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The use of digital images to determine
deformation throughout a microstructure
Part Il Application to cement paste
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The deformation mapping technique (DMT) was applied to the problem of studying
shrinkage in cement paste during drying. The results are used to help refine our
understanding of the mechanisms that cause shrinkage for different relative humidity
ranges. The influences of the age, water: cement ratio, and curing temperature on drying
shrinkage are examined. In all cases, shrinkage of bulk samples results from the interaction
between expanding regions (rarefactions) and contracting regions (compactions) within the
microstructure. Very large local deformations are associated with the collapse of the colloid
networks of C-S-H. Damage, akin to fracture, is observed in stiffer samples. © 2000 Kluwer
Academic Publishers

1. Introduction tial shrinkage and possibly cracking. Thus, in order to
The deformation mapping technique (DMT) utilized in study intrinsic mechanisms, very small specimens, on
this study has been described and validated in Part | [1the scale of millimeters or less, and/or very slow drying
This paper is aimed at applying the technique to cementust be employed to avoid moisture gradients.
paste. The only known direct observations at the microme-
Microstructure takes on meaning at many levels inter scale of acement paste during drying is in the work of
materials science. It usually focuses on the size, shap8ergstrom [3] (also presented in Neubaetsl. [4]). In
and distribution of phases within a material. There isthese studies, an environmental scanning electron mi-
however, no reason why mapping deformation in thecroscope (ESEM) was used to study the drying shrink-
microstructure could not equally be a description ofage of cement paste as a function of water/cement (w/c)
the deformation of regions that are subjected to stressatio, age, curing temperature, and drying rate. A se-
within a material. This is particularly important for het- ries ofimages at different relative humidities (RH) was
erogeneous materials such as cement paste. analyzed using an image intensity matching technique
Stress-induced deformations within the microstruc-(IIMT) that calculated displacements throughout the
ture in cement paste are only beginning to be quanmicrostructure relative to a given reference point [5].
titatively investigated. These stresses can have marnyhis allowed the average drying shrinkage strain to be
sources, including chemical, environmental, thermalestimated by examining several sets of points in the im-
or mechanical. An important type of stress in hard-ages and computing the drying-induced change across
ened concrete comes from drying. Since water is athe distance between pairs of points. While these re-
integral part of the cement paste matrix, changes irsults provide an estimate of the magnitude of the total
relative humidity result in drying stresses and overallaverage deformation, no information about the distri-
shrinkage. Drying shrinkage is complicated, consistingoution of deformations within the microstructure was
of both reversible (elastic) and irreversible (viscoelaspresented. Because areas of localized deformation are
tic) components. the ultimate cause of failure, the distribution of defor-
An additional complication is the notion of both in- mations is often more important than the macro-scale
trinsic (restraint free, sometimes referred to as real [2]deformation.
shrinkage and extrinsic (bulk, sometimes referred to as It is important to note that the term deformation is
apparent [2]) shrinkage. Intrinsic mechanisms are asdsed, instead of strain, as there are certainly viscoelas-
sociated with the material properties of cement pastéic effects and possibly localized debonding in drying
and are independent of specimen geometry. Extrinsishrinkage Deformationmeans local displacement or,
mechanisms are dependent upon specimen geometriy; the case of this paper, change in the local area of
for example, the thickness of a sample may result in aome recognizable feature, whether elastically recover-
moisture gradient across a specimen causing differerable or not. Positive deformations (areas which expand)
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are termedarefactionsand negative deformations (ar- As the relative humidity is lowered, adsorbed water is
eas which shrink) are termemmpactionsAlthough  removed via the wide side of the wedge, causing the
strain may be technically correct, we use deformatioradsorbed layers to become thinner.
so that there is no ambiguity. Gibbs-Bangham shrinkaggperates at lower relative
The relative importance of the various shrinkagehumidities [2, 12-17, 20]. Adsorbed water molecules
mechanisms in cement paste [6] at different RH val-on the C-S-H surfaces desorb, resulting in unsatisfied
ues is still the subject of debate. The authors acknowlsurface bonds on the C-S-H particles. This causes the
edge that to quantitatively sort out the influence of thesurface free energy to increase, which in turn causes
various mechanisms at different RH values, the type oparticles to attract and paste to shrink.
result obtained from DMT must be coupled with careful The final mechanisnmremoval of interlayer water
three dimensional models that include rate of drying,operates only at very low relative humidities
creep, pore size and distribution of pore size, and othef< 11% RH) [12-17]. Feldman and Sereda [21] have
variables. This is beyond the scope of this researchspeculated that this mechanism may cause layers to
however, qualitative insight can be gained from DMT collapse as water is removed. They also hypothesized
results as will be demonstrated below. that bonds are formed between layers, which results in
irreversible shrinkage.
Part of the present study has been designed to be

