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Abstract  
 
Consolidation treatments on cultural heritage assets have been performed for more than 20 
years. However, very few studies on the employed products and methods have been done. The 
main purpose of the present study was to analyze the changes of physical properties in freshly 
quarried and in deteriorated stone, after a consolidation treatment with tetraethoxysilane. For 
this purpose we performed measurements of sorption (absorption of water and adsorption of 
solid particles on the stone surface), gas adsorption and ultrasonic velocity. The study implies 
that a consolidation treatment will improve the physical properties of deteriorated stone and 
have a satisfactory effect, if that treatment is performed in a correct way and the stone is 
allowed to absorb consolidation liquid until saturation. For badly deteriorated stone two 
consolidation treatments seem to be sufficient; a third application probably does not improve 
the physical properties of the stone. It was observed that treatments carried out 10 to 15 years 
ago still have the intended strengthening effect on the stone. In most cases, if stone remains 
exposed to water, the consolidating treatment ensures only a 5 to 10 years protecting effect; 
after that the treatment needs to be repeated. However, the long-term effects and efficacy of 
periodically repeated consolidation treatments of stone need to be studied further, before such 
a procedure can be recommended as standard procedure. We also present a suggestion for a 
preventive consolidation of freshly quarried stone used to replace damaged parts. 
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Introduction 
 

In India, consolidation treatments of cultural heritage sandstone have been preformed for 
more than 20 years. However, very few studies of the employed products and methods have 
been done. Experts in the field of stone conservation have different opinions in regard to the 
effectiveness of consolidating treatments and the long-term effects thereof. These circumstances 
also apply to questions concerning the suitability of different consolidation products and 
treatments. Other controversial issues are the number of treatments needed to ensure a good 
result and the risk of over-treating the stone [1].  

The main purpose of this study is to analyze physical property changes in freshly 
quarried and in deteriorated stone, after consolidation treatment with an ethyl silicate based 
compound. The study is based on data recorded during practical conservation works, in 
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combination with newly conducted laboratory tests aimed to establish the physical properties of 
stone [2]. Two samples located in the Budh Vihar, Sirpur were chosen to illustrate the effects of 
previous consolidation treatments before being applied on a monument. 

Budh Vihar, Sirpur, 83 kms northeast of Raipur, was the capital of the kingdom of 
Mahakosala, between the 5th and 10th century AD. Located on the banks of river Mahanadi, and 
bordering the Barnawapara Wildlife Sanctuary, Sirpur, or ‘the City of Wealth’, is one of the 
most significant archaeological sites in Central India. Today it is a small, idyllic village in the 
Mahasamund district of Chhatisgarh, a historical site strewn with innumerable monuments and 
unexcavated mounds. Hindu temples, Buddhist Viharas, palaces and residential complexes are 
found all over Sirpur. Excavations carried out here since the 1950s, revealed the presence of 
extremely significant Buddhist, Shiva, Vaishnava and Jaina architecture. Extensive excavations 
in Sirpur continue to this date and each year exciting new finds are brought to light [3]. 

The stone of Budh Vihar is a very soft, highly porous material, with a fairly high degree 
of homogeneity, which makes it particularly easy to work with. Therefore, became a popular 
material for sculptures and ornaments. Sandstone is one of the most commonly used materials 
in buildings and objects of historic importance [1]. However, due to its matrix, rich in calcium 
and clay and to its high porosity, the stone is extremely sensitive to outdoor conditions. 
Inventory records compiled by the Swedish National Heritage Board show that the stone 
material that suffered most damage due to anthropogenic factors [4]. Stone weathering is visible 
primarily as sanding and exfoliation.  
 
Materials and procedure of consolidation 
 

Stone of doorjamb1 of Budh Vihar is a fine-grained sedimentary rock. It contains mainly 
quarts and feldspars, but also small amounts calcite and mica. The clay mineral glauconite gives 
the stone its slightly greenish colour. The stone has a mixed binder of calcium carbonate, clay 
minerals and silica. Its compressive strength is low (4-5 Mpa), its porosity high (5-20 %), 
resulting in a very high absorption capacity. Due to the composition of this lithotype and to its 
high, open porosity, objects deteriorate quickly when exposed to rain, snow and frost. The weak 
binder used for the stone is not resistant to the physical and chemical actions of water and it can 
easily be destroyed by frost and/or salt crystallization. Deterioration is also caused by the 
swelling of clay minerals and the dissolution of calcium carbonate [5]. 

