
dissolved to a certain extent from these trioctahedral mineral by the attack of Ca(OH)2 at the edges re-
sulting in the formation of fibrous magnesium silicate hydrate contributing to the strength development.
Some data were obtained suggesting the formation of such magnesium silicate hydrate.

Furthermore, the possibility that the long-term strength of the mixed-layer mineral-cement is brought
about by the magnesium silicate hydrate could be proved by the fact that the rapid increase in strength
and the appearance of a sharp X-ray diffraction peak at 10 A simultaneously occur at the cure of 364 days.

As described above, the mechanism of the interaction between most clay minerals and portland cement may
be presumed to be essentially similar to that in the soil-lime system. However, chlorite-vermiculite mix-
ed-layer mineral is found to show a peculiar behavior in its interaction with hydrating cement.

Other conclusions obtained are summarized as follows.

(1) The amount of cement added vs. P.L. curve of bentonite-cement shows a characteristic inflection which
has already been found in the soil-lime system.

(2) Despite of the slow increase in the strength of 10 percent cement content specimens, that of the ben-
tonite-cement with 30 and 20 percent cement content rapidly increases after the curing time of 28 days.

(3) The unconfined compressive strength of bentonite- and sericite-cement which primarily depends upon the
formation of CSH(gel) is approximately in proportion to the cement content, but in kaolinite-cement
mixture in which a great amount of calcium aluminate hydrate is produced, a difference in cement con-
tent brings about a little difference in strength.

(4) Allophane seems to suppress the cement hydration.

(5) The inclusion of halloysite hydrated in allophane accelerates the cement hydration, resulting in the
increase in the strength of allophane-cement mixtures.

(6) Cation exchange capacity of a clay mineral sample used in clay-cement may relate to whether there ex-
ists free lime in the mixtures or not. A clay mineral sample with cation exchange capacity(C.E.C.) of
7 to 10 meq/100g such as kaolinite, sericite and mixed-layer mineral exhibits the presence of Ca(OH)2
in its clay-cement mixture. There is no Ca(OH)2 detected by X-ray diffraction and D.T.A. in a clay-

cement using the one with C.E.C. of 25 to 73 meq/100g such as bentonite, allophane and natural soil.

BOLE OF THE CALCIUM HYDROXIDE PRODUCED BY THE CEMENT HYDRATION IN CLAY-CEMENT MIXTURE

A conclusion derived above, as other investigators report, shows that the reaction of clay minerals
with calcium hydroxide from the cement hydration plays a significant part in the mechanism of the inter-
action between clay minerals and portland cement. However, actual functions of Ca(OH)2 in clay-cement mix-
ture have not been revealed yet. Some results were obtained by comparing the experimental results of clay-
cement mixtures with those of clay-Ca(OH)2 ones, as stated in the following.

In the preparation of specimens for tests, the calcium hydroxide of 9, 6 and 3 percent by weight of dry

clay is added to clay mineral samples correspondingly to the comparable clay-cement mixtures of 30, 20 and
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10 percent content, respectively, since

Bentonite + 9 %Ca(OH),
the complete hydration of portland ce-

ment liberates the calcium hydroxide of

ix sample
about 30 percent by weight of cement. Dry mix samp

(1) X-ray Diffraction

Fig. 3.66 and Fig. 3.67 indicate the CSH(gel) Ca(OH),

d=3.07TA 4=2 63A

X-ray diffraction diagrams of bentonite /N”&\ﬂqb Aged 3 days
It
(MB) - and kaolinite(Ka(Il))-Ca(OH)2 mix-
1
ture, respectively. cstieel

4=3.07A
Aged 28 days

Only both 9 and 6 percent Ca(OH)2

content samples at the curing time of

CSHigel)
yd--3.07A

3 days indicate the X-ray diffraction
Y Y Aged 91 days
peak of Ca(OH), at 2.63 X (Fig. 3.68).

CSHigel)

As reported by several investigators 4-307A

(Wang and Handy, 1966)(Diamond, 1963)( A Aged 182 days
Glenn, 1963) (Jack, 1965) (Sloan, 1964),

a great amount of CSH(gel) is produced
Aged 364 days

as a reaction product of the bentonite-

Ca(OH)2 interaction. The formation of

1 ]
i i W DU EEE DTS WU DU W E i e
CSH(gel) is evidenced by two sharp peaks i h_ T & I 0 L 2 LL%UAAJA¢Lﬁb

at 3.07 A and 2.08 A (Fig. 3.66). How- 2 8 -Degrees(Cu Ka Radiation)

ever, the formation of calcium aluminate
hydrate can not definitely be confirmed. Fig.3.66 X-ray diagrams for bentonite(MB) + 9% Ca(OH),
samples cured for 3,28,91,182 and 364 days

The peak height of Ca(OH)2 (d = 2.63
A) in kaolinite-Ca(OH)2 mixtures rapidly
decreases until 7 days of curing (Fig. 3.69).

The comparison in the changes of the X-ray diffraction peak height between kaolinite-cement and -Ca(OH)2
mixtures (Fig. 3.70) apparently suggests that the liberation of Ca(OH)2 from the cement hydration and the
kaolinite-Ca(OH)2 interaction simultaneously progress with curing time.

The X-ray diffraction peak height of CSH(gel) at 3.07 A in bentonite-cement is considerably great even
at 3 days of curing, though not indicating such a gradual increase with curing time as found in kaolinite-
cement.

The peaks at 8.2 and 2.9 A are observed in 9 percent additive content sample of kaolinite-Ca(OH)2 at
the end of 3, 7, 14, 28 and 91 days of curing (Fig. 3.67). These peaks may be considered to be the reflec-
tions of hillebrandite newly formed. They disappear in the 182 and 364 days curing samples, and a sharp
peak is detected at 12.5 A. This peak may probably be the basal reflection of CSH(I). This fact inter-
pretes that the hillebrandite of high lime-silica ratio is converted to the CSH(I) of the low one after
the cure of 91 days. The formation of hillebrandite is evidenced by D.T.A. data as described below.

In this respect, it is mentioned that hillebrandite appears to be formed from the starting materials
through the successive intermediate stages of CSH(II) or some other ill-crystallized material and a-CZS

hydrate (Taylor, 1964). The reaction seems to proceed through the following process; kaolinite-Ca(OH)Z

mixture—— ill-crystallized CSH(with high lime-silica ratio) — hillebrandite—— CSH(I)(with low



lime-silica ratio)}.

Moh(1965) obtained the following result from D.T.A. curves of quartz-Css mixtures.

"The two exotherms at 830" and 870 C belong to the CSH with lime-silica ratios of 0.8 to 1.0 and 1.25,
respectively. The gradual increase in the size of the lower temperature exotherm and the decrease in size
of the other with time definitely indicate that the high-lime member of CSH is transformed to a lower lime
member. "

On the contrary, none of the X-ray

diffraction data of kaolinite-cement Kaolinite +9% Ca(OH)

shows the presence of hillebrandite and
Aged

3 days

CSH(I).

(2) Differential Thermal Analysis
The endothermic bulge at about 180 C ¢ 82
exists in all of D.T.A. curves of kao- \\WHM‘A:qu\AWNJ[x\\}

CalOH),
d=263%

Aged 28 days
linite-Ca(OH)2 mixtures with 9 percent
Ca(OH)2 content, as in kaolinite-cement Aged 91 days
mixtures (Fig. 3.71). This peak belongs
to the tetracalcium aluminate hydrate.

.
There is another endotherm at about 630 Aged 182 days
C in the 28 and 91 days of curing sam-

ples as well. This peak can be respon-

sible for the dehydroxylation of hil- suak Aged 364 days
lebrandite. However, no bulge can be )
found at about 630.C in the D.T.A. curve HAh,;fﬁsﬁ_Jx.“.“...J.A.Anl.A,..l,._u_..xL.ux“‘.SAO.A.Ax....1““1..4,LJ
of 364 days curing samples. Thus, non- 28 Degrees{Cu Ka Radiation)
existence of hillebrandite in the 364 Fig.3.67 X-ray diagrams for kaoliniteiKai 1111+ 9% CalOH .
samples cured for 3.28,91,182 and 364 days
days curing sample evidenced by D.T.A.
agrees with the X-ray diffraction tests
—
dry mix sample
!
I kaolinite Ka'll
Mg-bentonite

. CatOH); d=—=2.63A
dry mix sample

40

CatOH';, d =2.63A 20 dry mix p

O kaolinite + 9% CalOH ) »

O bentonite+ 92,Ca’OH

' & bentonite + 6%, CatOH 1,
15 @ bentonite + 37 Ca:OH),
dry mix sampie
= |
]f

& kaolinite + 6% CalOH)
¢ dry mix sample
@ kaolinite + 3% CatOH),

10 3

" &

10

dry mix sample

BENTONITE- Ca'OH’, PEAK HEIGHT
KAOLINITE-Ca(OH ), PEAK HEIGHT

0 ! : -
3 1 28 91 182 364
3 7 1 28 91 182 364 CURING TIME-DAYS

CURING TIME-DAYS

b

Fig.3.68 X -ray diffraction peaks for hydrating
bentonite(MB 1-CaiOH > , mixtures

Fig.3.69 X-ray diffraction peaks for hydrating
kaolinite(Ka(l1)}-CatOH); mixtures
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O : kaolinite + 97, Ca:OHi; [ : kaolinite t 30" cement
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B O :keolinite+3%CaiOHi; @ : keolinite +10%, cement —
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TEMPERATURE(TC)
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KAOLINITE-CEMENT AND-Ca(OH),
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=
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CURING TIME -DAYS
Fig. 3.70 X -ray diffraction peaks for hydrating kaolinite-
Ca(OH)2 and -cement mixtures

Aged 28 days

TEMPERATURE(C)
result described above. The D.T.A. curves of kaolin- | T | | T | | | 1 |

ite-cement with 30 percent cement content until 28
days of curing show a very faint endothermic deflec- Aged 91 days
tion at about 630 C, which disappear after 91 days of
curing.
An endothermic bulge due to Ca(OH)2 at about 500 C
in kaolinite-Ca(OH)2 has disappeared at 91 days, al-

though that in kaolinite-cement can be detected even

at 364 days (Fig. 3.55). This fact demonstrates that TEMPERATURE(°C)

| I T T T I T T 1
100 300 500 700 900

the amount of Ca(OH)2 which is consumed by the inter-

action with kaolinite in the kaolinite-cement is less

than that in the kaolinite-Ca(OH)2 mixture. It is

very interesting to note that the apparent endothermic
. . . . Aged 364 days

bulge due to hillebrandite exists in the kaolinite-

Ca(OH)2 mixture consuming far more Ca(OH)2 than the

kaolinite-cement mixture.

(3) pH Test kaolinite(Ka(II1))+ 9 %Ca(OH),
The pH changes with curing time in the bentonite- Fig.3.71 D.T.A. curves hrkadmhe(Ka(ll))+9”pCﬂOH),

Ca(OH)2 mixtures are presented in Fig. 3.72. As shown cured for 3,28,91 and 364 days

in the figure, the pH in bentonite-Ca(OH)2 mixtures

with 6 and 9 percent Ca(OH)2 content rapidly decreases after 3 and 7 days of curing, respectively. The

3 percent Ca(OH)Z content sample shows the pH value of about 11.10 at 3 days age, followed by little change

with curing time. This tendency of the pH changes in bentonite(MB)-Ca(OH)Z is different from that in ben-

tonite(MB)-cement (Fig. 3.72, Fig. 3.49, Fig. 3.50, Fig. 3.51). Thus, the comparison in the pH changes

between these two different mixtures indicates that little pozzolanic reaction occurs in bentonite-Ca(OH)Z

mixtures with 3 percent Ca(OH)Z content. Furthermore, the reduction in pH of the bentonite-cement with 10
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percent cement content is found to be not due to
the pozzolanic reaction. This conclusion agrees

with that drawn by the detailed discussion on the
pH changes and unconfined compression test results
in bentonite-cement mixtures as previously stated.

The reduction in the pH value of the kaolinite
-Ca(OH)2 with curing time is greater than that of
the kaolinite-cement (Fig. 3.73, Fig. 3.49, Fig.
3.50, Fig. 3.51). Such reduction in the pH of
kaolinite-Ca(OH)2 shows a gradual progress of the
kaolinite-Ca(OH)Z reaction.

(4) Unconfined Compression Test

The unconfined compressive strength of kaoli-
nite(Ka(II))-Ca(OH)2 and bentonite(MB)-Ca(OH)2
specimens increases with the lapse of curing time,
as shown in Fig. 3. 74 and Fig. 3.75. Little dif-
ference in the strength of kaolinite-Ca(OH)2 at
3 and 7 days curing is found between different
concentrations of the additive (Fig. 3.74). The
strength of kaolinite(Ka(II))-Ca(OH)2 mixture at
the end of 28 days of curing decreases, as the
amount of the additive increases. The compressive
strength of the specimen with 3 percent Ca(OH)2
increases a little after 28 days of curing. At
the long-term curing of 91, 182 and 364 days, the
kaolinite-6% Ca(OH)2 specimens have the greatest
strength of all. The calcium hydroxide of 3 per-
cent by weight of clay may be almost consumed by
the pozzolanic reaction contributing to the stren-
gth development before 91 days of curing.

On the contrary, only a little development of
strength is observed in the bentonite-Ca(OH)Z with
3 percent additive. Further, there is a consider-
able difference in the compressive strength between
different concentrations of the additive at 28, 91,
182 and 364 days of curing. Thus, as stated by
Eades and Grim (1959), it can be concluded that
the strength of bentonite-cement is not developed
without adding the Ca(OH)2 beyond the amount re-
quired to attain the lime retention point obtained
from strength tests. The three curves in Fig. 3.

75 show that a little or no increase in strength

pH
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ig.3.72 pH changes of bentonite-Ca(OH); mixtures with curing time
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Fig.3.73 pH changes of kaolinite-Ca(OH !, mixtures with curing time



accompanying with curing time is found after all of Ca(OH)2 added have been consumed by thc pozzolanic re-
action, i.e., after 182, 91 and 3 days ages for the 9, 6 and 3 percent content specimens, respectively.
Plots of the unconfined compressive strength against curing time in clay-cement and -Ca(OH)2 specimens are
given in Fig. 3.76, Fig. 3.77,Fig. 3.78, Fig. 3.79, Fig. 3.80 and Fig. 3.81. These pair of curves are
comparable onc another in their additive concentration. The two curves in each combination of bentonite
(MB) -cement and -Ca(OH)2 mixtures show that there is a little difference in strength between them at the
initial stage of curing, followed by a great difference at the long-term curing (91, 182 and 364 days of
curing). The long-term development of strength in the bentonite-cement is considered to be due to the
pozzolanic reaction of bentonite with Ca(OH)2 generated by the cement hydration, as previously concluded.
Therefore, such dissimilarity in the tendency of the strength development between bentonite-cement and -Ca
(Oll)2 could be responsible for the difference between the Ca(OH)2 of reagent and the one liberated by the

hydrating cement (Gillot and Sereda, 1966). As another aspect, it may be attributed to the difference in

R i

Q ‘kaolinite + 9°,Ca'OH:,

the physicochemical properties of calcium sili-

cate hydrate produced between them, because the

calcium silicate hydrate is formed under consider-

ably different environments between clay-cement 60— & ‘kaolinite + 6. Ca!OH 1, B - -

and -Ca(OH), mixtures. In fact, different reac- O ‘kaolinite + 3°.Ca OH .

tion products were formed between both of them,

as shown in the X-ray diffraction test results. 40 -

Furthermore, the effect of anhydrous cement

particles on the strength can not be out of con-
20— 4 B B

sideration.

(5) Summary and Conclusions
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The results obtained are summarized as follows.

1) Hillebrandite with high lime-silica ratio may 0 7 " 28 ol 182

CURING TIME DAYS
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be formed at the very initial stage of curing

- R P - Variat in st th with curing time
as a reaction product in kaol1n1te-Ca(0H)2 Fig.3.74 Variation in strength with curing

mixtures, transforming to the CSH(I) with

lower lime-silica ratio at the long-term cur-
ing (182 and 364 days ages). In this respect, ' ’ ’ ’ ’

Willoughby et al. (1968) found the formation

QO ‘bentonite + 9.Ca OH -, — - —

of hillebrandite in a kaol1n1te-Ca(0H)2 mix- . 2 ‘bentonite s 6 “CatOH -,

O :bentonite »+ 3.Ca OH ,

ture by means of the X-ray diffraction and
electronmicroscopic examination. However,

o - - S - - - —

the presence of this mineral seems uncertain

in kaolinite-cement mixtures.

2) A large amount of calcium silicate hydrate
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mixture.

3) The interactions of kaolinite and bentonite 0
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with Ca(OH)2 resulting from the cement hydra- CURING TIME DAYS
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the Ca(OH)2 of reagent. This discrepancy could be responsible for the following three points; (i) the
crystal lattice of Ca(OH)2 in cement paste is distorted and more reactive than the calcium hydroxide
grown by the diffusion technique using CaCl2 and NaOH(Gillot and Sereda, 1966), (ii)} the calcium hy-
droxide is generated in the amorphous state at the initial stage of cement hydration, (iii) there is

the likelihood that the ionic mobility is different between clay-cement and -Ca(OH)2 systems.

HYDRATION OF ALITE AND BELITE IN COMPACTED CLAY-CEMENT MIXTURES - The Influence of Types of Cement (High

Early Strength and Moderate Heat Cement) on the Clay Minerals-Cement Interaction -

It could be expected from the previous parts in this chapter that the rate of hydration of portland
cement in compacted clay-cement mixtures is different for different clay minerals used. Then, the rate of
reduction in the quantities of alite and belite in kaolinite(Ka(III})- and bentonite(MB)-cement accompany-
ing with their hydration will be discussed in detail using the X-ray diffraction method.

Types of cement selected are high early strength and moderate heat cement having a relatively great
amount of CSS and BCZS, respectively. The difference between the relative proportions of these constitu-
ents (CSS and BC,S) included in two types of cement must affect the strength development of clay minerals-
cement mixtures and physicochemical interaction between cement and clay minerals.

One of the important problems associated with cement stabilization of soils is the limited amount of
time after mixing available for manipulation, testing and possible remanipulation. As a possible solution
to this problem, the use of set-retarding admixtures is being investigated by the workers in Virginia High-
way Research Council (Tice, 1968)(Noble and Ozol, 1968). In this respect, the subject on the rate of hy-
dration of alite and belite in compacted clay-cement mixtures may be very interesting in practice as well.
(1) X-ray Diffraction

In general, the alite and belite X-ray diffraction patterns overlap each other so that there is no us-
able peak of one of these materials which is not interfered with by a peak of the other. However, the rate
of the hydration of alite and belite in clay-cement mixtures can be determined, as stated below, basing
on Kantro et al.'s method for determination of the major compound contents of portland cements by X-ray
diffraction (Kantro et al., 1964).

The equations for the alite-belite system are
R1 =Xy *oasXx, (3.1)
R2 = lel + BZXZ (3.2)

where R1 and R2 are intensity ratios of two alite-belite lines relative to the standard, oy, @y, By and B,
are constants, and Xy and x, are weight of alite and belite, respectively. In this analysis, an external
standard method is used, wherein the intensity standard is a separate specimen, copper, which is checked
periodically for beam intensity variations. The diffraction peaks selected for use are those at 1.77 R(Rl)
and 2.20 A(Rz). The 1.77 A& peak of alite is strong, while that of belite is weak. The peak at 2.20 A is
equally strong for alite and belite. The diffraction intensity of the 1.77 A peak varies strongly with

the relative amounts of alite and belite, while the intensity of 2.20 A peak is not sensitive to this quan-
tity. The quantity, which is the ratic of the 1.77 A to the 2.20 A peak, also varies strongly with the

alite-belite ratio. This quantity is given by the ratio of equation (3.1) to equation (3.2).
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aqX + a,X
== Ry - El;l_:_giil (3.3)
2 171 272

The weight fractions of alite and belite in the total silicate are given by

!
wy =S ——— (3.4)
X
X
A (3.5)
0 tx

In order to evaluate the four parameters in equations (3.1) and (3.2), data must be obtained from alite-
belite mixtures of known compositions. Kalosek et al. give the following results in their paper (Kalousek

et al., 1964).

(B +CRy )+ /OB + CRy )2+ 4AC o - BRy )
wy = (3.6)
2A
where A = - 0.0464, B = 0.1850, C = -0.0298, a = 0.1462, B8 = 0.1368

1f the Xy Xy Wiy W, and R3 in a clay-cement mixture at i days of curing are noted as Xy X500 Wi

Wos and Rs;» respectively,

X,
Wi, = f(R,.) = —— 28 (3.7)
21 3i x + x
1i 2i
X
- - 20
wyp = f(Ry) = —— (3.8)
X10 * X20

where X100 X200 %10° Y20 and R30 are those for dry mix samples. The ratio of equation (3.7) to equation

(3.8) gives equation (3.9).

X10 * %20 | X*2i _ f(R3;)

X11 * X1 Xy f(Rgp)

Xo s f(R;.) R.. R,.

B N SIS & Y 3 ) (3.9)
X20  f(Rge) Ry R20

Thus, if the R3 at each curing time and the ratio of the RIi to the R10 are determined, the rate of the
decrease in the quantity of belite included in a sample with curing time can be calculated by equation (3.

9). Since the sum of w1 and W, is unity, the ratio of weight of alite at a certain time of curing (xli)



to that of dry mix sample (xlo) can also be obtained in the same manner.

The intensity of R1 and R2 is evaluated as the area covered by the peaks (the shaded area, as indicated

in Fig. 3.82).