1.1. Drying sh_rmkage_ mechamsms . able to compare our results with Roper’s work. In ad-
Roper [7] examined shrinkage vs. weight loss in small

) dition, to examine basic mechanisms, the effects of
bars of cement paste appr(_mmately 6 M MM X\ ater: cement ratio and curing temperature on drying
127 mm, using two w/c ratios, 0.35 and 0.5. Samplesshrinkage are described
were carefully equilibrated to various relative humidi- '
ties so that his results can be interpreted in terms of in-
trinsic and not extrinsic (i.e. size-related) drying shrink-2. Experimental
age mechanisms. He found that when shrinkage waSamples were prepared by hand mixing cement with de-
graphed vs. weight loss, there were four linear regionsionized water for 5 minutes, placing them on a rolling
and three points where the slope changed abruptly anill overnight to prevent sedimentation prior to hard-
approximately 85%, 40% and 25% RH. From this he de-€ning, and then storing them in lime water baths at the
duced that there were four basic mechanisms of shrinkappropriate temperature until testing age. The influence
age which have been widely referred to since. The fouef w/c, age, and curing temperature are explored using
[8-11] most important and widely accepted [12] are:the variables outlined in Table 1.

(1) capillary stress, (2) disjoining pressure, (3) Gibbs- Once a sample reached the desired age, it was re-
Bangham shrinkage, and (4) the removal of interlayeimoved from the water bath and broken apart using a
water. These mechanisms are summarized in Table 1.hammer. Several flakes approximately 1%cail mm
Capillary stresss a mechanism that operates at highwere collected and placed in the specimen chamber
relative humidities as the capillary pores empty. Theof the environmental scanning electron microscope
stresses are the result of menisci that form as liquidESEM) at the initial relative humidity (90% RH) and
evaporates and empties the pore [12—17]. The tension idllowed to equilibrate for approximately 30 minutes. It
the menisciis transferred to the pore walls, causing conwas determined that 30 minutes was more than suffi-
traction of the solid frame and resulting in shrinkage.cient a period of time for deformation to occur and the
This mechanism is important down to about 50% RHsample to stabilize (10-15 minutes was actually ade-
and when, presumably, the larger gel pores are empiuate). Images of selected areas were taken. Then the
tying. It should be noted that the distinction betweenrelative humidity in the chamber was dropped to the
gel pores and capillary pores is vague, as the pore sizgext lower level and again allowed to equilibrate for
distribution varies continuously within the size rangeapproximately 30 minutes before new images of the se-
that would separate gel and capillary pores. lected areas were acquired. This process was repeated
Disjoining pressurelso operates at high relative hu- for all of the desired relative humidities.
midity [7, 12—15, 18, 19]. When a relatively thick layer ~ To relate our results to those of Roper [7], two ce-
of water is adsorbed on the surfaces of calcium silicaténent paste samples, with/c=0.35 andw/c=0.50
hydrate (C-S-H) particles, the resulting repulsive forcewere aged for 7 days at room temperature. Images were
between C-S-H particles is greater than the Van degollected at 90%, 80%, 75%, 55%, 35%, 25%, and
Waal's forces drawing the particles together. This force20% RH. Using the 90% RH image as the reference un-
the particles apart with a wedge of adsorbed water [12]deformed image, deformation maps and distributions
were produced at each lower RH value, using the

TABLE | Summary of drying shrinkage mechanisms occurring in deformation mapping tEChmque (DMT) described in

cement paste

TABLE Il Cementpaste samples used in the present stutratio,

Relative Humidity ~ Important curing ages, and curing temperatures
Mechanism Range Phases
w/c Age (days) Curing TemperatureQ)
Capillary Stresses 40-90% Capillary porosity
Disjoining Pressure 50-90% C-S-H 0.3 4,14, 28 20, 30, 40
Gibbs-Bangham Shrinkage <30% C-S-H 0.4 4,14, 28 20
Removal of Interlayer Water <11% C-S-H 0.5 4,14,28 20
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PartI[1]. The temperature in the specimen chamber wadeformation maps for the/c=0.35 andw/c=0.50

held constant at @, and changes in relative humidity cement pastes, respectively, for the specified RH values.

were induced by changing the water vapor pressure iiThe parts of both figures come in pairs, (a)-(b), (c)-(d),

the specimen chamber. Each image wask522 pix-  etc. where the firstimage in the pair is for compaction,

els in size. and the second image in the pair is for rarefaction. As
To explore the influence of age, water : cementratioRH is reduced, the images record the development of

and temperature, drying shrinkages were induced bgleformations due to drying shrinkage.

two large RH decrements: 90% 50% RH, followed To obtain a more quantitative view of these phenom-

by a drop to 5% RH. ena, Figs 3 and 4 show the distributions of deformations

(in the form of histograms) for the maps shown in Figs 1
3. Results and 2, respectively. These are computed as described

