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ABSTRACT: Miniature specimens of different configurations have been used to study
the durability of cementitious materials. The tests involved monitoring the dimensional
change or mechanical property in the following studies under specified rigorous
conditions: (a) unsoundness of lime, (b) failure of white coat plasters, (¢) unsoundness
of cement containing magnesium oxide (MgO) and calcium oxide (Ca0), (d) durability
of cement mortars exposed to chloride solutions, (e) resistance of sulfur-impregnated
cement systems to high humidities, and (f) drying shrinkage of cements with and
without admixtures. The results indicate that the tests are not only applicable for the
prediction of durability of materials but that they also may be used to study the
mechanisms of material deterioration.

KEY WORDS: durability, acceleration, cement, unsoundness, lime, plaster, sulfur-
impregnation, shrinkage, admixtures, building materials

Prediction of the durability of building materials is one of the most
important but difficult tasks confronting material technologists. Practical
tests must yield, in a relatively short period, results that can be applied
to predict the long-term performance of materials subjected to both natural
and artificial conditions of exposure. Typical examples of such tests are
those given in ASTM Test for Potential Expansion of Portland Cement
Mortars Exposed to Sulfate (C 452 - 75) and ASTM Test for Compressive
Strength of Hydraulic Cement Mortars (Using 2-in. or 50-mm Cube Speci-
mens) (C 109 - 77). , i :

The smallest specimens used in tests at present are 25 by 25 mm (1 by
1 in.) in cross section, of which at least 12.5 mm (/2 in.) must be penetrated
by elements of the environment before a full response in terms of the
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314 DURABILITY OF BUILDING MATERIALS AND COMPONENTS

reaction of the whole specimen is recorded by the measurement of length.
Mechanical properties are measured with 50-mm (2-in.) cubes or 75-mm
(3-in.) diameter cylinders where changes in response to the environment
may take longer. Miniature specimens are well adapted to measuring
properties of individual constituents of cement paste or aggregates [/]? and
permit study of the mechanisms of deterioration [2]. A sample having one
dimension of about 1.5 mm will attain equilibrium with the environment
earlier than larger specimens and will give an indication of the intrinsic
response of the material. In cases where failures involve critical stress
gradients, specimens of larger dimensions may be needed. Depending on
the material and conditions of test, several other advantages can result
from the use of miniature specimens. The use of pressed disks, for example,
eliminates mixing with a binder. Also, the expansion values in such speci-
mens are much greater than those formed by normal methods, thus enabling
better sensitivity in measurements. In a single test, more miniature speci-
mens can be accommodated than would be possible otherwise because of
their small size. This results in the saving of space, material, and total
time required to obtain the results. They are especially vaiuable when only
small amounts of samples are available. Miniature specimens are parti-
cularly adaptable to nondestructive test methods because they can be made
with uniform properties and can be exposed more easily to controlled
conditions of exposure.

A large number of systems have been studied using miniature specimens
and this paper presents examples of some possible applications of this
technique in testing the durability of building materials. The studies
include unsoundness of lime, failure of white coat plasters, unsoundness
of cement containing magnesium oxide (MgO) and calcium oxide (CaO),
durability of cement mortars exposed to chloride solutions, resistance of
sulfur-impregnated cements subjected to high humidities, and drying
shrinkage of cements containing admixtures.

Unsoundness of Lime

Magnesium oxide, constituting a considerable proportion of dolomitic
lime used in plaster finish coat or mortar, can cause failure due to the
expansion resulting from the conversion reaction MgO — Mg(OH),.
Suggested methods of testing such limes include autoclaving, for a specific
period, a molded body containing a mixture of cement, lime, and water.
The expansion values of such a mixture may not reflect the possible be-
havior of lime alone because of the possible interaction between cement
and lime under autoclaving conditions [3]. This disadvantage can be

2The italic numbers in brackets refer to the list of references appended to this paper.
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overcome by directly autoclaving small specimens formed by compacting
the lime powder [4]. Other advantages inherent in the use of small speci-
mens already have been described.

Disks with a nominal diameter of 31.25 mm (1.25 in.) and thickness
2 mm (0.08 in.) were made by compacting at 110 MPa. A specially made
cage with compartments capable of seating 28 compacts was placed in an
autoclave and the samples autoclaved at 2 MPa (295 psi) for 3 h. The linear
expansion of the compacts was measured with a dial micrometer across
the diameter.

