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Abstract

A brief review is presented of the structure and properties of inorganic gels. The mechanism of formation of gels and precipitates in-
volves the aggregation of polymers or particles. If bonds form irreversibly, fractal aggregates grow and eventually fill space, resulting in a
continuous elastic gel network; if the bonding is reversible, then the aggregates reorganize and become more compact, leading to precipi-
tates. The existence of capillary pores in cement paste indicates that C-S-H is a precipitate, rather than a gel. Chemical reactions continue
after gelation, leading to increasing rigidity and, in some cases, to spontaneous shrinkage (called syneresis). During drying, capillary pres-
sure on the order of 10 to 100 MPa develops and produces huge shrinkage of compliant gels. As the gel shrinks, its modulus increases by
several orders of magnitude; shrinkage stops when the network is stiff enough to resist the capillary forces. For gels, the modulus increases
in proportion to the volume fraction of solids to a power between ~3 and 4; consequently, the evolution of the modulus during drying and
the final shrinkage can be estimated. Warping and cracking do not depend on the magnitude of the capillary pressure, but only on the gra-
dient in pressure within the body. Slow drying reduces the gradients and prevents damage. The stresses and strains during drying can be
calculated in terms of the permeability, physical dimensions, and viscoelastic properties of the gel. A variety of techniques have been de-
veloped to measure the latter properties, the simplest of which is a beam-bending measurement. When this method is applied to a rod of
cement paste, the permeability and modulus are obtained in a matter of minutes. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction gels. If the condensation reaction is irreversible, or if the
rate of bond bresking is slow compared to the rate of con-
densation, then the clusters become fractals [9], asindicated
in Fig. 1. A fractal is a structure whose mass increases in
proportion to the radial dimension R to a power d; that is
less than 3; since the volume increases as RS, the density of
the fractal decreases as it becomes larger, in proportion to
R%~3. Consequently, the fractal clusters occupy an increas-
ing fraction of the sol as they become larger, and may even-
tualy fill the space [10]; once they have done so, a continu-
ous network of solid can be formed by developing links
between the clusters. The formation of links between the
relatively immobile impinging clusters is a process of per-
colation [11]. At the moment a network forms that extends
2. Solsand gels throughout the volume (i.e., when the clusters percolate),
the sol istransformed into an elastic solid called agel [7]. A
gel isabicontinuous liquid-solid system of colloidal dimen-
sions; that is, one can move from the solid into the liquid, or
conversely, without moving as far as a micron. The change
in properties (such as viscosity, elasticity, and cluster-size
~ * Corresponding author. Tel.: 600 258 5680 fax: 609 258 1563. distribution) near the point of gelation obey the predictions
E-mail address: Scherer@princeton.edu (G.W. Scherer) of percolation theory [7,12,13].

Inorganic gels are widely studied for applications in ce-
ramics, including porous membranes [1], sensors [2], ther-
mal insulation [3], dense protective films and passive opti-
cal films [4], active optical films [5], and bulk optics [6].
The gels are typically made from molecular precursors,
such as metal akoxides [7] or agueous salts [8]. In this re-
view we examine features of their structure and properties
that these gels have in common with the C-S-H “gel” in ce-
ment; in addition, we describe techniques that have been de-
veloped for characterization of gels that may be useful for
studying cement paste.

Molecular precursors undergo condensation reactions
that yield dimers and larger polyatomic clusters (called oli-
gomers) that grow and evolve into particles, precipitates, or
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Fig. 1. Four stages in computer simulation showing monomers evolving into large fractal clusters by diffusion-limited aggregation. Initial concentration of

monomers is 3%. From Meakin [9].

