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ABSTRACT: If soils with natural sulfate content were treated with calcium-based binders, the binder may react under certain 
conditions with sulfate ions to cause the mineral ettringite. Ettringite has a very high crystal water content and is therefore highly 
voluminous and lightweight. Due to this volume increase, the mineral reaction may cause uplift damage. The aim of the research 
project is to develop the basis for a practical test specification. Therefore comprehensive powder-swelling-tests have been carried out. 
There is a relation between the sulfate content and the volumetric expansion due to ettringite formation. Critical sulfate contents are 
strongly dependent on the soil properties and can be influenced by the choice of the binder. It could be confirmed that treatment with 
burnt lime caused more heaving under the same boundary conditions, than the use of cement binder. The use of sulfate-resistant 
cements does not reduce the risk of damage.  

RÉSUMÉ : Si des sols ayant une teneur en sulfate naturel ont été traités avec des liants à base de calcium, le liant peut réagir dans 
certaines conditions avec des ions sulfate pour produir l'étringite minérale. L'Ettringite a une teneur en eau cristalline très haute et est 
donc très volumineuse et légère. À cause de cette augmentation de volume, la réaction minérale peut causer des dommages soulèvement 
Le but du projet de recherche est de développer la base d'une spécification d'essai pratique. Des essais étendus de gonflement en poudre 
ont donc été effectués. Il existe une relation entre la teneur en sulfate et l'expansion volumétrique à la formation d'etringite. Les teneurs en 
sulfate critique dépendent fortement du sol et peuvent être influencées par le choix du liant. On peut confirmer que le traitement avec de 
la chaux vive a provoqué un soulèvement plus important dans les mêmes conditions aux limites que l'utilisation de liant de ciment. 
L'utilisation de ciments résistants aux sulfates ne réduit pas le risque de dommages. 
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1  INTRODUCTION 

The objective of soil treatment is to increase the strength of the 
soil and to decrease its sensitivity to frost in order to make it 
resistant to the stresses caused by traffic as well as 
environmental influences in long time periods. However, in 
recent years several cases of damage caused by formation of the 
mineral ettringite occurred. Because of the binder treatment, 
silicates and aluminates of the clay fraction in the soil are 
released. The sulfates in the pore water react with the dissolved 
aluminates and the free calcium from the binder. This results in 
the formation of minerals from the group of ettringite. With a 
share of about 46 percent, ettringite is one of the minerals with 
the highest crystal water content and is therefore relatively 
voluminous and has a low density. Although factors for the 
reaction of sulfate-induced heave in soil are known, quantitative 
testing methods and standard prevention strategies are currently 
not available.  

The aim of the research project ‘Parameters for risk 
assessment of ettringite swelling in sulfate soils’(Moormann, 
Zweschper & Knopp 2014), sponsored by the Federal Highway 
Research Institute (German: BASt), was to develop a practical 
procedure as a basis for test specifications. For the risk 
assessment of ettringite-induced swelling in the binder 
treatment of sulfate-containing soil, parameters and their 
acceptable values had to be defined.  

As a result of the research project, a relation between the 
sulfate content in the soil and the volumetric expansion due to 
ettringite formation was noted. Furthermore, it was investigated 
that a ground treatment with burnt lime under the same 
boundary conditions caused more heaving, than the use of 
cement binder. Upon completion of the research project, 
another project was launched at the University of Stuttgart, in 
which the influence of the binder content and the type of binder 
was examined. 

1.1 Influencing Factors 

 
A number of known conditions must be satisfied in order to 
initiate the formation of ettringite. 

