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Abstract. Cracks were observed when the magnesium silicate hydrate gel cement (prepared by  

40% MgO/ 60% silica fume) was dried. This drying cracking is believed to be caused when unbound 

water evaporates from the binder. The shrinkage upon forced drying to 200 °C of mortars made up 

from a reactive magnesium oxide, silica fume and sand was measured using dilatometry. The 

magnitude of the drying shrinkage was found to decrease when more sand or less water was added to 

the mortars and can be as low as 0.16% for a mortar containing 60 wt% sand and a water to cement 

ratio of 0.5, which is of a similar order of magnitude as observed in Portland cement based mortars 

and concretes. A simple geometrical interpretation based on packing of the particles in the mortar can 

explain the observed drying shrinkages and based on this analysis the drying shrinkage of the 

hydration products at zero added solid is estimated to be 7.3% after 7 days of curing. 

Introduction 

Previous work had shown that blends of a reactive magnesium oxide (MgO) and silica fume react 

to form a magnesium silicate hydrate gel (M-S-H) and that in contrast to claims made in the cement 

literature, this leads to mortar strengths not dissimilar to what can be achieved with Portland cement. 

Since the pH of these cements, pH~9-10, is markedly lower than that observed in blends based on 

Portland cement, this cement could find applications where a lower alkalinity is desirable such as in 

immobilisation of heavy metals for waste treatment. 

Very little is known about the properties of M-S-H gel based cements and the successful 

application of new cements requires that judgements can be made about the durability of the products. 

One possible durability issue is the dimensional stability upon drying and wetting. Indeed, in early 

experiments it was observed that drying lead to substantial cracking. Trial experiments to overcome 

the cracking problem showed that adding fine sand reduced the dimensional changes upon drying 

sufficiently to suppress the cracking. The aim of the work reported here was therefore to characterise 

the drying shrinkage and to investigate how addition of fine sand modifies the dimensional stability. 

Experimental Methods 

Blends of a commercially available MgO (MgO, MagChem 30, M.A.F. Magnesite B.V., The 

Netherlands) silica fume (SF, Elkem Materials Ltd) and a milled sand were prepared.  

Previous work had shown that blends of 40 wt% MgO and 60 wt% silica fume react fully to produce 

pure M-S-H gel with an average formula of  

( ) ( )
12282088 OHOHOSiMg ⋅ (1) 

http://dx.doi.org/10.4028/www.scientific.net/KEM.709.109


Therefore this blend was selected for further study and a range of mortars with different sand 

contents and water to cement ratios (w/c) were prepared as detailed in Table 1. In all cases 1wt% 

sodium hexametaphosphate was added as a dispersant to improve the rheology of the pastes. Samples 

were cast in steel moulds (10 mm × 10 mm × 60 mm), removed from the moulds after 1 or 2 days, 

and then allowed to cure further in a closed box with excess water at the bottom to minimize drying of 

the samples. 

Drying shrinkage was determined after 1 or 2 days depending on the solidity of the sample and then at 

7, 14 and 28 days of curing by heating the samples rapidly (20 °C min
-1

) to 200 °C in a dilatometer so

that the length of the samples could be monitored continuously during the heating.  

Table 1: Mortar Formulations (w/c : Water to Cement Ratio, SF: Silica Fume). 

No. Cement 

MgO/SF 

wt% 

Sand 

wt% 

w/c MgO 

g 

SF 

g 

sand 

g 

water 

g 

1 100 0 0.5 40 60 0 50 

2 80 20 0.5 40 60 25 50 

3 60 40 0.5 40 60 67 50 

4 40 60 0.5 40 60 150 50 

5 100 0 0.8 40 60 0 80 

6 80 20 0.8 40 60 25 80 

7 60 40 0.8 40 60 67 80 

9 40 60 0.8 40 60 150 80 

Results 

Fig.1 illustrates how the length of the samples changes during heating. Although the temperature 

was programmed to rise to 200 °C only, a small overshoot occurred leading to temperatures of 230 °C 

being reached. It is clear that the samples start shrinking around 85 °C and that the shrinkage appears 

to occur in 2 steps: a first one largely complete by 165 °C and a clear further one above 200 °C. 

Fig.1. Examples of the Changes in Length Observed during Heating for a Mortar with 40 wt% Sand 

and a Water to Cement Ratio of 0.8 after 1 Day of Curing. 



Fig.2. Step Shrinkage Observed during drying by Heating to 200 °C as a Function of the Volume 

Fraction Sand in Mortars with a Water to Cement Ratio (w/c) of 0.5 and 0.8 after 7 Days of Curing. 

The total shrinkage after 7 days of curing is plotted in Fig.2 as a function of the volume fraction 

sand added to the mortars. In line with work on other mortars and concretes, adding sand, which itself 

will not shrink when the mortar is dried, reduces the drying shrinkage, and mortars with more water 

shrink more than mortars with less water for the same volume fraction of sand. The drying shrinkage 

of mortars without sand is very high, but a drying shrinkage of 0.16% as observed for the mortar with 

60 wt% sand and a water to cement ratio of 0.5, is of the same order of magnitude as what is observed 

for cement mortars and concretes[1-3]. 