The X-ray diffraction patterns of the kaolinite(Ka(III))- and the bentonite(MB)-cement indicate the de-

crease in the intensity of the peaks at 1.77 A
and 2.20 A with curing time (Fig. 3.83, Fig. 3.
84). The ratios of weight of alite and belite
in clay-cement and cement paste after the cure
of a certain time to that in dry mix samples arc
plotted as shown in Fig. 3.85 and Fig.

3.8C.

It may be seen from these figures that, in the
initial stage of hydration (within 7 days of

curing), the reduction rate in the quantity of

alite (Xli/xlﬂ) in both kaolinite-cement mixtures

is less than in cement paste. However, the a-
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mount of alite in cement paste decrcases a little or little after the initial hydration (from 1 to 7 days

of curing), while that in kaolinite-cement mixtures continues to decrease gradually with curing time.

The hydration of belite in the kaolinite- and bentonite-moderate heat cement mixtures appears to pro-

ceed faster than in cement paste (Fig. 3.86).

bentonite-cement mixtures takes place more slowly than in cement paste.

days of curing results in the early disappearance of the peak at 1.77 A.

tures shows the 1.77 A peak at 14 days of cur-
ing (Fig. 3.84).

Another fact to be noted as to the X-ray dif-
fraction tests results is that the peak of cal-
cium hydroxide at 2.63 A can not be detected in
any X-ray diagrams of kaolinite(Ka(III))-cement
as well as in bentonite(MB)-cement. This result
seems to conflict with the presence of an appear-
ent peak of Ca(OH)2 at 2.63 A in kaolinite(Ka(I))
-cement mixtures (Fig. 3.22). This must be at-
tributed to the difference between the amount of
clay fraction included in kaolinite clay samples
used (Ka(I) and Ka(III))(Table 3.3).

(2) Thermal Analysis

The D.T.A., T.G. and D.T.G. curves of kaoli-
nite- and bentonite-cement mixtures using two
types of cements are presented in Fig. 3.87 to
Fig. 3. 98.

There is no endotherm due to the dehydroxyla-
tion of Ca(OH)2 in all D.T.A. curves of kaolinite
-cement. This phenomenon can easily be predicted
from the result obtained by the X-ray diffrac-
tion. However, a faint deflection at about 50&
C is found only in D.T.G. curves of the kaoli-
nite-high early strength cement (H.E.S. cement)
mixtures at 91 and 182 days of curing (Fig. 3.89
}. Thus, the amount of calcium hydroxide liber-
ated in the kaolinite-H.E.S. cement mixtures pro-
ves to be more than that in kaolinite-moderate
heat cement (M.H. cement) mixtures, because any
deflection is not detected at about 500 C in D.
T.G.

curves of kaolinite-M.H. cement mixtures at

all. The kaolinite-cement mixtures display two
°

exotherms at about 900 C in their D.T.A. curves.

One is due to kaolinite; the other to CSH(gel).

This peak due to CSH(gel) appearing at slightly

/
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Fig.3.88 T.G.curves for kaolinite +30% high early-strength

cement samples cured for 3, 28, 91, and 182 days

Fig.3.87 D.T.A. curves for kaolinite + 30% high--early - strength
cement samples cured for 3,28,91 and 182 days

-

lower temperature than the other in the kaolinite(Ka(III))-cement is far greater than that in the kaolinite
(Ka(l))-cement (Fig. 3.87, Fig. 3.90, Fig. 3.35). This suggests the formation of a great amount of CSH(
gel) in the kaolinite(Ka(III))-cement, which can be attributed to greater quantities of clay fraction in-
cluded in the Ka(III) than in the Ka(I).

In this respect, the bentonite-cement mixtures present very interesting D.T.A. curves suggesting the
changes in lime-silica ratio of calcium silicate hydrates formed with increasing curing time.

The D.T.A. curve of the bentonite-M.H. cement mixtures at 3 days age has a comparatively large exothermic
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Kaolinite' Ka: 111, + 30“, high-early strength cement

Fig.3.89 D.T.G. curves for kaolinite +30”; high early strength

cement samples cured for 3,28.91 and 182 days

peak at about 900°C, followed by a gradual decrease

in its size with curing time (Fig. 3.96). On the
other hand, the size of this peak in the bentonite
-H.E.S. cement mixture increases during 3 to 28
days of curing (Fig. 3.93). The long-term curing
samples (91 and 182 days curing) have no peak at
about 900°C in both bentonite-cement mixtures (Fig.
3.93, Fig. 3.96). From these changes in D.T.A.
curves accompanying with curing time, the follow-
ing conclusion can be drawn.

Calcium silicate hydrate with low lime-silica
ratio would be produced until 28 days of curing in

bentonite-cement mixtures to transform to the one

TEMPERATURE(TC)

T 1T 117 1

100 300 500 700 900

Aged 3 days

Aged 28 days

Aged 9] days
Aged 182 days

Kaolinitet Ka' Il ' : + 307, moderate heat cement

Fig.3.90 D.T.A. curves for kaolinite + 307, moderate heat

cement samples cured for 3,28.91 and 182 days
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!

Fig.3.92 D.T.G. curves for kaolinite +30% moderate-heat
Kaolinite(Ka(IIl1)) + 30% moderate-heat cement cement samples oured for 3,28,91 and 182 days

Fig.3.91 T.G. curves for kaolinite +30% moderate-heat
cement samples cured for 3,28,91,and 182 days

with high lime-silica ratio at least after 91 days of curing, because, according to Kalousek and Prebus(19

58), the 0.8 to 1.33 C/S hydrate generally exhibits a strong exothermic effect in D.T.A. at 835 C to 900.C,
but the 1.5 to 2.0 C/S one no such exotherm.
(3) pH Test

The pH in kaolinite- and bentonite-cement mixtures using two types of cement of moderate heat and high

early strength changes with curing time in the tendency similar to that in these clay minerals-normal ce-

ment mixtures as shown in Fig. 3.99 and Fig. 3.100.

The pH of the kaolinite-cement mixtures using high early strength cement is higher than that of the ones
with moderate heat cement at all ages.
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Fig.3.95 D.T.G. curves for bentonile+30%high—enrly—strenxth
cement samples cured for 3.28,91 and 182 days
Aged 182 days
The rapid reduction in the pH value is found in
the bentonite-cement mixtures (Fig. 3.100). The
Bentonite(MB) +30% moderate-heat cement

long-term curing (91 and 182 days curing) makes

the pH values of the bentonite-M.H. cement mixtures
Fig.3.96 D.T.A. curves for bentonite +30% moderate-heat

higher than those of the bentonite-H.E.S. cement, cement samples cured for 3,28,91 and 182 days

although the relationship between both of them at the

ages up to 28 days is variable. This phenomena

could be interpreted by the presence of a greater amount of anhydrous BCZS in the bentonite-M.H. cement
than in the bentonite-H.E.S. cement. That is to say, hydrolysis of such a greater amount of BCZS remain-
ing in the bentonite-M.H. cement mixtures at the end of the long-term curing takes place in the course of
the preparation of the filtrate for the pH measurement, raising the pH of the mixtures. Lerch and Bogue
(195S) described that the amount of lime liberated by hydrolysis of the CSS and CsA is greater than that

liberated by the other compounds in portland cement, even though the total amount of lime present in the
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Bentonite(MB) +30% moderate-heat cement

Fig.3.97 T.G. curves for bentonite +30% moderate-heat
cement samples cured for 3, 28, 91 and 182 days
system was the same. Therefore, the degree of the effect of compounds in clay mineral-cement mixture on
the pH value is great in the order of Ca(OH)Z, CSS and BCZS, if the Ca(OH)2 exists in a mixture.

The difference between the pH of kaolinite-M.H. and -H.E.S. cement at all ages until 182 days may proba-
bly be due to the difference between the amount of Ca(OH)2 present in those mixtures, because the presence
of Ca(OH)2 can be detected by the D.T.G. curves only in kaolinite-H.E.S. cement at 91 and 182 days of cur-
ing and no difference is seen between the pH of both types of bentonite-cement mixtures cured for less than
28 days, in which no Ca(OH)2 can be detected.

(4) Unconfined Compression Test
The strength increase with curing time in kaolinite(Ka(III))- and bentonite(MB)-cement using two types

of cement is shown in Fig. 3.101, Fig. 3.102 and Fig. 3.103 for 30, 20 and 10 percent cement content speci-
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mens, respectively. The compressive strength of cem9nt mortar, which is obtained basing on JIS R 5201-19
64 is also plotted against each curing time.

As stated in general, the high-early-strength cement mortars exhibit relatively high strength at ages
up to 91 days, but thereafter the difference between the strength of high-early-strength and moderate-heat

cement decreases with curing time, be-

coming only a little at the end of 182 13.0
days of curing. ——== B S
- o 08
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The BCZS produces much less Ca(OH}, than CSS because of the lower Ca/Si ratio of the starting material.
Furthermore, much BCZS remains even after 91 and 182 days, as indicated by the higher pH in bentonite-M.H.
cement than in bentonite-H.E.S. cement at these ages.

(5) Summary and Conclusions

The quantitative analysis by X-ray diffraction gives several findings on the rate of hydration of alite
and belite in the compacted kaolinite- and bentonite-cement mixtures. Further, other experiments show
that the different type of cements have different interactions characteristics with clay minerals.

The results obtained are summarized as fol-

lows:

1) In the initial stage of hydration (within O kaolinite(Ka(lI1}) + 30%cement

7 days of curing), the rate of the decrease D bentonite(MB } +30%cement

A cement mortars

T

of the quantity of alite with curing time o moderate - heatcement ,

in both kaolinite-high-early-strength and ececes high - early - strengthcement

-

moderate-heat cement is less than in cement

paste. However, the quantity of alite in

cement paste decreases a little or little

after the initial hydration (from 1 to 7

days of curing), while that in kaolinite-

cement mixtures continues to decrease gradu-

ally with curing time. 100
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As previously revealed, in clay-cement mixture (especially, montmorillonitic clay-cement mixtures), ion
exchange reaction proceeds between montmorillonite and cement hydration products until the montmorillonite
is finally saturated with Ca ions as far as sufficient Ca ions are supplied. Therefore, cations held on
the original bentonite sample should have a certain effect on the physicochemical process in the clay miner-
al-hydrating cement interaction.

(1) X-ray Diffraction

The basal spacing of montmorillonite in the Na-bentonite-cement mixture changes with curing time, as
shown in Fig. 3.104. The X-ray diffraction experiments were made for the samples with the moisture content
equilibrated at room conditions. Such samples were prepared as follows:

The original samples with optimum moisture content (about 40 percent) were dried in a vaccum desiccator
at room temperature of about 15°C for about 8 hours and left in a room atmosphere.

As to the relationship between the degree of the calcium saturation of montmorillonite and its basal
spacing, Lagulos and Handy (1962) state as follows: "The basal d-spacing of montmorillonite reflects the
amount of interlayer water. Previous investigators have reported the tendency for a sodium montmorillonite
to retain one layer of water between the mineral sheets when dried under room conditions, and the tendency
for calcium montmorillonite to retain two layers. This is essentially true for sample 1 (the percent cal-
cium saturation: 19.4 %) and 5 (the percent calcium saturation: 94.0 %) equilibrated at 50 percent relative
humidity, the basal d-spacings being 12.6 R and 14.9 K, respectively. Of particular interest is that the
intermediate samples show intermediate spacings according to d = 0.031 Ca + 12.0 in which Ca is the percent
calcium saturation."

The Na-bentonite sample produced by exchanging Mg" in the Mg-montmorillonite for Na® shows its basal
reflection at 12.6 K (see Fig. 3.1). Considerably broad (001) peaks at 7 and 14 days ages, as shown in
Fig. 3.104, appear that various peaks ranging that at 12.6 A to 15 A overlap one another. This may indicate
that montmorillonite in the specimens at 7 and 14 days ages are varied in the degree of the calcium satura-
tion. That is to say, the clay-cement mixtures compacted under a very limited moisture content such as

optimum moisture content have an non-homogeneous structure in the respect of the degree of the calcium



saturation, when the diffusion of Ca ions pro-
gresses only to an insufficient extent. How-
ever, the X-ray diagram of the 28 days age
sample has the sharp (001) peak at 15.5 R, in-
dicating that the complete transformation of
the original Na-montmorillonite to the calcium
one extends over the interior of the specimens
at the end of 28 days curing. Plots of the
d-spacings of the (001) peak against curing
time are given in Fig. 3.105. The scale of
the percent calcium saturation in Fig. 3.105
is noted according to Lagulos and Handy's for-
mula described above.

(2) Unconfined Compression Test

The strength vs. curing time curves for
three types of bentonite-cement mixtures are
plotted in Fig. 3.106, Fig. 3.107 and Fig. 3.
108. The characteristic of the strength gain
of bentonite-cement is found to vary with ca-
tions held on the original bentonite samples
used.

It may be impossible to compare the streng-
th development characteristic of the Ca-bento-
nite-cement mixtures with other two types of
Na- and Mg-bentonite-cement mixtures, because
the physical properties and mineral composi-
tions of the Ca-bentonite sample are somewhat
different from those of Na- and Mg-bentonite.

The lower compressive strength of Ca-bento-
nite-cement mixtures may be due to the poorer
reactivity in the Ca(OH)z-bentonite interac-
tion and/or to the slower progress in cement
hydration in the mixture, as expected from
the pH tests results to a certain extent.

The effect of exchangeable magnesium and
sodium ions held on the bentonite on the stre-
ngth development may obviously be character-
ized by the relationship between the cement
content and strength at 91 days age; the com-
pressive strength of the Mg-bentonite-30% ce-

ment mixtures at 91 days age is markedly grea-

ter than that of the Na-bentonite-30% cement
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mixture; on adding 20 percent cement, there
is a little difference between them; contra-
ry to 30% cement content specimens, the ad-
dition of 10 percent cement gives the Na-
bentonite-cement greater strength than the
magnesium one (Fig. 3.106, Fig. 3.107 and
Fig. 3.108). Such greater strength of the
Na-bentonite-cement mixtures at the low ce-
ment content may be due to the effect of the
coarsened clay grains produced as a result
of the cation exchange treatment. Since
such '"new" grains may be capable of with-
standing mechanical dispersion to a certain
extent, they should behave themselves like
silt particles. As cement hydration proce-
eds, sodium and magnesium ions originally
retained on the bentonite must be exchanged
by calcium ions. Especially, it is eviden-
ced by the X-ray diffraction test that the
Na-montmorillonite in the Na-bentonite-ce-
ment is almost completely changed to the Ca-
montmorillonite during the 28 days curing (
Fig. 3.104). Thus, the amount of Ca(OH)2
consumed by the cation exchange and the be-

havior of sodium or magnesium ions substi-

tuted by calcium ions should greatly affect

COMPRESSIVE STRENGTH (ke/cm? )

COMPRESSIVE STRENGTH (kg/cm?)

the strength development of the bentonite-cement

mixtures. As to the former, more Ca(OH)2
certainly seem to be consumed in sodium-ben-
tonite-cement than in magnesium-bentonite-
cement, because the replacing power of the
common ions is Li < Na < NH4 < K < Mg < Rb <«
Ca < Co < Al (Gedroiz, 1922). Concerning
the latter, the possibility of the substi-
tution of silicon by magnesium in the tober-
morite lattice could be expected. Such an
effect of Mg ions would favor the strength

of the bentonite-cement. In this respect,
it is much interesting to note the following
statement for the reaction in the Ca(OH)Z-
MgO-bentonite system:

large amounts of magnesium ions have entered

"A possibility is that
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" A Na-bentonite +30% cement
60 1/
. 1/////
20
0
1 3 7 14 28 91 182 364
CURING TIME-DAYS
Fig.3.106 Variation of compressive strength with curing time
in Na-, Mg- and Ca-bentonite +30% mixture
100 — © Ca-bentonite +20% cement
3 Mg-bentonite +20% cement
[ a
80 & Na-bentonite +20% cement A
]
w I
40
20
0
1 3 7 14 28 91 182 364
CURING TIME-DAYS
Fig.3.107 Variation of compressive strength with curing time
in Na- ,Mg- and Ca-bentonite +20% cement mixture
50 }— QO Ca-bentonite +10% cement
o O Mg-bentonite + 10% cement
8
5 40— A Na-bentonite +10°% cement — A
= P
-
=
2 |
g 30
& /l/ 4
w 20
2
(2]
w3
&
B 10 r
=
Q
Q
[}
1 3 7 " 28 91 182 364
CURING TIME-DAYS
Fig.3.108  Varistion of compressive strength with curing time

in Na- ,Mg- and Ca-bentonite + 107, cement mixture




the tobermorite structure and thus made more calcium ions available for further pozzolanic reactions.”
(Wang and Handy, 1966) A great difference in the strength between the Na- and Mg-bentonite-cement mix-
tures at 91 days age could be explained by two effects described above.

All Na-bentonite-cement specimens gain strength even before 28 days curing. This strength development
appears to contradict with the concept of retention point, since, before 28 days curing, montmorillonite
in the Na-bentonite-cement mixtures is considered not to attain a retention point beyond which further
Ca(OH)Z liberated is consumed by the pozzolanic reaction contributing to strength gain. However, as stated
in the X-ray diffraction results, the degree of the calcium saturation of montmorillonite in the Na-bento-
nite-cement specimens at 3, 7 and 14 days ages is non-homogeneous through over the interior of the speci-
mens. Therefore, even at the ages until 28 days, a part of the montmorillonite in the Na-bentonite-cement
may participate in the pozzolanic reaction with Ca(OH)2 through the calcium saturation and subsequent at-
tainment of a retention point. Naturally, calcium silicate hydrate resulting from cement hydration also
serves the strength development.

(3) pH Tests

Fig. 3.109 shows pH changes of Ca-, Mg- and Na-bentonite-cement mixture with curing time. The pH values
of the Ca-bentonite-cement mixtures for every cement contents are greater than the comparable ones of the
Mg- and Na-bentonite-cement mixtures, more slowly decreasing with curing time. Such higher pH values in
the Ca-bentonite-cement mixtures are due to the poorer rteactivity in the Ca(OH)Z-bentonite interaction and
/or to the slower progress in the cement hydration in the mixture. Such differences between the Ca-bento-
nite-cement and other two mixtures would be responsible for the effect of the crystallinity of montmoril-
lonite and non-clay minerals included in the ben-

tonite samples rather than for the effect of the

: T T T T
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(4) Differential Thermal Analysis a——a Ca-bentonite + 20% cement

Fig. 3.110 and Fig. 3.111 show the D.T.A. cur- O—0 Ca-bentonite +10% cement

13.00 4 } $

ves of the Ca- and Na-bentonite-cement mixtures

at various ages, respectively.
R 12.50 |-
The changes of the peak at about 900 C with - 3

curing time in the Ca- and Na-bentonite-cement , K

12.00 X
mixtures are different from those of the Mg-ben- Y

pH

tonite-cement mixtures (Fig. 3.93 and Fig. 3.96). - \ \\ N

11.50 - . ~.
That is to say, the former has a large exothermic

. QO Mg-bentonite +30% cement ‘\

peak at about 900 C in the D.T.A. curves at all 100 | A Me-bentonite +20% cement Q o
ages. On the other hand, the latter mixtures at O+ Mg-bentonite +10% cement \\ -
the end of 91 and 182 days curing, as previously 10.50 O—--O Na-bentonite +30% cement \
described, exhibit no such a large peak found in 4=-~a Na-hentonite +20% cement .

[-—O Na-bentonite +10% cement \
those at 3 and 28 days ages. Concerning the cal- f 1 ol l ?
cium silicate hydrate synthesized in the labora- 1 3 7 14 3 9 182 364

CURING TIME-DAYS
tory, Kalousek and Prebus (1958) stated as follows
"The 1.5 C/S sample showed a rounded exothermic Fig.3.109 pH changes of Ca-,Mg- and Na-bentonite-cement

. . mixture with curing time
peak between 880 and 910 C in differential thermal
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such thermal change." Thus, the calcium silicate hydrate produced in the bentonite-cement mixtures at the

initial stage of curing (until 28 days) is of the low lime-silica ratio. However, the calcium silicate

hydrate with low lime content produced at the initial ages in the Mg-bentonite-cement changes to the high
lime one during the long-term curing; that in the Ca- and Na-bentonite-cement mixtures remains the low
lime content one even at the end of the long-term curing. Since, in the Na-bentonite-cement, a compara-
tively large amount of lime is consumed by the cation exchange reaction in the initial stage of curing,
the amount of lime available for pozzolanic reactions occuring during the long-term curing would not be
enough to convert the low lime-CSH(gel) to the high lime one.

The formation of the low lime product in the Ca-bentonite-cement mixture can not be interpreted by the
effect of the exchangeable cation (Ca’*). This mixture may be lacking in free lime compared with the Mg-
bentonite-cement, because of the suppression of the cement hydration.

It should bear in mind that the substitution of silicon by magnesium in the tobermorite lattice takes
part in the formation of the high lime-CSH(gel) by the pozzolanic reaction occuring over the long-term.
Furthermore, special attention should be paid to the fact that the long-term strength of the Mg-bentonite-
cement mixtures with the high lime-silica ratio-CSH(gel) is far greater than that of the Na- and Ca-bento-
nite-cement with the low lime-silica ratio one. °
(5) Summary and Conclusions

The physicochemical reaction processes in the Mg-bentonite-cement interaction are remarkably different
from those in the Na-bentonite-cement interaction. Especially, the compressive strength of the Mg-bento-
nite-30% cement mixtures at 91 days age is markedly greater than that of the Na-bentonite-30% cement mix-
tures. Such differences may be attributed to the lime-silica ratio of CSH(gel) formed in the mixtures.
The exchangeable cations (Na’, Mg**) held on the original bentonite greatly affect the physicochemical pro
cesses in the cement hydration and subsequent pozzolanic reactions, CSH(gel) having different lime-silica
ratios being formed according to the exchangeable cations.