Results and Discussion

The effect of the amount of unhydrated MgO on expansion characteristics
was tested by autoclaving mixtures of a dolomitic lime (containing 34.6
percent unhydrated MgO) and calcium hydroxide (Ca(OH),). Eighty-three
points representing different concentrations of MgO are plotted in Fig. 1.
A regression line was drawn for concentrations from 10 to 100 percent
hydrated dolomitic lime. The correlation coefficient was 0.97 and the

el2 —
o) -
=
w0 — 3 Points —e
wr
= - p
-
z 2 Points—s /tigsﬁﬂ}:
w 8 — - e R
2 i
-
()
Z 6 p= / =
o] 844 points
i

I Points =]
—4 Points

= 7 Paints 26 Points
i{PnIm}/%ﬂnts
okt . 0 gee o ol el f

10 2 0 40 50 60 70 80 %0 100
% Hydrated Dolomitic Lime
100 90 80 70 60 50 40 30 20 10 0
% Calcium Hydroxide

—

COMPOSITION OF THE COMPACT

FIG. 1—Effect of composition of compact on expansion in autoclave; correlation coefficient
is 0.97, equation of the lineisy = 0.17 X —1.34.
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significance level was 0.99. The two points corresponding to 0 and 5 percent
hydrated dolomitic lime do not fall on the line, suggesting that a portion
of hydrated MgO is accommodated within the pores, causing no expansion.
Since the expansion is linearly related to the amount of unhydrated MgO,
this technique may be used advantageously to test unsoundness in dolomitic
limes.

The reliability of this technique was tested by subjecting six commercially
available limes (three high-calcium and three dolomitic lime types) to
compaction and subsequent autoclaving. The high calcium limes showed
linear expansions of only 0.15, 0.72, and 0.98 percent, whereas the hydrated
dolomitic limes showed expansions of 14.5, 17.0 and 18.5 percent.

Compounds such as calcium carbonate (CaCO3), magnesium hydroxide
(Mg(OH);), and Ca(OH),, normally present in dolomitic limes, show
negligible autoclave expansion and hence do not influence the test results.

Failure of White Coat Plasters

A number of investigators have reported the occurrence of ‘‘popping”
or “‘bulging” in white coat plasters prepared from a lime putty gaged with
plaster of paris [5]. The bulging phenomenon is generally noticed at periods
varying from 5 to 15 years after application of the plaster. Several attempts
have been made to settle the controversial question of whether the delayed
hydration of magnesium oxide is responsible for this type of failure. White
coat plaster typically contains many constituents, for example, free water,
CaS0,-2H,0, Ca(OH),, Mg(OH),, MgO, CaCO;, calcium sulfate (CaSO,),
silicon oxide (SiO,), aluminum oxide (ALO,), ferric oxide (FeyOj3), and
possible other compounds, and therefore, is not easily amenable to a
quantitative analysis. In addition, an investigation of the failed plaster
by itself may not provide complete information on the causes leading to the
failure unless the original plaster is also available for comparative purposes.
In actual practice, it is usually difficult to obtain the original plaster sample.
In one of the surveys of plaster failures, it was discovered that in one
building excessive plaster failure had occurred on one of the four walls
while the plaster on the other three walls was apparently in sound condition
[6]. Since the same plaster had been applied on all the walls originally,
this presented a case for study where a direct comparison could be made
between the failed plaster and that which was in sound condition. The
technique of pressed disks was used to investigate the potential soundness.

The failed and sound plasters were removed carefully from the walls,
crushed to pass through a 200 mesh sieve, and compacted in a mold 31.26
mm (1.25 in.) diameter at a load of 110 MPa (16 225 psi) forming disks
about 2 mm thick. The disks were autoclaved at 2 MPa (295 psi) for 1 h
and the length changes were measured with a micrometer.




FELDMAN AND RAMACHANDRAN ON PREDICTING DURABILITY 317

Results and Discussion

Table 1 shows the amounts of various constituents in the plaster calculated
on the basis of chemical analysis and weight loss. The percent MgO that
remained unhydrated was equivalent to the difference between the total
MgO and the MgO present as Mg(OH),. The sound plaster contains 14.88
percent MgO, whereas the failed plaster contains only 6.98 percent MgO.
This would indicate that more MgO had hydrated in the failed plaster.
The autoclave treatment facilitated almost complete hydration of all the
unhydrated MgO, as is evident from the third and fourth columns in the
table.

Differential thermograms of the plasters show that in the sound plaster
the Mg(OH), peak was much less intense than that in the failed plaster.
This would indicate that much more MgO had hydrated in the failed
plaster—the hydration of excessive amounts of MgO appears to have
caused expansion and failure.