The critical sulfate content depends on the percentage, type 
and distribution of clay minerals in the soil. In soils with low 
clay content (< 10%), relatively high sulfate contents (> 10,000 
ppm) are necessary for swelling-induced heave. The critical 
sulfate content of the soil decreases with increasing clay content. 
Kaolinitic soils (non-swellable) have a larger amount of 
aluminates than smectitic soils (swellable). Therefore the 
kaolinitic soils have, under the same conditions, a higher 
potential for ettringite formation. The  amount of the chemical 
compounds is not the deciding factor, but their distribution and 
availability in the soil and the size of the reactive surfaces of 
certain minerals play more important roles. In the German 
literature (e.g. (Witt 2012)), sulfate levels of 3000 ppm are 
considered as potentially harmful, but the risk potential is low. 
A high risk exists from a sulfate content greater than 8000 ppm. 
These limits (Witt 2012) are also found in the technical rule of 
the Texas department of Transportation (2005). The lower limit 
of 3000 ppm is also confirmed by Mitchell & Dermatas (1992). 
Little et al. (2010) and Petry & Little (1992) indicate that even a 
sulfate content of 2000 ppm is potentially harmful. Hunter 
(1988) determined a limit of 10000 ppm, from which there is a 
high risk. Tidwell & McCallister (1997) noted that there is 
significant heave when using lime as binder with a higher 
sulfate content of 12000 ppm.  

As a prerequisite to the ettringite formation, the sulfates 
must dissolve, which needs sufficient water. 

Ettringite precipitates only under alkaline (high pH) 
conditions. The addition of binding agents to the soil results in a 
sharp increase in alkalinity. At pH > 10.5 aluminate and silicate 
ions from the clay minerals of the soil are released up to a large 
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 amount and then they are available for the formation reaction 
(Witt 2012). In soil stabilization with calcium-based binders, 
the required alkaline environment is realized. 

The soil temperature has a strong influence on the reaction 
mechanism. The ettringite formation takes place in particular 
between +15°C and +20°C. Thaumasite crystallizes at 
temperatures below 10°C (Witt 2012). 

The pore structure of the soil affects the swelling reaction. 
A continuous pore system favors the convective transport of 
sulfate solutions through the soil matrix. The damaging increase 
in volume due to ettringite formation takes place in the soil 
pores. Therefore, a good compaction of the soil and thus a 
reduction of the pore size can decrease the swelling risk (Witt 
2012). 

A disability of the volumetric expansion due to the 
ettringite formation incurs high swelling pressures until 5MPa. 
The overpressure in road construction is not high enough to 
prevent the expansion (Keller et al. 2002). 

 
2  EXPERIMENTAL INVESTIGATIONS 

To answer the open questions, the swelling behavior depending 
on the sulfate content was investigated systematically with 
powder swelling tests according to (Thuro 1993). 

2.1  Sample material 

Four different materials were used for the laboratory tests. Two 
materials with natural sulfate content and two without any 
sulfate content were selected. Soils without sulfate were mixed 
with defined sulfate contents.  

Material GBET is a weathered loam from a stone quarry 
near Epfendorf-Trichtingen (Germany). The material has 
natural sulfate content. The material contains mainly dolomite 
(54%) and illite (25%). In addition, swellable clay minerals 
(2%), kaolinite (2%), silica (4%), calcite (2%) and a gypsum 
content of around 8% were recognized.  

Material WTVQII is a rock from the ‘Wagenburgtunnel’ in 
Stuttgart (Germany). The material has natural sulfate content. 
The material contains mainly gypsum (43%), but also anhydrite 
(9.3%). Further it contains illite (17%), quartz (10%) and 
swellable clay minerals (15%). Also kaolinite (2%), feldspar 
(1%), calcite (2%) and dolomite (1%) were recognized. 

Material LLHN is a loam from Talheim near Heilbronn 
(Germany) without natural sulfate content. The material 
contains mainly illite (58%) and quartz (23%). Also kaolinite 
(2%), feldspar (10%), calcite (1%) and swellable clay minerals 
(6%) were recognized.  

Material WTF3 is a rock from the ‘Wagenburgtunnel’ in 
Stuttgart without natural sulfate content. It was taken from a 
‘geological window’ above the gypsum horizon. The material 
contains mainly illite (44%). Further it contains a significant 
amount of swellable clay minerals (23%), dolomite (18%), 
calcite (6%), silica (6%) and kaolinite (1%). The sample 
material WTF3 has neither gypsum nor anhydrite. In the 
following the results of the material WTF3 is presented in detail. 

2.2  Test Set up and Sample Preparation 

The test set up (figure 1) is constructed as a simplified 
oedometer with a precision dial gauge to measure the swelling 
heave.  