A gel isastructure very far from equilibrium. For exam-
ple, the equilibrium state of silica under ambient conditions
is crystalline quartz, whereas a silica gel is amorphous and
has a surface area in the range of 100-1000 m?g, which
contributes alarge additional energy to the material. The en-
ergy of the material would decrease by forming more com-
pact structures, such as amorphous particles, and would re-
duce further by crystallization. The only reason that a
structure as energetic as a gel can form is that the bonding
reaction is virtualy irreversible, so that the approach to
equilibrium iskinetically impeded. If the condensation reac-

tions between monomers are reversible, then monomers
dangling by one bond will easily detach and reattach, until
they are able to make several simultaneous bonds. This pro-
cess, called “restructuring,” leads to a transport of mono-
mers from the periphery of the cluster toward the center, so
that the fractal clusters evolve toward dense particles. Simu-
lations show that a modest amount of restructuring leads to
adramatic change in the density of the clusters that formin
solution, asindicated in Fig. 2 [14]. If restructuring is easy,
the result of this process is a stable suspension of dense ox-
ide particles; in the case of silica, gels occur at pH below
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Fig. 2. Clusters of similar sizes grown in computer simulations of diffusion-limited cluster-cluster aggregation alowing (a) no restructuring (asin Fig. 1) or
(b) one stage of restructuring. In (b), each particle is allowed to rotate around its point of contact until it touches a second particle. This small degree of
restructuring leads to a much denser cluster. From Meskin and Jullien [14]. Reprinted with permission from P. Meakin, R. Jullien, The effects of restructuring
on the geometry of clusters formed by diffusion-limited, ballistic, and reaction-limited cluster-cluster aggregation, Journal of Chemical Physics 89 (1), 1988,

246-250. Copyright 1988 American Institute of Physics.

about 8, whereas particles form at pH above about 10 [15],
because SIO bonds can be hydrolyzed under those condi-
tions. At higher temperatures and pressures, quartz crystals
can form. In intermediate cases, the result is large clusters
that are so densely cross-linked that they settle out of sus-
pension; these are caled precipitates. These are distinct

from gelsin that they do not fill space, but theinternal struc-
ture still consists of continuous liquid and solid materials of
colloidal dimensions. The fact that capillary pores (i.e.,
voids originally occupied by excess water) exist in cement
paste means that calcium-silicate-hydrate (C-S-H) does not
fill space, soit isa precipitate, rather than agel.
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3. Aging and syneresis

At the point of gelation, the most numerous species in
the system is the monomer [7], so condensation reactions
continue as oligomers attach to the network, and the elastic
modulus increases. The sparse network of the gel contains
many flexible branches that can be brought into contact by
thermal fluctuations, whereupon new bonds can form. The
formation of new links between the branches causes the net-
work to contract and expel liquid in a process called synere-
Sis [16]; this process typically causes linear shrinkage of a
few percent over a period of days or weeks. If the pore lig-
uid is capable of attacking the bonds constituting the net-
work, then restructuring will occur by dissolution and repre-
cipitation of the solid. This reduces the surface area of the
network and stiffens the branches, which reduces the rate of
syneresis [17] and raises the elastic modulus of the gel
[16,18,19]. All of these processes can continue for a period
of many monthsin silica gels under ambient conditions.

4, Gel structure

Inorganic gels made from molecular precursors typically
have solids contents below 10 vol%. Measurements on one
type of silicagel show that they are fractal on length scales
less than ~25 nm for a gel with 5 vol% solids [20]. The
very low permeability of gels (discussed below) indicates
that the networks are mesoporous, and this is confirmed by
transmission electron microscopy performed on supercriti-
cally dried gels [21,22]. The transmission electron micros-
copy images indicate that silica gel networks consist of
nodes where three or four chains join; the distance between
nodes is severa times the thickness of the chains. This
makes inorganic gels much stiffer than organic gels, which
typicaly have polymeric coils between the nodes [23]. The
elastic behavior of organic gelsis controlled by entropic ef-
fects and the network is capable of huge changes in volume
[24]. In contrast, inorganic gels show very little volume
change when exposed to changes in temperature, solvent,
voltage, etc.

An important consequence of the high surface area of
gelsisthat alarge proportion of the atoms (viz., about half,
for asurface area of 500 m?/g) is exposed at the surface. Re-
actions at the interface can therefore cause large changesin
composition [25].

Single- and multicomponent inorganic gels can be made
using virtually every element in the periodic table. In most
cases, the gel network is an amorphous hydrous oxide.
Some elements, such as Si, Ti, and Zr, readily form three-
dimensional networks, but most do not. Many oxides form
small particles, which then aggregate into networks; for ex-
ample, alumina gels typically consist of chains of hanome-
ter-sized particles with a structure close to AIOOH. Tungsten
oxide gels have a layered structure with intercalated water
[26], so they can absorb and release water as C-S-H does.