The results obtained are summarized as follows:

1) Clay-cement mixtures compacted under a very limited moisture content such as optimum moisture content
have an non-homogeneous structure in the respect of the degree of the calcium saturation, when the dif-
fusion of Ca ions progresses only to an insufficient extent. The X-ray diagram of the 28 days age sam-
ple has the sharp (001) peak at 15.5 A, indicating that the complete transformation of the original
Na-montmorillonite to the calcium one extends over the interior of the specimens at the end of 28 days
of curing.

2) The behavior of sodium or magnesium ions substituted by calcium ions should greatly affect the strength
development of the bentonite-cement mixtures. In this respect, the possibility of the substitution of
silicon by magnesium in the tobermorite lattice could be expected. Such an effect of Mg ions would fa-
vor the strength of the bentonite-cement.

3) Higher pH values in the Ca-bentonite-cement mixtures are considered to be due to the poorer reactivity
in the Ca(OH)Z-bentonite interaction and/or to the slower progress in the cement hydration in the Ca-
bentonite-cement mixtures.

4) The Ca- and Na-bentonite-cement mixtures have a large exothermic peak at about 900" C in their D.T.A. cur
ves at all ages. On the other hand, the D.T.A. curves of the Mg-bentonite-cement mixtures exihibit no
such a large peak found in those at 3 and 28 days ages. The calcium silicate hydrate produced in the

bentonite-cement mixtures at the initial stage of curing is found to be of the low lime-silica ratio.
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However, such a calcium silicate hydrate changes to the high lime one during the long-term curing in
the Mg-bentonite-cement; that in the Ca- and Na-bentonite-cement mixtures remains the low lime content

one even at the end of the long-term curing.

7. SUMMARY AND CONCLUSIONS

In this chapter, four subjects concerning the clay minerals-portland cement interaction were experi-
mentally discussed. It was elucidated that the interaction between the clay minerals and cement hydration
products plays an important role in the formation of the microcopic structure of clay mineral-cement mix-
tures, and further, in their strength development. Consequently, the factors which affect the physico-
chemical process of the clay mineral-cement interaction are as follows: a) Species of clay minerals, b)
Degree of crystallinity of clay minerals, c) Grain sizes of clay minerals samples used, and species and
quantity of non-clay minerals included in the samples, d) Exchangeable cations (Na*, Ca”, Mg*’) held on
the original clay minerals, e) Compound compositions of portland cement.

Tremendously complex phenomena may take place because of the mutual interference of these factors.
Furthermore, the relationship between the physicochemical phenomena and strength of the compacted clay-
cement mixtures is far more complex. In this respect, it is interesting to note the fact that the substan-
ces from which the strength originates are varied according to the species of clay minerals used. The st-
rength of kaolinite-cement mixtures seems to be developed by both the calcium aluminate hydrate and calci-
un silicate hydrate; that of bentonite-cement is almost indebted to a great amount of CSH{gel) produced.
Especially, it is very interesting new finding that the lime-silica ratio of the CSH(gel) formed in the
bentonite-cement specimens cured for the long-term varies with the exchangeable cations held on the origi-
nal bentonite, greatly affecting their strength. In chlorite-vermiculite mixed-layer mineral-cement, the
strength increase by the long-term curing after 182 days age is remarkable. However, it is difficult,
from various experimental results, to suppose that such a strength increase is responsible for CSH(gel) re-
sulting from a usual pozzolanic reaction. Magnesia constituting this mineral probably takes part in the
great strength gain at the long-term ages. In fact, several X-ray diffraction peaks suggesting the forma-
tion of a magnesium silicate hydrate are detected.

In general, it is certain that the pozzolanic reaction between clay minerals and Ca(OH)Z resulting from
cement hydration plays a significant role in clay minerals-cement mixtures. However, this study reveals
that the reaction products in clay minerals-cement mixtures are considerably different from those in clay
minerals-Ca(OH)2 ones. For example, no hillebrandite which is formed in kaolinite-Ca(OH)2 mixtures can be
confirmed in kaolinite-cement mixtures. Such a difference between them may be attributed to the nature of
reactions occuring in both systems. That is to say, in the former system, the hydration of cement and Ca
(OH)Z-clay minerals interaction take place interacting each other; the latter includes only a reaction

process of the more simplified system, i.e.,Ca(OH)z-clay minerals system.
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CHAPTER 111 VISCOELASTIC PROPERTIES OF SOIL-CEMENT MIXTURE
1. INTRODUCTION

From microscopic aspect, the physicochemical interaction of cement with extremely fine soil particles
smaller than Z u is very important phenomenon to be investigated in order to relate the mechanical proper-
ties of soil-cement mixtures to their structures. In this respect, several findings are obtained, as men-
tioned in Chapter II.

From more macroscopic aspect, the quantity, size distribution and physical properties of clay pockets
contained in soil-cement specimens have a significant effect on the mechanical properties of soil-cement.
The latter subject, with which the phenomenon of ions diffusion is associated (Davidson, Demirel and Handy

1965), is not quite independent of the former.

On the other hand, shrinkage cracking as well as durability against repeated freezing and thawing, and
wetting and drying, are significant problems in the soil-cement base course. In this respect, all over
the world keenly desired better understanding of shrinkage cracking in nature. In New Zealand, shrinkage-
and tensile strength tests appear to be actively recommended as essential tests to be carried out for the
design of soil-cement pavement (Dunlop, 1970).

As to the soil-cement, each soil produces its own crack pattern. Clays develop higher total shrinkage
but cracks are finer and more closely spaced. Granular soils produce less shrinkage but larger cracks
spaced at greater intervals (National Academy of Science, 1961).

Such difference between crack patterns of clays and granular soils should be attributed to their shrink-
age characteristic and mechanical properties, especially viscoelastic properties. Thus, the significance
of viscoelastic properties in soil-cement mixtures must be emphasized especially for a better understand-
ing of shrinkage cracking.

In this chapter, firstly, the influence of the size distribution and the original moisture content of
clay pockets on the creep deformation characteristics will be discussed experimentally. Simultaneously,
an effect of a physical property (moisture content) of clay pockets at the production of specimens on the
subsequent alteration of macroscopic structure of clay-cement mixtures will also be estimated from their
viscoelastic behavior.

Finally, several experimental discussions will be made on viscoelastic characteristics of granular soil

-cement mixtures for the purpose of further elucidation of role of clay pockets in soil-cement mixtures.

2. REVIEW OF THE LITERATURE

There are an extremely few papers referring to viscoelastic properties of soil-cement. Dunn's unpubli-
shed paper (1960) seems the first to mention the creep characteristics of soil-cement. A series of paper
were published, on which this paper is made basing (Okada and Kawamura, 1964)(Okada and Kawamura, 1965)(
Okada and kawamura, 1967)(Hasaba, Kawamura and Ofuka, 1970).

Recently, George (1969) reported an interesting paper concerning several viscoelastic characteristics
of soil-cement for the purpose of a better understanding of shrinkage cracking of pavement. Brief mentions
will be made on these Dunn's and George's papers in the following.

Viscoelastic behavior of soil-cement is discussed on the basis of the creep test results obtained for
specimens loaded in uniaxial compression to a constant stress for a relatively short time (about two weeks)
(Dunn, 1960). He states a phenomenon that every specimen exhibits the change in rate of creep at about 17

hours after the start of the test. According to his statement, most possible explanation for this phenome-



non may be the "secondary time effects'" of soils containing some amount of clay when subjected to sustain-
ed load. He concluded that the creep characteristics of soil-cement appear to be more similar to the con-
solidation of soils than to the sustained compression of concrete. The soils used in his experiments are
granular soils.

In the creep tests carried out under the surrounding condition allowing evaporation of moisture from
specimens, it is a very difficult problem whether the creep deformation can be separated from drying sh-
rinkage.

In this respect, George experimentally evidenced that shrinkage and creep was interdependent phenomena.
The creep results obtained in his experiment revealed that the creep of the test specimens exposed in a
55 percent relative humidity condition was about 4 or 6 times that of the specimen sealed against moisture
gain or loss (George, 1969). Furthermore, he described that a mixture which exhibited high shrinkage gen-
erally also showed high creep (George, 1969).

In the description regarding shrinkage cracking in soil-cement base course, George pointed out that

Burgers model showed the greatest promise in mechanical simulation of actual soil-cement behavior.

3. INFLUENCE OF “CLAY POCKETS” ON THE VISCOELASTIC PROPERTIES OF CLAY-CEMENT MIXTURE

(1) Outline of Experiments

Apparatus

The machine which disintegrates clay lumps was used to produce clay-cement mixtures involving clay po-
ckets with various moisture contents and size distributions. Photograph 4.1 shows the disintegrating ma-
chine, of which a section is schematically drawn in Fig. 4.1. The mould and the rods shown in Photograph
4.2 were employed to produce cube-shaped clay lumps. These machine and the mould used in laboratory were
made for the following purpose.

Cohesive clays lumps which were dried up to a certain moisture content can be disintegrated by the machine
to produce the soil material available for soil-cement. The soil-cement using these disintegrated clay
lumps was found to have enough unconfined compressive strength for the practical application of pavement
(Hasaba, and Kawamura, 1968).

The creep test apparatus used to apply a constant load to the specimens is shown schematically in Fig.
4.2. Load was held constant by a spring.

Materials and their Mix Proportions

Cement used is normal portland cement. Cohesive clayey soil is from Utatsuyama hill in Kanazawa; its
physical properties are shown in Table 4.1. Cement content is 10 percent by weight of dry soil; moisture
content the optimum moisture content (31.5 percent) determined basing on JIS A 210.

Preparation of Cohesive Clay Lumps Sample and Indication of its Lumps Size Distributions

The clayey soil from the field was dried under the room conditions, and then disintegrated by the ma-
chin as finely as possible. Disintegrated soil material to which water had been added to equal the opti-
mum moisture content was placed in the 40 cm x 40 cm x 4 cm mold in two layers. Each layer was rodded 200
times uniformly over the mold. Such plate-like clay lump obtained was subdivided into the 4 cm cubes with
a knife-edge plate. These cube-shaped clay lumps were dried to a given moisture content in a drying oven
at about 110°C. Moisture contents of the clay lumps selected in this experiment was 0, 10, 20 and 30 per-
cent. Such dried clay cubes were dropped at the rate of one lump per five seconds from a height of 40 cm

above the inlet of the machine. The revolution velocity of the machine was varied in the five steps of



125, 250, 375, 500 and 625 r.p.m. to disintegrate the clay cubes into various size destributions of clay
lumps material. Sieve analyses, from which clay lump-size distribution and specific surface area can be
estimated, were carried out for all of disintegtated soil samples.

The specific surface area is defined as total surface area of clay lumps per unit volume (i.e. 1 cms)

as follows:
3 2 5,1
S=f (Ind“/End™) (4.1)

where S : specific surface area {cmz/cm’

), f : shape factor, d : particle dia-

meter (mm), n : number of the particles
of d in diameter.

Assuming that the spherical particles
of (dn + dn*l]fz in diameter are substitu-

ted for the particles ranging from dn to

dn+l in diameter, the specific surface area
of a disintegrated clay lumps sample can
be calculated from the sieve analysis as
follows:
S%fr Yn+1, n (4.2)
100 d
11 =
where vy percentage of size group o
n+l, n . X P H
@ -d.) Fig. 4.1 Cross section of disintegrating
n n+1 2 3
machine

Photo, 4.1 Disintegrating machine Photo.4.2 The mould and the rods for
producing the cube-shaped

clay lumps



Sustained plate Table 4.1

&/ &

Physical properties of soil used

—— Properties Soil
| Specimen
~ Size Ranges: >74 u (%) 4
’Steel rod 74-5 w0 (%) 93
<5u (%) 3
— — 1] .
Liquid Limit (%) 63.4
| Spring Plastic Limit (%) 30.9
Plastic Index 32.5
Maximum Dry Density (g/cm3) 1.37
L ;|
QW YW
Optimum Moisture Content (%) 31.5

Fig, 4.2 Creep test apparatus

dm = (dn * dn+l)/z
f : 6 for sphere

Preparation of Soil-Cement Specimens

A certain amount of Cement and the disintegrated clayey soil were first mixed and followed by the sub-
sequent mixing for five minutes per 5 kg of the mixture by mixer adding water until an uniform mixture
with the optimum moisture content was obtained. The mixture was then placed in the cylinder mold in six
layers. Each layer was rodded 19 times. The finished cylinder specimens are 8 cm in diameter and 30 cm
in height.

The compactive effort for cylinder soil-cement specimens was determined based on JIS A 1210. That is
to say, the rodding numbers per unit volume of soil-cement mixtures were determined so as to equal those
specified in JIS A 1210.

Curing Condition of Specimens and Condition of Surrounding Atmosphere in Creep Test

All of specimens tightly closed with polyethylene sacks were cured for 7 and 28 days in the moist room
in which the temperature was maintained at 20°c.

The relative humidity and temperature of the environment in creep test were 85 % 2 percent and ZO.C,
respectively.

Procedure of Creep Test

Three of five specimens (five specimens were made for each type of the mixture) were broken in compres-
sion so that the loads for the sustained load tests could be determined.

Immediately after the prescribed compressive stresses (corresponding to 30 percent of the unconfined
compressive strength) were applied to the specimens, the deformation measurement was initiated.

The Berry strain meter was used to determine axial strains of the cylinder specimens. A following spe-
cial device was attached on the specimens to measure large deformation, because the increasing deforma-
tions by far exceeded the measurable limit of the strain meter. Two caps in which many holes of 0.7 mm
diameter were made at equal distances of 0.9 mm on their sides, was set at the both ends of the specimens
in order that st;ains could continuously be determined by measuring the change of the distances between

an appropriate pair of holes of the two caps (see Photograph 4.3).



The load applied to the specimen decreased with increasing de-
formation of the specimen. When the sustained load was reduced to
about 90 percent, the specimen was re-loaded to the initial level.

Shrinkage was obtained for the specimens allowed to stand under
the same environment as the sustained load tests.

The creep strain in this investigation was determined on the
basis of the assumption that creep strain could be separated from
shrinkage.

(2) Analyses of Test Results
(a) Analysis by the Concept of Distribution Function of Retarda-

tion Time

In general, informations on the stress-strain relation of a ma-

terial are indispensable for its practical application as an engi-
Photo.4.3 Creep test apparatus

neering material. An attempt has been made on the estimation of

microscopic structure of a material from its mechanical behavior

as well (Sawaragi and Tokumaru, 1955).

This chapter aims not only at discussing the viscoelastic characteristics of soil-cement using disinte-
grated clay lumps samples, but also at estimating the change of the structure due to the migration of cal-
cium ions, though the system discussed here is considerably macroscopic compared with that on which gener-
ally such an attempt is made. For this purpose, the distribution functions of retardation time were dete-
rmined from creep data obtained for the soil-cements using various types of clay lumps samples.

The fundamental equation corresponding to the mechanical model indicated in Fig. 4.3 is given as follows

(Sawaragi and Tokumaru, 1955)(0gishi, 1963):
J () = /2 e(r)dr, - 2 o(r,) e YTk dr (4.3)
c o k k o k k

where Jc[t] : creep compliance
éftk] : distribution function of retardation time (1k]
The distribution function #(1y) can be obtained by solving the integral equation (Eq.(4.3)).
If the kernel function e't/Tkin Eq.(4.3) is approximately substituted for a step function, the function

@[1K] can be determined by Eq.(4.4) (Alfrey and Doty, 1945):
O(Tk) £ d(JC(t])/dt (4.4)

The value of @[1k} can be obtained by differentiating numerically the experimental curves of Jc(t].
The numerical differentiation is based on Rutledge’s equation (Tanaka, 1959).

(b) Determination of Burgers Model Constants

The distribution function of retardation time definitely represents the difference of the structure in
soil-cement mixtures, as shown later. However, a clear physical interpretation for the function may be
impossible.

On the contrary, each constants of Burgers model(Fig. 4.4) has the physical meaning respectively. Fur-

thermore, this model can favorably be used not only to describe the viscoelastic behavior of soil-cement,
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but also to discuss shrinkage cracking in soil-cement base course (George, 1969).
Burgers model constants are determined from creep tests data as follows:

When a constant stress is applied to this model, the deformation (ec) is represented by Eq. (4.5).

. = (9/E)) + (/) (1 - e YTH) + (a/ng)t (4.5)

where Ty = nZ/EZ
Burgers model constants could be determined by considering the corresponding relationship between Eq. (4.
S) and creep curve (Fig. 4.4) as follows:

(1) When t is extremely small,

o/E

€ctrp = 1 (4.6)

Thus, instantaneous elastic deformation gives the constant El.
(ii) After a elapse of sufficient time the stationary creep, as indicated by a dotted line, progresses;

€ctaw = CONSL. + (p/n3)t (4.7)

Therefore, creep viscosity, ng, can be determined from the gradient of the dotted line.

(iii) From Eq. (4.7),

(ECI"‘”)t"O = (O/El) + (G/Ez) (4.8)

When the dotted line is extrapolated back to t = 0, the intercept (dl + dz) on d-coordinate axis corre-



sponds to{(c/El)+(a/E2)). Therefore, EZ is obtained from dz (Fig. 4.4).
(iv) From Eq. (5)

ce. v (0/E)) *+ (0/Ey) *+ (o/ng)t = (/B e Tk

In(-cC + (a/El) + (c/EZ) + (a/ns)t) = In(a/EZ) - (t/Tk) (4.9)

When the value of In{-ec *(c/El)+(o/E2)+(c/n3)t} are plotted against time (t), the graidient of the line
obtained gives (-I/Tk).
(c) Determination of Constants in a Creep-Time Equation, i.e. Hyperbolic Expression

There is a hyperbolic form as one of various types of creep-time equations proposed with concrete (Lor-

man, 1940). In this paper, the hyperbolic expression will be used in order to predict the ultimate creep

strains of soil-cement mixtures.

€. = f(t) o (4.10)
Where €c is the creep strain, o is the stress in kilograms per square centimeter, and the coefficient f(t)
is a function of time.

Assuming f(t) in Eq. (4.10) in the hyperbolic form, one has

€. = (mt/(nC + t)lo (4.11)
where t is the time in days reckoned from the instant when the load is applied, and m and n_ are constants
whose significance is explained below.

m : ultimate creep strain per unit of stress

n. the time at which S0 percent of the ultimate creep strain is obtained.

(3) Result and Discussion

Structure of Soil-Cement and its Distribution Function of Retardation Time

Fig. 4.5 shows creep compliance (Jc(t)) curves of soil-cement specimens compacted using three different
specific surfaces of clay lumps samples with 10 percent moisture content. The soil-cement specimens made
using different fineness of clay lumps samples are found to have different Jc(t) curves. The distribution
functions of retardation time (Tk) can be obtained from these Jc(t) curves, as stated previously. For ex-
ample, those for the specimens made using zero percent moisture content clay lumps samples are given in
Fig. 4.6 and Fig. 4.7, in which the ages at applying a constant load are 7 and 28 days, repectively. It
is found that the shape of the distribution functions ¢(log Tk) differs with the specific surfaces of clay
lumps samples used. Thus, the shape of the functions (¢(log rk)) may considerably be affected by moisture
content and specific surface of clay lumps used, and by the age of the soil-cement specimens.

Firstly, as shown in Fig.4.6, the curves of those made using the zero percent moisture content clay lu-
mps, when a constant load is applied at 7 days age, appear to be built by superimposing two curves of the
distribution functions each having the maximum value at different retardation time. Especially, the speci-
mens made using the finest clay lumps sample (its specific surface is the largest of all) show the curve

having distinct "double hill-like shape". These superimposed "hill-like" curves are obtained only in the



7 days age specimens made using the zero percent clay lumps samples. and not at all in the specimens to
which a constant load is applied at 28 days age.

This "double hill-like shape' curve would allow us to presume that this type of soil-cement specimens
are composed of two phases having considerably different mechanical properties. That is to say, it may
be supposed that the volume fraction occupied by "clay pockets" in 7 days age specimens made with the zero
percent clay lumps is so great as to be equal to that of the skeleton part (in which soil particles are
bonded each other by cementitious calcium silicate hydrate gel). Further, the machanical properties of
clay pockets in this soil-cement with the zero percent clay lumps may be not similar to those of clay pock-
ets in another type of clay lumps sample-

cement mixtures.

The conclusion can be drawn that the vol- T T T l r
7 day loading

ume fraction of clay pockets in a specimen —— 1 270cm¥/cm® (specific surface) o
highly affects the shape of its distribution 25| mmmee @ 174cm?/em® (specific surface) -
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specific surfaces of the samples with 20 and 30 percent moisture content (Fig. 4.10, Fig. 4.11), though
there is only a little difference in their specific surface. Further, the values of the function in the
range of short retardation time in high moisture content such as 30 and 20 percent are greater than in low
ones of 0 and 10 percent moisture content (compare Fig.4.10 and Fig. 4.11 with Fig. 4.7, Fig. 4.8 and Fig.
4.9).