The results are divided into two sections: 1) experi-in Ref. [1]. These distributions are normalized to the

ments designed to be compared to the results of Ropéc'r"’m]e value, so that the central peak, the top of which is

: . not shown in any of the distributions, is lowered if the
and 2) experiments to explore the influence of ag&; X A ’
and temperature. width of the distribution is broadened. Table Il con-

tains the results of integrating the curves with respect
to both number and magnitude of deformation shown
3.1. Relationship to Roper in Figs 3 and 4. These values are the sum of all of
The first set of experiments was designed for directhe deformations and therefore represent the average or
comparison with Roper’s results. Figs 1 and 2 show theverall deformation across the field of view.
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Figure 1 Deformation maps for a 7 day old samplegfc = 0.35 cured at room temperature. In all maps, the field of view is approximate3y.®6 x

96.8 um. Darker colors indicate higher magnitude deformations. Compaction maps are shown for drying from 90% RH to (a) 80% RH; (c) 75% RH;
(e) 55% RH; (g) 35% RH; and (i) 20% RH. Rarefaction maps are shown for drying from 90% RH to (b) 80% RH; (d) 75% RH; (f) 55% RH;
(h) 35% RH; (j) 20% RH.
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Figure 1 (Continued.
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TABLE IIl Overall sample deformations computed by integrating
under the deformation distribution curves

Upon drying to 75% RH, Fig. 1c and d show only
slightly increased local deformations. The morpholo-
gies of both types of deformation fields remain linear,

Relative Humidity w/c =035 w/c =050
though they appear to have expanded slightly. Itis inter-
80% 0.01% 0.05% esting to note that while this relative humidity is below
75Z° o.ozgf) O-ilzf the first change in slope on Roper’s curve [4], we ob-
g;yz 8:220/‘; 8:320/‘; serve no obvious change in mechanism based on the
250% _ 0.51% deformation maps. This will be commented on below.
20% 0.29% — The distribution of deformations shown in Fig. 3 has

become slightly wider, and the small peak-t0% de-
formation has increased slightly. Table 11l shows that
the overall or average shrinkage hasincreased to 0.02%.
Fig. 1 contains typical deformation maps. Upon dry-  Fig. 1e and f show the deformation maps upon con-
ing from 90% to 80% RH, the higher deformations, tinued drying to 55% RH, near the lower end of the RH
both compactions and rarefactions, are localized and teange where capillary stress is considered to be dom-
some extent linear. Table Il gives an average shrinkagénant. At this relative humidity, the first evidence
of 0.01% for this drying condition. of field-like compactions, accompanied by crack-like
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Figure 2 Deformation maps fioa 7 day old sample af /c = 0.50 cured at room temperature. In all maps, the field of view is approximate3y.®6 x

96.8 um. Darker colors indicate higher magnitude deformations. Compaction maps are shown for drying from 90% RH to (a) 80% RH; (c) 75% RH;
(e) 55% RH; (g) 35% RH; and (i) 25% RH. Rarefaction maps are shown for drying from 90% RH to (b) 80% RH; (d) 75% RH; (f) 55% RH;
(h) 35% RH; and (j) 25% RH.
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Figure 2 (Continued.
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2.0% e ] ing microstructural image (not shown). The deforma-
] i bl | —— 90% RH =>80% RH tion for this drying condition, 90% to 55% RH, shown
R iRt in Fig. 3, provides some further important clues. The
e gg; RA = gg; RH curve has again bec_ome slightly Wld(_ar, consistent with
the increased magnitude of deformation throughout the
microstructure. The peak at10% has increased sig-
nificantly.
Continuing the drying process to 35% RH, as shown
in Fig. 1g and h, results in compactions separated by
linear areas of intense rarefactions. These deformation
maps begin to be similar in morphology to those pre-
sented later for drying from 90% RH to 5% RH even
though the overall strain level is lower. Fig. 1g and h
show that significant areas of the microstructure have
s0% 0% now deformed significantly. The distribution of defor-
Deformation mations for the 35% maps suggest the onset of a second

mechanism. As seen in Fig. 3, the distribution is sig-

Fi_gure 3 Deformation distributions for deformation maps shown in nificantly wider than any of the previous distributions,
Fig. 2fora 7 day old sample af/c=0.35 cement paste. especially on the compaction (negative) side, and the
overall shrinkage of the piece has increased to 0.24%,

Area Fraction
N
o
R
]

