UC Berkeley
SEMM Reports Series

Title
Effect of Lime on Hydration of Pastes Containing Gypsum and Calcium Aluminates or Calcium Sulfoaluminate

Permalink
bttgs:ggescholarshiQ.orgéucéiteméZZkalkg
Author

Mehta, Povindar

Publication Date
1973-06-01

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/22f2k1k6
https://escholarship.org
http://www.cdlib.org/

REPORT NO.
UCSESM 73-10

NISEE/COMPUTER AFPLICATIONS
DAVIS HALL
UNIVERSITY OF CALIFORNIA

BERKELEY, CALIFORNIA 94720
(415) 642-5113

STRUCTURES AND MATERIALS RESEARCH

DEPARTMENT OF CIViIL ENGINEERING

EFFECT OF LIME ON HYDRATION OF
PASTES CONTAINING GYPSUM
AND CALCIUM ALUMINATES

OR CALCIUM SULFOALUMINATE

by
P.K. MEHTA

This research was sponsored by

the Office of Naval Research under
Contract N 00014~ 69~-A~0200-1007
Project NR 032 522

This is TECHNICAL REPORT NO. 6

JUNE 1973

STRUCTURAL ENGINEERING LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY CALIFORNIA



3 |

Reprinted from the Journal of The American Ceramic Societv. Vol. #8. No. & June. 11'74
Copyright 1973 by The American Ceramic Society

Effect of Lime on Hydration of Pastes
Containing Gypsum and Calcium Aluminates
or Calcium Sulfoaluminate

P. K. MEHTA

Department of Civil Engineering, University of California, Berkeley, California 94720

Chemical reactions responsible for ettringite formation in the
commercial expansive cements are reviewed. X-ray diffrac-
tion analyses of the hydrated expansive compounds showed
that in the presence of Ca(OH). and CaSQ, the tricalcium
aluminate hydrated very slowly and the monocalcium alumi-
nate quickly, whereas the calcium sulfoaluminate hydrated at
a uniform rate during the early hydration period. Scanning
micrographs are presented which show that ettringite formed
in the presence of Ca(OH): is colloidal. It is proposed that col-
loidal ettringite can adsorb large quantities of water, thereby
causing slump loss in fresh concrete and expansion in hardened
concrete.

1. Introduction

HEORETICALLY, chemical reactions that can cause ex-
| pansion of hardened concrete under conditions of re-
straint can be exploited to make cements of varying degrees
of expansivity, epg. the shrinkage-compensating and self-
stressing cements. Expansion in properly restrained shrink-
age-compensating cement concretes produces a compressive
stress of the order of 25 to 100 psi, which is regarded as
adequate to compensate for tensile stresses induced later by
drying shrinkage. Thus, the use of shrinkage-compensating
expansive cements generally prevents drying-shrinkage crack-
ing. In self-stressing expansive cements, restrained expansion
in concrete must be high enough to stress the reinforcing steel
and to produce compressive stress levels in the concrete ap-
proaching those attained in prestressed concrete made by con-
ventional pre- or post-tensioning methods.

Chemical reactions that might produce controlled expansion
of restrained concrete are (1) the formation of ettringite,
C.ASH...* (2) hydration of MgO, and (3) hydration of CaO.
Present commercial production of shrinkage-compensating and
self-stressing expansive cements is based on ettringite forma-

tion, with the anhydrous calcium sulfoaluminate, C.AS, used
as the source of aluminate ions. However, expansive cements
based on C.A and CA as the main sources of aluminate ions
have also been introduced, and products based on CaO as an
expansive agent are being investigated.

The expansive cements that contain CASS for ettringite
formation are called type K cements, whereas those that con-
tain CA or C,A for this purpose are called type M and type S
cements, respectively. The chemical compositions and physi-
cal properties of the expansive cements have been reported.’”?
The major characteristics which distinguish the expansive ce-
ments from ordinary portland cement are (1) expansion under
restraining conditions and (2) relatively higher water demand.

Presented at the 74th Annual Meeting, The American Ce-
ramic Society, Washington, DC, May 8, 1972 (Cement Divi-
sion, Ne. 14-T-72). Received November 6, 1972; revised
copy received February 16, 1973.

Supported by the Office of Naval Research under Contract
No. N 00014-69-A-0200-1007.

*Cement chemistry notation is used, i.e. C=Ca0, A=AlLQ;,

S=S5i0,, S=S0,, and H=H.0.
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Table 1.