The relationships between the specific surfaces, and the maximum value (¢(log rk)) and the retardation
time ((Tk)¢max.) giving the maximum value of ¢(log Tk) are plotted as shown in Fig. 4.12 and Fig. 4.13 (

for the " double hill-like shaped " function, the smaller value of (t are taken). At 7 days age

k)¢max.
loading, the maximum value of the distribution function decreases with increasing specific surface in the
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Thus, the structure of clay lumps mixture using clay lumps sample
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from their distribution functions as

follows:
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Such difference between the fin-
ished internal structures in the var-
ious types of specimens after a cer-
tain curing time may be confirmed to some extent even by examining the longitudinal sections of specimens

by the naked eye (see Fig. 4.14*).

The Structure of Soil-Cement Mixtures and their Burgers Model Constants

* Specimens after the completion of creep test were longitidinally cut in two by the saw. Then, phenol-

phthalein 1% ethyl alcohol solution is sprinkled on the cut faces. The various distributions of clay pock-
ets in the specimens are seen in these plates. Further, it is found that carbonation proceeds towards the

interior of the specimens.
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tent of them. This fact indicates that
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is predominantly influenced by the pro-

i 1 0% u tent
perties of clay pockets rather than of O : 0% moisture conter
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probably becomes less. The relatively y

smaller values of El in the 30 percent
moisture content clay lumps samples-ce-
ment mixtures could be interpreted by
the less concentration of cementitious materials in skeleton parts.

On the other hand, none of the relationship between ng and specific surface seems to show a definite
tendency (Fig. 4.16). The value of ns is supposed to depend primarily upon the volume fraction of clay
pockets and their characteristic of viscosity. However, at present, it may be impossible to relate the

experimental results obtained to these two factors.
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Fig. 4.13 Relationship between the retardation time
taking the maximum value of @ and the
specific surface of clay lumps sample used

Table 4.2 Four-element model constants of each soil-cement
mixture using clay lumps (7 day loading)

Moisture Specific El E2 n, ng
Content surgace3 ( x 1042 ( x 1032 ( x 103kg. ) ( x 105kg. )
%) (em®/cm”™) kg/cm®) kg/cm®) day/cm”) day/cm”)

86 0.79 0.98 3.27 0.43

0 195 0.88 1.59 2.80 1.03

290 0.67 1.00 1.50 1.12

75 0.58 0.39 0.96 0.78

10 174 0.71 0.67 1.45 0.45

285 0.95 1.38 2.97 0.48

33 0.72 0.70 2.06 1.30

30 49 0.73 0.77 2.88 0.63

75 0.62 0.66 2.68 0.57
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Fig. 4.14 Indication of sections of soil-cement specimens on which

phenolphthalein 1% ethyl alcohol is splinkled
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Table 4.3 Four-element model constants of each soil-cement
mixture using clay lumps (28 day loading)

Moisture Specific E1 E2 n, Ny
Content Surgace3 ( x 1042 ( x 1037 ( x 103kg. , ( x loskg ,
(%) (cn”/em™) kg/cm®) kg/cm*™) day/cm”) day/cm®)
128 0.87 1.44 6.00 1.39
0 160 1.31 1.51 7.61 1.58
270 1.38 1.06 5.00 0.95
98 1.31 1.15 3.84 1.21
10 130 1.11 0.91 3.29 1.24
225 1.30 0.89 2.88 1.78
64 1.26 1.11 4.28 0.96
20 86 0.98 0.99 4.58 0.94
116 1.14 0.91 4.06 0.84
30 0.99 0.94 5.04 0.48
30 34 0.94 1.04 5.61 0.43
48 0.93 0.81 4.72 1.14
1.50 oo EN—
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Fig. 4.15 Relationship between E, and the specific

surface of clay lumps sample used
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The Structure of Soil-Cement and the Ul-

timate Creep Strain

The ultimate creep strain(m) for the
e 1 7 days curing p
7 and 28 days age loading are plotted a- 4

——eemw- 28 davs curing 4

7
gainst specific surface (Fig. 4.17, Fig. 2 1

4.18). ‘ bY
At 7 days age loading, the use of fin- / h N
er-disintegrated clay lumps samples great-

ly reduces the ultimate creep strain.

However, at 28 days age loading, the

ultimate creep strain tends to increase

7, (X 10° kg-day/em?)

a little with specific surface. There is Z:\

little difference between moisture con- D~\ﬂ3

tents of clay lumps samples used, though 05 63 IS4

it should be noted that the ultimate cre-

. 0%, moisture content

2107 meisture content

ep strains in the 30 percent moisture con-

: . L20% moisture content
tent samples-cement mixtures are great in

o e D o

L 30% moisture content R
A

v 100 200 300
at 28 days age loading, all of the ulti- SPECIFIC SURFACE (en’/em?)

comparison with other ones. As a whole, 0

mate creep strains except those of 30 per- Fig, 4.16 Relationship between 7, and the specific
. . surface of clay lumps sample used

cent moisture content are in the range of

1.0 to 1.5 x 10'4(cm2/kg) irrespective of

clay lumps size and of their moisture con-

tent. This result can also be attributed !

= 7 day loading
to the homogeneous structure of 28 days

3.0

/>

age specimens which is brought about by
the diffusion of Ca ions during the cur-

ing periods of 7 to 28 days. Thus, the

(X10-°em*/kg)

results concerning the ultimate creep st-

g
=3

rain are compatible with those obtained
by other analyses such as distribution
function and Burgers model.

(4) Summary and Conclusions

—
o

This section deals with two subjects.

The first of these is to investigate the O : 0% moisture content

. i i : 10% moistuce content
influence of the size and moisture con- H 1 10%

ULTIMATE CREEP STRAIN (m)

0 : 30% moisture content
tent of clay lumps samples on the visco-

L1 1 1 l [ B S | L1 1 1
0 100 200 300

- The second is to reveal the change in SPECIFIC SURF?CE {am?/em®) . )
Fig, 4.17 The variation of ultimate creep strain with
the specific surface of clay lumps sample used

elastic properties of soil-cement mixtures 0.0

the structure of soil-cement due to the
diffusion of calcium ions by means of cre-

ep tests.
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ective of their moisture content. on Fi8. 4.18 The variation of ultimate creep strain with
the other hand, the value of ny show- the specific surface of clay lumps sample used
ing creep viscosity greatly depends
on the moisture content of clay lumps
samples.

The ultimate creep strains of 7 days age loading specimens decrease with decreasing size of clay lumps
samples. The relationship between the ultimate creep strains and the specific surface shows a different
tendency for a different moisture content of the original clay lumps samples used. However, those of

28 days age loading ones, independently of moisture content, increase a little with the specific surface.
The distribution of constituent phases (clay pockets and skeleton parts) in the clay lumps sample-cement
mixtures varies during the cure dependently upon moisture content and size distribution of the sample
used. When clay lumps samples used are same in their size distribution, the higher the moisture content
of clay lumps samples used, the more rapid the diffusion of Ca ions occurs, the stable and homogeneous

structure being formed at earlier curing periods.

VISCOELASTIC PROPERTIES OF SOIL-CEMENT USING GRANULAR SOILS

The structure of granular soil-cement mixtures, in which a soil including sand (>74 p) of more than 80

percent is used, should be different from that of clay lumps-cement mixtures such as discussed in the pre-

vious paragraph. It may be reasonable to postulate that there is little clay pockets in such a granular

soil-cement mixture.

In this paragraph, mainly in order to clarify the function of clay pockets in mechanical properties of

soil-cement and to obtain more data for better understanding of shrinkage cracking, the viscoelastic chara-

cteristics of granular soil-cement mixtures having little clay pockets will be discussed. The major subje-

cts are as follows:

(1) The causes of creep in soil-cement are discussed using a mechanical model, which was proposed by

Freudenthal et al. (Freudenthal et al., 1958) to explain the characteristics of creep of concrete under

high compressive stresses.



(2) The dynamic modulas of elasticity and the logarithmic decrement of soil-cement are determined by the
sonic method, and the changes in the damping of vibration with increasing silt content in the soils
are examined.

(3) Burgers model constants are given for several soil-cement mixtures made using different soils in silt
content. Comparison of those of clay lumps-cement mixtures is also made to obtain some basic informa-
tion for discussing shrinkage cracking due to shrinkage stresses.

(1) Outline of Experiments

Materials and their Mix Proportions

Cement used is normal portland cement. Soils used are from a hill in Kyoto and Awaji; their physical
properties are shown in Table 4.4. Two 3:1 mixtures of soil S1 and soil Sz, and soil S3 give soil S4 and
soil SS’ respectively. Furthermore, the 1:1 mixture of soil S1 and soil S3 gives soil 56' Cement contents
selected are 10, 7.5 and 5 percent by weight of dry soil. The moisture contents of the specimens are less
than optimum moisture content by 1 and 2 percent and greater than by 2 percent.

Preparation of Specimens

The size of cylinder specimens for creep test is 10 cm in diameter, and 30 cm in height; the one for
sonic test specimens 7.5 in diameter and 15 cm in height.

Materials were mixed by hand until a uniform mixture was obtained.

The compactive effort for cylinder soil-cement specimens was determined based on JIS A 1210, as stated
in the previous section (p.75).

Curing Condition of Specimens and Surrounding Atmosphere Condition in Creep Tests

All of specimens tightly closed in polyethylene sacks were cured for given periods in the moist room in
which the temperature was maintained at 20°C. The relative humidity and the temperature of the environment

in creep test were 80 percent and 20" C, respectively.

Table 4.4 Physical properties of soils

Properties S S2 53 S4 S5 56

Size Ranges:

> 74 u(y) 84.0 93.0 9.0 —_— _— —_
74 - 5 u(%) 13.5 .0 83.5 — —_ B —

< 5 u(%) 2.5 2.0 2.5 _ _— —_——
Liquid Limit (%) N.L. N.L. 42.3 24.0 —_— —_—
Plastic Limit (%) N.P. N.P. 25.6 19.5 e —_—
Plastic Index 16.7 4.5 —_— —_—
Maximum Dry 1.850 1.828 1.790
Density (g/cms) 1.860 1.996 —_— .8 . .
Optimum
Moisture 12.5 10.8 _ 13.5 13.9 14.5

Content (%)




Apparatus and Procedure of Creep and Sonic

(1) A Fooke clement represents the

Tests i i i
lincar instantancous deformation.

The creep test apparatus are same as des- (2) AKelvin element (1) represents

cribed in paragraph 3.. Huggenberger strain lhc'xrrccovcrablc deformation due
to internal, partially destruct;ve

meter was used to measure axial strains of read justment within the granular
Q, .
1 | ¢’ mass of the soil-cement

the cylinder specimens. The prescribed com-
(3) A Kelvin clement (I1) represents

ressive stresses applied to the specimens
P PP P the recoverable creep or “dela-

at 7 days age was 20, 40, 60 and 80 percent ved elasticity™.
(4) A Kelvin clemene (111) represents

of the unconfined compressive strength. az ¢2 e
»_—_] “consolidation” eHects of irreco-

The sonic apparatus used in this investi- verable pore water motion tow-

gation is manufactured according to JIS A ards the surface and subscquent

evaporation

I___l ¢3 @os 1y @y, ag=spring constants of
Eooke clement, Kelvin

clement (I),(1I) and (K)

1127. Resonant frequency (fo) and frequen- Q
3
cies (fl, fZ) on either side of the resonan-

ce where the amplitude of vibration is 0.707

|
f p respectively
times the maximum were determined. $1» G da=Ruidity coefficients of Kel
The strains for determination of static an. 4. 19 Mechanical vin elements (), (1)
model. and (W) respectively

modulus of elasticity were measured by Mar-
ten's mirror extensometer.
(2) Analyses of Tests Results
(a) Mechanical Model Analysis According to Freudenthal et al.'s concept
A mechanical model, shown in Fig. 4.19, is used to analyze the creep test results of soil-cement mix-
tures.
Following procedure was adopted for determining these model constants:
When a constant load is applied to this model, the total deformation (ec(t)) is represented by Eq. (4.

12).
t/'(3

éc(t) cale't/Tl + cuze't/TZ + oaqe’

ec(t) = oay(1 - e ¥y o da,(1 - e 7Ty

+ oug(1 - e /T3 4 oa, (4.12)

The total creep deformation can be separated into the recoverable (ecr) and irrecoverable component (
eci), as described in Fig. 4.19. Such separation makes it possible to determin all of these model constan-

ts. a, and T, can easily be obtained from an anlysis of the €cr - Ecp CUrves; constants ®ys Ty» @3 and 13

from two linear parts having different slope in the ¢ € curves.

ci
First, the procedure for the determination of constants a,, 1 from recoverable component is as follows:

ci ~
Recoverable creep strain (ecr) is represented by Eq. (4.13).

e = 0a,(l - e /Ty (4.13)

Th f = - &
erefore, €er = Cra T Tofep (4.14)
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where € = caz) : recoverable component of the total

ro (

ultimate creep strain

The slope of a line obtained by plotting € against ¢

cr cr

gives a retardation time (12). Further, when the line is

extrapolated back to €p T 0, the intercept on ecr-cordi-

nate axis corresponds to ga,.

Next, 9y, Ty, O and T5 are determined as follows;

Irrecoverable creep strain (Eic) is expressed by Eq. (

i ic di f
4.15) or Eq, (4.16). Fig. 4.20 ich_enéu!l:eldlllaii;lm o
c <

€y = oo, (1 - e V1) + ca (1 - e /T3 (4.15)
cl 1 3

™.

i = (ay/toe T (a5/T5)0e T3 (4.16)

Let us suppose that the Ty and @; values are several times the values for T and a3, respectively.

The relation between €y and éci is non-linear, as shown by Eq.(4.15) and Eq.(4.16). This relation may
be rewritten as Eq.(4.17) for very small values of t, since the effect of the second terms in Eq.(4.15)
and Eq.(4.16) are so small as to be negligible comparing with those of the first terms (G3/13 << al/rl).

€ . % - €
F 0(!1 Tle

ci (4.17)

ci
With increasing value for t, the effect of the second term in Eq.(4.15) gradually increases until the re-
lation between €3 and éci becomes non-linear. The curvilinear part appearing as a transition from one

straight line to the other in the experimental curve (Fig. 4.20) definitely indicates such non-linearity
between €. and €

ci
The Eq.(4.15) is transformed into a more convenient form:

€ci = 0(ay + ag) - oty + 13)[(011/(11 + 13)} ety

+ fag/(ty + 15))e VT3] (4.18)

Further increase in the value t passing through the transition intensifies the decreasing effects of the

-t/t

(ul/(rl + 13))e 1 term in Eq.(4.18) and of the first term in Eq.(4.16). Consequently, Eq.(4.18) and

Eq.(4.16) approximately become Eq.(4.19) and Eq.(4.20), respectively.

eci ¥ olay *a3) - oty * 1g)lag [ty * 1g)le /T3 (4.19)

tei # (ag/rz)oe™ /s

Eci T lag Ts)de (4.20)
Eq.(4.21) is derived from Eq.(4.19) and Eq.(4.20).

€ci $ U(QI + 03) - (Tl + T3)éci (4-21)
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where aS/(rl +T3) is approximately used for uS/TS'

As easily understood from the above correlation between the characteristic € curve (Fig. 4.20),

.- €.
ci ci
and Eq. (4.17) and Eq. (4.21), the slopes of the initial and the latter linear part, and their intercepts

on the €y coordinate axis give T and (11 + 13), and ay and (a1 + 03)(Fig. 4.20).

(b) Analysis of Sonic Test Results

Transversal Vibration of a Viscoelastic Beam

The resonant frequency and band width determined by the transversal vibration of a viscoelastic beam
are utilized to compute the dynamic Young's modulus and viscosity coefficient of soil-cement mixtures.

The following equation of motion is obtained for the transversal vibration of a viscoelastic beam of
which the mechanical behavior can be represented by Kelvin's model and which has a transversal dimension

small compared with both its length and wavelength (Horio and Onogi, 1951).
palyrat?) + £ k2(%y/axh) + nk?(aSy/ax%at) = 0 (4.22)

where the axis of the beam in the position of equilibrium is represented as x and an axis perpendicular
to it and parallel to the plane of symmetry as y. Furthermore, t = time, p = density, Ed = modulus of e-
lasticity, ng = viscosity coefficient, and k2 = moment of inertia of the cross section.

When the Eq. (4.22) is solved so as to satisfy the boundary conditions at the free end, the formulas

for the dynamic modulus of elastisity and viscosity coefficient are obtained.
Ey = ((4ﬂ2240)/(m4k2)}f§ (4.23)

where the secondary term is neglected because of its little effect. Furthermore,f% = the length of the
beam, f0 = resonant frequency (cycle/sec.), m = a factor which depends upon the mode of vibration; 4.7004

for the fundamental vibration of beam freely supported on both end.
ng = {(2n2%0)/ (n*k%) 1t (4.24)

where ng viscosity coefficient (poise), Af = f2 - fl’ fl’ f2 = frequencies on either side of resonance
at which the amplitude of vibration is 0.707 times the maximum.

Since the diameter of the cylinder (7.5 cm in diameter, 15 cm in height) used in this investigation is
not small compared with its length, the dynamic modulus of elasticity should be modified using a factor

(T') expressed by Eq. (4.25).

T' = T[{1 + (0.26v + 3.22v2)(k/2)}/(1 + 0.1328(k/2)}) (4.25)
where T = a factor which depends upon the value of k/%; 2.11 for the specimen of 7.5 cm in diameter and
15 cm in height, v : Poisson's ratio (1/7 for the soil-cement specimen in this experiment)

Eq. (4.23) and Eq. (4.24) are transformed into more convenient forms;

- 2
Ed = k1Wf0 (4.26)



3

where k1 = 3.676 x 10 °, Ed: kg/cmz, W = the weight of a specimen(kg), foz cycle/sec.

ng = k,Waf (4.27)

where kz = 0.2728, W; the weight of a specimen(kg), Af: cycle/sec., ngt poise

Energy Loss due to Internal Friction

A part of mechanical energy applied to a viscoelastic body is changed into thermal energy. When a sin-
usoidal stress is applied to Kelvin body, the energy loss per one cycle is as follows:

H = nndwyé = ﬂCYg

where C = ngw, H = energy loss per one cycle, Yo = the maximum amplitude, w = angular frequency.
Therefore, a factor of C can be regarded as a constant which is proportional to the energy loss per one

cycle. For the transversal vibration, the value of C can be computed according to Eq.(4.28).
C = 2mk,Wf,Af (4.28)
The logarithmic decrement (8) was determined as follows:
§ = nAf/fo (4.29)
Therefore, the following relation between & and C should hold.
§ = nC/E4 (4.30)

That is to say, § can be regarded as a measure of the ratio of the energy loss due to internal friction to
the elastic strain energy stored during one cycle.

(3) Results and Discussions
I) The Mechanism of Creep in Soil-Cement

Fig. 4.21 shows an example of creep strain-time curve. The total creep deformations are separated into
the recoverable (ecr) and irrecoverable component (eci) as follows: The recnverable creep strain was de-
termined by measuring the increasing elongation of a specimen immediately after the time at which a con-
stant load had been released (after the loading of 100 days). Further, the differnce between the total
and recoverable creep gave the irrecoverable component.

The ¢ and €.

cr'écr cx'éci curves obtained are shown in Fig. 4.22 (a), (b) and (¢). Furthermore. the val-

ues of ultimate creep strain (ecu) and model constants (al, Tys Gy, Ty, Gg and Ty for the soil S6-cement

mixture can not be determined because none of their eci'éci curves satisfy the assumption (u3/13<<a1/11)

made on determination of these constants (Fig. 4.22 (c)).

There are two linear parts in t -€
P he e.p-€cr

ximately 80 percent sand (>74y)(Fig. 4.22 (a)). This behavior conflicts with the concept that the recover-

curve of the soil-cement made using a soil composed of appro-

able creep mechanism is responsible only for "delayed elastisity"”. The recoverable creep of the soil-ce-

ment seems responsible not only for "delayed easticity" of the skeleton part, but also for the other cause



having a different retardation time.

This cause would be attributed to the ab-

- .,, ,
Soil : S
sorption of moisture from the atmosphere. Cemmtthem17JSwrunl ’ (
Thus, a part of the consolidetion mecha- o i=0 4g¢ ‘rri:‘s"mined stress, gf - compressive strength) —r—
i X\
nism may be reversible, although it is o >
- 200 S L~—~_
assumed that a Kelvin element (III) re- - /////T — |
=
1 3 3 " S — / )
presents 'consolidation" effects of ir z /// Creep straift
recoverable pore water motion towards the ; // "”’T—__—l R
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surface and resulting in subsequent eva- n // st s‘,/*\\..
AN A i
. % o - !
poration. In this table, the constants E } ;%/ ) ;
- i
. :
having the larger retardation time are s //L |
- | i
0
. 1
noted as Uys Tys the smaller one as a3y 25 50 75 100 125 150 1 200
3. TIME UNDER LOAD-DAYS
On the contrary, in the soil 54' and Fig - 4.21 Creep curve obtained with 10X30 cm cylinders

s0il S.-cement mixtures, plotting ¢ a- stressed at 40 percent of 7 day age compressive
6 cr strength.

gainst écr generates only one straight
line. There appears no recoverable com-
ponent having the larger retardation time which is found in soil Sl-cement mixtures. This may show that
almost of the recoverable creep in such soil-cement is due to "absorption of moisture'. As shown in Table
4.6, the retardation time (Té) of the recoverable creep in soil S4- and soil Sé-cement is somewhat greater
than that in soil Sl-cement. Thus, the creep recovery due to moisture absorption in the soil-cement con-
taining the greater amount of silt is found to occur over during the longer period after release of load.