20% 7 T T T 90% RH => 80% RH as shown in Table |. The peak atLl0% deformation,
f j — gg; E: > gg//RR: tentatively associated with C-S-H, is still present, but it
] il o 90% RH == 35% RH has been obscured by the broadening of the distribution.
1.5% | | f‘ | | —— 90% RH =>25% RH Fig. 1i and j show the deformation maps due to dry-

ing to 20% RH. It is seen that the compactions and
rarefactions continue to expand as drying continues,
and the maps become very similar to those presented
for drying from 90% to 5% RH as will be shown. Fig. 1i
and j represent a point just below the third change
in slope in Roper’s curve [4] fow/c=0.35, but no
obvious mechanistic differences were noted between
them and the 35% RH results. The overall distribu-
tion curve continues to increase in width, as shown in
Fig. 3, now completely obscuring the peak-at0%

‘ T T T deformation. Table Il shows the overall deformation
50% 25% % 5% 50% has now increased taZB%. The deformations for the

Deformation w/c=0.5 samples follow a similar path, but a higher

Figure 4 Deformation distributions for deformation maps shown in Magnitude is achieved.
Fig. 3 for a 7 day old sample af/c=0.50 cement paste. Figs. 2 and 4 substantiate the general trends shown
in Figs. 1 and 3. They are included because of their

importance to the influence ofic.
rarefactions, is observed. The appearance of these mor-

phologies is accompanied by a significant increase in

the overall shrinkage (0.08%), as shown in Table I1.3.2. Influence of age, w/c, and temperature

The compaction fields in these images are readily asRepresentative deformation maps and histograms that
sociated with the fields of C-S-H in the accompany-explore the influence of age, water : cement ratio, and

1.0% |

Area Fraction

0.5% —

TABLE IV Overall drying shrinkage deformation upon drying from 90% to 50% and 90% to 5% RH (Bergstrom data [2, 3] and current data)

@ @ ) 4 5) (6) (M (8
Bergstrom Data [2, 3] Bergstrom Methodology Integration Under Curve

Age

w/c (days) 90= 50* 90= 5* 90= 50 90=5 90=50 90=5

0.3 4 0.01% 0.20% 0.02% 0.24% 0.05% 0.30%
14 0.00% 0.00% 0.02% 0.20% 0.01% 0.23%
28 0.10% 0.10% 0.00% 0.10% 0.02% 0.11%

0.4 4% 0.05% 0.24% 0.06% 0.20% 0.09% 0.35%
14 0.08% — 0.04% 0.23% 0.04% 0.36%
28 0.15% 0.18% 0.01% 0.08% 0.00% 0.14%

0.5 4 0.30% 0.65% 0.15% 0.45% 0.24% 0.62%
14 0.23% 0.39% 0.17% 0.21% 0.28% 0.32%
28 0.15% 0.15% 0.09% 0.15% 0.13% 0.21%

*Bergstrom data measured from 8@%40% RH and 80%= 5% RH
**Bergstrom data measured at 7 days of age
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Figure 5 Deformation maps for a 4 day old samplagfc = 0.5 cured at 20C. In all maps, field of view is 98 um x 96.8 um. Darker colors indicate
higher magnitude deformations. (a) Compactions for 98960% RH. (b) Rarefactions for 90% 50% RH. (c) Compactions for 90% 5% RH.
(d) Rarefactions for 90%;> 5% RH.

curing temperature are shown in Figs 5-10. In thesand is therefore more accurate [5]. These numbers are
figures, parts (a) and (c) are compaction maps andiven in the seventh and eighth columns (labéeted-
part (b) and (d) are rarefaction maps, parts (a) and (byration Under Curvg of Table IV. Broad trends of the
are for the 90% RH to 50% RH drying regime, and partsresults of this research are shown in Table V. Although
(¢) and (d) for the 90% RH to 5% RH drying regime. TABLE V Trends of micro-scale and macro-scale deformations as a
Table IV shows the results C_Jf var|0u§ analyses for th%unction of increasing agey/c, and temperature under two different
age and water:cement ratio experiments. The thir@ying conditions
and fourth columns (labeldglergstrom Datashow the : _
data of Bergstrom [3]. The fifth and sixth columns (la- _ ol Me}gn't“de|°f Mag”'h“de of
beled Bergstrom Methodologywere compiled using gry'”.g. Variable Micro-scale Overall

, . . ondition Increasing Deformations Deformation
Bergstrom’s method for computing overall shrinkage

strain on the samples studied in this paper. This methodo% RH Age Increase Decrease
computesAl /1 for several pairs of points, separated ¥ w/c Decrease Increase
across the image, and averages the results. The defor?% RH Temperature  Decrease ??7?
mation mapping technique used in this paper average8% RH Age Little Change Decrease
over the entire sample and uses the correct mathemat, w/e Litle Change  Increase