The autoclave expansion values of disks for the sound plaster and the
failed plaster are, respectively, 15.4 and 5.4 percent. The difference in
the expansion between the two samples can be accounted for by the dif-
ferences in the unhydrated MgO content. A 7.9 percent difference in the
MgO content in these two samples has resulted in a 10 percent difference
in the expansion. This expansion must have been responsible for the failure
of white coat plaster on one of the walls in question. The results also would
indicate that if conditions of high humidity and temperatures prevail over
a long period the sound plaster also would eventually expand.

If the dependence of percent of expansion on the amount of hydration
of dolomitic lime could be established, limits of the amount of permissible
MgO and of expansion in white coat plasters could be worked out.

Unsoundness of Portland Cement Containing MgO and CaQ

In portland cement a proportion of MgO existing in a dead burnt state
may take several years to hydrate when exposed to normal conditions of
humidity and temperature. As the conversion of MgO to Mg(OH), involves
a molar volume expansion of 117 percent, the presence of excessive amounts
of MgO in portland cement is therefore not desirable. The Canadian
Standards Specification for Portland Cements (A5-1977), for example,
requires that portland cement contain no more than 5 percent MgO and
that the autoclave expansion not exceed 1.0 percent. The corresponding
limits are 6.0 and 0.8 percent, respectively, in the ASTM Specification
for Portland Cement (C 150 - 77). Dead burnt CaO, if present in portland
cement as free lime, also would promote volume expansion. A study was
undertaken to evaluate the potentiality of thin disks as a replacement for
the 25 by 25 by 282-mm (1 by 1 by 11¥/4+-in.) prisms normally recommended
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TABLE 1—Calculated percentages of various constituents of plaster by chemical analysis.

Failed Sound Failed Plaster = Sound Plaster
Constituent Plaster Plaster (autoclaved) (autoclaved)

CaCOy, 21.59 24.54 22.27 24.54
Gypsum (as CaSQO,, for

autoclaved samples) 26.66 27.73 21.93 22.10
Ca(OH), 21.66 21.58 23.12 20.18
Mg(OH), 21.87 10.59 31.36 32.40
MgO 6.98 14.88 1.02 A
Sio, 0.49 0.48 0.44 0.58
Al,O, <0.05 <0.05 <0.05 <0.05
Expansion, % 5.4 15.4

in standard specifications for the autoclave test and also to compare the
relative expansive nature of CaO and MgO.

A normal portland cement containing 1.28 percent MgO and 0.48 percent
Ca0O was mixed with dead burnt MgO or CaO (0.5 to 4.5 percent by
weight) and made into disks 12.5 mm (1/2 in.) in diameter by compaction
load of 27.8 MPa (800 psi) or 31.25 mm (1's in.) in diameter at a load
of 8.25 MPa (1500 Ib). These disks, and the prisms made according to
ASTM Test for Autoclave Expansion of Portland Cement (C 151 - 74a),
were subjected to autoclave treatment at 2 MPa (295 psi).

Results and Discussion

Figure 2 shows the relative autoclave expansion values for portland
cement disks 12.5 mm ('/2 in.) pressed at 27.8 MPa (800 psi) containing
MgO or CaO. In the cement containing MgO the expansion is low up to
about 4 percent addition, after which a steep increase occurs. The expansion
values are much higher in disks containing CaO. A molar expansion of
90 percent for the reaction CaO — Ca(OH); compared with 117 percent
for the MgO — Mg(OH), reaction cannot explain these differences. If
expansions are compared on equivalent molar basis (1 g CaO = 0.018
mol and 1 g MgO = 0.0248 mol), MgO would be expected to show more
expansion. It appears that the particle size of the oxides, the crystalline
dimensions, and crystalline growth pressures may be important factors
influencing the overall expansion. These results also reveal that in speci-
fications for unsoundness of cement the limitations should be based on the
potential expansive nature of CaO and MgO and not just on MgO.

Figure 3 compares the autoclave expansion of disks 31.25 mm (1.25 in.)
in diameter pressed at 8.25 MPa (1500 psi) with that of prisms containing
different amounts of MgO. At 4 percent MgQ the prism expands by about
0.75 percent, close to the limit specified by ASTM. At this concentration
the expansion in the disk is much higher, being 2.4 percent. The results
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FIG. 2—Autoclave expansion in disks made with cement containing different amounts of
CaO and MgO.

demonstrate that disks are much more sensitive to autoclave treatment
than the prisms, providing an alternate technique for the determination
of unsoundness in cements.