The constants ay and T; representing the irrecoverable creep characteristic of soil Sl-cement mixture
are considerably greater than as and Ty, respectively. That is, the irrecoverable creep deformation of
the soil Sl-cement during the initial stage would mainly be caused by internal, partially destructive re-
adjustment within the granular mass of the soil-cement, followed by gradually increasing consolidation ef-
fects due to pore water motion towards the surface of the specimens.

The constants oy and T in the soil 54-cement are several times as and approximately equal to Ty, Te-
spectively. The addition of 25 percent silty clay to the original soil sample S1 increases the retarda-
tion time of the mechanism due to internal, partially destructive effects. Further addition of 50 percent
silty clay brings about a substantial change in the ¢

€ curves. The difference in the tendency of

ci” ei

the eci_éci curves between soil Sl-cement and less silt included-soil S4 and Sﬁ-cement mixtures suggests
that the structure of the former is quite different from that of the latter two mixtures. There probably
seem to exist a comparatively great volume fraction of clay pockets in the soil S6-cement.

With regard to the effect of the sustained stresses, both of the constants oy and T, are almost inde-
pendent of the stresses in the range of 0.2 to 0.6 O (of: unconfined compressive strength). However, the
constants oy and T obtained from the creep tests carried out under an extremely high compressive stress
(0.8 uf) are considerably great compared with others (Table 4.6). Although the irrecoverable creep mecha-
nism due to internal, partially destructive effects is not substantially affected by the sustained stress
level in the range of comparatively low stresses, the application of an extremely high sustained stress

seems to cause a certain partial failure even in the skeleton phase which is relatively stable under lower

stresses. Thus, generally speaking, creep characteristic of soil-cement may be highly dependent upon st-
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Fig. 4.23 Mechanical model

Fig: 4.24 Variation in Ed, E' with age

ress.
I1I) Characteristics of Damping of Vibration in Soil-Cement

Discussions on Modulus of Elasticity

Spring constants (El’ EZ and E3) and viscosity coefficients (nl, n, and n3) of the mechanical model
shown in Fig. 4.23 were determined by creep tests, as described above; they were of the order of 104 - 10S
kg/cmZ and 1016 - 1017 poise, respectively. The values of these viscosity coefficients are far greater
than the dynamic ones, ng (having the order of 105), which are determined by sonic test. None of these
Kelvin elements (Kl’ K2 and K3) having such great viscosity coefficients responds to vibraion applied in
sonic test. In this section, in order to discuss the relation between the static (ES) and dynamic modulus
of elasticity (Ed) in soil-cement mixtures, another combination of one Kelvin element (KD) and one Hooke

. . . . * . .
element (H) in series is used; their model constants are noted as E , Ed and ng» as shown in Fig. 4.23.

The stress(c)-strain(e) relationship in this model is expressed as follows:
_ * -t/1
e = a{(1/E ) + (l/Ed)(l - e d)} (4.31)

where T4 = nd/Ed
- Y - . *
It is impossible to determine model constants E , Ed and ng by the vibration analysis of such a model.

. *
Assuming that the value of the constant E is several times that of Ed, Ed and ng could approximately be
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determined by the vibration analysis of a viscoelastic beam previously described. The e't/Td term in Eq.
(4.31) can be neglected in the short-term loading test for determining the static modulus of elasticity,
because the retardation time (Td) of the KD element is extremely small, only 10_6 second more or less, ac-
cording to the sonic test results obtained.

When the static modulus of elasticity“ (ES) is taken as the initial tangent of the stress-strain curves
obtained in the short-term loading tests for a body of which mechanical behavior can be represented by the

model indicated in Fig. 4.23, Eq. (4.32), Eq. (4.33) and Eq. (4.34) are given.

€ = ol(1/E") + (1/EQ) = a(1/E) (4.32)
*

(1/E) = (1/E) + (1/Ey) (4.33)

(Bg/E) = (Eg/E") + 1 (4.34)

The moduli of Ed and E' increase with increasing curing time, as shown in Fig. 4.24 and Fig. 4.25.
Further, the Ed/ES vs. ages relationships are presented in Fig. 4.26 and Fig. 4.27. The less the moisture
content of specimens, the smaller the value of Ed/Es in all ages (1 - 14 days ages). The Ed/Es value of
soil Sicement mixture rapidly approaches unity eith increasing curing time; the value of Ed/fz,t rapidly de-
creases (see Eq. (4.34)).

The soil Ss-cement is approximately equal to the soil Sz-cement in the Ed/Es value at the initial ages
of 1 and 3 days. Thereafter, however, the Ed/Es values of the soil Ss-cement are followed by a relatively
slow reduction with ages, indicating the high value (1.2 to 1.4) even at 7 and 14 days of curing. Further
, the E* value of the soil Ss-cement more slowly increases with curing time compared with that of the soil
Sl-cement. Thus, the addition of silt affects the characteristic of the changes in the value of E* and
Ed/Es with ages. Especially, the E* value is highly reduced by the addition of a silty clay; its develop-
ment with curing time is singificantly retarded (Fig. 4.25).

The g is likely to give an indication of elasticity of a skeleton phase which also plays a predominant
role in the strength of the soil-cement. It may be the skeleton phase composed of cement gel and/or cal-
cium silicate hydrates and only sand particles (>74 u) that exists in the soil-cement made using a sandy
soil SZ' However, there must be the other type of skeleton phase made up of cement gel and/or calcium
silicate hydrates and silt particles (<74 u) in the soil Ss-cement. The modulus of elasticity of the for-
mer would be extremely high in comparison with that of the latter.

Discussions on Characteristic of Damping of Vibration

a) Changes in the Value of C and & with Ages .

Both values of C and § decrease with ages (Fig. 4.28 and Fig. 4.29). This indicates the decrease in
the energy loss due to internal friction among the soil particles. Such decrease in energy loss may be
brought about by gradually strengthening the bonding of soil particles with calcium silicate hydrates re-

sulting from the cement hydration and the secondary Ca(OH)z-silicates interaction. The greater value of

§ and C in the soil Ss-cement than in the soil Sz-cement evidences the presence of the greater amount of

f The tangent modulus of elasticity at stress zero(ES) was determined by the extrapolated intercept of the

stress(c) vs. tangent modulus(E) curves with E-axis.
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the unbonded soil particles; the reduction in the value of & with cement content could also be explained
in the same manner (Fig. 4.30).
b) Influence of Moisture Content on the Value of & and C

The value of C and & in the soil Ss-cement mixtures increases and decreases, respectively, as their mo-
isture content increases (Fig. 4.29). The presence of a certain amount of clay pockets in the soil Ss-ce-
ment is presumed, as described above. Therefore, it is found that the higher the moisture content of the
clay pockets phases, the greater the energy loss due to this phase.

The tendency found in the 8 vs. moisture content relation is completely contrary to that in the C vs.
moisture content relation. This phenomenon could be interpreted by the fact that the increase in the Ed
value accompanying with increasing moisture content exceeds the increase in the energy loss due to inter-
nal friction(C), because § can be regarded as a measure of the ratio of the energy loss(C) to the elastic
strain energy (Ed).

According to the vibration analysis for the system of one Hooke-one Kelvin element combination in ser-

ies, the following expressions are derived (Kosaka, 1959) (Kolsky, 1963):
2 *
§ = "C(Es/Ed) C/E << 1 (4.35)

m(E*/C) c/E* 5> 1 (4.36)

(=]
[}
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The C/E* value of soil-cement is about 10-3. Therefore,

GB = GK(ES/Ed) (4.37)
where GK = the logarithmic decrement in Kelvin body
GB = the logarithmic decrement in the one Hooke-one Kelvin element combination system

Consequently, the strict solution of the vibra-

tion analysis of one Hooke-one Kelvin element sys-

tem is found to give the smaller value of &, be-

Aged 1 day
cause the Es/Ed value is usually smaller than un- Soil :SZ ———em—  Aged 3 days
ity (Eq.(4.37)). O w=w.p 10

The 8 value of the soil S,-cement mixture at 1 D v=wop+2
day curing is great in the order of increasing ~ 30 O v=wm—2
moisture content. However, such order is reversed 53 ‘--~ﬁ$~.--‘>
in the course of curing until 14 days age (Fig. \2 %&\ \?
4.30). The energy loss due to anelasticity in 20
soil Sz-cement mixtures as well as in soil Ss-ce- ‘ ___N
ment mixtures decreases, as their moisture content T == ::-.:=
decreases. However, the higher the moisture con- 1.0 T ———
tent, the greater the increasing rate of the Ed
value with ages in the former, compared with the & Logarithmic Decrement
latter. This fact suggests that there would be 0 3 7.5 ib
a considerable difference between their structures. = CEMENT CEMENT (%)
III) Influence of Silt Content and Clay Pockets Fig, 4.30 Relationship between logarithmic
on Burgers Model Constants decrement and cement content

Burgers model constants of soil Sl-, soil 54-

and soil 56-7.5 percent cement mixtures are repre-

Table 4.7 Burgers model constants of granular
soil-cement mixtures

Model Constants Soil Sl-cement Soil S4-cement Soil S6-cement
E 4 2 2.8

1 (10" kg/cm®) 6.69 5.19 .89
ny (107 kg day/cm?) 0.977 0.542 0.092
E 4 2

2 (107 kg/cm®) 2.51 0.790 0.252

5 2

n, (10° kg day/cm®) 2.07 1.89 0.224
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Table 4.8 Ratios of Burgers model constants in
granular soil-cement to the comparable
ones in clay lumps-cement mixtures

Model Constants Soil Sl-cement Soil 54-cement Soil S6-cement
El 5.9 4.6 2.6
nx 90 50 8.5
E2 24 7.5 2.4
ny 44 39 4.7

sented in Table 4.7 (the sustained stress o; = 0.4 cf). The value of E1 and n, proportionally decreases,
as the amount of a silty clay added increases. However, as indicated in Table 4.7, the reduction rate of
the value E2 and n, is not proportional to the amount of the clay added.

These results would be compared with those of clay lumps-cement mixtures in the following.

Table 4.8 shows the ratios of Burgers model constants in granular soil-cement to the corresponding con-
stants (the average of all data) in clay lumps-cement mixtures.

It should be noted that the ratios in the creep viscosity coefficient(ns) are remarkably high compared
with the ratios in the instantaneous modulus of elasticity(El). Such a little difference in the value E,
reveals that clay lumps-cement mixtures have comparatively similar skeleton phase to that in granular soil
-cement in their elastic properties, since the value of E1 predominantly depends upon the elasticity of
the skeleton phase. On the other hand, great difference in the creep viscosity may possibly be attributed
to the effect of clay pockets. That is, a considerably great volume fraction of clay pockets in clay lumps
-cement mixtures plays a significant part in decreasing their creep viscosity, though their skeleton phase
is so rigid as to compete with that of granular soil-cement.

Moreover, a significant decrease in the value Nay accompanying with the addition of a silty clay(S3) sug-
gests the presence of a considerable amount of clay pockets in the soil Sﬁ-cement mixture.

(4) Summary and Conclusions

Several viscoelastic properties of granular soil-cement mixtures were investigated by the creep test
and the sonic test. Consequently, it was found that the viscoelastic properties of the soil-cement made
using a soil including much silt fraction were substantially different from those the sandy soil-cement with
less silt. Changes in the viscoelastic properties of granular soil-cement with increasing silt fraction
in soils used are summarized as follows:

1) The recoverable creep of the soil-cement made using a soil composed of approximately 80 percent sand
seems responsible not only for 'delayed elasticity' of the skeleton part, but also for the absorption

of moisture from atmosphere. However, almost of the recoverable creep in the soil-cement with much silt

may be due only to "absorption of moisture".

2) An analysis of the creep tests results suggests that there seem a relatively great volume fraction of
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clay pockets in the soil-cement made using a soil with much silt.

3) Creep characteristic of soil-cement may be highly dependent upon stress.

4) The addition of silt to the soil material affects the characteristic of the changes in the value of E'
and Ed/Es with ages. Especially, the E* value is greatly reduced by the addition of a silty clay.

5) The energy loss due to anelasticity in soil-cement mixtures decreases, as their moisture content de-
creases.

6) Clay lumps-cement mixtures have comparatively similar skeleton phase to that in granular soil-cement
in their elastic properties.

7) A considerably great volume fraction of clay pockets in clay lumps-cement mixtures plays a significant
part in decreasing their creep viscosity, though their skeleton phase is so rigid as to compete with

that of granular soil-cement.

5. SUMMARY AND CONCLUSIONS

The objictive of this chapter is to elucidate the relationship between the viscoelastic properties and
the comparatively macroscopic structure in soil-cement. In this paper, among a great number of factors
controling the internal structure of soil-cement, size and moisture content of clay lumps, and the amount
of silt included in the granular soil used are dealt with.

The creep and sonic tests results indicate that the viscoelastic properties of soil-cement are greatly
affected by volume fraction and moisture content of clay pockets in the soil-cement specimens. The volume
fraction of clay pockets gradually changes during the periods of curing, so that the volume fraction of
skeleton parts increases. Naturally, no clay pockets would be present in the soil-cement made using a soil
composed of more than 80 percent sand. The viscoelastic behavior of such soil-cement mixtures is substant-
ially different from that of the soil-cement with clay pockets. Thus, grain size of soil material and,
size and moisture content of clay lumps are significant factors to control the macroscopic structure and
mechanical properties of soil-cement. Therefore, it may be significant to discuss what structure of soil
-cement is more capable of withstanding shrinkage cracking, considering its shrinkage characteristics dis-

cussed in the next chapter.
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CHAPTER IV SHRINKAGE CHARACTERISTICS AND SHRINKAGE STRESSES IN SOIL-CEMENT
1. INTRODUCTION

The mechanism of shrinkage in soil-cement has little been revealed. Further, there seems no definite
explanation for shrinkage cracking as well. However, shrinkage cracking of soil-cement pavements is re-
cognized as a serious problem. The prevention against shrinkage cracking is indispensable for a more ex-
tensive use of soil-cement. As described in the introduction of the preceding chapter, shrinkage crack-
ing of a material depends greatly upon its shrinkage characteristics and mechanical properties. Hence,
in order to "design" a material so as to reduce its shrinkage cracking, its structure-mechanical behavior
and -shrinkage characteristics relationships are the fundamental problems to be disclosed.

The relationship between the macroscopic structure and viscoelastic properties in several soil-cement
mixtures has been discussed in the preceding chapter.

In this chapter, first, the effect of clay pockets on the shrinkage characteristics will be discussed.

When the shrinkage tensile stress on the exposed surface of soil-cement mass exceeds the ultimate ten-
sile strength of the material, surface cracking occurs. Theoretical estimation of the shrinkage stress
in soil-cement involves great difficuties because of its non-linear viscoelasticity.

In paragraph 4 of this chapter, an attempt will be made experimentally to estimate the stress, suppos-
ing that the progress of drying shrinkage in soil-cement can be represented by the diffusion equation.
The changes in the shrinkage characteristics and stresses of sandy soil-cement with increasing silt frac-
tion will also be discussed.

The formulas for shrinkage stresses in the viscoelastic body (Burgers body) such as concrete and soil-
cement show that the shrinkage stress on the exposed surface of such a viscoelastic beam (or slab) is pro-
portional to the value of Elsn (S,: the ultimate shrinkage strain)(Kawamura, 1969). In the last paragraph
, basing on the formulas, a consideration is given on the relationship between shrinkage cracking and the

factors influencing the structure of soil-cement.

2. REVIEW OF THE LITERATURES

Although shrinkage cracking is considered to be a very serious problem in soil-cement pavements, only
a few studies have been reported. Especially, the paper by Okada and Kawamura (1967), on which a part of
this chapter is based, appears the first to discuss problems on shrinkage cracking in soil-cement.

In this paragraph, to begin with, George's papers recently published, in which shrinkage characteris-
tics and cracking are discussed from the different aspects from this paper, will be reviewed. Nagayama
and Handy's report (1965) is also stated. Further, it may be expected that the formulas for shrinkage st-
resses in linear viscoelastic body recently derived by the auther may be used for estimating the shrinkage
cracking in soil-cement. Finally, a comparison of the formulas with George's concept is made.

George made an attempt to explain the shrinkage in soil-cement by capillary tension, liquid adsorption
and lattice shrinkage (George, 1968a). The shrinkage of sandy soil-cement would be caused by the differ-
ent mechanism from that of clayey soil-cement including a great amount of clay fraction (<5 u), because
the former may be responsible primarily for the shrinkage of cement paste phase involved and the latter
predominantly for the shrinkage of the clay-water system.

He states that, since the loss of moisture is the primary reason for shrinkage, cement hydration causes
a kind of self-desiccation and shrinkage; further, he evidenced this hypothesis by the experimental result

that the waxed beam shrank without any appreciable loss of water. It was concluded that whereas the sh-
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rinkage of clayey soil was primarily a function of the fine fraction in the soil, this was not true of

sands and sandy soil, where the main reason was probably due to shrinkage of the hydrated cement paste.

According to Nakayama and Handy's study (1965), montmorillonitic clay in a mix greatly increased total
shrinkage, kaolinitic clay increased shrinkage less. They concluded that minimization of shrinkage re-
quired reduction of the initial water content and, more important, the amount of clay.

George's concepts (George, 1969) regarding to shrinkage cracking in soil-cement pavements will be sum-
marized in the following.

Basing on the concept that, cracks are formed, when the tensile stresses set up in cement-treated base
slabs due to the restraint resulting from the friction between the slab and subgrade exceed the tensile
strength of the material, he derived the formulas for determining crack width and crack spacing. Accord-
ing to the formulas, the crack spacing(L) is influenced by the tensile strength, the coefficient of slid-
ing(y) and specific weight of the material(y); the crack width, primarily a function of the total maximum
shrinkage, is to some degree influenced by u, y, L and the modulus of elasticity in tension. So far as
crack width was concerned, however, the agreement between the predicted and observed values was extremely
poor. He considered that such disparity in results could be attributed to the fact that in deriving these
formulas, it was tacitly assumed that cement-treated soil was perfectly elastic. Then, he discusses the
crack width and spacing assuming that the stress-strain behavior of the material can reasonably be repre-
sented by Burgers model, concluding that the viscous properties of soil-cement are important in reducing
crack width. Further, the conclusions were drawn that stress computed according to viscoelastic theory
was on the avarage 50 percent smaller than that computed by the elastic theory and that insofar as the
rate of shrinkage was concerned, rapid shrinkage caused larger stresses.

Thus, George's discussions are based on the tensile stresses caused by restraining the average shorten-
ing per unit length due to shrinkage in base slab. However, the shrinkage stress in soil-cement slab is
not uniformly distributed over a longitudinal cross section. Such shrinkage stress distributions in con-
crete beam (or slab) were discussed in detail by Pickett (1946a)(1946b). Further, the shrinkage distribu-
tion across a cross section of a drying concrete mass has also been experimentally confirmed by some in-
vestigators.

Recently, following Pickett's theory, formulas for shrinkage stresses in linear viscoelastic bodies re-
presented by Burgers model were derived by the auther(Kawamura, 1969). From the discussion of an example
of shrinkage stresses computed using the formulas derived, the following conclusions can be drawn:

1. The tensile shrinkage stresses on the exposed surface of a concrete beam drying from one face only have
the maximum value at the initial time of drying (1 to 2 days), followed by the comparatively rapid de-
crease, irrespective of the condition of restraint.

2. The computed results show that the maximum shrinkage stress is about 0.3 E;S,.

Thus, it may be assumed that the behavior of shrinkage stresses varies with Burgers model constants
and shrinkage characteristics of a given material. It is definitely concluded that shrinkage cracking cha-
racteristics greatly depend upon the product of the tensile modulus of elasticity and ultimate shrinkage

strain, and upon the tensile strength.

3. INFLUENCE OF "CLAY POCKETS” ON SHRINKAGE CHARACTERISTICS OF SOIL-CEMENT MIXTURES

(1) Outline of Experiments

Materials and their Mix Proportions
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Cement used is normal portland Cement. Cohesive clayey soil is from Utatsuyama hill in Kanazawa; its
physical properties are shown in Table 4.1 (see p.75). Cement content is 10 percent by weight of dry
soil; moisture content the optimum moisture content (31.5 percent) is determined basing on JIS A 210.

Preparation of Cohesive Clay Lumps Sample

See CHAPTER III, Paragraph 3 (p. 73).

Preparation of Soil-Cement Specimens

The 10 by 10 by 40 cm test beams were prepared. The mixture was placed in the prism mold in two lay-
ers. Each layer was rodded 150 times. The direction of the compaction with a rod is perpendicular to the
direction of the shrinkage measurement. As to mixing of materials and to the determination of compactive
effort, see CHAPTER III, Paragraph 3 (p. 75).

Curing Condition of Specimens and Condition of Surrounding Atmosphere in Shrinkage Test

All of specimens tightly closed with polyehtylene sacks were cured for 7 and 28 days in the moist room
in which the temperature was maintained at 20°C until the shrinkage measurements were initiated. The re-
lative humidity and the temperature of the environment in shrinkage test were 85 t 2 percent and 20.C, re-
spectively.

Procedure of Shrinkage Test

The Berry strain meter was used to determin drying shrinkage of the beams with 30 cm gage length. Im-
mediately after the completion of the curing, the specimens were exposed to the atmosphere. Each type of
specimens were made in duplicate; the experimental results are their average.

(2) Analysis of Test Results
In order to characterize the shrinkage (CS) vs. drying time (t) curves of the specimens, the hyperbolic

assumption expressed by Eq. (5.1) was made.

€ = Set/(n + t) (5.1)

where §,: ultimate shrinkage, n: the time at which 50 percent of the ultimate shrinkage is ovbtained.

