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ABSTRACT The expansion property of cement mortar under the attack of sulfate ions is studied
by experimental and theoretical methods. First, cement mortars are fabricated with the ratio of
water to cement of 0.4, 0.6, and 0.8. Secondly, the expansion of specimen immerged in sulphate
solution is measured at different times. Thirdly, a theoretical model of expansion of cement mortar
under sulphate erosion is suggested by virtue of represent volume element method. In this model,
the damage evolution due to the interaction between delayed ettringite and cement mortar is taken
into account. Finally, the numerical calculation is performed. The numerical and experimental
results indicate that the model perfectly describes the expansion of the cement mortar.
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I. INTRODUCTION

The expansion and damage evolution take place in concrete due to the sulphate erosion in the ocean
environment. After diffusing in concrete, sulphate ions will be combined with the hydrate solution in
microvoids to form ettringite crystals!' €. Such an ettringite is called as the delayed ettringite. At the
contact of the delayed ettringite with the surface of the voids, the expansion of concrete will occur
due to the growth of the voids and the nucleation of micro-cracks. It is well known that the damage
evolution will affect the durability of concrete materials and structures, because of this, it is necessary
to investigate the expansion and damage evolution for improving the durability of concrete structures.

Usually, the expansion and damage evolution take place in cement mortar or at the interface between
the cement mortar and aggregates(®l. Hence, the expansion of cement mortar under sulphate erosion
is investigated in this paper. Firstly, specimens of cement mortar are fabricated with different ratios
of water to cement. Then the specimens are put into sulphate solution with different concentration.
Secondly, the expansion of specimen immerged in sulphate solution is measured at different times.
Thirdly, a theoretical model of expansion of cement mortar under sulphate erosion is suggested by
virtue of volume element method. In this model, the cement mortar is considered as a porous material,
the damage evolution due to the interaction between the delayed ettringite and cement mortar is taken
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into account. Finally, the numerical calculation is performed. The numerical and experimental results
indicate that the model perfectly describes the expansion of the cement mortar.

II. EXPERIMENTAL APPROACH

Specimens of Portland cement mortars of 40 x 40 x 160 mm are prepared as shown in Fig.1. The
water-to-cement ratios of the specimen are taken as 0.4, 0.6, and 0.8. The maximum aggregate size
of specimen is 0.2 mm, and it is much smaller than the dimension of the tested specimen. In order
to measure more exactly the expansion behavior under the attack of sulphate radical ions, two small
spherical metal balls are put into the ends of the specimen.

The erosion solution is chosen as the solution of sodium sulphate. In order to accelerate the expansion
and damage evolution, the concentration of the solution is selected as 3.00 mass% and 8.00 mass% sodium
(namely, SOZ_ concentration is 20,250 and 54,000 ppm, respectively). Pure water is also selected as a
solution (controlled solution) for comparison.

After the common initial curing time, the original length of specimens is measured by micrometer,
and then stored in three different solutions (shown in Fig.2.). The total immergence time is 472 days.
During the immergence period, the length of the specimen is measured at different immergence times.
Experiment results indicate that the length of the specimen under sulphate erosion may increase. The
expansion strain of the specimen is obtained by the length change divided by the original length of the
specimen. The experimental results are plotted in Figs.3~5.

The expansion mechanism is the interaction between the delayed ettringite crystal and the cement
mortar matrix. After the diffusing in cement mortar, sulphate radical ions will be combined with the
hydrate solution in the voids of cement mortar, which leads to the nucleation and growth of ettringite.
Figure 6 shows the SEM photo of the delayed ettringite. When the ettringite contacts the surface of
voids, it will apply internal pressure to the surface of voids. Under the internal pressure, the specimen
will expand.

It can be seen from the experimental results that the expansion strain of the cement mortar increases
with the increasing concentration of sulphate solution. If the concentration of solution is 0 ppm, namely,
pure water, there is almost no expansion for the specimen. We also note that there exists a characteristic
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Fig. 1. Specimen of cement mortar with the w/c = 0.6. Fig. 2. Specimens immerged in sulphate solution.
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Fig. 3. Expansion strain of the specimen with w/c = 0.4. Fig. 4. Expansion strain of the specimen with w/c = 0.6.
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Fig. 6. SEM photo of delayed ettringit tal.
Fig. 5. Expansion strain of the specimen with w/c = 0.8. '8 PHOLO of celayed etiringtie crysta

time tg, when the immergence time ¢ is less than ¢y, the expansion can hardly occur. If, however, ¢ is
equal to or greater than ty, the expansion will take place. The characteristic time is affected by the
concentration of sulphate solution and the value of w/c.