Formation of Ettringite from Expansive
Cements

Iype Kfcemem _
Reaction (1) C.A.S + 8CSH. +6C + 80H— 3C.ASH:.
Weight (%) 16.2 36.6 8.9 38.3 100
Molar vol (em’) 235 594 101 1440 2175

Type M cement

Reaction (2) CA +3CSH: +2C + 26H— CASH.

Weight (%) 126 411 89 374 100
Molar vol (cm’) 53 223 34 468 725
Type S cement B
Reaction (3) C,A + 3CSH. + 26H— C.ASH:
Weight (%) 21.5 41.1 37.4 100
Molar vol (cm®) 89 223 468 725

It is generally agreed that rapid ettringite formation in
fresh concrete is responsible for high slump loss, whereas its
formation in the hardened concrete can be accompanied by
significant expansion. The question of why slump loss and
expansion are associated with ettringite formation, however,
has not been satisfactorily resolved. In the present work, the
microstructure of hydrated expansive compositions was ex-
amined by X-ray diffraction and scanning electron microscopy
with the objective of correlating the chemistry of hydration
reactions with the physical properties.

The chemical reactions by which ettringite is formed from
the expansive cements are given in Table I.  Theoretically,
the water required for hydration of portland cement constitu-
ents is =25 wt® of the total solids. It is not uncommon,
therefore, for portland cement concretes with a water-cement
(w/c) ratio of >0.5 to bleed. Assuming that an expansive
cement contains =109, expansive constituents (as represented
by reactions (1), (2), and (3) in Table I), with the remainder
made up of portland cement constituents, it can be computed
that the water required for total hydration of expansive ce-
ments will be only 28.5%. Thus, excessive water demand,
slump loss, and lack of bleeding in expansive cement con-
cretes with w/¢ ratios of 0.6 to 0.7 remain unexplained.

Several hypotheses regarding the mechanism of expansion
associated with ettringite formation have been reviewed by
Mehta.* It has been proposed that the molecular volume of
the reactants which form ettringite increases. However, the
stoichiometry of the chemical reactions does not support this
hypothesis, since in all cases, the reactants are reduced in
total molar volume; in reaction (1) this reduction is =8%
and in reactions (2) and (3) =7%. The explanation for the
expansion associated with ettringite formation, therefore, ap-
pears to lie elsewhere,

II. Materials and Procedure

For ease of microstructura! identification, the number of
phases involved should be minimized. Hence, in this investi-
gation, laboratory mixtures of the compounds involved in
reactions (1), (2), and (3) were used, rather than the ex-
pansive cements, which contain many compounds and im-
purities. Therefore, the conclusions drawn from this study
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Fig. 1. Influence of lime on hydration characteristics of
pastes containing gypsum und (4) AN, (B) CAjand (C)

R

are applicable to commercial expansive cements only in a
general sense.

High-purity C.A.S, CA, and C.A clinkers made in the labora-
tory were ground to a Blaine fineness of =4000 cm’ g.
Readily hydratable® quicklime was made by calcining reagent-
grade CaCQ, at 2400°F, and reagent-grade gypsum, CSH., was
used to make up the synthetic compositions.

Reaction (3) shows that formation of ettringite from CA
does not require lime. However, from a practical standpoint
it is important to investigate hydration reactions in the pres-

*Type K expansive clinker is made at 2300° to 2400°F; the
free CaO present hydrates completely within 6 h.

m
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Fig. 2. Relative rate~ of etiringite formation and depletion

of CA, CLAS, or CA in pastes containing both gypsum and
lime.

ence of lime because some Ca(OH). is alwavs released in com-
mercial cements because of rapid hydration of C.S, which is
the principal constituent of all portland and blended portiand
cements. Therefore, 5 wt9 quicklime was added to one of
the mixtures containing stoichiometric proportions of C.A and

CSH.. In reactions (1) and (2), lime is already present in
the system. Therefore, to investigate the reaction in the ab-
sence of lime, corresponding mixtures were made in which
quicklime was replaced by an equivalent weight of additional
gypsum.

The mixtures were hydrated with distilled water. using a
w ¢ ratio of 0.5. The pastes were permitted to harden in
plastic vials for 6 h and were then exposed to moist curing in
a CO.free environment. Hydration and curing were con-
ducted at room temperature, X-ray diffraction patierns of the
hydrated pastes were obtained immediately after water was
added and after 6 h, 24 h, 3 days. and 7 days. The hydration
rates of C.A.S, CA, and C,A were determined bv comparing
the intensities of their strongest characteristic peaks directly
and also by monitoring the relative intensity of the principal
ettringite peak. Fractured specimens of selected samples
were examined by scanning electron microscopy.