The Eq. (5.1) is transformed into;
t =vS, -n (5.2)

where v = t/es
(3) Result and Discussion

The v(-t/cs) vs. t relations are approximately linear in concrete and sandy soil-cement cured in the
moist atmosphere before testing, while a plot of v against t in clay lumps-cement mixtures gives more com-
plex curves as schematically drawn in Fig. 5.1, especially in the initial stage of drying time. During
the initial drying periods, the shrinkage-time curves in clay lumps-cement have four periods of time dur-
ing which shrinkage rate is different. For example, a v-t curve of the mixture (7 days age) made using
the clay sample with the 30 percent moisture content and with specific surface of 74.7 cmZ/cm3 is shown in
Fig. 5.2.

Shrinkage (es) in the primary period proceeds in the form of hypabolic function with increasing drying
time. The secondary is transient period followed by the tertiary period during which shrinkage rate is

constant. The last period has the same hyperbolic e, - t curve as the primary period. The constants S_

S
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and n obtained from the slope and intersec-

tion of the plotted line in the last period

and the shrinkage rate (ko) in the tertiary

period are shown in Fig. 5.3 and Table 5.1.

1
1
|
- 1
£ | ;
The influence of the lumps size (specific = 4 : 1 : N
R 1 1
surface, see CHAPTER III p. 74) and moisture \ :
! I
content on the shrinkage characteristics n i : :
0 H
would be discussed on the basis of these data. :

Fig.5.1 Schematic diagram for the progression of

Relationship between Physical Properties . N . R .
€ S31P Y P shrinkage strain (¢,) with drying time (¢)

of Clay Pockets and Ultimate Shrinkage

The ultimate shrinkage of the 10 percent
moisture content clay lumps-cement cured for

7 days decreases with increasing specific

M oisture content of ;:hy lumps :30'%
surface of clay samples used (Fig.5.3(a)), wh- Specific surface : 750w/ o

ile that of the zero percent moisture content DO_ 4
clay lumps-cement is independent of specific B
surface. . F
In general, the shrinkage characteristics £3“ ,’V
of clay lumps-cement mixtures are considered : "f
to be greatly influenced by the shrinkage of B ;/xﬁk.
clay pockets distributed throughout the soil or 1/(! } L1 1 1
-cement mass and by their volume fraction. ;/' t/guwdu) o

Fig.5.2 An example of the relationship between drying
time (¢) and t/s; (¢, : shrinkage strain)

As suggested by the distribution funtions and
examination of cross sections of specimens
by naked eye {see CHAPTER III, p. 84), the
volume fractions of clay pockets in the zero
and 10 percent moisture content clay lumps-
cement mixtures seem different for different size distribution of clay lumps samples used. It may be rea-
sonable to suppose that the coarser the clay lumps sample used, the greater the volume fraction of clay
pockets involved in the finished clay lumps-cement specimens after the cure of a given period. Therefore,
the difference in the shrinkage characteristics between the zero and 10 percent moisture content clay lumps
-cement can be attributed to the difference in the shrinkage of clay pockets between them. The shrinkage
of clay pockets in the zero percent moisture content clay lumps-cement mixtures may be presumed to be so
small as approximately to equal the shrinkage of the skeleton phase, compared with that in the 10 percent
moisture content clay lumps-cement mixtures. This presumption could reasonably interprete the above fact
that the ultimate shrinkage of the zero percent moisture content clay lumps-cement cured for 7 days is al-
most independent of specific surface.

The ultimate shrinkage of the 30 percent moisture content clay lumps-cement mixtures cured for 7 days
is comparatively small compared with others (Fig. 5.3 (a)). As stated in the preceding chapter, the shape
of the distribution functions of the 30 percent moisture content clay lumps-cement mixtures sugge;ted that
their structures become comparatively homogeneous, i.e. of less clay pockets during the cure of 7. days.

Thus, even if the soil-cement specimens are made using the clay lumps samples with the specific surface of
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about 80 cmz/cms, the use of different moisture content clay lumps sample gives different shrinkages at 7
days age. However, the ultimate shrinkage of the 28 days age specimens is almost independent of the mois-
ture content and specific surface of clay lumps samples used (Fig. 5.3 (a)). This tendency, further, may
imply that the homogeneous sturcture is formed in the course of 28 days curing even in the mixture made
using the zero percent moisture content clay lumps.

Consequently, it may be concluded that the degree of diffusion of calcium ions is also a significant
factor affecting the shrinkage of clay lumps-cement mixtures. Therefore, in practice, the use of the clay-
ey soil completely dried up or with considerably high moisture content (about 30 percent) appears to re-
duce ultimate shrinkage, even if clay lumps included in the soil are to only a little degree disintegrated.
However, the shrinkage of soil-cement made using the moderate moisture content clay lumps, such as 10 per-
cent, can not be reduced without disintegrating the original clayey soil lumps into considerably fine clay
lumps samples.

There is the ultimate shrinkage of 27 x 10'4 obtained as an example in sandy soil-cement mixtures (Oka-
da and Kawamura, 1967). The ultimate shrinkage for clay lumps-cement mixtures obtained in this experiment

4 to 258 x 1074,

ranges from 112 x 10~ Thus, the maximum shrinkage of clay lumps-cement mixtures is about
10 times that of sandy soil-cement. However, a pertinent control of the internal structure, for example,
the use of the high moisture content clay lumps would be able to reduce shrinkage to a considerable ex-
tent.

Relationship between Physical Properties of Clay Pockets and Shrinkage Rate (kol

The value k0 of 7 days age specimens made using the zero and 10 percent moisture content clay lumps sam-
ples decreases with increasing specific surface (Fig. 5.3 (b)). That is, the finer the clay lumps samples
with a given moisture content, the smaller the shrinkage rate (kO) of 7 days age specimens in the tertiary
period (Fig. 5.3 (b)). Further, the value k0 as well as the ultimate shrinkage is different for different
clay lumps samples in their moisture content, even if the clay lumps samples of the same specific surface
are used.

Naturally, the value ko of the 28 days age specimens is smaller than the comparable value of the 7 days
age specimens, almost independently of the specific surface and moisture content. However, there is an ex-
ception that the value ko of the 30 percent moisture content clay lumps-cement mixtures is considerably
smaller than that of other mixtures. Such a characteristic difference between these two ages is consider-
ed to be due to the homogenization of the internal structure during the cure of 7 to 28 days ages. From
these experimental phenomena, considerable part of the shrinkage in the tertiary period is found to be at-
tributed to the shrinkage of clay pockets.

Relationship between Physical Properties of Clay Pockets and the Value of n

No definite tendency can be found in the relation between the specific surface and the value of n, as
shown in Table 5.1. The value, n, of the zero percent moisture content clay lumps-cement at 7 days age is
remarkably small compared with others. This indicates that the shrinkage of the zero percent moisture con-
tent clay lumps-cement more rapidly proceeds than that of other types of mixtures. Such rapid shrinkage
would probably be due to an extremely small shrinkage of the clay pockets in the specimens. Naturally,
the value, n, of the specimens cured for 28 days is far greater than the comparable one at 7 days age (
Table 5.1).

(4) Summary and Conclusions

The moisture content of clay lumps samples may greatly affect the ultimate shrinkage of the soil-cement
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mixtures. The shrinkage of soil-cement was found greatly to depend upon the shrinkage characteristics and
volume fraction of clay pockets included in it.

In practice, the use of the clayey soil completely dried up or with considerably high moisture content
(about 30 percent) appears to reduce ultimate shrinkage, even if clay lumps included in the soil are to
only a little degree disintegrated. However, the shrinkage of soil-cement made using the moderate mois-
ture content clay lumps, such as 10 percent, is not reduced without disintegrating the original soil into
considerably fine lumps.

Consequently, the physical properties of the original material, such as moisture content and lumps size
» should be controlled so as to reduce the shrinkage and/or volume fraction of clay pockets for reducing
the shrinkage of clay lumps-cement mixtures, because the shrinkage of clay lumps-cement greatly depends

upon the shrinkage of clay pockets included.

4, SHRINKAGE STRESSES IN SOIL-CEMENT MIXTURES

Generally, creep plays an important role in reducing the shrinkage stress in soil-cement or concrete
which is susceptible to cracking on account of its low tensile strength. As discussed in detail in CHAP-
TER 1II, the ultimate creep strain of soil-cement is far greater than that of concrete. Although the sh-
rinkage of soil-cement is about 4 to 40 times that of concrete, the shrinkage stresses in soil-cement cou-
1d be offsetted to a considerable extent by its greater creep deformation. Further, the ratio of tensile
strength to compressive strength in soil-cement is about a fourth to a fifth, which is about two times
that in concrete.

Mechanical properties and shrinkage characteristic of soil-cement mixtures greatly vary with the com-
positions of the soil used, as described in the preceding part of this chapter. Therefore, it is a funda-
mental problem to be understood in the discussion of shrinkage cracking what structure of soil-cement in-
duces less shrinkage stresses.

(1) Application of Pickett's Theoty to the Discussion of Shrinkage Stress in Soil-Cement

Pickett derives theoretical expressions for deformations of concrete beams and slabs that occur during
the course of drying and expressions for distribution of the accompanying shrinkage stresses (Pickett, 19-
46a). In the derivation of the formulas, he assumed that the laws govering the development of shrinkage
stresses in concrete during drying were analogous to those govering the development of thermal stresses in
an ideal body during cooling. However, it is pointed out that the flow of water is different from that in-
dicated by the diffusion equation, and that the relationship between the change in moisture content and un-
restrained shrinkage is not linear as required by these equations. Shrinkage may be assumed to be propor-
tional to moisture content for practical purposes.

Pickett's formulas are incapable of estimating the shrinkage stresses in concrete or soil-cement quanti-
tatively, because the stress-strain relations of these materials are not elastic, but rather viscoelastic.

This chapter aims at determining the stresses in soil-cement pavements resulting from drying shrinkage
over during comparatively long term. Therefore, the stress-strain relationship to be introduced in such
a stress analysis should not be that which is obtained by the short-term loading tests, but that which is
obtained by creep tests. That is, in order to estimate shrinkage stresses, creep deformation characteris-
tics should be introduced into the basic stress-strain relation.

As stated in CHAPTER III, creep deformations of soil-cement, which are far greater than those of con-

crete, differ with silt fraction, moisture content and properties of clay pockets. Thus, shrinkage stres-
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ses and the accompanying shrinkage cracking in soil-cement are found to be affected by the factors such
as amount of silt, moisture content and properties of clay pockets.

In this investigation, assuming that the development of unrestrained shrinkages produced in soil-cement
accompanying with loss of moisture follows the diffusion equation, shrinkage stresses in soil-cement pave-
ments are experimentally estimated using sustained stress-strain (including creep and instantaneous elas-
tic deformations) relation.

(2) Solution of Equation for Diffusion of Unrestrained Shrinkage in Slab or Beam Drying from One Face Only

Provided the assumption of proportionality between moisture content and shrinkage strain is acceptable
, the progress of shrinkage strain in concrete can be represented by the diffusion equation. The diffu-

sion equation for the beam shown in Fig. 5.4 is given by Eq. (5.3).
kaZs/ay? = as/at (5.3)
The boundary conditions at y = 0 and b are represented by Eq. (5.4) and Eq. (5.5), respectively.
3s8/3t = 0 (5.4)
38/3y = (£/X) (S, - S) (5.5)

The boundary condition at the exposed surface (Eq. (5.5)) is based on the analogy of Newton's law of radi-

ation.

A general solution for S satisfying Egs. (5.3), (5.4) and (5.5) is expressed by Fourier series as fol-

lows;

- 2,2
s=s_ - iAne('kt/b )80 cos 8 (y/b) (5.6)

where Bn: the nth root of Btan B = fb/k

From the initial condition of (S)t=0 =0

Ay = (S./cos B) (2£b/K)/L(£b/K)? + (£b/K) * 82

There is the other solution which is obtained by the analogy of Newton's law of radiation from the semi-
infinite solid surface instead of considering the surface at y=0 to be sealed.

The solution is expressed by Eq. (5.7) using probability integral.
2
S/S, = o[{1 - (y/b)}/2/T] - o[{1 - (y/b)}/2/T + B/T]eBL - /D)) « BT (5.7)

Notation

S = free, unrestrained unit linear shrinkage strain
S, = value of S when t = =«

t = time in days

k = diffusivity coefficient of shrinkage in sq. cm. per day
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f = surface factor in cm per day
x, ¥y = coordinates
1, b = the dimension of the specimen (Fig. 5.4)

B = fb/k

T = kt/b?
[ ~uz
erfc(u) = {ZIJ?]Ixe du

A s
et
AR IS

AR AR
40em (1) A

According to Pickett's calculation results (1946 .

—

y=0 from that given by the exact solution of Eq. (5. Fig.5.4 Beam drying one face only (shading
shows sealed surfaces)

a), Eq. (5.7) gives somewhat different S/S_ value at

6); therefore, Eq. (5.7) may be used in place of Eq.
(5.6) whenever T is so small that §/5_ at y=0 is
less than the permissible error. In this study, since the value of §/Ss_at y=0 is to be discussed and T
small enough, Eq. (5.7) is used for the evaluation of S/S_.
(3) Determination of Diffusivity Coefficient of Shrinkage (k) and Surface Factor (f)

The value of k and f are required for the evaluation of shrinkage (S). When T is so small that Eq. (
5.7) may be used in place of Eq. (5.6), k and f are determined as follows:

The shortening of a beam can be expressed by Eq. (5.8)(Pickett, 1946a).
unit shortening = S, = (1/b) D5 dy (5.8)
The following equation (Eq. (5.9)) is obtained by substituting Eq. (5.7) into Eq. (5.8).

2
s, /s, = (1/B)(e® To(B/T) - 1 + (2B/T/VT)} (5.9)

av

Furthermore, if the parameter B/T is very small, the following equation (Eq. (5.10)) is obtained by ex-

panding the expression in the brackel of Eq. (5.9).
S,a¢/Se = BT[1 - (4B/T/3/7) + (1/2) (BYT) 2 - (3{34733/15¢?} + -an ] (5.10)

If T is less than about 0.05 and B is less than about 5, the value of Savlsw can be calculated with a

considerably high accuracy using Eq. (5.10) (Pickett, 1946a). Eq. (5.10) is rewritten as follows:
K xt(1 - 0.752/F x + 0.500 t x> - 0.301 t/T x°) = 10(S,,/S,) (5.11)

where x = f/vVk, b = 10 cm

When Ssv* and S_ are experimentally obtained, the value of Savlsw is determined for various drying times
(t).

The factors of k and x in Eq. (5.11) are unknown. When the values of Sav are known for two different
drying times, they can be determined by solving simultaneous equations of two unknowns. Finally, we can

determin them by solving the third order of equation for x.

(4) Experimental Determination of Shrinkage Stresses in Soil-Cement during Drying
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Pickett's basic concept concerning shrinkage stresses in elastic solids is cited from his paper (1946a)
as follows:

"The shrinkage S given as a function of time (t) and coordinate (y) is defined as the linear unit de-
formation that would occur if each infinitesimal element were unrestrained. However, the properties of a
continuous solid will not permit an arbitrary distribution of deformations; therefore, unless the distri-
bution of shrinkage given by Eq. (5.7) happens to be compatible with the conditions of continuity, stres-
ses will be produced that will modify the deformations so as to make them compatible (if the distribution
of shrinkage is compatible with the conditions of continuity, stresses will not be produced). The term
e, is defined as the resultant unit deformation in the x-direction (the direction of length). It is there-
fore the algebraic sum of shrinkage, S, and the strain produced by stresses."

The three principal stresses in wide slabs and in narrow beams will be in the directions of length, wid-
th and depth, respectively, if the bodies are under uniform exposure either from one or from two opposite
faces and are without external restaint. And now cy is obviously zero; and if Poisson's ratio is assumed

as zero and when the discussion is confined to narrow beams, o_ is negligible. Therefore,

z

e =€_-8§ (5.12)
or e_ =e_+ S (5.13)

where ey’ resultant unit deformation in the x-direction
egt strains produced by stresses
drying shrinkage in the x-direction
e, €an experimentally be obtained as stated in the next paragraph; S can be determined using the theore-
tical formuls of Eq. (5.7). Therefore, strains produced by stresses are given as a function of t and y.
It is desirable to determin experimentally both ey and S. However, since it is almost impossible to deter-

min shrinkage strain S experimentally, Eq. (5.7) is used for estimating S. The procedures for estimating

Sy from € obtained as described above are as follows:

* In this investigation, Sav is the unit shortening measured at y/b = 0.5 in a rectangular prism specimen

(10 x 10 x 40 cm) drying from one face only. The validity of such determination is proved as follows:
When the long narrow beams of homogeneous, isotropic solids that follow Hooke's law dry from one face
only without any restriction, the following equation is derived so as to satisfy the conditions of compa-

tibility (azex/ay2 = 0) and the equations of equilibrium (Igax dy = 0, Igcxy dy = 0).

e, = ((6y/b) - 41(1/b)s0s dy + {6 - (12y/b)) (1/b%)Dsy dy

where ey and o, are elongation in x-direction and normal component of stress parallel to x-axis- positive
if tensile, negative if compressive; b: thickness of specimens (see Fig. 5.4).

When y/b = 0.5, e, = -(l/b)fgs dy = 'sav' This indicates that the elongation e, at y/b = 0.5 experimen-

tally obtained gives -S It is questionable whether these equations obtained based on theory of elasti-

av’
city are valid for soil-cement beams. However, as described later (Fig. 5.7 and Fig. 5.8), there is a fa-

irly good agreement between the experimental Sav vs. drying time curves and the calculated ones.
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Assuming that strain (¢] of bardened soil-cement at a certain time (t) after the application of a sus-
tained stress (g) is expressed by a function of G/Of (0: sustained stress, ag: strength of soil-cement spe-

cimens),
€ =€, + ¢ (5.14)

where £ instantaneous elastic strain

€. creep strain

€ = f(c/of) (5.15)
Further, both ¢ and og are functions of time (t):
o = o(t), og = of(t) (5.16)

The minute change (40) in stress produced by the minute change (Ae) in strain is represented as follows:

Differentiating both sides of Eq. (5.15) by t,
de/dt = (df/dl;){(do/dt)cf - c(dcf/dt)}/az (5.17)

where ¢ = o/cf
If minute change of € and ¢ during unit time (tl) are noted as Ae and Ao, the relation between Ae and

Ac at a given time t = t; is expressed by Eq. (5.18)
(80) np. = (dg/df) . (o) o - (Be)
t ti t ti flt ti t—ti

* (o/cf)t=ti'(A°f)t=ti (5.18)

The stresses ¢ at the time (t = t, ¢+ tl) are given as follows:

t=ti + tl

o] =g

t=t, o+t t=t, * (Ao)t=ti (5.19)

d;/df is determined by the numerical differentiation of the e vs. o/of curve experimentally obtained at
each time. There are also experimental curves of Og vs. t (ages). The stress o, at t = 1 day can be di-
rectly obtained from the € vs. o/cf curve using the strain (es) produced at t = 1 day. The subsequent st-
resses are calculated one after another, as indicated by Eq. (5.18) and Eq. (5.19).
(5) Outline of Experiments

(a) Shrinkage Tests

Materials and their Mix Proportions

See the corresponding item in creep tests of sandy soil-cement mixtures (p. 88, Table 4.4).

Preparation of Soil-Cement Specimens

See the corresponding item in shrinkage tests of clay lumps-cement mixtures (p. 106).
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Procedure

Specimens cured for 1 day in the moist room were waxed Sail: S,. Mon&neuum: '_
_ 140} optimem ist —t== = 14.0 -
in their all surfaces except only one face abcd (Fig. 5.4) }‘no coatent S L 12.0 E
to prevent the evaporation from these five surfaces, as .g 100 P — 10.0 =
N - b< r/ /./ b:
shown in Fig. 5.4. 80— 8.0
[ 6.0
In order to determine the distribution of ey in y-direc- 60{ ——-ﬁ:ﬂ::f:) .
. . - 40 x === Tensile (d:) 40
tion, unit shortening at y/b = 0, 0.25, 0.50, 0.75 and 1.00 20 e A 2.0
. . R : 1.5%
were measured by Huggenberger strain meter with 10 inch gage (?'"Teﬂ““1 i | 1 I 0
0 20 40 60 80 100
length. Specimens were stored in the room which the temper- ~—AGE (DAYS)
ature and relative humidity were maintained at 20°C and 50 Fig.5.5 Relationship between strength
: : - nd age
percent, respectively. Each type of specimens were made in anc us
duplicate; the experimental results were their average.
(b) Creep Tests
Soil: S,, Moisture content :
See the corresponding item included in CHAPTER III (pp. 120 optimum moisture content - 12.0
6 100 O i 100 g
88 - 89). 3 —F= — &
) 2w S atill S "] 8o <
(6) Assumptions Made in Actual Stresses Calculations 5 & ,// ‘;/” 60 ©
. . // —— Compressive
Tensile and compressive strength vs. ages curves and sus- 40f strength ( g,) 4.0
77 Tensile (@)
tained stress vs. strain curves of each type of soil-cement 20 7o strength ' 2.0
' Cemen: content : 7.5% l [ o
1 I 1 1
are required for determining the shrinkage stresses in these 0 20 40 60 80 100
] AGE (DAYS)
soil-cement specimens.
. R Fig.5. Relationship b
Several assumptions are made on the use of these experi- €56 .:d..::ns i between strength
mental curves.
1} Tensile strength was obtained basing on JIS A
1113, i.e. splitting-tension test. Table 5.2 Value of k and £ obtained from the data

at 1 and 5 days

2) Tensile strength- and compressive strength-ages

Soil Cement R k S ) Soo
curves of soil S;- and soil S,-7.5 percent ce- content (%) | (em?iday) | (cm/day) (x10-%)
s d in Fi d 5 1.1 0.34 186
ment mixtures are presented in Fig. 5.5 an s, 75 0.77 0.28 222
Fig. 5.6, respectively. These plots on semi- 10 1.32 0.32 265
logarithmic graph paper give straight lines. 5 1.14 0.43 27
S, 7.5 0.93 0.30 290
Strength vs. ages relations of their mixtures 10 1.18 0.36 282
are estimated from the data at 3 and 14 da)'S Moisture content : Optimum moisture content

ages using the above characteristic.