Discussion 

The first shrinkage step can be attributed to the loss of water between the particles, whereas the 

second step is probably due to the M-S-H gel loosing water from within its structure. This can be 

deduced from the TGA on M-S-H gel, which shows that the water is lost in three steps: 

100 – 200 °C ( ) ( ) ( ) ( )
328208812282088 OHOHOSiMgOHOHOSiMg ⋅→⋅  (2) 

200 – 450 °C ( ) ( ) ( )820883282088 OHOSiMgOHOHOSiMg →⋅  (3) 

450 – 800 °C ( ) 248882088 OSiMgOHOSiMg →     (4) 

The higher shrinkage for mortars with a higher water to cement ratio is in agreement with what is 

normally observed for cements and concretes[4] even though some authors believe the w/c ratio to be 

less important than often stated[5]. The observation that adding more sand reduces the shrinkage can 

be easily understood since the sand is not involved in the hydration reactions and will not shrink upon 

drying.  



Fig.3. Comparison of the Experimentally Observed drying Shrinkage with the Predictions of a Simple 

Geometrical Model Assuming the Drying Shrinkage of the Hydration Products is 7.3%. 

In terms of quantifying the shrinkage, much of the work in the literature focuses on predicting the 

long term drying shrinkage from early measurements, see e.g.[6, 7]. However, there are also 

microstructural models. The Hansen model[8] considers aggregates in concrete to act as a 

constraining factor to a shrinking matrix. As similar approach was used by Grassl, Wong and 

Buenfeld[9] in their model for the effect of aggregate size and volume fraction on shrinkage cracking. 

However, in such models the shrinkage only approaches zero when the volume fraction aggregate 

tends to 1. This does not agree with the results obtained here as the drying shrinkage tends to zero 

when less than half of the volume is sand. Hence, the much smaller size of the sand particles relative 

to the aggregates in concretes, modifies the way in which it interacts with the cement matrix. 

Furthermore, plotting the shrinkage as a function of the volume fraction of all solids, vs, rather than 

the volume fraction of sand, see Fig.3, causes the results for both water contents to reduce to a single 

trend, which shows that this is the correct normalising factor. Extrapolation of the results now shows 

that the shrinkage will reduce to zero when the volume fraction of solids in the paste is about 0.68. 

Conclusions 

The drying shrinkage of mortars made by blending MgO, silica fume, sand and water was higher 

when the water content was higher and/or the sand content lower, which is entirely consistent with 

observations for mortars based on Portland cement. Adding 60 wt% sand to a mortar with a water to 

cement ratio of 0.5, reduced the drying shrinkage to 0.16%, which is similar to Portland cement. 

It was shown that the magnitude of the drying shrinkage depends on a characteristic minimum 

inter-particle distance in the paste and that therefore the shrinkage is governed by the volume fraction 

of solids in the paste. Moreover, the overall drying shrinkage of aged samples is limited to the 

shrinkage of the hydration products between the original particles. For the magnesium silicate hydrate 

studied here, extrapolating the results to zero solids in the paste suggests that the drying shrinkage of 

the hydration products amounts to 7.3% at 7 days of curing. 

Acknowledgements 

This work was funded by the UK Engineering and Physical Sciences Research Council (EPSRC) 

through grant number EP/F055412/1, NSFC through grant number 51408096, Project No. 

DUT15RC(4)22 Supported by the Fundamental Research Funds for the Central Universities in China. 



References 

[1] Cebeci, O.Z., S.I. Al-Noury, and W.H. Mirza, Strength and drying shrinkage of masonry mortars

in various temperature humidity environments. Cement and Concrete Research, 1989. 19: p.

53-62.

[2] Toledo, R.D., et al., Free, restrained and drying shrinkage of cement mortar composites reinforced

with vegetable fibres. Cement & Concrete Composites, 2005. 27(5): p. 537-546.

[3] Videla, C. and C. Aguilar, An updated look at drying shrinkage of Portland and blended Portland

cement concretes. Magazine of Concrete Research, 2006. 58(7): p. 459-476.

[4] Neville, A.M., Properties of Concrete, 2nd Edition. 1973, London: Pitman Publishing. 687.

[5] Bissonnette, B., P. Pierre, and M. Pigeon, Influence of key parameters on drying shrinkage of

cementitious materials. Cement and Concrete Research, 1999. 29: p. 1655-1662.

[6] Bazant, Z.P., Prediction of concrete creep and shrinkage: past, present and future. Nuclear

Engineering and Design, 2001. 203: p. 27-38.

[7] Gardner, N.J., Comparison of prediction provisions for drying shrinkage and creep of

normal-strength concretes. Canadian Journal of Civil Engineering, 2004. 31: p. 767-775.

[8] Hansen, W., Constitutive Model for Predicting Ultimate Drying Shrinkage of Concrete. Journal of

the American Ceramic Society, 1987. 70(5): p. 329-332.

[9] Grassl, P., H. Wong, and N. Buenfeld, Influence of aggregate size and volume fraction on

shrinkage induced micro-cracking of concrete and mortar. Cement and concrete research. 40(1):

p. 85-93.

[10] Vandeperre, L.J., M. Liska, and A. Al-Tabbaa. A comparison between two types of pfa in the

performance of blends of MgO, PC and pfa. in Ashtech 2006. 2006. Birmingham: United

Kingdom Quality Ash Assocation.

[11] Garci Juenger, M.C. and H.M. Jennings, Examining the relationship between the microstructure

of calcium silicate hydrate and drying shrinkage of cement pastes. Cement and Concrete

Research, 2002. 32: p. 289-296.

[12] Vandeperre, L.J., J. Wang, and W.J. Clegg, Effects of porosity on the fracture energy of brittle

materials. Philosophical Magazine, 2005. 84(34): p. 3689-3704.

[13] Mindess, S., J.F. Young, and D. Darwin, Concrete. second ed. 2003, Upper Saddle River:

Prentice Hall. 644.