5. Drying

The scale of the mesh (i.e., the distance between nodes)
in agel is typicaly on the order of tens of nanometers, so
capillary pressures on the order of 10 to 100 MPa develop
when liquid evaporates from the gel; in extreme cases, the
tension can be great enough to cause cavitation of the pore
liquid [27]. The negative pressure in the liquid creates cor-
responding compressive stresses in the network, resulting in
volumetric contraction by as much as a factor of 10 [28].
The gel becomes increasingly rigid as it shrinks, the elastic
modulus rising in proportion to p™, where p is the volume
fraction of solidsand 2.5 < m= 4[29]. It istherefore possi-
ble to predict (within usefully narrow bounds) how the
modulus will change during shrinkage. At the same time,
the pore size controlling the capillary pressure decreases as
the gel shrinks, and severa studies have shown that the pore
radius changes in proportion to the pore volume [30]. Since
the change in capillary pressure and elastic modulus can
both be predicted, it is possible to calculate the density at
which shrinkage will stop [31,32]; this type of calculation
has been performed by Fagerlund for cement [33] (although
thereisaminor error in his calculation, because he does not
take account of the volume fraction of liquid when balanc-
ing capillary pressure with the compressive stresses in the
solid). Drying shrinkage can be reduced by aging before
drying (to increase the rigidity of the network) or by chang-
ing the surface tension of the liquid (by solvent exchange or
by raising the temperature) [32,34,35]. Unfortunately, it has
not been possible to predict the final shrinkage in cases
where the gel network is viscoelastic [30].

The tendency of a gel to warp and crack during drying
does not depend on the magnitude of the capillary pressure,
but only on the existence of a pressure gradient [36]. Since
the capillary pressureis responsible for the shrinkage of the
gel, if the pressure varies with position, then different parts
of the gel will contract at different rates. It isthe variation in
local shrinkage rates that leads to damage. Liquid moves
through the network in response to a pressure gradient [p
according to Darcy’s law [Eq. (2)] [37]:

D
J n Op 1)
where J is the flux, n is the viscosity of the liquid, and D is
the permeability. Until the end of shrinkage, the liquid/va-
por interface remains at the surface of the body [7], so the
boundary condition is as shown in Eq. (2).

D
Ve .
where V¢ is the rate of evaporation. This equation indicates
that the higher the evaporation rate, the steeper the pressure
gradient inside the gel; moreover, for a given evaporation
rate, the lower the permeability, the larger the gradient. A
larger gradient causes more differential shrinkage, and that
is why fast drying is destructive. If the evaporation rate is
slow enough, then the pressure remains uniform and the gel

O p‘s.lrface (2)
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shrinks isotropically. The effect of the pressure gradient on
drying stresses and warping for viscous, viscoelastic, and
€elastic materials has been calculated [36].

For a saturated cylinder of gel with radius R whose net-
work is viscous, the axial stress produced during drying
is[36]:

_ al (ar/R)
a, 2GVDRH "G } ©)

where G, is the shear viscosity of the network and |, is a
modified Bessel function of the first kind of order n; the pa-
rameter « is defined by Eq. (4):

_ |n®’?
a = DHy 4)

whereH, = 2(1 — v) GJ/(1 — 2v) isthelongitudinal viscos-
ity of the network and v is Poisson’sratio. Whena < 1, Eq. ( 3)
reducesto:

2 10
2
0,=a GVS%E%ERZ—%B, a<1 (5)

The stress is greatest at the surface (r = R), so Egs. (4) and
(5) give the maximum stress as:

—2v RV
o_z(R) |:|1 \)DD 4D O as<1 (6)

Later, we will apply this equation to drying of cement.
Treating cement as a viscous material is reasonable, since it
exhibits linear creep (strain rate proportional to applied at
load) at small loads[38].