3) The following three assumptions are made on the s-u/af relation used in stresses calculation.

(a) The e-a/of curves obtained by compression creep tests are applicable to tensile stresses calculation.

(b) The same e-a/af curve is used for the stresses calculation of mixtures made using the same soil, ir-

respective of cement contents. This assumption is based on the experimental fact that the creep de-

formation characteristics of soil-cement are little affected by cement content (Okada and Kawamura,

1964).

(c¢) The sustained stress-strain curves of soil S4-cement are estimated from creep strain-time curve un-

der the application of only a constant load, O (cc/cf = 0.4). The estimation is made on the basis

of the assumption that the sustained stress-strain relation at each time is logarithmic.

(7) Results and Discussion
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Diffusivity Coefficient of Shrinkage(k) and Surface Factor(f) in Soil-Cement

The values of k and f obtained using the data at 1 and 5 days are given in Table 5.2. Pickett reported
an example of these values in concrete; k = 0.23 cmz/day, f = 0.18 cm/day and S_ = 280 x 10'5 (temperature

24.4'C, relative humidity: 50 percent). Comparing these values (k and f) between both materials, the

value, k, in sandy soil-cement mixtures is about 3 to 5 times that in concrete; the value, f, about 1.5

to 2.5 times.

If the shrinkage tendency of each elemental volume is linearly related to the moisture content in soil-
cement, moisture in soil-cement is found far more easily to move than in concrete, because diffusivity co-
efficient of shrinkage(k) means the quantity of water moving through an arbitrary cross-section of area,

1 cmz, per unit time, 1 day. However, the ultimate shrinkages(S_) of these soil-cement mixtures are equal

to or smaller than the value in cement mortar.

Average Drying Shrinkage

Plots of the value, Sav‘ obtained by the experiments and theoretical calculations against drying time

(t) give the curves represented in Fig. 5.7 and Fig. 5.8. As shown in these figures, an initial good a-

greement between the experimental and theoretical curves is followed by a gradually increasing difference

T
200 ! ! | -
—~180 i
—— Theoretical curve] T 7
. 140]— --——Experimental =g < 160 ’
"‘ curve | \)S ) 7
§- 120 X st y
~ 4 % /,
100 v/ 120 %
03 ¥ ;9
80 . 1 100
%
60 ~ 80

A
40 6
{ ~——— Theoretical curve
20 40 _ Experimental —

= curve
0 10 20 30 40 50 60 Tu 80 203? ,llli

L (DAYS)
0 10 20 30 40 50 60 70
! (DAYS)

Fig.5.7 Average shrinkage vs.
drying time curves

(soil: S,, cement content: .
Fig.5.8 Average shrinkage vs.

7.5 percent ) ! i
drying time curves
(s0il: S,, cement content:
7.5 percent )
L0055y
y\ 2 &yt /‘///
30.75 1 &’Q [— 6“" L — L+
v s 2T e
0.50 T 481>
0.25 | |
/ K n
0 10 20 30 40 50 60 70 80 90 100 110 )20 130 140 150 160

S (x107%)

Fig. 5.9 Theoretical shrinkage distribution in the soil-cement specimen at various time

(soil 1Sy, cement content :7.5 percent )
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between them. Experimental values of k at
long drying times are a little smaller than
the comparable theoretical values. This
fact indicates that the value of k decreases
with increasing drying time.

Calculation Results of Drying Shrinkage

Strain (S(t,y)) and Measured Values of

Resultant Strain (exl

Theoretical drying shrinkages (S(t,y))
calculated using Eq. (5.7) are shown in Fig.

5.9 and Fig. 5.10. Extremely large shrink-
age occurs on the exposed surface and in its
neighborhood at the initial drying stages,
followed by its extensive progress into more
interior parts until moisture near the sea-
led face (y/b=0) begins to move at about 10
days drying time.
The results of ey experimentally measured
are plotted in Fig. 5.11 and Fig. 5.12. At
the initial stages of drying time, the clos-
er to the exposed surface a given region,
the more rapidly the value of ey in the re-
gion increases. Difference between e, at
y/b=0 and y/b=1.0 becomes the largest at a-
bout 50 days of drying. After the time, the
e, near the sealed face gradually increases,
while there is a little or little increase
in the e, on the exposed surface. Further
drying makes the values of e, at all posi-
tions gradually approach to a value of S_.

Results of Shrinkage Stresses Calcula-

tions and their Discussions

a) Sustained Stress-strain Curve

A sustained stress-strain curve used in
stresses calculation is given in Fig. §.
13.

b) Drying Shrinkage Stresses Distributions

in Soil-Cement Beam Drying from One Face

Only

Fig. 5.14 shows an example of shrinkage
stresses distributions in the soil 84-7.5

percent cement mixtures specimen.

1dsy3 T 1T T T 1
| S e
= A N
v e Tt 1 T
0.50 i e
AP Pt
0.25 = +—1
/
0 U 20 30 40 30 60 S0 80 90 100 110 120 130 119 150 160 170 180 190 200
S (X1

Fig.5.10 Theoretica: shrinkage distribution in the soil -cement specimen

at various time (goil . S4, cement content: 7.5 percent)
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Fig. 5.11

Variations of e, distribution
with drying time (soil: S, ,

cement content : 7.5 percent )
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Fig. 5.12 Variations of e, distribution

with drying time (soil: S,
cement content :5 percent )
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Tensile stresses are produced in the region near the exposed surface; compressive stresses in the re-
gion near the sealed face. In soil-cement beam unrestrained, the following equation should be satisfied:
I, dy = 0.

However, none of the stresses distributions experimentally obtained in this investigation satisfies such
an equation, as definitely shown in Fig. 5.14.

Pickett's theoretical calculations for elastic solids show that tensile stresses are produced in the re-
gion,0<y/b<0.2and 0.8<y/b<1.0 and that compressive stresses in the region, 0.2<y/b<0.8. It goes without
saying that stresses distributions such elastic solids satisfy fgcx dy = 0.

Fig. 5.15 shows an example of cx/cf vs. drying time(t) curves at the positions of y/b = 0, 0.25, 0.50,
0.75 and 1.00. The ratios of tensile stresses on the exposed surface (y/b = 1.00) to tensile strength (
cf) in all types of soil-cement specimens investigated in this paper vary with drying time as shown in Fig.
§.16 and Fig. 5.17. The value of ox/of of all specimens has the maximum at about § days after initiation
of drying. The maximum value of °x/°f in soil 51-5 percent cement mixture is considerably smaller than
that of soil 51-7.5 and 10 percent cement mixtures. On the other hand, the maximum value of soil Sd-ce-
ment mixtures is almost independent of cement content. Thus, addition of a small quantity of cement (a-
bout S percent) to sandy soil such as soil S1 favors the reduction of the value, ox/af, comparing with the
mixtures with high cement contents such as 7.5 and 10 percent. Therefore, it may be desirable for reduc-
ing shrinkage cracking to use cement as a little as possible. However, shrinkage cracking in soil S4-ce-
ment mixtures including somewhat more amount of silt fraction may be independent of cement contents. As

a while, soil S4-cement mixtures may be more susceptible to shrinkage cracking than soil Sl-cement.

¢) Drying Shrinkage Stresses Distributions in Completely Restrained Beam or Slab Drying from One Face Only

An actual soil-cement pavement slab is rather analogous to a slab completely restrained against warping
and longitudinal unit shortening than an unrestrained slab. Shrinkage stresses distributions in a comple-

tely restrained slab should be required to understand shrinkage cracking in soil-cement pavement better.

Since e, is zero in a completely restrained slab, shrinkage stresses are produced only by shrinkage strain

S. In a completely restrained slab, tensile stresses are produced over through all cross-sections from the

-~ | ! }
o [SeikS, o/ plodays 1.00 1T
X [[Cement content: 7.5% ! | F
“ 300 w: . —~ i 0.75 T
- content / Qdays y/b N &“‘6
B );',dny. 0.50 days|
200 Y 3‘!‘!5 _ /
- /// 1 days 025 | EUAEANTI
N / / o Gdays Otaysl7days
- A TTTTY 1
100 A/ // "0 -8 <6 <1 —2 vz 4
r / ? — 9, (kg/m?)
4 L 1 1

0 0.2 04 0.6 0.8 Fig.5.14 S!re.ls d\llribuho.ns in thf 30il ~cement
a/q, specimen unrestrained (soil : S, cement
content: 7.5 percent)

Fig.5.13 Sustained stress-strain curves
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exposed surface to the sealed face, increasing with drying time (Fig. 5.18). Plots of the value, o)'(/cf (

o;: stresses produced in a completely restrained slab) against drying time at each cross section of y/b =

0, 0.25, 0.50, 0.75 and 1.00 give the curves, for example, shown in Fig. 5.19. The c)'(/of on the exposed

surface vs. drying time in various types of soil-cement are plotted (Fig. 5.20 and Fig. S5.21). All of th-

ese curves continue to rise with drying time without the maximum value followed by the subsequent reduc-
tion unlike those for other different conditions of restraint. A great increase in the value of ox/of is
found during the initial 10 days of drying; thereafter a little or little increase.

Several conclusions can be drawn from these two figures:

(a) the sandy soil-cement mixtures become more susceptible to shrinkage cracking, as the amount of cement
added increases, (b) there is little difference in shrinkage cracking characteristic between cement con-
tents in the soil 54-cement mixtures having more silt fraction, (c) the addition of the more amount of ce-
ment to sandy soils such as soil Sl may enhance the possibility of shrinkage cracking, while with low ce-
ment content, the use of a soil containing more silt fraction makes a soil-cement more susceptible to sh-
rinkage cracking.

(8) Summary and Conclusions

1) The diffusivity coefficient of shrinkage (k) in sandy soil-cement mixtures is about 3 to 5 times that
in concrete; the surface factor (f) about 1.5 to 2.5 times.

2) The sandy soil-cement mixtures become more susceptible to shrinkage cracking, as the amount of cement
added increases.

3) There is little difference in shrinkage cracking characteristic between cement contents in the soil S4
-cement mixtures containing more silt fraction.

4) The addition of the more amount of cement to sandy soils such as soil S1 may enhance the possibility of
shrinkage cracking, while with low cement content, the use of a soil containing more silt fraction is
more susceptible to shrinkage cracking.

5) It may be considered that increasing silt fractions in soils used decrease the compressive strength of
soil-cement for a given cement content. Therefore, in practice, in order to produce a soil-cement de-
veloping a given compressive strength, the use of the soil with less silt fraction is desired for re-
ducing shrinkage cracking of soil-cement. However, when soils containing comparatively much silt frac-
tion are used, even an addition of a great amount of cement does not make the mixture susceptible to
cracking.

Thus, the characteristics of shrinkage stresses produced on the exposed surface greatly depend upon the
amount of silt fraction included in the soil used. The presence of a comparatively great amount of silt

fraction is not necessarily an undesirable factor to reduce its shrinkage cracking.

5. A CONSIDERATION ON SHRINKAGE CRACKING IN SOIL-CEMENT AS A VISCOELASTIC MATERIAL

The evaluation of shrinkage stresses in soil-cement and concrete is much complicated in the following
two points.

The first of these is the mathematical expression of shrinkage strain in the body which is a function
of time. Carlson proposed that the diffusion equation could be applied to the process of progression of
shrinkage strain in concrete (Carlson, 1937). Subsequent works on this subject were conducted by Pickett,
(1946a,b), R&stasy (1960) and Wischers (1960) so on.

The second is the time-dependent stress-strain relationship of the material which is very important es-
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pecially in the estimation of the internal stresses resulting from the volume change progressing with time
from surface to interior of the mass. Thus, for estimation of internal stresses due to shrinkage, the ex-
pression which relates shrinkage strain, stress-strain relationship and time should be derived.

Hansen (1965) derived the formula of the tensile shrinkage stress for a constant strain rate using the
four-element model. In the previous paragraph, shrinkage stresses in soil-cement pavement were estimated
by experimental method. In this method, nonlinear creep deformation of the material was introduced.

Many investigators have indicated that stress-strain relation in concrete and soil-cement can be con-
sidered as viscoelastic.

Zienkiewicz (1961) illustrates the development of thermal stresses in a simple concrete slab due to the
heat of hydration and boundary cooling in which he regards concrete as a viscoelastic material. His me-
thod is based on the elastic-viscoelastic analogy of which method was used by Alfrey (1948) in stress ana-
lysis in high polymers and by McHenry (1943) in concrete. The elastic-viscoelastic analogy method requi-
res the relaxation function of a material which much difficulty is accompanied to obtain. However, if sh-
rinkage stresses can be predicted from creep data, surface cracking and loss of flexural strength due to
shrinkage can be estimated easier.

In this paper, expressions for shrinkage stresses in viscoelastic materials such as soil-cement and con-
crete are derived using stress analysis in viscoelastic bodies proposed by Lee (1955). According to Lee's
theory (1955), stress and strain in linear viscoelastic bodies can be dealt with as an associated elastic
one, if the time can be removed by the Laplace transform. Formulas for shrinkage stresses in linear vis-
coelastic bodies represented by Burgers model can be derived using the formulas in elastic beams or slabs
given by Pickett (1946). The assumptions made in this derivation and the procedure followed by Pickett in
deriving the equation for shrinkage strain are described in paragraph 4 (pp. 110 - 111).

(1) Derivation of Formulas

Stresses are considered in linear viscoelastic body expressed by Burgers model. A long narrow beam sh-
own in Fig. 5.22 has the only longitudinal stresses which are independent of coordinate x, if Poisson's
ratio were zero. Mathematical stress analysis will be made for a beam drying from one face only. Equa-
tions for stresses resulting from shrinkage strain represented by Eq. (5.7) will now be derived.

For the convenience of the derivation of formulas, Eq. (5.7) is transformed to the following Eq. (5.20).
5/s, = erfc(B/2/t) -
uB'uzt
erfc{(B/2/T) + artle

(5.20)

where o = £//k, 8 = {(1 - (y/b)}(b//K)

Stresses and Strains

For long narrow beams, the condition

of compatibility is as follows:
Fig. 5.22 Beam drying from one face only (shading shows
sealed surfaces)
azexlarz * 9
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e, is defined as the resultant unit deformation in the direction of length, which is the sum of shrinkage

(S) and the strain (Ex) produced by stresses, as represented by Eq. (5.21).
e =¢_ - 8§ (5.21)

When the stress(cx) and strain(ex) can be represented by a single component x, a linearly viscoelastic

relation can be written in the form:
P(o,) = Q(e,) (5.22)
where P and Q are linear differential operators of the form:
P, T ..t
P = gpra /atT, Q = gqra /at

For no external restraint the equation of equilibrium become

Ibo, dy = 0 (5.23)
Poy dy = 0 (5.24)
0 xy Y °

The time dependence is removed by operating with the Laplace transform on all these equations. The tra-

nsform is denoted by a star on the corresponding function.

e, = -8 (5.25)
P(p)3x = Q(p)zx . (5.26)
22e say? = 0 (5.27)
5% dy =0 (5.28)
fgsxy dy = 0 (5.29)

where p is the transform parameter. Eq. (5.25) to (5.29) represent the problem for an elastic body of the
same shape as the viscoelastic one with elastic constants which are a function of the parameter p. When
the stresses 3x(y,p) have been determined, the expressions for the stresses Ox(y,t) of viscoelastic body
are given by the inversion of the Laplace transform. The solution for this elastic problem is obtained by

Pickett (1946a) as follows:
S = QPI/PEIE + ((6y/b) - a1 (1/b)BE ay
+ 16 - (12y/b)} (1/6)2rb8y ay) (5.30)
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Pickett (1946a) also derived the more usable expression, which
are easier to understand, by means of superposition of the ele-
mentary solutions. This second derivation is based on the fact
that the resultant stresses ;x consist of three parts described
below.

The first part is the stress 3; which is produced by complete
restraint against the longitudinal deformation. The second part
is a uniform stress 3; equal to and opposite in sign to the ave-
rage of the first part. The third is a stress resulting from a
simple moment that is equal to and opposite in sign to the moment
produced by the sum of the first two parts. Using the expressions
derived by Pickett (1946), each stress in viscoelastic body is
represented by Eq. (5.31), (5.32) and (5.33).

For complete longitudinal restraint (the first part of Gx)
*
a1 = Q) /P(p)}8 (5.31)

For restraint against warping only (sum of the first and se-

cond parts of Sx)
® ® *
Sy = @@/eEn S - 8 (5.32)
§,, = (/b)58 ay (5.33)

For no external restaint (sum of all three parts)

X

E

s l::l Es

47,

Fig. 5.23 Burgers model

5, =~ @@)/P@IE - 8, + (6 - (y/v)H(abY, /31%)) (5.34)

®
where Vnax is the maximum deflection that occurs at x = £/2, as expressed by Eq. (5.35).

Voax = (387/26)0(1/b)rB8y dy - (1/26)188 ay)

Further, S and Vo

av ax

ly.

2
S. /S = (1/B){ e® terfc(av®) - 1 + (2//T)avt)

av’ o

2
(2b/3% )(vmax

+ (2//MarT) - (628t

Operators P(p) and Q(p) of Burgers Model
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are also given by the more convenient form of Eq.

(5.35)

(5.36) and Eq. (5.37), respective-

(5.36)

2
/s_) = ((1/2B) + (1/B%)}e® terfc(avD) - 1

(5.37)



For the prescribed material with known operators P(p) and Q(p), the inversion of Eq. (5.31), (5.32) and
(5.34) gives shrinkage stress in each condition of restraint.
P(p)/Q(p) of Burgers model (Fig. 5.23) is expresses by Eq. (5.38) or Eq. (5.39), because Oer Ex and (

(@, /E;)-e,} equal to zero, when t = 0.
2 3,3 2
Q(p)/P(p) = {p” + (E7/n”)p}/{(1/E)p” + {(E5/Ejns) ¢+
(1/0,) + (A/n3)}p + {E5/(nyn3) )] (5.38)
QPY/PLp) = B 11 - £(o, + 4,0p + ¢85/ {(p - 4 )(p - $,)}]

Ey/ng = 45, Ey/ng = 43, Eg/ng = 45

01 = ('(°1 + ¢2 + 03) + /(¢1 + ¢2 + ¢3)2 - 4¢1¢3}/2

oz = {'(¢1 + ¢2 + 03) - /(¢1 + 02 + ¢3)2 - 4¢1°3}/2

Shrinkage Stresses in Three Different Conditions of Restraint

Each resultant stresses oi, o; and o, are derived in the following.
(1) For complete longitudinal restraint
From Eq. (5.31),
*® ®
o) = (Q(P)/P(P)}S
Applying the Laplace transform (Carslaw and Jaeger, 1963) (Churchill, 1958) to Eq. (5.20),
x - -
5/5, = (e 8%/p) - (e P/ (p + a/B))
® - .
oi/S” is expressed by Eq. (5.40) using parameter p.
*®
0;(/5., = E1[1 - ((¢1 + ¢2)P + ¢1¢3}/(P - ¢1) p - @2)]'

(e BP/p) - (e BP/(p + a/p)}] (5.40)

The inversion of Eq. (5.20) gives the shrinkage stress for complete longitudinal restraint, as represented

by Eq. (5.41):

53/SeEy = (8/52) - (A0« B(1)e2)) (5.41)

where

ACt) = {0,/(0) - 0,)}o) + 6, + (9,65/0)}(Ig - euslal)
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B(t) = -(0,/(8) - )} (o) + 0, + (6,05/,)}(Ig, - *P1 )

2

Ty = 75 el = )T ergcla/t + (8/2/))dr
t (az - )T

.- IO e 27 erfcl{avT + (B8/2/7)}dr

1, = s/t e ®1%erfc(8/2/7)d

g1 = fo € erfc{B/2/1)dt

1., = st e ®2%erfc(8/2/7)4d

g2 = 1o ¢ erfc(B/2/7)dr

(II) For restraint against warping only (or for a beam dried from two opposite faces)
av o= ( 18 - 8
v= QPP - S, ) (5.32)

According to Pickett, if T is less than about 0.05 and B is more than about §, Eq. (5.36) is applicable

for the evaluation of Sav/sw to a fair degree of accuracy. Applying the Laplace transform to Eq. (5.36),
Sav/Se = (/BYLLL/(p + o/p)) - (1/p) + ap”3/%)
59/5, is expressed by Eq. (5.42):
5y/S. = Q) /P (01575, - Q) /P(P)I3, /5, (5.42)
The inversion of Eq. (5.42) gives the shrinkage stress 0; for restraint against warping only (Eq. (5.43).