Durability of Cement Mortars Exposed to Chloride Solution

The nature of the ions and their concentration can govern the types of
deleterious chemical reactions occurring in structural concretes exposed
to salt solutions. Strong solutions of sodium, potassium, calcium, and
magnesium chlorides, react with the Ca(OH), present in the portland
cement paste and even gradually destroy calcium silicate hydrate. These
reactions initially produce surface softening followed by strength loss due
to reaction proceeding inwards into the specimen. The detection of the
onset of deterioration would be delayed considerably in large specimens
as would the dimensional changes that are caused by the deleterious
chemical reactions. These physical effects are more pronounced and are
observed much earlier in smaller specimens. Hence studies were made
using cement mortar disks 75 mm (3 in.) in diameter and 6.4 mm (0.25 in.)
thick sliced from 75 by 254 mm (3 by 10 in.) cylinders. The mortars were
cured for 15 or 240 days before exposure to a salt solution. The salt solu-
tion contained 27.5 percent CaCl,, 3.9 percent magnesium chloride (MgCl),
1.8 percent sodium chloride (NaCl) and 0.1 percent sodium bicarbonate
(NaHCO,). This solution was prepared to correspond to mine shaft water.
A nondestructive test involving the measurement of deflection in flexure




320 DURABILITY OF BUILDING MATERIALS AND COMPONENTS

EXPANSION, %

TOTAL MgO IN CEMENT, %

FIG. 3—A comparison of autoclave expansion in disks and prisms.

under constant load as a function of time of exposure to salt solution was
adopted to investigate the durability of the mortar; this test is similar to
one used previously on disks [7] but on a larger scale. Because deflection
in this mode of testing is inversely proportional to the cube of the thickness,
a small effect at the surface can be detected quickly.

Two sulfate-resisting cements and one Type I normal portland cement
were used. Two samples of fly ash containing 47.6 and 55.6 percent SiO,
were used as replacements of cement at 20 and 35 percent forming a blend
with the sulfate-resisting cement. The blended cements made by mixing
Type I portland cement with 37.5, 50, and 70 percent blast furnace slag
also were examined.

Results and Discussion

The results are recorded as the difference between the deflection of the
samples stored in the salt solution and those stored in water. Results for
some of the samples are presented in Figs. 4 and 5. Figure 4, for the 15-day
cured samples, shows that the slag-containing cement sample has a rela-
tively high resistance to the salt solution even at 700 days. Of the remaining
samples, the sulfate-resisting cement mortar failed first, followed by the
two fly ash-replaced cement and then the Type I cement. The results for
the 240-day cured samples in Fig. 5 show a similar sequence as before
except that the fly ash-replaced cements are now much more durable and
rank in the same order as the slag cement. All the specimens cured for
240 days are more durable than those cured for only 15 days.
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FIG. 4—Deflection of cement mortars (cured 15 days) versus period of exposure of salt
solutions.
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FIG. 5—Deflection of cement mortars (cured 240 days) versus period of exposure to salt
solutions.

These results are in general consistent with the observation that the
greater the amount of free Ca(OH), in the specimen, the more susceptible
it is to attack. This is also true for the sulfate-resisting cements which have
a higher tricalcium silicate (C;S) content.




322 DURABILITY OF BUILDING MATERIALS AND COMPONENTS

Resistance of Sulfur-Impregnated Cement Systems to High Humidities

Impregnation of concrete with sulfur can increase strength values by
more than 100 percent [7]. Impermeability also can be increased by impreg-
nation, leading to an enhancement in corrosion resistance. Meager infor-
mation is available on the effectiveness of this impregnant in improving
long-term durability. In order to study more effectively the durability of a
sulfur-impregnated cement, thin disks 1.3 mm thick were subjected to
100 percent relative humidity and changes with time to Young’s modulus
and microhardness were observed [7].

Silica-portland cement mixtures containing 5, 10, 20, 30, 50, and 65
percent silica prepared by grinding Ottawa silica sand to pass 100 mesh
sieve were prepared at a water-solid ratio of 0.45 and autoclaved. These
were impregnated with sulfur. Room-temperature cured cement pastes
also were prepared and impregnated with sulfur and all the samples were
exposed to 100 percent water vapor.