The material was carefully dried at +60°C in oven. The test 
material was homogeneously mixed with additional binder. 
Sulfate was artificially added to the materials without a natural 
sulfate content in predefined amounts. In order to mix it 
homogeneously all materials were processed into a powder with 
a grain size < 0.5 mm. Then the mixture was pressed into an 
oedometer ring by a hydraulic press. The oedometer ring with 
sample was attached into the test set up and by adding 

demineralized water the experiment was started. Because the 
temperature has a strong influence on the reaction mechanism, 
the laboratory temperature was kept constant at +18°C during 
the experiments. 

 
Figure 1. Test set up for powder swelling tests  

2.3  Experimental Process 

At the beginning of the powder swelling tests, initial heaving 
due to hydration effects was observed in all samples. After 
heaving due to hydration effect was completed, it came to a 
stagnation in heaving for about one day. Then there was further 
heaving which could be attributed to ettringite formation. A 
typical time-dependent development is shown in figure 2. 
 

 
Figure 2. Material WTF3 with 4% burnt lime and 5.000 ppm sulfate. 

Curve fitting to the measured values  

 
To seperate the heaving due to hydration from the heaving 

due to ettringite formation, the measured values were calculated 
with curve fitting. The basis for the curve fitting was the 
assumption that both processes can be described by an 
exponential approach. Using equation 1: 

 
vol(t) = vol - vol,hyd  e -1/hyd - vol,ett e -1/ett. (1) 
 
vol,hyd corresponds to the amount of swelling strain due to 

hydration andvol,ett to the amount of swelling strain due to the 
ettringite formation for t. In exponential approximations the 
time parameter  generally indicates the amount of time that an 
exponentially increasing process needs to rise to 63.2% of its 
final value. Based on curve fitting of measured values, the 
amount of the initial heaving due to hydration as well as the 
amount of strain due to ettringite formation can be determined. 
An example of curve fitting is shown in figure 2. 

 
3  EXPERIMENTAL RESULTS 

The tests for the determination of critical sulfate contents and 
the difference between cement and burnt lime were 
commissioned by the Federal Highway Research Institute 
(BAST) (Moormann, Zweschper & Knopp 2014).  
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3.1  Influence of sulfate content on heaving 

The sulfate content was varied in four steps between 0 and 
10.000 ppm and the amount of binder was chosen to be constant 
at 4 wt.-%.  

A relation between the sulfate content and the heaving 
caused by the ettringite formation can be estimated in figure 3 
as an example for material WTF3. In this figure, the sulfate 
content is proportional to the measure of strain. This was 
observed for all sample materials. 

 

 

Figure 3: Heaving due to ettringite formation as a function of the sulfate 
content. (CEM I 32,5 R: cement, WFK: burnt lime)  

The range of variation of the two natural sulfate-free 
materials WTF3 and LLHN are evaluated for an estimation of 
the expected heaving (figures 4 and 5). It can be noticed that the 
‘critical sulfate contents’ are material dependent and influenced 
by the choice of the binder. It could be confirmed that a 
stabilization with burnt lime is more critical than with cement 
as larger strain values were measured. The limit between low 
and medium/high risk is here specified by about 5% volumetric 
strain. But a risk assessment with the values in figure 4 and 5 
always depends on application. 

It was initially assumed that the elongations depend on the 
sulphate content linearly. Subsequent to the BASt research 
project, tests with low sulfate contents of 1000 and 2000 ppm 
were carried out to investigate the assumed linear relation. It 
was found that the dependence of the elongations on the sulfate 
content cannot be described by a linear growth (figure 6). 

3.2  Influence of binder content on heaving 

The influence of the binder content was investigated at the 
natural sulfate-free material WTF3. A CEM I 32,5 R cement 
and sulfate contents between 0 and 10.000 ppm was added. The 
results are shown in figure 7.  

It is seen that in the range of low sulfate contents (3000 and 
5000 ppm) no influence of the binder content was found. 
Probably all available sulfate for reaction is used already at 4 
wt.-% cement addition. Therefore more cement cannot lead to 
higher expansions. In the case with larger amounts of sulfates 
(higher than 5000 ppm) differences appear. The largest 
expansions are achieved when using 6 wt.-% cement, the least 
at 4 wt.-%. The expansions with 8 wt.-% found to be in between 
max and min values. A possible explanation is that at 6 wt.-% 
cement all available sulfate for reaction is used and higher 
cement additions have stabilization effect and reduce heaving. 
Further tests with higher sulfate contents and different binder 
contents will be carried on (Knopp & Moormann 2016b). 