 In stone conservation, the micro structure of the deteriorated stone is stabilized by the 
introduction of a binder. This strengthening measure is generally combined with a waterproof 
impregnation to protect against further deterioration. The products used to conserve stone are 
impregnating agents which are applied freely, so as to saturate the building material. Once 
applied, the impregnating agent reacts with the water in the capillary pores to form a silica-gel-
based mineral binder (SiO2 aq.) [6].The silica-acid-esters are compounds of quartz (SiO2) and 
ethyl alcohol (C2 H5 OH). The objects under study were consolidated and treated by employing 
the same conservation procedure, wet on wet application until saturation was reached. The ethyl 
silicate based consolidation compound, tetraethoxysilane (Wacker BS OH-100) was used for 
our object. 

The impregnating agent (ethyl silicate) reacts with the water in the capillary pores by 
hydrolysis reaction to form a silica-gel-based mineral binder (SiO2 aq). The binding stabilizes 
the building material by way of covalent Si-O-Si bonds by condensation reaction. 

                                                 
1 A doorjamb is the vertical portion of the frame onto which a door is secured 
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The hydrolysis reaction is the following: 

 
 

The condensation reaction is the following: 
 

 
 

The binding mechanism is related to the evaporation process. While the alcohol 
evaporates silica-dioxide is formed in the presence of water vapor. The reaction product is a 
silica gel that is formed in the pores, providing additional bond between the particles. The 
consolidation was performed in an open environment, to obtain a full saturation of pores. The 
doorjamb of Budh Vihar was in a poor condition, therefore, the treatment needed to be repeated 
after 15 days. Treatments used the “permanent flow” method, as shown in figure 2. Permanent 
flow means that the fluid is administered to the object without interruption, replacing the air in  
the stone capillaries, until they are saturated [7]. The quantity of fluid needed depends on the 
degree of deterioration and the porosity of the fabric; damaged parts absorb more and the 
undamaged less. The liquids can easily reach a depth of up to 0.5 to 10 mm in a relatively short 
time. That is considered sufficient to ensure a good consolidation. Due to the high absorption 
capacity of sandstone, the consolidation liquid penetrates deep into the stone and a 
strengthening gel develops over time [1]. 

 
Experimental 
 

In order to analyze the physical properties changes in the stone caused by the 
consolidation treatment, measurements of porosity, compressive strength and ultrasonic 
velocity were performed. Samples of deteriorated stone were studied before the application of a 
consolidator (Fig. 1, 2 and 3). For capillary water adsorption and ultrasonic tests, we used small 
cubes of freshly quarried sandstone (50 x 50 x 50 mm) and irregularly shaped, deteriorated 
samples [8].  

The measurement of porosity was based on the water absorption by total immersion 
method (the quantity of water absorbed by a sample is related to the total open porosity), the 
overall porosity of the sample being calculated according the following equation: 

                                      
% Total Porosity   =  Vp/Va  x 100   (1) 

 
where:  Vp: Total volume of a solid occupied by pores, Va:  Volume of a solid including space 
occupied by pores.  
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Compression test with a compression testing machinewas carried out to determine 
compressive strength2 of building material.  The formula describing the compressive strength is 
the following:                                                                   
 

Compressive strength  = Load applied (N) /area of test sample (cm sq)    (2) 
 
The stones were washed and left to dry for 48 hours, at room temperature and afterwards 

were placed in tetraethoxysilane (Wacker BS OH 100) for slow absorption, by free capillary 
forces, until they reached saturation. Thereafter, all samples were left to air-dry, until they 
reached equilibrium (weight of immersed sample become constant after 14 to 16 days).  
 