OR/E S, = S/5, - (5,,/5.){A()e®1 + B(t)e®2t)

+ (/By{c(t)e®1t + p(rye®2ty (5.43)
where
C(t) = (8,/(0) - ¢,))00) *+ ¢, + (6,65/0)}(1 ) - 1o + (2a/¥T)Ip;)

D(t) ==18,/(8y = ¢;)1(6) + 6, + (6103/0)HI , - Igy + (2a//M)1p,)

2

I = f; elo” - oy erfc(a/T)dt

2
T, =78 e = %7 erfc(a/mdr

RL - e ¥17ar
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_ .t - T
Ipy = fof?e 2'dt

(I11) For no external restraint

From Eq. (5.34),

5. = (QI/PIE - s, + {6 - 12(y/b)}(26/32)¥

X

]

v max

According to Pickett's paper (1946a), if T is less than about 0.05 and B is more than 5, Eq. (5.37) is ap-

plicable for the evaluation of (2b/3%%)v .~ Applying the Laplace transform to Eq. (5.37),
(2b/323) (V__ /S.) = ((1/2B) + (1/BE)}({1//B(/F + )}
- a/p) ¢+ /e - @Eshamd
575 = @@ sy - B,,/80) ¢
(Q(p)/P(p)}6 - 12(y/b)}(2b/32%) (¥, /S,) (5.44)
The inversion of Eq. (5.44) gives the shrinkage stress Oy for no external restraint (Eq. (5.45)).
0 JE S, = (S/5.)) - (S,,/8,) - (A(t)e’1t « B(r)e®2") + /By {c()er® «
D(6)e®1%) + (6 - 12(y/b)}((26/32%) (v, /S.) - ((1/2B) + (1/B%)}(c(r)e®r®
» (t)e®2%1) » @Z/B) (K e®1t ¢ Kye®2t ¢ Kyt 4 Ky (5.45)
where

Ky = (67 + 0)(0) + 8,000}/ (0] () - 0,))

2
Ky = -{(o; * ¢,)(%, * &,95)1/(05(2; - ¢,))

~
[}

3791 %%

Ky ={0op + 6,01 + 0) + 0,)1/(2,0,)

(2) Constants Available for the Computation of Shrinkage Stresses

In order to compute stresses using the formulas derived in the preceding section, constants of four-ele-
ment model, diffusivity coefficient of shrinkage and surface factor must be determined. Constants of four
-element model can be easily obtained from creep strain-time curves. These constants for various types of

soil-cement are given in Table 4.2, Table 4.3 (p.83, p.85), Table 4.7 and Table 5.2. However, only a few
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reports on these constants of concrete seem available. These constants of concrete are summarized below.
(a) Constants of four-element model
The rheological properties of concrete were analyzed by Ogishi (1963). Hansen (1965) determined con-
stants of four-element model of a 3 to 7 days old concrete, as shown below, using the experimental results
obtained by Theuer.

S

E, = 2.5 x 10° kg/cm?, E kg/cm?,

1 = 2.1 x 10

3

n, = 0.81 x 106(kg/cmz)day, ng = 1.12 x 105(kg.cm2)day
There is considerable difference between constants obtained by Ogishi (1963) and those by Hansen (1965).
Such difference may primarily be due to the properties of concrete and to the ambient condition in creep
test., Furthermore, in evaluating n, graphically from creep strain-curve, different value may be obtained
for different part of the curve which is regarded as linear, because four-element model does not exactly
represent the viscoelastic properties of concrete. It can be understood, from preceding equations derived
, that the value of N, has a great effect on the shrinkage stress. Therefore, much care should be given
on the determination of n, in the evaluation of shrinkage stress.

(b) Diffusivity coefficient of shrinkage and surface factor

It may be supposed that the diffusivity coefficient of shrinkage (k) is the amount of moisture moving
through a cubic centimeter per day in the mass of concrete. Surface factor (f) expresses the degree of
resistance against the emanation of moisture from the solid mass to the atmosphere. The resistance is con-
sidered to be caused by the filmy air around the surface of the mass with higher humidity than in the outer
air. Therefore, the value of k and f depends upon the surrounding condition, the shape and dimensions of
the mass and the porosity of concrete. Diffusivity coefficients of shrinkage are obtained by Rostasy (19-
60) for various porosity of concrete and mortar. His tests conducted at 20°C and a relative humidity of

65 % give the following diffusivity coefficients:
0.00001 - 0.00002 x 104cm2/day for cement mortar 1:3 to 1:5
0.000005 - 0.00001 x 10%cm®/day  for concrete
Pickett (1946b) computes the shrinkage strain using the following value:
k = 0.23 cmz/day, f = 0.18 cm/day
where the surrounding condition is at 24°C and a relative humidity of 50 §%.
(3) The Computation of the Shrinkage Stress on the Exposed Surface
The expression of tensile stresses on the exposed surface of a beam completely restrained longitudinally

is represented by Eq. (5.46), which is obtained by substituting zero for B in Eq. (5.41).

{o,/(SE Y,y = (575 - (A" (1)e®1t + B' (1)e®2") (5.46)

y=b
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where
AT(E) = (0,/(0) - 9,0M0) + 6y + (6,05/9)} gy - 101D
B (t) = -(0,/(0) - )}(6) + 0, ¢ (6,6:/9,))(Ig, - Ig,)

t -¢
181- foe 1

tdr

v o pto-d,t
182 foe 27dt
The tensile stresses of a beam restrained against warping only and with no external restraint are also ex-

pressed by Eq. (5.47) and Eq. (5.48), respectively.
" ' $.t . bty
(ox /Elsw)y-b = (8/S8,) - (Sav/sw) - {A (t)e'l” + B'(t)e 27}

asy{cceye’1t « peyedzty

(04 /E1Su)yup = (5/5.) - (S,,/8) (A" (2)e*1" + B (1)e%2")

« (/B tc(e)e®1®t + p(rye®2ty - sr(ab/3tH (v, /5,)

- ((1/728) + (1/B%) ) c(tye®1t + p(ryet2ty

+ (@%/8Y) (K e®1t + k,e®2 ¢ Kyt v k)] (5.48)

2

Little difficulty may be accompanied in the computation of tensile stresses on the exposed surface, if
the value of I&l and I&Z can be computed by the computer.

(4) An Example of the Shrinkage Stresses Computed by the Use of the Formulas Derived

The tensile stresses on the exposed surface of concrete beams drying from one face only, completely re-
strained are computed for three different values of a (= £f//k) using the viscoelastic constants obtained by
Hansen and Theuer previously stated (Fig. 5.24).

The variations of the tensile shrinkage stress with drying time in concrete beams restrained against
warping only and with no external restraint are also shown in Fig. 5.25 and Fig. 5.26. The tensile shrink-
age stresses have the maximum value at the initial stage of drying time (1 to 2 days), followed by the com-
paratively rapid decrease, irrespective of the condition of restraint. The maximum value of the stresses
is different a little for a different value of a.

In general, it is supposed that the tensile strength of concrete is probably affected by the tensile sh-
rinkage stress on the exposed surface of concrete specimens. This is experimentally evidenced by some in-
vestigators (Nagataki, 1963) (Hanson, 1968). Nagataki (1963) obtained experimental curves showing the var-
iation of the flexural strength of cement mortar beams drying from two opposite faces. In his report, it
was stated that the minimum flexural strength is attained at about 24 hours of drying time and that such

initial loss in strength is followed by a gain with an increase in drying time.
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The tensile shrinkage stress versus dry-

ing time curves (see Fig. 5.25) show that CONSTANTS

E, =25%10° ‘ke/ewt E; =2.1X10° (kg/cs’
initi i rength i
such initial loss in flexural streng s v, -081X10¢ keday/am ), =1.12X10° kg day /em)

caused by the shrinkage stress on the ex- k =005 om/day f =0.18 (ow/day)

posed surface. —

Surface cracking occurs when such ten- s )
com plete longitudinal restraint

sile stresses exceed the tensile streng- y

0.300

th of concrete. From the computation re- ////’-

sults (see Fig. 5.24, Fig. 5.25 and Fig. \\\‘~4~\\‘

5.26), it is found that the maximum shrink- ///’— \\ ™
no external restraint

age stress is about 0.3 Elsm. Thus, it // |
may be concluded that the value of E;S, 0.200 j\ih

shows the measure of surface cracking of

concrete due to shrinkage. Eq. (5.46), a P,

Eq. (5.47) and Eq. (5.48) may be useful 2

for estimating the influence of various 0.100

factors on the surface shrinkage cracking \\

of the viscoelastic materials such as con- \\\

crete and soil-cement, although four-ele- \\\

ment model does not necessarily represent

the exact stress-strain-time behavior of
0 1 2 3 4 5 6
the materials, especially at failure. TIME OF DRYING (DAYS)

(5) A Consideration on Shrinkage Cracking

in Soil-Cement Fig.5.26  Shrinkage stress on the exposed surface vs. drying time

- curves in a be ith i i
As concluded from the mathematical works am with no external restraint, drying
from one face only

described above, the maximum shrinkage st-

ress on the exposed surface is proportion-

al to the value of E;S,. Therefore, the

value of Elsw/ocf(s u)(ccf: compressive
strength) can be regarded as a measure to L’/,,/,/J\
Th= o
predict shrinkage cracking. .
Q ;
The values, a, of soil Sl- soil S4-ce- ¢ 51
\, e
ment mixtures are 3.7 and 4,7, respective- e q\j/{;éiﬂfi“¢y—
L Q
ly. The value, a(3.7), of the sandy soil Z 4 2 *\\\\\\a//
Sl-cement is fairly small comparing with z L = 7 bays coring
L] — . .
the 4.7 of soil S4-cement and with those | 7 . 28 days curing
, O 0% moisture content
for clay lumps-cement mixtures, as will : A 1 10% mwoisture content
. . @ : 20% moisture content
be described in the following (Fig. 5.27). '™ [O:30% moisture content
Increase in silt fraction of the soil used o I

v 1 200 300
SPECIFIC SURFACE “om®fia")
Fig.5.27 Relationship between a(=kE,-Sjs.s) and the
soil-cement susceptible to shrinkage crack- specific surface of clay lumps sample used

increases the value, a, i.e. makes the

ing. This results agree with that obtain-
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ed by the experimental shrinkage stresses calculation in paragraph 3.

Plots of a against specific surfaces of clay lumps samples used in clay lumps -cement mixtures are shown
in Fig. $.27. The value, a, increases with increasing specific surface with a few exceptions. The values
, o, of 10 percent moisture content clay lumps samples-cement mixtures are smaller than those of zero per-
cent ones except for that of specific surface 290 cmz/cm3 at 7 days age.

Generally, the value, a, of the 7 days age specimens made using zero percent moisture content clay lumps
samples are extremely great and the 28 days age specimens of 30 percent moisture content show considerably
small value of a. It may be found that the use of high moisture content clay lumps and the cure of the
specimens over during long periods make it possible to reduce shrinkage cracking of clay lumps-cement mix-
tures. Thus, in order to reduce shrinkage cracking, the original material should be controlled so as to
produce the soil-cement with homogeneous structure. In this respect, clay pocket is deleterious element
in reducing shrinkage cracking of soil-cement.

As expressed by Eq.(5.46), the shrinkage stresses on the exposed surface of a viscoelastic beam (or sl-
ab) greatly depend upon the value of 01 and 02. Further, these parameter (01, 02) are affected almost by
Nz, because n, is far greater than Ni, especially in soil-cement (see Table 4.2, Table 4.3 and Table 4.7)?

Eq.(5.46) shows that the shrinkage stresses decrease, as the value of ng decrease. Therefore, the value
of ng as well as Elsa° may be a significant factor for reducing shrinkage cracking.

(6) Summary and Conclusions
From the discussion of the formulas derived, the following conclusions can be drawn:

1) Eq.(5.46), (5.47) and (5.48) may be useful for the estimation of the surface cracking due to shrinkage
in soil-cement.

2) The tensile shrinkage stresses on the exposed surface of a concrete beam drying from one face only have
the maximum value at the initial time of drying (1 to 2 days), followed by the comparatively rapid dec-
rease, irrespective of the condition of restraint.

3) The tensile shrinkage stress versus drying time curves (see Fig. 5.25) show that the initial loss in
flexural strength of concrete is caused by the tensile shrinkage stress on the exposed surface.

4) The computation results show that the maximum shrinkage stress is about 0.3 Elsw.

5) In order to reduce shrinkage cracking, the original soil material should be prepared so as to produce
the soil-cement with homogeneous structure. In this respect, clay pocket is a deleterious element in
reducing shrinkage cracking of soil-cement.

6) The value of ng (see Fig. 5.23) as well as EIS°° may be a significant factor for reducing shrinkage cra-

cking.

6, SUMMARY AND CONCLUSIONS

As to the relationship between macroscopic structure and shrinkage characteristics in soil-cement, dis-
cussion is made concentrating on the relationship between properties of clay pockets and shrinkage. In
consequence, it is found that distribution and physical properties of clay pockets have an important effect
on the ultimate shrinkage and shrinkage rate of a mixture. Therefore, it may be possible to design the

material so as to reduce its shrinkage as far as possible. However, in discussing shrinkage cracking, the

* An attention should be paid to the fact that ns and n, in this discussion corresponds to n, and ng in

Table 4.2, Table 4.3 and Table 4.7, respectively.
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determination of shrinkage stresses is more significant than shrinkage itself. In this chapter, two at-
tempts are made on the determination of shrinkage stresses. One is an experimental analysis in which non-
linear creep deformation can be introduced, and the other is based on stress analysis in viscoelastic bo-
dies. These stresses calculation results show that grain size of soil has a sifnificant effect on shrink-
age stresses and that the presence of clay pockets is a deleterious element for reducing shrinkage crack-

ing of soil-cement.
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CHAPTER V SUMMARY AND CONCLUSIONS

This paper aims at discussing the relationship between the structure and mechanical properties in soil-

cement mixtures from both microscopic and macroscopic aspects.

Firstly, in CHAPTER II, the effect of the interaction between clay minerals and cement on the strength

characteristics of compacted clay minerals-cement mixtures is experimentally discussed from rather micro-

scopic aspects. In this respect, the following four problems are investigated.

1.

4.

Characteristics of the various species of clay minerals-cement interaction. Clay minerals selected
here are montmorillonite, kaolinite, sericite, chrolite-vermiculite mixed layer and allophane.

A role of calcium hydroxide resulting from cement hydration in the formation of clay-cement struc-
ture and in its progressive strength development.

The influence of exchangeable cations held on a clay mineral on the strength of clay-cement mix-
tures, hydration of cement and reaction products.

The hydration rate of C3S and BCZS in bentonite- and kaolinite-cement.

These problems are discussed by the use of X-ray diffraction, thermal analysis (D.T.A., T.G., D.T.G.),

pH tests and an examination with optical microscope and unconfined compression test.

The major conclusions obtained are as follows:

1.
2.

7.

The bentonite-cement seems to produce CSH(gel) more than the kaolinite-cement.

The strength of almost compacted clay minerals-cement mixtures may come from tobermorite gel and
calcium aluminate hydrate resulting from the cement hydration and the secondary clay mineral-Ca(
OH)2 interaction. However, in chrolite-vermiculite mixed-layer clay mineral-cement mixture, mag-
nesia as well as silica and alumina may be dissolved to a certain extent from these trioctahedral
mineral by the attack of Ca(OH)2 at the edges, resulting in the formation of fibrous magnesium si-
licate hydrate contributing to the strength development.

Allophane seems to suppress the cement hydration.

Hillebrandite with high lime-silica ratio may be formed at the considerably initial stage of cur-
ing as a reaction product in kaolinite-Ca(OH)2 mixtures, transforming to the CSH(I) with lower lime
-silica ratio at the long-termcuring (182 and 364 days ages). However, the presenbe of this min-
eral seems uncertain in kaolinite-cement mixtures.

The interaction of kaolinite and bentonite with Ca(OH)2 resulting from the cement hydration is not
quite equivalent to that with the Ca(OH)2 of reagent. This discrepancy could be attributed to the
following three causes; (i) the crystal lattice of Ca(OH)2 in cement paste is distorted and more
reactive than the calcium hydroxide grown by the diffusion technique using CaCl2 and NaOH, (ii) at
the initial stage of cement hydration, the calcium hydroxide is generated in the amorphous state,
(iii) there is the likelihood that the ionic mobility is different between clay-cement and -Ca(OH)2
system.

From the changes in D.T.A. curves accompanying with curing time, it is found that the calcium Ssili-
cate hydrate with low lime-silica ratio would be produced in bentonite-cement until 28 days of cur-
ing, followed by the transformation to the one with high lime-silica ratio at least after 91 days
of curing.

A little OTr little difference between the compressive strength of bentonite-high-early-strength

and moderate-heat cement at early curing periods until 28 days is followed by a gradually increas-

ing difference between them. This is a tendency completely reverse to that in the kaolinite-cement
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10.

and cement mortars.

Clay-cement mixtures compacted under a very limited moisture content such as optimum moisture con-
tent have an non-homogeneous structure in the respect of the degree of the calcium saturation,
when the diffusion of Ca ions progresses only to an insufficient extent. The X-ray diagram of the
28 days age sample has the sharp (001 peak at 15.5 K, indicating that the complete transformation
of the original Na-montmorillonite to the calcium one extends over the interior of the specimens
at the end ot 28 days of curing.

The behavior of sodium or magnesium ions substituted by calcium ions greatly affects the strength
devclopment of the bentonite-cement mixtures. In this respect, the possibility of the substitu-
tion of silicon by magnesium in the tobermorite lattice can be expected. Such an effect of Mg
ions may favor the strength of the bentonite-cement.

The Ca- and Na-bentonite-cement mixtures have a large exothermic peak at about 900°C in their D.T.
A. curves, and thosec of the Mg-bentonite-cement mixtures exihibit no such a large peak found in
those at 3 and 28 days ages. The calcium silicate hydrate produced in the bentonite-cement mix-
tures at the initial stage of curing is found to be of the low lime-silica ratio. However, such

a calcium silicate hydrate changes to the high lime one during the long-term curing in the Mg-ben-
tonite-cement; that in the Ca- and Na-bentonite-cement mixtures remains the low lime content one

even at the end of the long-term curing.

From a macroscopic aspect, the quantity, size distribution and physical properties of clay pockets con-

tained in soil-cement specimens have a significant effect on the mechanical properties of soil-cement. In

CHAPTER 11I, the influence of these factors on the creep deformation characteristics is experimentally dis-

cussed.

Furthermore, an effect of a physical property (moisture content) of clay pockets existing at the

production of specimens on the subsequent formation of macroscopic structure of clay-cement mixtures is

also estimated from their viscoelastic behavior. In addition, several cxperimental discussions are made

on viscoelastic properties of granular soil-cement mixtures for the purpose of further clucidation of a

role of clay pockets in soil-cement mixtures.

The major conclusions drawn are described as follows:

1.

5.

The distribution functions of retardation time (t) of soil-cement mixtures made using clay lumps
samples of zero percent moisture content appear to consist of two hill-shaped curves having a dis-
tinct sharp pcak. On the contrary, all of others have only one sharp peak.

The distribution of constituent phases (clay pockets and skeleton parts) in the clay sample-cement
mixtures varies during the cure depending upon moisture content and size of the sample used. When
clay lumps sample used are same in their size distribution, the higher the moisture content of clay
lumps samples used, the more rapidly the diffusion of Ca ions occurs, the stable and homogencous
structure being formed at earlier curing periods.

The recoverable creep of the soil-cement made using a soil composed of approximately 80 percent
sand seems responsible not only for "delayed elasticity'" of the skeleton parts, but also for the
absorption of moisture from atmosphere. iHowever, almost of the recoverable creep in the soil-ce-
ment with much silt may be duc only to "ahsorption of moisture".

The energy loss due to anelasticity in soil-cement mixtures decreases, as their moisture content

decreases.

A considerably great volume fraction of clay pockets in c¢lay lumps-cement mixtures plays a signifi-
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cant part in reducing their creep viscosity, though their skeleton phase is so rigid as to compete

with that of granular soil-cement.

Shrinkage cracking in soil-cement pavements is recognized as a serious problem. The prevention against

shrinkage cracking will lead to a more extensive use of soil-cement. In general, shrinkage cracking of a

material depends greatly upon its shrinkage characteristics and mechanical properties. In CHAPTER IV, an

effect of clay pockets on the shrinkage characteristics is discussed. Furthermore, two attempts are made

to estimate shrinkage stresses in soil-cement, since shrinkage stresses should be determined better to un-

derstand shrinkage cracking behavior. Several new findings are drawn as described in the following.

1.

The moisture content of clay lumps samples may greatly affect the ultimate shrinkage of the soil-
cement mixtures. That is, the shrinkage of soil-cement is found greatly to depend upon the shrink-
age characteristics and volume fraction of clay pockets included in it.

The diffusivity coefficient of shrinkage (k) in sandy soil-cement mixtures is about 3 to 5 times
as large as that in concrete; the surface factor (f) about 1.5 to 2.5 time as large.

The sandy soil-cement mixtures become more susceptible to shrinkage cracking, as the amount of ce-
ment added increasecs.

It may be considered that increasing silt fractions in soils used decrease the compressive streng-
th of soil-cement for a given cement content. Therefore, in practice, in order to produce a soil
-cement developing a given compressive strength, the use of the soil with less silt fraction is
desired for reducing shrinkage cracking of soil-cement. However, when soils including compara-
tively much silt fraction arc used, even an addition of a great amount of cement does not make the
mixture susceptible to cracking.

In order to reduce shrinkage cracking, the original soil material should be prepared so as to pro-
duce the soil-cement with homogencous structure. In this respect, clay pockets are a deleterious
element in reducing shrinkage cracking of soil-cement.

The value of ng (see Fig. 5.23) as well as E S, may be a significant factor for reducing shrinkage

1
cracking.
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