III. EXPANSION MODEL OF CEMENT MORTAR
UNDER SULPHATE EROSION

The cement mortar can be considered as a porous material (shown in Fig.7). The effect of the
delayed ettringite is replaced by an internal pressure P. In order to propose a simple theoretical model
of expansion, the method of represent volume element (RVE) with damage evolution is adopted (shown
in Fig.8).
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Fig. 7. Deformation of voids under internal pressure P.

Fig. 8. Represent volume element considering microcrack.

The constitutive relation of the cement mortar matrix is approximately assumed to be linear vis-
coelastic, and it may be expressed as in!”]

o-(t)_/o L(t—7):&(r)dr, e(t)—/o J(t—7):6(r)dr (1)

where L(t) and J (¢) are the fourth order relaxation modulus and creep compliance, respectively. By
means of separation of variables!”), the stress and strain may be expressed as the product of time-
dependent and spatial-dependent functions as follows:

o(z,t)=6(x)f(1), e(x,t) =¢e(x)g(t) (2)
Assume that L(t) and J (t) can also be expressed as in[®?l
Lt)=Li@), J@)=Jj) (3)

where
L = L(0), J =J(0) (4)
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and [(t) and j(t) are functions of time, and {(0) = j(0) = 1.
From Eqgs.(1)-(3) we obtain

f<t>=/01<t—T>g<T>dn g<t>=/0j<t—7>z'<7>d7 (5)

The relation between increments of stress and strain can be obtained as the followings:

Ao = A(t): Ae (t) (6)
where
A(t) =14 (t)L(0) ¢(t)—1+i/tl’(t—7)9(7)d7 (7)
’ g(t) Jo

Equation (6) indicates that the relation between the increments of stress and strain may be described
by a ‘linear elastic’ relation with a variable fourth order tangential modulus, A ().
Based on Eq.(6), the increment of displacement of the outside boundary of RVE is obtained as(10]

B AP
~ Eoy (t) (b® — a¥)
Therefore, the increment volume strain of entire RVE can be obtained by

3Au 9APf, (1 —v
AEkk = = fv ( ) (9)
b 2Ee (1) (1= fo)
where f,, = a3 /b3 is the volume fraction of voids as well as in cement mortar. Since the damage evolution
takes place when the cement mortar is under the internal pressure, hence, f, includes two parts, one
is the initial volume fraction of voids before the action of internal pressure, the other is the damage,
namely,

1+v
3 313
Au [(1—21/)@ r+ 52 4 b] (8)

fo=foo+D(t) (10)
where D(t) is the equivalent volume fraction due to the damage evolution. Substituting Eq.(10) into
Eq.(9) yields
9AP [fuo+ D ()] (1—v)

2B (t) [1 = foo — D (1)]
Assume that the internal pressure is directly proportional to the immergence time, t,

Agkk = (11)
AP = PyAt (12)

Also, we assume that the damage evolution is directly proportional to the internal pressure,
D(t)y=Ct (13)

where C' is the speed of the damage evolution.
Substituting Egs.(12) and (13) into Eq.(11) , then integrating Eq.(11), we obtain

[P 9P (fuo+Ct)(1—v)
Rk = /0 2Eot) (t) (1 — fuo — Ct) dt (14)

The expansion is isotropic, namely, the longitudinal strain, € is one third of exg,

1 [P 3R (futCH(1—v)
T “"’“’“‘/o 2E0t (£) (1 — fuo — C1)

3
where Py and C' are parameters to be determined. It is obvious that Py and C are all greater than zero,

Py > 0, Cc>0 (16)

dt (15)

If Maxwell model is adopted to describe the constitutive relation of the cement mortar, we obtain