If the gel is constrained, by attachment to a substrate, for
example, then stresses develop in the absence of a pressure
gradient [39]. If the substrate does not contract, then the
stressin the gel is equal to the capillary pressure [36], which
iswell in excess of the strength of the network. In view of
this situation, one would expect gel filmsto crack regardiess
of the drying rate, and that is the case for films thicker than
~1 micron [40,41]. However, in thin films there is not
enough mechanical energy released by the extension of a
flaw to compensate for the energy of the new crack surface,
so they cannot crack [42]. Similar considerations apply for
concrete, where constraint by aggregate or reinforcement
creates stresses in the contracting paste. The tendency of the
constrained material to crack depends on the strength of ad-
hesion to the substrate and the capacity of the material to re-
lease stress through creep, as well as on the thickness
[43,44].

6. Mechanics of gels

Since a gel is a composite consisting of a liquid and a
solid, the mechanical response of the gel depends on the
properties of both phases and on the interaction between

them [45]. In particular, when the gel is subjected to aload a
pressure gradient is produced within the network, which
causes flow of the liquid; consequently, the gel exhibits a
time-dependent response to applied loads (owing to move-
ment of liquid), even when the gel network itself is not vis-
coelastic. This behavior can be described using a constitu-
tive model developed by Biot [46]; the application of the
model to gels has been discussed by Johnson [47,48]. The
model has been successfully used to describe the response
of inorganic gels to drying [36], mechanical loads [49-51],
and changes in temperature [52-54] or pressure [55].

6.1. Temperature changes

The thermal expansion coefficients of ordinary liquids
are much greater than those of most solids; for example, the
volumetric thermal expansion coefficient of water is about
890 ppm/°C, whereas that of cement is ~30 ppm/°C. Conse-
guently, when the temperature rises, the liquid in a saturated
body tends to expand and flow out of the body. However, if
the temperature rises fast enough, the liquid does not have
time to flow out as it expands, so it expands within the po-
rous body and stretches it. If the temperature stops rising,
the liquid will flow until the pressure is zero everywhere,
and the solid network will relax to its proper dimension.
This phenomenon is readily observed in gels and has been
guantified [52,56]. The kinetics of the expansion of a cylin-
der of gel depend on the characteristic time, 7:

_ R
'=5R )
where Ris the radius of the cylinder and H is the longitudi-
nal elastic modulus of the network; H = (1 — v)E/[(1 +
v)(1 — 2v)], where EisYoung’'smodulus and v is Poisson’s
ratio for the drained network. Thus, the gel responds slowly
if its permeability is low (because it takes longer for liquid
to flow out of the body) or its modulus is low (because the
compliant network exerts less pressure on the liquid). Fig. 3
shows the thermal strain in arod of silica gel subjected to
heating and cooling at 0.5°C/min. During heating, the gel
expands with an expansion coefficient nearly equal to that
of the pore liquid (ethanol) as the network is stretched by
expansion of the liquid. During the isothermal hold, the lig-
uid drains out of the gel until the network retracts to its ini-
tial dimension (since the thermal expansion of the silica net-
work is negligible over this temperature range). During
cooling, the liquid forces the network to contract, but it
springs back to its initial dimension during the hold. The
dashed and dotted curves in Fig. 3 indicate that the kinetics
of expansion are very accurately predicted by the theoretical
model [52], where the only free parameter ist. Similar tran-
sient response to changes in temperature is expected to oc-
cur in cement and concrete. Measurements reported by Ai
and Young [57] on thermal expansion of cement paste ap-
pear to show exactly the phenomenon illustrated in Fig. 3.
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Fig. 3. Thermal strain (dotted curve) of arod of silicagel subjected to ther-
mal history indicated by solid curve (heating and cooling rate = 0.5°C/
min). Dashed curve shows calculated strain, where the only fitting parame-
ter is T, given by Eq. (7). Datafrom G.W. Scherer et al. [52].