% RH Temperature Decrease Decrease

cal method of mapping displacements for large strains,
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Figure 6 Deformation maps for a 28 day old samplewgfc = 0.5 cured at 20C. In all maps, field of viewis 98 um x 96.8 um. Darker colorsindicate
higher magnitude deformations. (a) Compactions for 28%0% RH. (b) Rarefactions for 90% 50% RH. (c) Compactions for 90% 5% RH.
(d) Rarefactions for 90%;> 5% RH.

the magnitudes from these different techniques ar@re emerging that help interpret this new type of
somewhat different, the trends are similar. Similar re-information.

sults for the influence of temperature experiments are Referring first to the histograms, it has proven useful
shown in Table VI. to divide them into two parts, 1}6% to+6% and 2)

A large number of strain maps have been studied< —6% and> +6%. For pastes dried to 50% RH, the
including samples containing mineral admixtures [22]sum of the deformations in category 2 almost always
and samples damaged during freezing. Some trendstal zero. In other words, even though the shapes

of the histograms are different, the total compactions
TABLE VI Influence of temperature on overall drying shrinkage de- equal the to'_[al rgrefactlons. O_n the other hand, the to-
formation upon drying from 90% to 50% and 90% to 5% RH. Each tal deformation in category 1 is not generally equal to
sample is 28 days old and hasigc=0.3 zero, but is nearly equal to the integration under the
entire histogram, i.e. the values in columns seven and
eight in Table IV. This set of numbers will be com-
Curing Temperature ~ 90% RH50% RH ~ 90% RH=>5% RH  pared to the measured shrinkage across the field of

Overall Shrinkage Deformation

view.
ggg 8-8;2;0 8-3:;0 Typically patterns of compactions are less well de-
. (] . (1] - - . . . g
100G 0.01% 0.04% fined than rarefactions. At higher relative humidi-

ties, both have some resemblance to a microcracking
5759



3%

the large deformations>(6%) at 50% RH have very

{ —— 4days consistent patterns, and since compactions nearly equal
| 2 rarefactions, they can not be interpreted as either noise
1 or as deformations that are associated directly with
bulk shrinkage. The shoulder at 50% is probably defor-
mation that results from processes other than volume
change related to bulk shrinkage. Curling and crum-
pling of C-S-H during drying has been observed using
transmission electron microscopy [23], which could be
analyzed as large compactions of C-S-H and large rare-
factions of a pore, or the edges of a pore. Another phys-
ical change that occurs at higher RH is the removal of
water from the capillary pore system. Liquid water is a
disappearing phase, and this could appear as a shrink-
ing phase with very large deformation. If the pores are
0% === —— ——— large, they are mainly empty at 90% RH, and no de-
-50% -25% 0% 25% 50% formation will be observed at 50% RH. On the other

2% |

Area Percent

1%

Deformation hand, if they are small, water will be removed in this
range.
(a) g
3% 4. Discussion
_— ;‘fggs The value of the DMT depends on interpretation. Since
------ 28 days the technique is new, this discussion will focus on some

of the most consistent and pronounced trends and make

comments in terms of possible mechanisms.
2%

4.1. Bulk shrinkage
The most obvious observation is that bulk shrinkage
is the result of competition between compactions and
rarefactions. The rarefactions can have the appearance
of cracks although no open cracks are observed. This
observation may be relevant to the so-called drying
creep [12], sometimes referred to as the Pickett effect.
A common explanation for the greater than linear cou-
0% T T pling of deformation under simultaneous load and dry-
0% 2% 0% 25% S0% ing is that the load prevents cracks which would other-
Deformation wise form and causes a superimposed expansion. Lack
(b) of cracks increases the measured shrinkage. The cracks
are hypothesized to come from stress due to gradients
Figure 7 Deformation distributions for deformation maps shown in as water evaporates from the surface of thicker samples.
Figs 1-3 for a sample ab/c=0.5 cured at 26C at 4, 14, and 28 days  The effect, therefore, depends on the size of the sample.
of age for: (a) 90%- 50% RH, and (b) 90%: 5% RH. If the cracks form in the absence of external stress, bulk
shrinkage is less than intrinsic shrinkage. This may be
pattern, but the lines are more discontinuous in the commitigated by using very thin samples and very slow dry-
paction map. Only a few percent of the deformationsing. The results of this study indicate that rarefactions
are greater than 15%, which may be noise. Almost alfesult from shrinking and restraining phases at the mi-
of the deformation is less than 6%. The histograms arerometer scale, and moisture gradients at larger scales
fairly broad and are nearly symmetric. do not need to be invoked to produce crack-like rare-
As the relative humidity is lowered, the rarefactionsfactions that could be altered by applied stress. Thisim-
become more intense, but they maintain the appearangdies that the Picket effect is not necessarily dependent
of a network of cracks that become more intercon-on size at the scales previously thought.
nected. The compactions lose the appearance of lines
and in many regions become fields. In all cases, where
compaction patches form (as the RH is lowered)4.2. Comment on large deformation
the histograms show broad shoulders at deformationas will be shown throughout this paper, Figs 3 and 4
greater than 6%. Furthermore pastes with smaller caplexcept for 35% RH in Fig. 4) represent several typical
illary porosity display larger shoulders at intermedi- trends. Before examining these details, however, the ob-
ate relative humidities (i.e~50%). This is a general servation of very large deformations require comment.
result. At higher RH, compactions up to 15% are observed,
Before starting the general discussion, a few pointand atlower RH, compactions of 40% are observed. Al-
on possible sources of artifact are appropriate. Sincéhough the shoulder is less pronounced for rarefactions,