III. Results and Discussion

The results of the X-rav diffraction anaivses are shown in
Figs. 1 and 2. Although direct comparison of the intensities
of the diffraction peaks provides at best semiquantitative esti-
mates of the compounds, the following general conclusions can
be drawn from the data:

(1) From Fig. 1(A), it appears that the presence of lime
somewhat retarded the hydration of C.A.S during the first 6-h
period; thereafter the hydration proceeded uniformiy untif no
anhydrous C.A.S was detected after 7 days. Correspondingly.
lime initially somewhat reduced the rate of ettringite forma-
tion: however, the 7-day samples contained similar quantities
of ettringite in the presence and absence of lime.

Collepardi et al’ also reported that the hvdration rate of
C.A.S was reduced when Ca(OH). and gvpsum were added
simultaneously to the system. These workers. however. ob-
served that the lime liberated by C.,S hydration was not so
effective a retarder of C.A.S hvdration as lime added directis

(2) From the data in Fig. 1(B), it appears that the efoo
of lime on the hydration of CA is similar to its etfect on th.:
of C.A:S. In the presence of lime, there was more unhvdr

CA at 6 h than in the absence of lime. Although more + &
hydrated in the absence of lime. the corresponding quunii-
ettringite formed was not increased. No other cry-isl o
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Fig. 3. Micrographs of (LA.S-CSH. paste hydrated (4) with lime, 24 h: (B) without lime, 24 h: (C) with lime, 72 h: and

(D) without

hvdrates were detected. The time lag between the hydration
of the aluminate and the crystallization of ettringite probably
indicates that the ettringite was formed by a through-solution
reaction.

(3) From the data in Fig. 1(C), it appears that in the
absence of lime the C-A hydrated rapidly during the first 24 h;
thereafter, the rate of C,A hydration, and the rate of cor-
responding ettringite formation, became very slow. Unhy-
drated C.A was still present in the 7-day sample. In the
presence of lime, C.A hydration was severely retarded after
the initial 6-h period. Practically no hydration occurred dur-
ing the period from 1 to 3 days, and thereafter the hydration
was so slow that a large quantity of unhydrated C.A was pres-
ent in the 7-day sample. Thus, in the presence of lime the
fcrmation of ettringite in C.A-gypsum pastes was severely re-
tarded.” The data agree with Forsen's results (quoted by Tay-
ler'), in which hydration stopped after 15 min when C.A was
shaken with a saturated solution of Ca(OH)..

(4) The relative rates of hydration of C.A.S, CA, and CA
and the rates of formation of ettringite from the pastes con-
taining both lime and gypsum are summarized in Fig. 2. After

the initial retardation by lime the pastes containing C.A.S
hvdrated more uniformly and produced more ettringite than
those containing C,A. During the first 6 h the ettringite forma-

tion from C.A was relatively more rapid than that from C.A.S
The C.A S hvdrated at a more uniform rate than either CA or

lime, 72 h.

C:A during the period from 6 h to 7 days; this period is impor-
tant for effective use of the expansion potential in expansive
cements.

The results of the X-ray diffraction analyses clearly establish
that the rates of hydration of the aluminates differ significantiy
in environments containing lime and gypsum. Although based
on investigation of pastes containing expansive compounds, the
results are applicable to the hydration characteristics and
properties of the commercially produced expansive cements.
as reported by Mehta and Lesnikoff.’

The scanning electron micrographs (Figs. 3-3) generall
confirmed the results obtained by the X-rav diffraction anal-
yses and provided additional useful information. Figure 3
shows the morphology of the hvdrated pastes contamning
stoichiometric proportions (for ettringite formation) of C.AS.
CSH_, and lime. In the absence of lime, the ettringite crystals
had average lengths of 5 to 10 um and average thicknesses of
0.5 to 2 um. In the presence of lime. most ettringite crvstals
were =1 um long and 0.25 um thick. Comparing Fig 2y
with Fig. 3(D) also shows that the ettringite crystals formed
in the absence of lime were about 6 times larger than those
formed when lime was present. Micrographic results similar
in regard to the size of the ettringite cryvstals were obtained
when C.A.S was replaced by CA as the source of alumindic
jons. It is concluded that ettringite formed in the presence ol
lime in solution is colloidal.
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aste containing lime. (4 ) Hexagonal plates of Ca(OH); covering C:A grain after 6 h
and (B) poorly crystalline ettringite after 48 h.