-t

I(t) =exp (7) , jt)=1+ % (17)
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It is easy to obtain

and

The related parameters are taken as

2
g(t)—%,
0
1/)(15)*;
1)

foo=0.1, v =0.16,

Note the constraint condition.
From Egs.(16)-(20) and Eq.(15), as well as the experimental results shown in Figs.3-5, the parameters
Py and C are obtained and listed in Table 1.

t

g(t)= 2
(1)

Ey=0.4 GPa

. 0=4784d (20)

Table 1. Magnitude of Py and C

Samples Py (Pa) C (1/d)
w/c = 0.4, 20,250 ppm  2.47 x 107 1.67 x 10~*
w/c = 0.4, 54,000 ppm  2.18 x 10> 3.84 x 107"
w/c = 0.6, 20,250 ppm  4.18 x 10*  1.14 x 107*
w/c = 0.6, 54,000 ppm  5.07 x 10*  1.77 x 1073
w/c=0.8, 20,250 ppm  4.23 x 10*  7.52 x 107
w/c = 0.8, 54,000 ppm  2.66 x 10*  1.30 x 1073

The curves of theoretical model and experimental results are plotted in Figs.9-14. From the results,
we can see that the theoretical model coincides with the experimental results.
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Fig. 11. Expansion strain of the specimen with w/c = 0.6,
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Fig. 10. Expansion strain of the specimen with w/c = 0.4,

sulphate concentration of 54,000 ppm.
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Fig. 12. Expansion strain of the specimen with w/c = 0.6,

sulphate concentration of 54,000 ppm.
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Fig. 13. Expansion strain of the specimen with w/c = 0.8, Fig. 14. Expansion strain of the specimen with w/c = 0.8,
sulphate concentration of 20,250 ppm. sulphate concentration of 54,000 ppm.

IV. CONCLUSIONS

Some new results are obtained in the present work:

Expansion of cement mortar is caused by the internal pressure due to the delayed ettringite. The
viscosity and the damage evolution are the dominate mechanisms for the expansion.

Expansion strain depends not only on the concentration of the sulphate solution, but also on the
ratio of water to cement.

Expansion of the cement mortar strongly depends on the relaxation time of the cement mortar.
A new theoretical model for describing the expansion of the cement mortar is suggested.

References
Clifton,J.R., Frohnsdorff,G. and Ferraris,C., Standards for evaluationg the susceptibility of cement-based
materials to external sulphate attack. In: Skalny,J. and Marchand,J. ed., Material Science of Concrete-
Sulfate Attack Mechanisms. American Ceramic Society, Westerville, OH, 1999, 337-355.
Tian,B. and Cohen,M.D., Does gypsum formation during sulfate attack on concrete lead to expansion?
Cement and Concrete Research, 2000, 30: 117-123.
Wilby,C.B., Concrete Materials and Structures. Cambridge University Press, 1991.
Tsivilis,S., Sotiriadis,K. and Skaropoulou,A., Thaumasite form of sulfate attack (TSA) in limestone cement
pastes. Journal of the European Ceramic Society, 2007, 27: 1711-1714.
Freidin,C., Stableness of new concrete on the quartz bond in water and sulphate environments. Cement
and Concrete research, 1996, 26(11): 1683-1687.
Tang,L. and Nilsson,L., Chloride binding capacity and binding isotherm of OPC pastes and mortars. Cement
and Concrete Research, 1993, 23(2): 247-253.
Christensen,R.M., Theory of Viscoelasticity: An Introduction. New York: Academic Press Inc., 1982.
Chen,J.K., Huang,Z.P. and Mai,Y.W., Constitutive relation of particulate-reinforced viscoelastic composite
materials with debonded microvoids. Acta Materialia, 2003, 51: 3375-3384.
Chen,J.K., Zhu,J., Wang,J., Yuan,M. and Chu,H.J., The properties of the Poisson’s ratio of microcellular
foams with low porosity: non-stationary, negative value, and singularity. Mechanics of Time-dependent
Materials, 2007, 10(4): 315-330.
Timoshenko,S.P. and Goodier,J.N., Theory of Elasticity. McGraw-Hill Book Company, 1970.
Chang,L.H. and Chen,J.K., Experimental study on constitutive relation of cement mortar. Journal of Hy-
draulic Engineering, 2007, 38(2): 217-220 (in Chinese).