Area Percent

1%
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Figure 8 Deformation maps for a 4 day old samplewfc = 0.3 cured at 20C. In all maps, field of view is approximately $um x 96.8 um.
Darker colors indicate higher magnitude deformations. (a) Compactions foe96%8% RH. (b) Rarefactions for 90% 50% RH. (c) Compactions
for 90%= 5% RH. (d) Rarefactions for 90% 5% RH.

a significant number of pixels represent huge deformably empties the larger pores. Thus, large deformations
tions, and a similar statement can be made. These largiserved here supports the possibility that C-S-H is a
deformations can not be explained by capillary stressesolloidal material that collapses on drying [24].
from an emptying pore system. Atsome point, the constant rate collapse ends, and the
Large deformations can be explained, however, bystructure stiffens and stops collapsing. At this point, a
considering the structure of C-S-H to be precipitatedmeniscus is unstable, and on further drying, the remain-
tiny particles with radii of about 1.1 nm [24]. If this is ing pores empty. As with colloids [23], further shrink-
the case, then at least some of the C-S-H network colage is small (for colloids, this is the first falling rate
lapses on drying, a process which may be similar to thg@eriod), and sometimes small expansion occurs. Dur-
“constant rate period” observed for colloids, which caning this period, the colloid is weakened, and fracture
account for volume changes greater than an order afccurs. Finally at the lowest relative humidity, the last
magnitude for colloids [23]. The constant rate periodfew layers of water are removed, and Gibbs-Bangham
is a process where liquid is removed from a gel, andshrinkage occurs.
the capillary stress causes the solids to become more These ideas do not differ greatly from the stan-
densely packed. Ideally, the pores do not empty, but fodard mechanisms outlined earlier. The main addition
C-S-H, with a wide range of pore sizes, drying proba-here is the possibility of very large local deformations
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Figure 10 Deformation distributions for deformation maps shown in
Figure 9 Deformation distributions for deformation maps shown in Figs 9-11 for samples af/c=0.3 cured at 20C, 30°C, and 40C

Figs 1, 6, and 7 for a 4 day old sample cured at@@tw/c=0.3,0.4, 4t 28 days of age after drying for: (a) 96%50% RH, and (b) 90%>
and 0.5 for: (a) 90% RH5 50% RH, and (b) 90% Rk 5% RH. =06 BRI

analogous to the constant rate period in colloids. This
possibility will be considered in the following discus- structure to further collapse, and the larger pores to
sion. empty. A relatively small amount of water is lost, but a
large amount of shrinkage occurs. This is analogous
in part to the constant rate period observed in col-
4.3. Drying in a stepwise fashion and loidal systems [23] and in part to the more accepted
relationship to mechanisms idea of capillary stress causing shrinkage as pores are
As shown in Figs 3 and 4 (except for 35% in Fig. 4), aemptied. This collapse is largely responsible for irre-
number of trends are established that will be discussedersible shrinkage. At 55% RH all of the pores with
further in the next section. On drying to 80% RH, only radius greater than about 2 nm have emptied, although
a small amount of shrinkage occurs (as per Roper), budt this point the concept of capillary stress is not valid
a relatively large amount of water is removed. Waterbecause the meniscus is unstable. Drying to 35% RH
is removed from pores larger than about 10 nm ragreatly increases the area percentage of the large de-
dius. Only a small percentage of the area of the miformations, and the large deformations become much
crograph exhibits large deformation, and both rarefacmore localized. Compactions cluster into regions, and
tions and compactions are dispersed across regions thatrefactions appear as tangled lines. The compactions
can be identified as C-S-H. Further drying causes thiare always surrounded by rarefactions. The rarefactions

5762



appear crack-like. We propose that these patterns form Some support for fracture being associated with high
during drying that is analogous to the first falling rate deformation comes by analogy to colloids. After the
period in colloids [23] when the network is subjected constant rate period, the structure stiffens and water
to large stress due to gradients, and attractive forces al@gins to empty from the pore system. During this pe-
reduced as capillary stress disappears. The cracks allowod, the network can actually expand somewhat [23].
C-S-H to relax, forming compaction regions. Differential stresses within the gel network makes this