6.2. Bending

If arod of gel is bent, a pressure gradient is created
within the network; as liquid flows within the gel, the force
required to sustain a fixed deflection of the rod decreases
with time [49]. As a result of this phenomenon, a simple
three-point bending experiment can be used to determine
the permeability as well as the elastic modulus of a gel. In
the experiment, a rod of gel is supported at the ends while
immersed in abath of liquid, and the rod is suddenly bent by
driving a pushrod down against the middle of the gel. After
therod is deflected by the desired amount, the pushrod stops
moving, and the force exerted by the gel against the pushrod
is measured as afunction of time. At the instant that the de-
flection is produced, the liquid has had no time to flow, so
the volume of the gel rod is fixed (due to the virtual incom-
pressibility of the liquid). Since the rod is bent at constant
volume, the initial force provides a measure of the shear
modulus, G, of the gel network. Once the liquid has finished
flowing (so that the pressure in the liquid is zero every-
where), the volume of the network relaxes and—asin a con-
ventiona three-point bending experiment—the force pro-
vides a measure of Young's modulus; given G and E, we
can find Poisson’s ratio for the gel. Most importantly, the
time required for relaxation of the force depends on the rate
of flow of liquid through the network. Therefore, by analyz-
ing the kinetics of the relaxation, it is possible to obtain the
permeability of the network. By applying Biot’ s constitutive
equation, the kinetics can be shown to obey Eq. (8):

© 2
W) _21+v), (1-2v) ¢ 8 OB
= S SexpE—- 8
W(0) 3 3 2@ PD W ®

where W(t) is the force applied at time t, B, is aroot of the

Bessel function of the first kind or order 1, J;(B,) = 0, and
the characteristic timeis:

2
T, = 2(1-v) L% ©)

Thus, by fitting the measured relaxation curve to Eq. (9),
one obtains T, Since E and v are found from the load-dis-
placement values, one can calculate H and then find D from
Eqg. (9). If the network is viscoelastic, then the relaxation
function can aso be determined using this experiment [50].

7. Mechanics of cement

A dlightly more complicated equation applies when the
network is so rigid that the liquid is compressed when the
rod is bent (as would be the case for a sample of cement, for
example). This problem has recently been solved [58], and
theresult is:

co 2
W(t) _ 8 0 B,t0
UL = 1 A+AY =expF—0 (10)
W(0) n=lB§ O TpO
where
A= B2 P (11)
_ K K[
1+(1 p)EkL g
and ,
s = o1y AR, K, (1-p)G PG
B =201 ")EDH{1 K (1=29)K, @ (1=2v)K
(12)

The bulk modulus of the drained network isK = E/[3 (1 —
2 v)], and the bulk moduli of the liquid and solid phases are
K, and Kg, respectively. The volume fraction of solidsin the
body is p. When K << K| and K << Kg, then Eq. (10) re-
duces to Eq. (8). If the solid phase is viscoelastic (i.e,, if it
exhibits creep), then the rigorous solution is complicated.
However, if the viscoelastic relaxation time is much longer
than the characteristic time in Eq. (12), then the total re-
sponse can be approximated as the product of Eqg. (10) and
the uniaxial stress relaxation function [58]. A similar result
was found to apply for lessrigid systems [50].

Asan illustration of the application of this result, we pre-
pared rods of Type | portland cement with water/cement =
0.6, and cast rods with a diameter of 5 mm and a length of
~11 cm. After 66 h at room temperature, the rod was trans-
ferred into a bath of pure water and supported at the ends
with a span of 10.0 cm. The rod was then suddenly sub-
jected to a deflection of 0.15 mm (corresponding to an axial
strain of 5 X 10~* and astress of 2.5 MPa). The stress relax-
ation data are shown, together with afit to Eqg. (10), in Fig.
4. The dashed curve shows the viscoelastic relaxation func-
tion, s, Which is represented by the stretched exponential
function as shown in Eq. (13):
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Fig. 4. Load relaxation for a cement rod (water/cement = 0.6, cured 66 h)
in pure water. Dots are measured and solid curve isfit to Eq. (10). Dashed
curve shows viscoel astic part of relaxation.

Wye = eXp[_Ef%Eg] (13)

where T, is the viscoelastic relaxation time and b is a con-
stant. The fit in Fig. 4 is excellent, and the parameters are
reasonable: T,= 24.5s, E = 53 GPa, v = 0.23, D = 0.2
nm? (equivalent to 2 X 107 m/s), K = 36.6 GPa. The re-
laxation parameters were T, = 1.4 X 10° sand b = 0.32.
The same sample was soaked in isopropanol overnight and
remeasured, with the results shown in Fig. 5. The main dif-
ference is that the creep is much slower when water is re-
placed by isopropanol (tye = 1.1 X 10° sand b = 0.26).