 
 

 
 

 
Figure 4: Averaged strain as a function of the sulfate content for risk 

assessment for cement-treated soils  

 
Figure 5: Averaged strain as a function of the sulfate content for risk 

assessment for lime-treated soils  

 
Figure 6: Heaving due to ettringite formation as a function 

of the sulfate content (Knopp & Moormann 2016a). 
 

 
Figure 7: Relation between the strain due to ettringite 

formation and the binder content (Knopp & Moormann 2016b). 

- 2549 -



  Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017 

 3.3  Influence of the type of binder on heaving 

The tests for the determination of the effect of using cement 
or burnt lime were commissioned by the Federal Highway 
Research Institute (BASt) (Moormann, Zweschper & Knopp 
2014). Keller et al. (2002) observed that treatment of weathered 
gypsums soils with burnt lime is more critical than with cement, 
because larger strain values were measured, which was 
confirmed by the present tests (figure 3).  

In a further research project the influence of a sulfate 
resistant binder was examined. The high sulfate resistance of 
the cement is essentially due to the fact that the clinker contains 
no or only small amounts of aluminate. The question was 
whether the lower amounts of aluminates in the cement lead to 
less damage or the amount of aluminates dissolved in the clay 
minerals in the soil during the secondary reaction is the decisive 
influencing factor. It was investigated whether the critical 
sulfate content in the soil, which is necessary to produce 
significant swelling stresses, is increased by using sulfate-
resistant cement.  

Cement CEM I 42,5 R-SR (high sulfate resistant cement) 
and CEM-I 42,5 R (normal cement) as well as sulfate contents 
between 0 and 10.000 ppm was added to the material WTF3. 
The amount of binder was chosen to be constant at 4 wt.-%.  

For low sulfate contents (3,000 and 5,000 ppm), no 
influence of the sulfate-resistant cement was found (figure 8) 
(Knopp & Moormann 2016a). Probably all available sulfate for 
reaction is used. The amount of aluminates is not the important 
factor.  

 

 
Figure 8: Volume expansions due to ettringite formation 

depending on the sulfate content for sulfat-resistent (CEM I 
42,5 R-SR) and normal cement (CEM I 42,5 R) (Knopp & 

Moormann 2016a) 
 
For larger sulfate contents (8,000 and 10,000 ppm), slightly 

lower volume extensions were observed when using the sulfate-
resistant cement. But these are still in a high range so that the 
use of sulfate-resistant cements can obviously not rule out 
ettringite formation. The amount of aluminates dissolved in the 
clay minerals of the soil is the decisive influencing factor on the 
ettringite formation. For this purpose, experiments with varying 
clay contents would have to be carried out. 

4  CONCLUSION 

The aim of the research project commissioned by the Federal 
Highway Research Institute (BASt) (Moormann, Zweschper & 
Knopp 2014) was to develop a practical procedure as a basis for 
test specifications for ground improvement of sulfate-
containing clayey soils with calcium-based binders. For the risk 
assessment of ettringite-induced swelling in the binder 
treatment of sulfate-containing soil, parameters and standard 
values have been identified. 

To answer the open questions, the swelling behavior 
depending on the sulfate content was investigated 
systematically with powder swelling tests. In the experiments 
the influence of the type of binder, the binder content and the 
sulfate content was examined.  

As a result, a relation between the sulfate content in the soil 
and the volumetric strain due to ettringite formation was 
evaluated. In figure 4 and 5 ranges of variations for the 
expected heaving as a function of the sulfate content are 
specified. Furthermore, it was determined that a ground 
treatment with burnt lime under the same conditions caused 
more heaving, than with the use of cement binder. For low 
sulfate contents (3000 and 5000 ppm) no influence of the binder 
content was found. In the case with larger amounts of sulfates 
(higher than 5000 ppm) differences are seen. The use of sulfate-
resistant cements can obviously not eliminate ettringite 
formation, because the amount of aluminates dissolved in the 
clay minerals of the soil is the decisive influencing factor. 
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