When the deformations maps are printed on transthe most likely time of fracture. Previously unexplained
parencies and overlayed on a micrograph, it is cleadata published in ref. [4], one figure of which is in-
that both compactions and rarefactions are distributedluded here, Fig. 12, can now be reconciled. During
across one grain or contiguous region of C-S-H. As dry-drying, tiny specimens exhibit continuously increasing
ing occurs, pixels representing large deformation beshrinkage with decreasing RH, however, during spe-
come more localized, forming particles (compactions)cific relative humidity drops from 40-20% RH for the
and linear regions (rarefactions). As the RH is loweredtop line in Fig. 12, shrinkage is greatly reduced, is large,
the compactions group together. The C-S-H collapsesreversible shrinkage is small. LD C-S-H is shrinking,
to its densest structure, and crack-like formations crissbut also the framework is highly restrained, resulting in
cross the region. As will be shown, the more abundanfracture before complete collapse can occur.
the C-S-H within a field of view (i.e. lowar/c) and/or The interpretation here is that when the shoulder ex-
the stiffer the matrix (at least for the ages of sample disists, the C-S-H is compacting heterogeneously as a re-
cussed here), the higher is the RH at which the localizasult of drying, causing curling, crumpling and fracture
tion process results in particles. At the ages of concernf the C-S-H as has been seen in ref. [28]. This oc-
in this paper, essentially no visible changes occur in theurs at intermediate RH’s when the matrix is heavily
micrographs during drying. However, as can be seen at
much earlier ages, Fig. 11, comparison of a wet and dry
sample shows rarefactions with a crack-like patternand ..
compactions that are easily visualized. We suggest tha -
DMT is allowing this to be seen in older samples. 1| o 2

Further drying to 20% RH produceslittle furtherbulk ~ 08% 4 | & 4goc
shrinkage as shown by Roper. Fine pores empty, bu |
adsorbed water is not removed. C-S-H fractures ancg
relaxes. As shown in the rest of the Figs 5-10, the fi- & /
nal stage, from 20% RH down, exhibits large deforma- £ 1
tions for many pixels. The adsorbed water is removed,% 0.3% -|
and relatively large bulk shrinkage is observed. This g
is Gibbs-Bangham shrinkage, and because of the ex'A;g
tensive area with large deformations, it must involve &
all of the C-S-H, whereas deformation at higher RH'’s
seemstoinvolve only some ofthe C-S-H. Thiswouldbe 1% |
consistent with only low density C-S-H collapsing [24]
at the higher RH’s, and all of C-S-H shrinking at the
lower RH’s.

Figs 3 and 4 show a more pronounced compaction
shoulder at the lowew /c. The stiffer sample has more
Iarge_r deforma_tlons _at 35% R_H' M_Ore fr_acture and re'Figure 12 Shrinkage across a micrograph (1) at various curing
laxation occur in a stiffer matrix. This at first surprising temperatures for 28-day-old cement paste:gt = 0.5. (8), 20°C: (m),
trend has been observed in all of our samples. 30°C; (A), 40°C [30].

0.4% —

0.2% /

0.0%

T T T I
80% 70% 60% 50% 40% 30% 20% 10% 0%
Relative Humidity

Figure 11 Tricalcium silicate hydrated for 16 hrs. (a) 90% RH, observed in ESEM and (b) vacuum dried, observed in SEM [29].
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restrained and/or when evaporation is highly asymmetpores at relatively high humidities, and not from inter-
ric, i.e. from one surface. We are treating the C-S-H adayers at lower humidities.
a colloid and, therefore, it dries like a colloid. In col-  Irreversible shrinkage and total porosity [26] are re-
loids, cracking is mostlikely to occur at the critical point lated. Irreversible shrinkage can also be correlated with
as pores begin to empty [23]. C-S-H probably does nothe abundance of pores in the 3—Lé range [27].
technically have a critical point because the larger pore§ hese fine pores, as measured by nitrogen, are directly
have already emptied, but when the smallest pores star¢lated to the quantities of low density C-S-H in the
to empty, fracture becomes likely. This point in C-S-H sample. Thus, shrinkage due to drying to 50% RH may
occurs between about 40—-60% RH, the higher valude related to shrinkage of the low density C-S-H. Also
for more restrained systems. In other words, differen-a qualitative inverse correlation can be made between
tial shrinkage, enhanced by the presence of restrainthe presence of compaction shoulder at 50% RH and
enhances the likelihood of fracture. irreversible shrinkage. If the shoulder discussed in this
The width of the central peak around 0% deforma-paper), which is the RH where the second discontinuity
tion is also of interest. Higher water : cement ratio andin Roper’s curves occurs. However, at 50% RH a large
younger age resultsin broader peaks at 3% deformatioffraction of the microstructure has deformed. All of the
It should be noted by the scale of the ordinate on the figC-S-H must be shrinking by Gibbs-Bangham mecha-
ures that most pixels still show little or no deformation. nism at this point.
However, these conditions have a greater percentage
of deforming pixels in the-6 < x < 6%. It has been
shown in other research that this range of deformationy 5. |nfluence of temperature