These results indicate that the same method that has been
used to characterize the permeability and viscoelastic prop-
erties of gels can be applied to cement (and probably to
mortars, as well). The bending method is simple and avoids
the problems of leakage and high pressure that complicate
conventional permeability measurements.

Eq. (12) shows that the characteristic time increases with
radius squared, so, for the cement used in our experiments, a
cylinder 15 cm in diameter would have T, = 6 h. Therefore,
one would expect a transient response to temperature
changes occurring at afew degrees per hour.

The average viscoelastic relaxation time is related to e
by the reaction shown in Eq. (14) [50,59]:
3G, Ty

te= 2t = ~Er (14)

where I' is the gamma function. From the data provided
above, we find G, = 2.3 X 10'® Pa« s for our cement, so
Eqg. (4) reduces to o = 1.4 R, where R is in meters. For a
cylinder 15 cm in diameter, « is small enough that Eq. (6)
applies; the maximum axia stress in a 15 cm cylinder is
then that shown in Eq. (15):

0,(MPa) = 6 x 10°Vg(m/s) (15)
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Fig. 5. Comparison of load relaxation for a cement rod (water/cement =
0.6, cured 66 h) in water or isopropanol. Dots are measured and solid
curves are fit to Eq. (10).

To keep the tension from drying stresses below 3 MPa, the
evaporation rate would have to be Vg < 0.18 mm/h = 4.5
mm/day. Thisis areasonable estimate, considering that the
analysis does not take account of the change in properties
with time, nor dilatation caused by other chemical processes
(such as hydration and carbonation).

8. Conclusions

In a gelling solution, clusters grow with such alow frac-
tal dimension that they eventually fill space; then the forma-
tion of a relatively small number of new bonds between
clusters transforms the sol into an elastic gel. If the conden-
sation reactions are reversible, then the fractal dimension of
the clusters increases, and the resulting denser structures
tend to form gelatinous precipitates or particles. The “gel”
in cement does not fill space (as indicated by the existence
of capillary pores), so it is more appropriate to call it a pre-
cipitate. The fact that some crystalline order is found in the
C-S-H gel is direct evidence of the reversibility of the con-
densation reactions (which is to be expected in the aggres-
sive chemical environment of the paste), so it is not surpris-
ing that C-S-H does not form atrue gel.

Since gelation occurs by linking the larger clusters, the
process is described by percolation theory. This means that
the change in properties, such as elastic modulus, variesin a
predictable fashion near the gel point. The setting of cement
paste, which results from precipitation of C-S-H “links” be-
tween cement particles, is a similar process. The chemical
reactions that bring about gelation do not stop at the gel
point, so the properties of gels change over long periods of
aging, just as cement paste evolves during curing.

Drying of a gel (or paste) causes shrinkage, because the
negative capillary pressure creates balancing compressive
stresses in the network. If the effect of shrinkage on modu-
lus and pore size is predictable, then the final drying shrink-
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age can be predicted. An important effect of aging is that the
network becomes more rigid, so that it shrinks less during
drying. The tendency of abody to warp or crack during dry-
ing does not depend on the capillary pressure; damage re-
sults only from a gradient in the pressure that causes differ-
ential shrinkage. The magnitude of the gradient depends on
the permeability, modulus, and size of the material, and on
the rate of evaporation.

The local structure of a precipitate is not very different
from that of a gel: a continuous solid network is immersed
in a continuous liquid phase, both having colloidal dimen-
sions. Therefore, one can expect that the mechanical behav-
ior of C-S-H will show similarities to that of an inorganic
gel, such as silica gel. In particular, the response to applied
loads or changes in temperature shows time dependence,
because pressure gradients are created in the liquid, and the
resulting flow causes transient stress-strain behavior. This
time dependence exists even when the solid phase is purely
elastic; it is a hydrodynamic relaxation caused by the
change in the pressure in the pores. A simple illustration of
this effect is the load relaxation of a saturated sample in a
three-point bending experiment: the force required to sus-
tain a fixed deflection decreases with time as the liquid
flows within the body. This phenomenon can be exploited
to provide a measure of the permeability, as well asthe vis-
coelastic properties of agel, or of cement paste.
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