 
 

Fig. 1. Budh Vihar, Sirpur:  A - before consolidation, B -after consolidation 
 

 
 

Fig. 2. Budh Vihar, Sirpur:  during Consolidation 
   

 
 

Fig. 3. Budh Vihar, Sirpur (front view): A - before Conservation, B - during Conservation, C - after Conservation 
 

Capillary water adsorption was performed according to EN 1925 for porous materials 
[7], being a parameter interconnected with the wettability of a sample. Absorption was 

                                                 
2 “Maximum stress a material can sustain under crushing load” before getting failed. 
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determined by measuring weight gain, after placing one side of the samples in a water bath. The 
readings of weight gain were taken at precise intervals (in minutes): 0, 1, 3, 5, 10, 15, 30, 60, 
480 and 1440.  

In order to relate the results from capillary water adsorption to other measurements of 
porosity, ultrasonic velocity measurement techniques were applied. This is a non-destructive 
technique and it has the potential to detect deterioration and strengthening inside a stone. 
 
Results and discussions 
 

A direct comparison between the results for the fresh and those for the deteriorated 
samples is difficult to perform, due to the unknown origin of the deteriorated stone. After more 
than 300 years it is difficult to trace the original quarry for the stone of the treated objects. To 
date, no consolidation treatment is applied to fresh stones. Nevertheless, in some cases the 
replaced parts show a higher deterioration rate than the old ones. The clearly visible exfoliation 
on the porches, indicated that the original stone had a clear lamination (different grain size 
deposited in layers) and/or was previously treated with impregnating agents that created an 
external waterproof layer. The freshly quarried stone was characterized by a weak lamination, 
detectable by an analysis of the ultrasonic velocity propagation in two directions. In cases when 
a replacement of deteriorated parts is planned, the fresh stone should also be compatible with 
the old parts of the object. Moisture transport properties and porosity are probably the most 
important factors that should be investigated. 

The compressive strength measured for both objects was low (4-5 MPa) and their 
porosity was high (5-20 %), which resulted in a high absorption capacity. Our experimental data 
showed that the porosity diminished after the consolidation treatment with 2-4% and  
compressive strength increased up to 35-40 Mpa. Which resulted in a low absorption capacity 
after treatment. 

The capillary water absorption of the fresh consolidated stone is similar to the 
deteriorated samples, which were consolidated two and three times. That means that the 
consolidation treatment significantly decreases the quantity of water passing through the pore 
system. This observation may be of value for conservators planning to replace deteriorated 
stone parts with freshly quarried pieces of the sandstone. As for the number of treatments, 
applicable here only for the deteriorated samples, it appears that the second treatment further 
decreases the capillary water absorption, after the first treatment, while the third treatment has 
no further effect on the analyzed properties. The treatment with tetraethoxysilane increases the 
ultrasonic velocities of the fresh samples by approximately 0.5 km/s and those of the 
deteriorated samples by 0.2-0.5 km/s. The basis for any interpretation of ultrasonic results 
should have a comprehensive knowledge of rock fabrics and their petro-physical properties, as 
well as the weather conditions. In order to quantify the strengthening effect of a consolidation 
treatment, the initial status of the treated object must be documented, due to the high 
heterogeneity of stone materials. 
 
Conclusions 
 

Sandstone is a material prone affected by weathering, which indisputably demands 
consolidation treatments, in order to maintain its intended shape. The porosity ensures a safe 
and successful consolidation treatment. Study shows that, the consolidation with 
tetraethoxysilane diminished the deterioration of the sandstone. However, the examples of 
ineffective consolidations imply that the application methods and/or the used consolidation 
products need further perfection. The advisable number of consolidation treatments depends on 
the condition of the object. The manufacturer recommends only one consolidation for stones in 
a relatively good condition and one or two additional treatments for stones in a poor condition. 
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The laboratory tests indicated that two consolidation treatments give a satisfactory result. A 
third application does not improve the physical properties of the stone any further [9]. 
Observations show that treatments preformed 10 to 15 years ago still have the intended 
strengthening effect on the stone. However, stone stays exposed to water and the consolidation 
treatment only ensures a 5 to 10 years protection period. It probably needs to be reapplied after 
that period. That fact should be taken into account when making conservation programs for 
objects chiseled in stone. In many cases the parts of a stone object replaced with freshly 
quarried and untreated stone, show a higher deterioration rate than the original stone parts.  
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