can be linked mathematically to bulk shrinkage, and thesjnce the influence of temperature on microstructure
results here are consistent with this observation. is less well understood, this section analyzes the mi-
“There is not much to distinguish differences in thecrostructure in terms of the hypothesis. These samples
histograms between different water : cement ratios angre 28 days old, and the percent reacted at each temper-
ages upon drying to 5%. As shown in Fig. 3, mostatyre is roughly the same at 75% [27].
of the shoulder is formed by 35% RH (this curve in As shown in Fig. 10, at 50% RH the compaction
Fig. 4 seems to not follow any of the trends thus showshoulder is inversely related to temperature. A hint
ing behavior similar to the first falling rate of colloids zpoutthe influence of temperature in terms of the mech-
when water starts evaporating from the pore system, anghisms described here is seen in Fig. 12 from ref. [4],
both fracture and overall expansion can be observedshowing that there is little shrinkage at the higher RH’s.
Furthermore, the stiffer the sample, the higher the RHrhe network structure of C-S-H has collapsed prior to
where fracture occurs, and the higher the RH where th@rying. Furthermore, at higher temperatures, the width
shoulder becomes pronounced. These trends are sugf the peak in Fig. 10 representing small deformation
marized in Tables V and VIL. indicates that much of the microstructure is not chang-
ing. Bulk shrinkage at higher temperature, Table VI,
is less than at lower temperature.
4.4. Influence of age and water: cement At 5% RH, a greater number of pixels deform in the
ratio shrinkage shoulder at higher temperatures which may be the result
Both age and water:cement ratio influence the sizef a little more hydration product.
and tortuosity of the capillary pores and the amount
and spatial distribution of hydration products includ-
ing C-S-H, and both influence modulus as outlined in5_ Summary

'r:?tzle ?/.n?tudy of rt,’(OttT] tr}{? ﬂtcaiforrl?angn m"t’}i’f gngtit#e’rhe new technique of mapping deformation in the mi-
stograms supports the trends afrea yoou €d. SUMeE hstructure has been applied to shrinking cement paste.

sam_ples resultin larger shoulders at 50% R'._" This C.OIAn attempt has been made to interpret the results in

lapsing structure could also be a mechanism behm?'erms of mechanisms of shrinkage at different rela-

irreversible shrinkage. The collapsed precipitate c#Oeﬁve humidities. The following are hypotheses related
not return to its more open structure upon rewettlngao shrinkage

This has some similarities to the mechanism propose
by Feldman and Sereda ([21], reported in [25]) who
suggested that drying caused bonding between layers
of C-S-H, but here the water is being removed from

e Bulk shrinkage is the result of competing expand-
ing and shrinking parts of the microstructure.
e At90% RH, the capillaries are essentially emptied.
e Down to 40% RH, the capillaries get bigger as
TABLE VIl Relationships between modules and porosity, and age, ~ the colloidal C-S-H collapses, a process partially
initial w/c and curing temperatures of cement paste analogous to the constant rate period observed for
other colloids. During this stage, many of the pores
within C-S-H do not empty as water evaporates

Effects of Increasing:

Phase Characteristic ~ Age w/c CuringT from the surface of the compacting C-S-H precipi-
tates. Very large and mostly irreversible shrinkage
Paste Modulus Increase  Decrease  Increase occurs during this stage. This is a process driven
Porosity Amount _ Decrease Increase Increase b apill tension. It i mechanism for shrink-
Average Size Decrease Increase Increase y capiilary ensio S amechanis 0

age that differs from elastic shrinkage due simply
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to capillary tension on pore walls. The collapse of 7.

the structure of C-S-H gel can account for very g-

large deformations.
e From 40-20% RH, the porosity within the C-S-H

shrinkage occurs for the associated water loss.

¢ In the middle range of RH’s, the C-S-H can frac- 11.

ture and deform causing very large local rarefac-

tions that have a crack-like pattern, and regions of >
13.

compaction.
¢ Atthe higher RH's, only part of the C-S-H appears

to shrink. This may be alow density C-S-H. Atlow 14

RH, all the C-S-H appears to shrink.

e Below 20% RH the surface water is removed
from the colloid C-S-H particles. Relatively large
shrinkage occurs.

Although these are simply hypotheses, the results of{
DMT can be used to help further our understanding o
deformation. Deformation maps represent a new kind
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