Results and Discussion

Figure 6 presents the observed length changes. All specimens except
those containing 5 and 10 percent SiO, expanded after a short period of
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FIG. 6—Expansion of autocluved impregnated cement-silica preparations on exposure
to 100 percent relative humidity versus time. Water solid ratio (W/s) = 0.45.
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exposure and disintegrated. With 5 and 10 percent SiO,, expansion was
relatively less and was constant up to 260 days. The unimpregnated speci-
mens showed a rapid rate of initial expansion which decreased with time,
and in these samples expansion was considerably lower than that of those
impregnated with sulfur. In the unimpregnated specimens expansion was
greater the higher the surface area [8].

It became obvious that all impregnated systems studied were permeable
to water and other vapors, irrespective of whether large increases in me-
chanical properties were achieved or not. Other observations indicated
that the expansion is due to physical effects and is caused by swelling
of the high surface area impregnant within the pores when it absorbs
vapors.

It was concluded that matrices with specific surface areas about 20
m2/g, when impregnated with sulfur and exposed to water vapor, are
subjected to high internally generated stresses. This may lead to failure
of the specimen. However, when such a study was made on mortar speci-
mens the effects were evident only after a much longer period. Thus this
study indicates the expansion potential of an impregnated body and also
shows that caution should be exercised when using the sulfur impregnation
technique on high surface area porous bodies.

Drying Shrinkage of Cements With or Without Admixtures

“Drying shrinkage” is one of the least understood phenomena in concrete
technology. It has not been possible to correlate the drying shrinkage with
any one of the many factors affecting it. Shrinkage itself imposes severe
stress gradients on the material and affects measurements, and in large
specimens it is virtually impossible to reach a state of equilibrium. However,
this could be obviated to a large extent by the use of miniature specimens.
An investigation was carried out to study the effect of admixtures and other
factors on the drying shrinkage of such specimens.

Specimens were cut in thin wafers, 1.2 mm thick, 10 mm wide, and
30 mm long, from two cement pastes made from Type I cements containing
total alkali contents of 0.8 and 1.3 percent. They were made with W/C
ratios of 0.5 and 0.8 with two different amounts of admixtures and cured
for over a year. Two methods of drying were used. In the so-called slow
method, each sample was exposed to 11 different humidities from 100 to
15 percent r.h. for a total period of 6 months. The fast method involved
exposing the samples directly to 40 percent relative humidity.

Shrinkage values for an admixture-free sample and one containing
three times the normal dosage of calcium lignosulfonate are shown in
Fig. 7. Shrinkage on drying from 100 to 40 percent relative humidity is
0.44 percent for the standard and 0.94 for the sample containing calcium
lignosulfonate. The residual shrinkage values (nonrecoverable shrinkage




324 DURABILITY OF BUILDING MATERIALS AND COMPONENTS

T T T T T I
016 S STANDARD
= L LIGNOSULFONATE -1
«032f ]
SO4F s 1
20641 g
> | =
= 080 -
$oeel =
©w = o DRYING =]
112+ =
& e WETTING -
1.28 - il
PROP| FEE T 21 I (A AN D QR N =
0 20 40 60 80 100
RH, %

FIG. 7—Shrinkage and expansion versus relative humidity of cement paste containing
calcium lignosulfonate.

after re-wetting to 100 percent relative humidity) for the corresponding
samples are 0.16 and 0.60 percent. Shrinkage values for these samples
following drying from 15 to 0 percent r.h. are 0.94 and 0.92 percent,
respectively. Extensive data, using samples with different admixtures and
W/C ratios [9] lead to the following conclusions. Depending on the type
of admixture, varying amounts of first drying shrinkage may be obtained,
these values increasing with extra admixture dosages. On first drying,
large shrinkage occurs down to 50 percent relative humidity, the value of
which depends on the type and amount of admixture. All samples behave
similarly when dried from S0 to 15 percent relative humidity, re-wetted
to 100 percent r.h. or dried from 1S to O percent r.h. It was also found
that the higher the W/C ratio, the larger the shrinkage.

The fact that large differences in drying shrinkage occur between S0
and 100 percent relative humidity suggests that admixtures mainly influence
the degree of dispersion of the hydrated cement, in terms of the alignment
of sheets and displacement of ends of sheets. This technique provides a
definitive and rapid method of determining the effect of admixtures on
drying shrinkage of hydrated cements.

Conclusions

Use of miniature specimens permits observations of the changes in the
physical and chemical characteristics of materials at a much earlier period
than is possible with larger specimens. By using this method the potential
durability of a material exposed to external elements can be predicted.
If the failure is caused by gradient effects, results using larger specimens
provide a more dependable basis for predicting the durability of a material.
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