Fig. 4. Micrographs of C.A+3CSH. p

%’ 'v‘;
Y _
Fig. 5. Micrographs of C.A+3CSH. paste hydrated for 24 h. (4) C:A crystals surrounded by ettringite. (B) single L

crystal surrounded by ettringite, (C) ettringite crystals resembling short fibers of fiber-reinforced concretes, and (1)) «t
tringite pile In a crack.
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However, several investigators have identified long, fibrous
or lath-like crystals of ettringite in hydrated cements. For
example, Midgley and Pettifer’ observed crystals of ettringite
120 um long and 0.5 to 1 um thick in scanning electron micro-
graphs of hydrated supersulfated cements in which no Ca(OH):
was present at any time.

Since the hydrated supersulfated cements (which usually
contain larger proportions of ettringite than the expansive ce-
ments) do not expand significantly on ettringite formation,
Mehta* has proposed that the colloidal nature of the ettringite
formed in solutions saturated with Ca(OH). is important in
the development of expansive pressures. Furthermore, he
theorized that some colloidal substances, e.g. ettringite, be-
cause of their high specific surfaces and certain features of
the internal crystal structure, can adsorb large quantities of
water, thus producing swelling under unrestrained conditions
and internal stresses when restrained. Thus, the mechanism
of the expansion associated with ettringite formation in the
expansive cements may be similar to the swelling observed in
certain alkali silicate gels when they are exposed to water.

To test the hypothesis, Mehta* hydrated a very finely ground
mixture of C.A.S, CSH., and lime (passing a No. 400 sieve)
with 80 wtg, water. The paste was cast in two Le Chatelier
expansion rings. After hydration for 6 h, when ettringite
formation was essentially complete, as confirmed by X-ray
diffraction, the paste in one of the molds was sealed completely
with paraffin, and the other mold was placed in a fog room.
At 7 days, the dry-cured and wet-cured pastes were examined
for expansion, which was large in the latter and insignificant
in the former.

Scanning electron micrographs of hydrated C.A +3CSH:
pastes without and with lime are shown in Figs. 4and 5. It
appears that for high-lime aluminates, such as GiA, colloidal
ettringite crystals were formed even when lime was not added
to the anhydrous mixture. Also, all micrographs, including the
one shown in Fig. 3, tend to show that the ettringite forms by
a through-solution reaction. For instance, it can be seen from
Fig. 5 that large quantities of ettringite have formed at ran-
dom over and around the C,A grains. This observation is con-
sistent with the work of Chatterji and Jeffery,® who believe that
early hydration products in portland cement pastes are formed
by through-solution reactions.

Figure 4 shows hexagonal crystals of Ca(OH). covering the
C.A grains when lime was present in the system. No ettringite

‘was observed in the 6-h sample, but some very poorly crys-

talline ettringite is seen, along with Ca(OH). plates, in the
48-h sample.

Comparing Fig. 4 with Fig. 3, it is obvious that lime retards
ettringite formation from CA more severely than that from
C.AS. 1t is theorized that, in the case of C.A.S, the Ca(OH):
coating on the C.A.S grains is unstable because the stoichiom-
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etry of the ettringite formation reaction requires removal of
the Ca(OH),. The coating of lime remains on the C,A grains,
however, because C,A does not require Ca(OH). to form

ettringite.

IV. Conclusions

X-ray diffraction analyses and scanning electron microscopy
of hydrated pastes containing the expansive compounds typ-
ically present in the commercial expansive cements showed

that the rates of hydration of the aluminates C.A,S, CA, and
C.A were different. In the presence of lime, the hydration of
C\A-gypsum paste was severely retarded by a stable coating
of Ca(OH): on the C,A crystals. During the early hydration
reactions, lime accelerated the formation of ettringite from

CA but somewhat retarded that from C.A,S. For the period

from 6 h to 7 days, C.A.S showed the most uniform rate of
hydration in the presence of gypsum and lime.

Scanning micrographs showed that, instead of long lath-like
crystals, colloidal ettringite of average dimensions 1 by 0.25
sm was formed from lime-saturated environments. The pastes
containing colloidal ettringite swelled considerably in the
presence of water. It is probable that the water adsorption
characteristic of colloidal ettringite is responsible for slump
loss in fresh expansive cement concrete and expansion in the
hardened concrete,
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